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Abstract This study summarizes the new progress in ginseng metabolism research in recent years, including the analysis of 

metabolic pathways, the mining of functional genes, and the application of multi-omics in metabolic regulation. It introduces several 

commonly used methods, such as CRISPR/Cas9 gene editing, metabolic pathway modification, protein engineering, and 

fermentation condition optimization. These methods not only increased the yield of natural metabolites but also helped create some 

new derivatives. This study also discussed the current difficulties, such as the complexity of metabolic pathways, insufficient genetic 

resources, and the challenges when the achievements are industrialized. This study aims to provide ideas and practical references for 

the molecular improvement and industrial application of ginseng. 
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1 Introduction 

Ginseng (Panax ginseng) has long been known as the “King of Herbs” and has a long history of application in 

traditional East Asian medicine. Its root is the main medicinal part and is widely used to enhance immunity, delay 

aging, fight cancer, and improve cardiovascular and metabolic diseases, etc. A large number of basic and clinical 

studies have confirmed these efficacy (Park et al., 2021). However, due to the scarcity and unsustainability of wild 

ginseng, artificial cultivation and modern biotechnology have become the main ways to guarantee the medicinal 

value and industrial development of ginseng (Xu et al., 2023). 

The medicinal effects of ginseng mainly come from a variety of active metabolites, including ginsenosides, 

polysaccharides and polyphenols. Among them, ginsenosides are the most representative, having 

anti-inflammatory, antioxidant, anti-tumor, neuroprotective and metabolic regulating effects (De Oliveira Zanuso 

et al., 2022). Polysaccharides have been found to have significant immunomodulatory and anti-tumor effects 

(Song et al., 2018). Polyphenols have attracted attention due to their antioxidant and cardiovascular protective 

functions (Park et al., 2021). The content and composition of these metabolites not only determine the medicinal 

value of ginseng, but also directly affect its application potential in fields such as food, health products and 

medicines (Eom et al., 2018; Xu et al., 2023). 

This study summarizes the biosynthetic pathways and regulatory mechanisms of the main functional metabolites 

of ginseng, introduces the latest progress of synthetic biology in increasing the content of active components such 

as ginsenosides, polysaccharides and polyphenols, and also discusses the opportunities and challenges for 

achieving efficient production of active metabolites of ginseng through genetic engineering, metabolic 

engineering and smart agriculture in the future. This research aims to provide theoretical support and technical 

references for the molecular improvement and industrial utilization of active components in ginseng. 

2 Functional Metabolites in P. ginseng 

2.1 Ginsenosides: diversity, biosynthetic pathways, and pharmacological significance 

Ginsenosides are the most studied and important active components in ginseng and belong to the triterpenoid 

saponins. More than one hundred monomers have been identified so far, mainly divided into two types: 

dammarane type (including protopanaxadiol-type PPD and protopanaxatriol-type PPT) and oleanane type (Jiang 
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et al., 2024). There are mainly two synthetic pathways for them: one is the mevalonic acid (MVA) pathway in the 

cytoplasm, and the other is the methylerythritol phosphate (MEP) pathway in the plastid. The entire process 

involves more than twenty enzymatic reactions (Liu et al., 2023). The pharmacological effects of ginsenosides are 

very extensive, including anti-inflammatory, anti-tumor, cardiovascular protection, anti-fatigue and immune 

regulation, etc. (Jiang et al., 2024). For example, PPT-type saponins can significantly inhibit the activation of 

NLRP3 inflammasomes, thereby exerting anti-inflammatory effects (Jiang et al., 2020). 

2.2 Other metabolites: polysaccharides, flavonoids, and minor compounds 

In addition to saponins, ginseng also contains polysaccharides, flavonoids and other components. Ginseng 

polysaccharides can regulate immunity and have antioxidant effects. Enzymatic extraction can also enhance the 

immune stimulation effect (Song et al., 2018). Flavonoids and some other minor components, such as alkaloids, 

volatile oils, fatty acids, etc., also play auxiliary roles in anti-inflammation and antioxidation (Morshed et al., 

2023). In addition, researchers also discovered novel indole alkaloids in it, which made the chemical composition 

of ginseng more diverse (Vu et al., 2023). 

2.3 Current limitations in natural metabolite yield and stability 

Although there are many types of ginseng metabolites, the problems of yield and stability remain prominent. 

Firstly, ginseng has a long growth cycle and high requirements for climate and soil. Therefore, the output of active 

components such as saponins is limited and fluctuates greatly (Xu et al., 2023; Jiang et al., 2024). Secondly, the 

environment, varieties and cultivation methods all affect the composition and content of metabolites (Yoon et al., 

2022). Furthermore, saponins have a low absorption rate in the human body and are easily decomposed by 

intestinal microorganisms, which will reduce their bioavailability and efficacy (Mi et al., 2023; Wang et al., 2023). 

