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Abstract This study reviews the main metabolic process of saikosaponin, which is formed into a triterpene skeleton from
2,3-epoxysqualene via B-amyrin, and undergoes oxidation and glycosylation modifications under the action of key enzymes such as
CYP450 and UGT. It summarizes the progress of gene families such as OSCs, CYP450s, and UGTs and their functional verification.
The regulatory laws of hormone signals, environmental stress and transcription factors on the synthetic pathway were summarized.
The application of multi-omics technology in the mining of key genes and the construction of metabolic networks was introduced.
The strategies for increasing the yield of saikosaponin by using genetic engineering and synthetic biology and the existing
bottlenecks at the present stage were also discussed. This study aims to provide a theoretical basis and ideas for understanding the
molecular regulatory mechanism of saikosaponin and its application in molecular breeding and industrial production.
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1 Introduction

Bupleurum chinense is a commonly used traditional Chinese medicine material and is included in the
pharmacopoeias of both China and Japan. Its roots are often used to treat diseases such as colds, fevers,
inflammation and liver diseases (He et al., 2021). The most important active component in Bupleurum chinense is
saikosaponins (SSs), which belong to the triterpene saponin class and account for approximately 7% of the dry
weight of the root. These components have multiple pharmacological effects such as anti-inflammatory,
liver-protecting, immunomodulatory, antioxidant, anti-tumor and antiviral (Yu et al., 2020; Zhang et al., 2022).
Among them, saikosaponin a and d are often used as important indicators for drug efficacy evaluation (Zhou et al.,
2021; Mao et al., 2023).

The synthesis process of saikosaponin is very complex, requiring multiple metabolic stages and the participation
of many key enzymes. Overall, this process can be divided into three steps: The first step is to synthesize the
precursor substances IPP and DMAPP in the MVA and MEP pathways; the second step is to synthesize the
triterpene skeleton B-amyrin; the third step is to generate different types of saponins through reactions such as
cyclization, hydroxylation and glycosylation (Li et al., 2020; Yang et al., 2022; Zhang et al., 2022). Among these
steps, B-amyrin synthase (B-AS), cytochrome P450 enzyme (P450s), and UDP-glycosyltransferase (UGTs) are the
most important gene families (He et al., 2021; Wen et al., 2025). Environmental factors, such as drought or
hormone treatment, can also affect the expression of these genes, and thereby influence the accumulation of
saponins. In addition, transcription factors such as bZIP, ERF, and WRKY are also involved in regulation (Wu et
al., 2017; Xu et al., 2019; Han et al., 2022). Although some achievements have been made through transcriptome,
metabolome and genomic studies in recent years, the functions and regulatory patterns of many key genes are still
not fully clarified (Sui et al., 2020).

This study collates the latest progress in the biosynthetic pathway of saikosaponin, summarizes the identification,
function and regulatory methods of related key enzyme genes, discusses the influence of the environment and
hormones on saponin synthesis, and looks forward to the application prospects of genetic engineering and
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molecular breeding in improving the yield and quality of saikosaponin. This study aims to provide theoretical
support for a deeper understanding of the molecular regulatory mechanism of saikosaponin and the sustainable
development of Bupleurum chinense resources.

2 Saikosaponin Types, Structures, and Functions

2.1 Chemical structures and major saikosaponin categories

Saikosaponins (SSs) are unique pentacyclic triterpenoid saponins found in plants of the genus Bupleurum.
According to the different structures of saponins, they can be classified into seven major types. Including
epoxy-ether type (Type I); heterodiene type (Type II); Cl12-ene type (Type III); homodiene type (Type 1V);
C12-ene-C28-carboxylic acid type (Type V); C30-carboxylic acid-heterodiene type (Type VI) and C18-ene type
(Type VII). Among them, type I epoxy-ether saponins are the most common and important, such as saikosaponin a
and D. They are the components with the highest content in Bupleurum chinense and also the key indicators for
quality evaluation (Wang et al., 2023). Common saponins also include SSa, SSd, SSc, SSb1, SSb2, etc. (Zhao et
al., 2021; Wen et al., 2025). Most saikosaponin belong to oleane-type, but a small amount of lupane-type saponins
have also been reported (Wang et al., 2017).

2.2 Biosynthetic origins and structural diversity

The synthesis process of saikosaponin is generally divided into three steps. In the first step, acetyl-CoA generates
IPP and DMAPP through the MVA pathway. In the second step, these two precursors undergo multiple reactions
to transform into 2,3-epoxysqualene and cyclize to form the triterpene skeleton B-amyrin. In the third step, under
the action of enzymes such as P450 and UGT, the skeleton will be further modified to form various saikosaponin
monomers (Li et al., 2020; Yang et al., 2022; Zhang et al., 2022). Genomic and transcriptomic studies have shown
that gene families such as HMGR, DXR, FPPS, B-AS, P450, and UGT are all crucial at each step. Different
tissues, different varieties, and even environmental factors such as drought or hormone treatment can all affect the
expression of these genes, thereby influencing the accumulation of saponins and structural diversity (Deng et al.,
2025; Wen et al., 2025; Zhou et al., 2025).

2.3 Pharmacological functions linked to saikosaponin profiles

Bupleurum saponins are the main source of the efficacy of Bupleurum bupleurum and have multiple effects such
as anti-inflammation, immune regulation, anti-tumor, anti-virus, anti-oxidation, anti-osteoporosis, anti-obesity,
and liver protection (Wang et al.,, 2023; Wen et al., 2025). Saponins of different structures also have
pharmacological differences. For instance, SSa and SSd have significant anti-inflammatory, anti-tumor and
immunomodulatory effects (Liu et al., 2017; Zhou et al., 2021). SSb2 performed better in anti-inflammatory and
acute lung injury models