The extraction and purification processes of polysaccharides can also affect their structure and activity (Song et al., 

2018). These issues have made synthetic biology the main approach to enhancing the yield and stability of 

functional components in ginseng. 

3 Synthetic Biology Tools for Metabolite Engineering 

3.1 Genome editing technologies: CRISPR/Cas, TALENs, ZFNs 

Genome editing technology has brought new opportunities to ginseng metabolite engineering. The CRISPR/Cas9 

system has been applied in ginseng to knock out or regulate key metabolic genes, thereby significantly increasing 

the production of some saponins, such as Rg3. Studies have shown that after knocking down the CYP716A53v2 

gene, the synthetic flux of the original ginsenoside Rg3 was significantly enhanced. Combined with other 

metabolic engineering methods, the yield of Rg3 was more than 21 times higher than that of the wild type (Yao et 

al., 2022). Although TALENs and ZFNs are also useful in other plants, research on ginseng is still scarce and may 

be expanded in the future. 

3.2 Synthetic promoters, transcriptional regulation, and metabolic switches 

The design of synthetic promoters and transcription factors also provides new approaches for regulating the 

metabolic genes of ginseng. For instance, WRKY-like transcription factors (PgWRKY4X) can activate the 

transcription of squalene epoxidase (PgSE), thereby significantly promoting the synthesis of saponins (Yao et al., 

2020). In addition, researchers have designed metabolic switches and artificial regulatory elements, allowing the 

metabolic flow to be regulated according to external signals or inducers, which enables the accumulation of more 

target metabolites. These methods provide a molecular basis for directed synthesis and increasing the yield of 

ginsenosides. 

3.3 Heterologous expression systems for metabolite biosynthesis (yeast, E. coli, plants) 

Heterologous expression systems are the key for synthetic biology to achieve efficient production of ginseng 

metabolites. Saccharomyces cerevisiae is widely used to reconstruct the synthetic pathway of ginsenosides. By 

introducing multiple glycosyltransferases and key enzyme genes, the research has achieved the de novo synthesis 

of various saponins such as Rg2, Re, F1, Rh1, etc., and the yield can even reach the gram level (Figure 1) (Wang 

et al., 2020; Li et al., 2022a; Zhang et al., 2022). In addition, E. coli and plant cell culture systems are also 
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frequently used for the expression and validation of specific enzymes. Hairy root culture and transgenic root 

systems are also feasible. The saponin content of some transgenic roots even exceeds that of common cultivated 

roots (Binh et al., 2023). 

 

Figure 1 The proposed pathway for de novo biosynthesis of ginsenosides Rg2 and Re in engineered yeast strains (Adopted from Li et 

al., 2022a) 

Image caption: Bluish green arrows represent glycosylation steps using UDP-glucose as a sugar donor, blue arrows represent the 

biosynthetic pathway of UDP-rhamnose and glycosylation steps using UDP-rhamnose as a sugar donor. Multi-step conversions were 

presented as multi arrows. Bluish green marked genes represented previous reported genes and the bule marked gene represented the 

identified one in this study. PPD protopanaxadiol, PPT protopanaxatriol (Adopted from Li et al., 2022a) 

4 Omics-Guided Metabolic Engineering 

4.1 Genomics and gene mining of biosynthetic enzymes 

The analysis of the ginseng genome has laid the foundation for the study of functional metabolites. 

Whole-genome sequencing has revealed the complex tetraploid genomic structure of ginseng, annotating over 

59000 genes. Researchers discovered important enzyme genes related to saponin synthesis, such as DDS and SQE, 

in the reconstruction of metabolic networks and revealed their evolutionary characteristics. These results provide 

targets for gene editing and synthetic biology (Kim et al., 2018; Yu et al., 2024). In addition, the amplification and 

diversity of the UDP-glycosyltransferase (UGT) family are closely related to the diversity of saponin structures. 

The functional verification and structural research of related genes have provided molecular basis for the directed 

synthesis of saponins. 

4.2 Transcriptomics and co-expression networks for regulatory insights 

Transcriptomics studies have revealed the dynamic changes and regulatory networks of key genes in the saponin 

synthesis pathway by analyzing gene expression profiles under different tissues, developmental stages and 

environmental conditions. The gene co-expression network helps researchers identify transcription factors and 

signaling pathways that may regulate saponin synthesis, deepening the understanding of the regulatory mechanism 

(Wei et al., 2024; Yu et al., 2024). For example, the combined analysis of transcriptome and metabolome can 

identify the gene modules related to saponin accumulation, which provides a reference for achieving multi-gene 

synergistic regulation in metabolic engineering (Kim et al., 2018; Yuan et al., 2023). 

4.3 Metabolomics for pathway flux analysis and bottleneck identification 

Metabolomics utilizes high-throughput mass spectrometry and other techniques to conduct systematic analysis of 

metabolites in different tissues, at different growth stages, and under different processing conditions of ginseng. 

Studies have revealed the dynamic changes of metabolites such as saponins and their flow distribution in 
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pathways (Kim et al., 2018; Yoon et al., 2022). Combined with metabolic flux analysis, the bottleneck links in the 

pathway can be located, and the accumulation of target metabolites can be increased by overexpression or 

knockout of key enzyme genes (Yao et al., 2022; Yuan et al., 2023). Furthermore, metabolomics can also compare 

metabolic differences under different environments, varieties and physiological states, providing data support for 

precise metabolic engineering design (Yoon et al., 2022). 

5 Synthetic Pathway Design and Optimization 

5.1 Reconstruction of ginsenoside biosynthetic pathways in microbial systems 

In recent years, synthetic biology has promoted the efficient synthesis of ginsenosides in microorganisms. 

Researchers analyzed and reconstructed the complete pathways of ginsenosides (such as Rg2, Re, Ro, etc.) and 

achieved de novo synthesis starting from glucose in Saccharomyces cerevisiae. For instance, they identified and 

validated glycosyltransferases PgURT94, PgCSyGT1, PgUGT18, and PgUGT8, and modularly integrated them 

into Saccharomyces cerevisiae genome, resulting in the yields of Rg2 and Re reaching 1.3 g/L and 3.6 g/L, 

respectively (Li et al., 2022a; Zhang et al., 2022). This microbial factory provides a sustainable platform for the 

industrial production of saponins (Son et al., 2024). 

5.2 Engineering rate-limiting enzymes for improved productivity 

In the ginsenoside pathway, rate-limiting enzymes such as squalene synthase (SS), squalene epoxidase (SQE), 

β-amyrin synthase (bAS), CYP450 family and UDP-glycosyltransferase (UGT) play a key role in product 

accumulation. The content of target saponins can be significantly increased through methods such as gene 

overexpression, site-directed mutagenesis or CRISPR/Cas9 knockout of bypass enzymes. For example, 

overexpression of SS and downstream enzymes can increase triterpene saponins and phytosterols (Yao et al., 

2022). In the semi-rational design and mutation experiments of glycosyltransferase Pq3-O-UGT2, its catalytic 

efficiency was enhanced. Combined with CRISPR knockout of the bypass enzyme CYP716A53v2, the yield of 

Rg3 was increased to 21 times that of the wild type (Yang et al., 2018; Yao et al., 2022). These methods provide 

feasible paths for the targeted production of specific saponins. 

5.3 Systems biology approaches for balancing precursor supply and metabolite output 

Systems biology integrates genomic, transcriptomic and metabolomic data to construct a global network for 

saponin synthesis. Studies have found that the distribution of precursor molecules (such as 2,3-oxidosqualene) in 

both the MVA and MEP pathways determines the accumulation of downstream products (Kim et al., 2018; Yu et 

al., 2024). Through metabolic flow analysis and model prediction, key genes (such as DDS, SQE) can be targeted 

and regulated to balance the supply of precursors and the output of downstream products, and reduce bottlenecks 

and by-products (Xu et al., 2023; Yu et al., 2024). These data also provide a basis for chassis cell design and 

multi-enzyme synergy, accelerating the development of high-yield strains (Xu et al., 2023; Son et al., 2024). 

6 Case Study: Application of Synthetic Biology for Ginsenoside Enhancement 

6.1 Research background and goals 

Ginsenosides are the most important active components in ginseng and have functions such as anti-cancer, 

anti-oxidation and immune regulation. However, the traditional method of extracting saponins from ginseng is 

highly restricted. This is because ginseng has a long growth cycle, low yield, and is easily affected by the 

environment, making it difficult to meet the increasing market demand. The development of synthetic biology has 

provided a new approach for the efficient and sustainable production of saponins. The research objective is to 

achieve high-yield and diversified production of saponins and their derivatives by modifying metabolic pathways 

and optimizing host systems, and to promote their application in the pharmaceutical and health industry (Li et al., 

2022b; Li et al., 2023; Qiu and Blank, 2023; Son et al., 2024). 

6.2 Methodology: pathway engineering, host system selection, and validation 

In synthetic biology, there are mainly three strategies for the production of ginsenosides. First, metabolic pathway 

engineering. Researchers reconstructed the saponin synthesis pathway by cloning and optimizing key enzyme 

genes (such as DDS, CYP450, UGT), and increased the accumulation of precursor substances (such as 

dammarenediol-II, protopanaxadiol) and target products (Wang et al., 2019; Yao et al., 2022). Second, host system 
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selection. Saccharomyces cerevisiae is the most commonly used host because it is convenient for genetic 

manipulation and its subcellular structure is also suitable for complex metabolic reactions. Meanwhile, researchers 

are also exploring new hosts such as Chlamydomonas reinhardtii (Figure 2) (Shi et al., 2021; Zhao et al., 2023). 

Third, system optimization and verification. Researchers enhanced metabolic flow and product yield through 

modular design, subcellular localization (such as directing key enzymes to lipid droplets), carbon source 

optimization (such as replacing glucose with glycerol), and protein engineering (such as directed evolution of 

UGT), and combined fermentation, extraction, and detection methods to validate the products (Shi et al., 2021; 

Yao et al., 2022; Zhang et al., 2024). 

 

Figure 2 Biosynthesis pathways for ginsenoside production (A) and metabolic pathway design for the biosynthesis of 

dammarenediol-II and protopanoxadiol in engineered Chlamydomonas reinhardtii (B) (Adopted from Zhao et al., 2023) 

Image caption: AtCPR1: Arabidopsis thaliana NADPH-cytochrome P450 reductase 1; β-AS: β-amyrin synthase; CPR: cytochrome 

P450 reductase; DMAPP: dimethylallyl diphosphate; IPP: isopentenyl pyrophosphate; MEP: 2-C-methyl-D-erythritol 4-phosphate; 

OAS: oleanolic acid synthase; PgDDS: Panax ginseng dammarenediol synthase; PgCYPCYP6A47: Panax ginseng Cyt P450 (CYP) 

enzyme (Adopted from Zhao et al., 2023) 

6.3 Key findings: increased metabolite yield, new derivatives, and commercial implications 

After multiple rounds of optimization, the yield of ginsenosides in Saccharomyces cerevisiae system has been 

increased from the milligarine level to the gram level. For example, the saponin yield in a single shake flask can 

reach 3.4 g/L. In the fermentation tank, the yields of saponins such as Rh2 and CK exceed 2 g/L, which is much 
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higher than that of the traditional extraction method (Wang et al., 2019; Qiu et al., 2024; Zhang et al., 2024). In 

addition, synthetic biology can not only efficiently produce natural saponins, but also synthesize non-natural 

saponins with novel structures and potential medicinal value through enzyme engineering and substrate 

modification (Dai et al., 2018; Shi et al., 2021). In terms of industrial application, microbial cell factories have 

provided a foundation for the industrialization of saponins due to their advantages such as low cost, sustainability 

and scalability. The development of high-yield systems and new saponins has opened up broad application 

prospects in fields such as medicine, health products and functional foods (Li et al., 2022b; Yao et al., 2022; Qiu 

and Blank, 2023; Son et al., 2024; Qiu and Blank, 2025). 

7 Challenges and Research Gaps 

7.1 Complexity of multi-gene biosynthetic pathways 

The synthesis of active substances such as ginsenosides relies on many genes and complex metabolic networks. 

The genome of ginseng is large and there are many repetitive sequences. The families of related enzymes (such as 

UDP-glycosyltransferases and P450 enzymes) have a large number of members and significant functional 

differences. Therefore, it is very difficult to identify the key genes and reconstruct them in heterologous systems 

(Yang et al., 2018; Chopra et al., 2021). In addition, the expression levels of different enzymes, substrate 

selectivity and activity will all affect product accumulation. Bottleneck and bypass metabolisms in the pathway 

also make synthetic design more complex (Li et al., 2022a; Yao et al., 2022; Zhang et al., 2022). 

7.2 Technical difficulties in stable transformation of P. ginseng 

Ginseng itself is not easy to undergo genetic transformation. A stable transgenic system is difficult to establish, 

with low transformation efficiency and a long regeneration cycle. Although in vitro culture systems such as hairy 

roots and callus can be used for gene function verification and metabolic studies, there are still many limitations at 

the whole-plant level, such as strong genotype dependence, harsh culture conditions, and low regeneration rate 

(Zou et al., 2021; Xu et al., 2023; Zhu et al., 2024). Meanwhile, whether the expression of exogenous genes is 

stable and whether the copy number is controllable will also affect the accumulation of target metabolites (Yao et 

al., 2020). 

7.3 Regulatory and biosafety considerations in synthetic biology applications 

The application of synthetic biology in medicinal plants like ginseng often requires gene editing, the introduction 

of exogenous genes and the construction of microbial factories. However, these operations are subject to strict 

supervision and safety assessment. At present, there are no unified standards for the food and drug safety, 

environmental release risks and ethical issues of genetically modified ginseng and its metabolites, which limits 

industrialization (Yang et al., 2018; Chopra et al., 2021). In addition, the production of high-value products such 

as ginsenosides in microbial systems also involves issues of intellectual property rights, product traceability and 

market access, which also need to be further regulated (Li et al., 2022a; Zhang et al., 2022). 

8 Future Perspectives 

8.1 Integration of AI, machine learning, and computational modeling for pathway design 

With the in-depth research on the ginseng genome and metabolic network, artificial intelligence (AI), machine 

learning (ML), and computational modeling have begun to play a significant role in synthetic biology. AI and ML 

can predict key enzymes and regulatory elements by analyzing large-scale omics data and infer their effects on 

metabolic flow, thereby helping to optimize the synthetic pathways of functional components such as ginsenosides 

(Kim et al., 2018). Modeling methods based on genomes and transcriptomes can also reconstruct complex 

metabolic pathways and identify appropriate regulatory targets, providing theoretical support for the efficient 

synthesis of novel or high-content saponins (Song et al., 2024). In the future, combining the automated design of 

AI with high-throughput experiments is expected to significantly accelerate the directional modification of 

functional metabolites of ginseng and the breeding of new varieties. 

8.2 Synthetic consortia and bioreactor systems for large-scale metabolite production 

In the field of metabolic engineering, synthetic biology has driven the development of microbial cell factories. 

Saccharomyces cerevisiae and engineered bacteria are often used as hosts. Through multi-enzyme co-expression 
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and optimization of key glycosyltransferases, researchers have achieved high-level production of various 

ginsenosides (such as Rg2, Re, Rg3, Rh2, etc.) in microorganisms, and the yield can even reach the gram level 

(Yao et al., 2022; Zhang et al., 2022). Meanwhile, the development of synthetic microbial communities and 

modular reactors also provides new methods for increasing yield and diversity, which can convert inexpensive 

substrates (such as glucose) into high-value-added saponins (Li et al., 2022a). In addition, the combination of 

bioreactors and transgenic hairy root systems also provides a feasible approach for the large-scale production of 

ginseng active substances in vitro (Binh et al., 2023; Xu et al., 2023). 

8.3 Prospects for next-generation functional foods and pharmaceuticals from P. ginseng 

Synthetic biology can not only increase the yield of ginsenosides, but also provide a basis for the development of 

new functional foods and drugs. By regulating the structure and content of saponins, high-value products with 

anti-cancer, immunomodulatory or antioxidant effects can be developed specifically (Yao et al., 2022). In addition, 

microbial transformation and enzymatic modification can further enrich the structure and activity of ginseng 

components, providing resources for the development of health foods and new drugs (Eom et al., 2018; Song et al., 

2018). In the future, if synthetic biology, AI design and mass manufacturing are combined, ginseng is expected to 

become an important source of personalized nutrition and precision medicine (Li et al., 2022a). 

Acknowledgments 

The authors thank Dr. Xia for his modification suggestions on the manuscript of this study. 

Conflict of Interest Disclosure 

The authors affirm that this research was conducted without any commercial or financial relationships that could be construed as a 

potential conflict of interest. 

References 

Binh N., Kim M., Giang V., Lee Y., Jayakodi M., Park H., Mohanan P., Kang K., Ryu B., Park E., Park T., and Yang T., 2023, Improved biomass and metabolite 

production in hairy root culture in various genotypes of Panax ginseng through genetic transformation, Plant Cell, Tissue and Organ Culture (PCTOC), 

156: 43. 

https://doi.org/10.1007/s11240-023-02644-x 

Chopra P., Chhillar H., Kim Y., Jo I., Kim S., and Gupta R., 2021, Phytochemistry of ginsenosides: recent advancements and emerging roles, Critical Reviews 

in Food Science and Nutrition, 63: 613-640. 

https://doi.org/10.1080/10408398.2021.1952159 

Dai L., Liu C., Li J., Dong C., Yang J., Dai Z., Zhang X., and Sun Y., 2018, One-pot synthesis of ginsenoside Rh2 and bioactive unnatural ginsenoside by 

coupling promiscuous glycosyltransferase from Bacillus subtilis 168 to sucrose synthase, Journal of Agricultural and Food Chemistry, 66(11): 2830-2837. 

https://doi.org/10.1021/acs.jafc.8b00597 

De Oliveira Zanuso B., De Oliveira Dos Santos A., Miola V., Campos L., Spilla C., and Barbalho S., 2022, Panax ginseng and aging related disorders: a 

systematic review, Experimental Gerontology, 161: 111731. 

https://doi.org/10.1016/j.exger.2022.111731 

Eom S., Kim K., and Paik H., 2018, Microbial bioconversion of ginsenosides in Panax ginseng and their improved bioactivities, Food Reviews International, 34: 

698-712. 

https://doi.org/10.1080/87559129.2018.1424183 

Jiang J., Sun X., Akther M., Lian M., Quan L., Koppula S., Han J., Kopalli S., Kang T., and Lee K., 2020, Ginsenoside metabolite 20(S)-protopanaxatriol from 

Panax ginseng attenuates inflammation-mediated NLRP3 inflammasome activation, Journal of Ethnopharmacology, 251: 112564. 

https://doi.org/10.1016/j.jep.2020.112564 

Jiang Y., He G., Li R., Wang K., Wang Y., Zhao M., and Zhang M., 2024, Functional validation of the cytochrome P450 family PgCYP309 gene in Panax 

ginseng, Biomolecules, 14(6): 715. 

https://doi.org/10.3390/biom14060715 

Kim N., Jayakodi M., Lee S., Choi B., Jang W., Lee J., Kim H., Waminal N., Lakshmanan M., Van Nguyen B., Lee Y., Park H., Koo H., Park J., Perumal S., Joh 

H., Lee H., Kim J., Kim I., Kim K., Koduru L., Kang K., Sung S., Yu Y., Park D., Choi D., Seo E., Kim S., Kim Y., Hyun D., Park Y., Kim C., Lee T., Kim 

H., Soh M., Lee Y., In J., Kim H., Kim Y., Yang D., Wing R., Lee D., Paterson A., and Yang T., 2018, Genome and evolution of the shade-requiring 

medicinal herb Panax ginseng, Plant Biotechnology Journal, 16: 1904-1917. 

https://doi.org/10.1111/pbi.12926 

Li C., Yan X., Xu Z., Wang Y., Shen X., Zhang L., Zhou Z., and Wang P., 2022a, Pathway elucidation of bioactive rhamnosylated ginsenosides in Panax 

ginseng and their de novo high-level production by engineered Saccharomyces cerevisiae, Communications Biology, 5: 775. 

https://doi.org/10.1038/s42003-022-03740-y 

https://doi.org/10.1007/s11240-023-02644-x
https://doi.org/10.1080/10408398.2021.1952159
https://doi.org/10.1021/acs.jafc.8b00597
https://doi.org/10.1016/j.exger.2022.111731
https://doi.org/10.1080/87559129.2018.1424183
https://doi.org/10.1016/j.jep.2020.112564
https://doi.org/10.3390/biom14060715
https://doi.org/10.1111/pbi.12926
https://doi.org/10.1038/s42003-022-03740-y


 

 

Plant Gene and Trait 2025, Vol.16, No.5, 225-233 

http://genbreedpublisher.com/index.php/pgt 

 232 

Li F., Chen M., Zhang H., Wu Q., and Han Y., 2022b, Production of ginsenoside compound K by microbial cell factory using synthetic biology-based strategy: a 

review, Biotechnology Letters, 45: 163-174. 

https://doi.org/10.1007/s10529-022-03326-y 

Li M., Ma M., Wu Z., Liang X., Zheng Q., Li D., An T., and Wang G., 2023, Advances in the biosynthesis and metabolic engineering of rare ginsenosides, 

Applied Microbiology and Biotechnology, 107: 3391-3404. 

https://doi.org/10.1007/s00253-023-12549-6 

Liu C., Wang K., Yun Z., Liu W., Zhao M., Wang Y., Hu J., Liu T., Wang N., Wang Y., and Zhang M., 2023, Functional study of PgGRAS68-01 gene involved in 

the regulation of ginsenoside biosynthesis in Panax ginseng, International Journal of Molecular Sciences, 24(4): 3347. 

https://doi.org/10.3390/ijms24043347 

Mi Y., Xu X., Hong L., Jiang M., Chen B., Li X., Wang H., Zou Y., Zhao X., Li Z., Guo D., and Yang W., 2023, Comparative characterization of the 

ginsenosides from six Panax herbal extracts and their in vitro rat gut microbial metabolites by advanced liquid chromatography-mass spectrometry 

approaches, Journal of Agricultural and Food Chemistry, 71(24): 9391-9403. 

https://doi.org/10.1021/acs.jafc.3c01093 

Morshed M., Ahn J., Mathiyalagan R., Rupa E., Akter R., Karim M., Jung D., Yang D., Yang D., and Jung S., 2023, Antioxidant activity of Panax ginseng to 

regulate ROS in various chronic diseases, Applied Sciences, 13(5): 2893. 

https://doi.org/10.3390/app13052893 

Park S., Chung S., Chung M., Choi H., Hwang J., and Park J., 2021, Effects of Panax ginseng on hyperglycemia, hypertension, and hyperlipidemia: a 

systematic review and meta-analysis, Journal of Ginseng Research, 46: 188-205. 

https://doi.org/10.1016/j.jgr.2021.10.002 

Qiu S., and Blank L., 2023, Recent advances in yeast recombinant biosynthesis of the triterpenoid protopanaxadiol and glycosylated derivatives thereof, Journal 

of Agricultural and Food Chemistry, 71(5): 2197-2210. 

https://doi.org/10.1021/acs.jafc.2c06888 

Qiu S., and Blank L., 2025, Long-term yeast cultivation coupled with in situ extraction for high triterpenoid production, Journal of Agricultural and Food 

Chemistry, 73(13): 7933-7943. 

https://doi.org/10.1021/acs.jafc.5c00273 

Qiu S., Gilani M., Müller C., Zarazua-Navarro R., Liebal U., Eerlings R., and Blank L., 2024, Cultivation optimization promotes ginsenoside and universal 

triterpenoid production by engineered yeast, New Biotechnology, 83: 219-230. 

https://doi.org/10.1016/j.nbt.2024.08.505 

Shi Y., Wang D., Li R., Huang L., Dai Z., and Zhang X., 2021, Engineering yeast subcellular compartments for increased production of the lipophilic natural 

products ginsenosides, Metabolic Engineering, 67: 104-111. 

https://doi.org/10.1016/j.ymben.2021.06.002 

Son S., Kang J., Shin Y., Lee C., Sung B., Lee J., and Lee W., 2024, Sustainable production of natural products using synthetic biology: ginsenosides, Journal of 

Ginseng Research, 48: 140-148. 

https://doi.org/10.1016/j.jgr.2023.12.006 

Song Y., Sung S., Jang M., Lim T., Cho C., Han C., and Hong H., 2018, Enzyme-assisted extraction, chemical characteristics, and immunostimulatory activity 

of polysaccharides from Korean ginseng (Panax ginseng Meyer), International Journal of Biological Macromolecules, 116: 1089-1097. 

https://doi.org/10.1016/j.ijbiomac.2018.05.132 

Song Y., Zhang Y., Wang X., Yu X., Liao Y., Zhang H., Li L., Wang Y., Liu B., and Li W., 2024, Telomere-to-telomere reference genome for Panax ginseng 

highlights the evolution of saponin biosynthesis, Horticulture Research, 11(6): uhae107. 

https://doi.org/10.1093/hr/uhae107 

Vu V., Nguyen N., Anh N., Tung P., Thuong P., and Tung N., 2023, Panaxindole, a novel indole alkaloid N-glucoside from the leaves of Panax vietnamensis Ha 

et Grushv. (Vietnamese ginseng), Journal of Natural Medicines, 77: 972-977. 

https://doi.org/10.1007/s11418-023-01728-4 

Wang D., Wang J., Shi Y., Li R., Fan F., Huang Y., Li W., Chen N., Huang L., Dai Z., and Zhang X., 2020, Elucidation of the complete biosynthetic pathway of 

the main triterpene glycosylation products of Panax notoginseng using a synthetic biology platform, Metabolic Engineering, 61: 131-140. 

https://doi.org/10.1016/j.ymben.2020.05.007 

Wang L., Shao L., Huang S., Liu Z., Zhang W., Hu K., and Huang W., 2023, Metabolic characteristics of ginsenosides from Panax ginseng in rat feces mediated 

by gut microbiota, Journal of Pharmaceutical and Biomedical Analysis, 237: 115786. 

https://doi.org/10.1016/j.jpba.2023.115786 

Wang P., Wei W., Ye W., Li X., Zhao W., Yang C., Li C., Yan X., and Zhou Z., 2019, Synthesizing ginsenoside Rh2 in Saccharomyces cerevisiae cell factory at 

high-efficiency, Cell Discovery, 5: 5. 

https://doi.org/10.1038/s41421-018-0075-5 

Wei G., Zhang G., Li M., Zheng Y., Zheng W., Wang B., Zhang Z., Zhang X., Huang Z., Wei T., Shi L., Chen S., and Dong L., 2024, Panax notoginseng: 

panoramagram of phytochemical and pharmacological properties, biosynthesis, and regulation and production of ginsenosides, Horticulture Research, 

11(8): uhae170. 

https://doi.org/10.1093/hr/uhae170 

Xu F., Valappil A., Mathiyalagan R., Tran T., Ramadhania Z., Awais M., and Yang D., 2023, In vitro cultivation and ginsenosides accumulation in Panax 

ginseng: a review, Plants, 12(17): 3165. 

https://doi.org/10.3390/plants12173165 

https://doi.org/10.1007/s10529-022-03326-y
https://doi.org/10.1007/s00253-023-12549-6
https://doi.org/10.3390/ijms24043347
https://doi.org/10.1021/acs.jafc.3c01093
https://doi.org/10.3390/app13052893
https://doi.org/10.1016/j.jgr.2021.10.002
https://doi.org/10.1021/acs.jafc.2c06888
https://doi.org/10.1021/acs.jafc.5c00273
https://doi.org/10.1016/j.nbt.2024.08.505
https://doi.org/10.1016/j.ymben.2021.06.002
https://doi.org/10.1016/j.jgr.2023.12.006
https://doi.org/10.1016/j.ijbiomac.2018.05.132
https://doi.org/10.1093/hr/uhae107
https://doi.org/10.1007/s11418-023-01728-4
https://doi.org/10.1016/j.ymben.2020.05.007
https://doi.org/10.1016/j.jpba.2023.115786
https://doi.org/10.1038/s41421-018-0075-5
https://doi.org/10.1093/hr/uhae170
https://doi.org/10.3390/plants12173165


 

 

Plant Gene and Trait 2025, Vol.16, No.5, 225-233 

http://genbreedpublisher.com/index.php/pgt 

 233 

Yang J., Hu Z., Zhang T., Gu A., Gong T., and Zhu P., 2018, Progress on the studies of the key enzymes of ginsenoside biosynthesis, Molecules, 23(3): 589. 

https://doi.org/10.3390/molecules23030589 

Yao L., Wang J., Sun J., He J., Paek K., Park S., Huang L., and Gao W., 2020, A WRKY transcription factor, PgWRKY4X, positively regulates ginsenoside 

biosynthesis by activating squalene epoxidase transcription in Panax ginseng, Industrial Crops and Products, 154: 112671. 

https://doi.org/10.1016/j.indcrop.2020.112671 

Yao L., Zhang H., Liu Y., Ji Q., Xie J., Zhang R., Huang L., Mei K., Wang J., and Gao W., 2022, Engineering of triterpene metabolism and overexpression of 

the lignin biosynthesis gene PAL promotes ginsenoside Rg3 accumulation in ginseng plant chassis, Journal of Integrative Plant Biology, 64(9): 1739-1754. 

https://doi.org/10.1111/jipb.13315 

Yoon D., Shin W., Oh S., Choi B., and Lee D., 2022, Integration of multiplatform metabolomics and multivariate analysis for geographical origin discrimination 

of Panax ginseng, Food Research International, 159: 111610. 

https://doi.org/10.1016/j.foodres.2022.111610 

Yu W., Cai S., Zhao J., Hu S., Zang C., Xu J., and Hu L., 2024, Beyond genome: advanced omics progress of Panax ginseng, Plant Science, 341: 112022. 

https://doi.org/10.1016/j.plantsci.2024.112022 

Yuan W., Wang Q., Pei W., Li S., Wang T., Song H., Teng D., Kang T., and Zhang H., 2023, Age-induced changes in ginsenoside accumulation and primary 

metabolic characteristics of Panax ginseng in transplantation mode, Journal of Ginseng Research, 48: 103-111. 

https://doi.org/10.1016/j.jgr.2023.09.003 

Zhang C., Tian J., Zhang J., Liu R., Zhao X., and Lu W., 2024, Engineering and transcriptome study of Saccharomyces cerevisiae to produce ginsenoside 

compound K by glycerol, Biotechnology Journal, 19(2): 2300383. 

https://doi.org/10.1002/biot.202300383 

Zhang H., Hua X., Zheng D., Wu H., Li C., Rao P., Wen M., Choi Y., Xue Z., Wang Y., and Li Y., 2022, De novo biosynthesis of oleanane-type ginsenosides in 

Saccharomyces cerevisiae using two types of glycosyltransferases from Panax ginseng, Journal of Agricultural and Food Chemistry, 70(7): 2231-2240. 

https://doi.org/10.1021/acs.jafc.1c07526 

Zhao M., Li X., Lan C., Yuan Z., Zhao J., Huang Y., Hu Z., and Jia B., 2023, Promoting photosynthetic production of dammarenediol-II in Chlamydomonas 

reinhardtii via gene loading and culture optimization, International Journal of Molecular Sciences, 24(13): 11002. 

https://doi.org/10.3390/ijms241311002 

Zhu L., Hou L., Zhang Y., Jiang Y., Wang Y., Zhang M., Zhao M., and Wang K., 2024, Transcriptome-wide identification and functional analysis of 

PgSQE08-01 gene in ginsenoside biosynthesis in Panax ginseng C. A. Mey., Phyton-International Journal of Experimental Botany, 93(2): 313-327. 

https://doi.org/10.32604/phyton.2024.047938 

Zou X., Zhang Y., Liu T., Li G., Dai Y., Xie Y., and Luo Z., 2021, Molecular cloning and identification of NADPH cytochrome P450 reductase from Panax 

ginseng, Molecules, 26(21): 6654. 

https://doi.org/10.3390/molecules26216654 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

https://doi.org/10.3390/molecules23030589
https://doi.org/10.1016/j.indcrop.2020.112671
https://doi.org/10.1111/jipb.13315
https://doi.org/10.1016/j.foodres.2022.111610
https://doi.org/10.1016/j.plantsci.2024.112022
https://doi.org/10.1016/j.jgr.2023.09.003
https://doi.org/10.1002/biot.202300383
https://doi.org/10.1021/acs.jafc.1c07526
https://doi.org/10.3390/ijms241311002
https://doi.org/10.32604/phyton.2024.047938
https://doi.org/10.3390/molecules26216654

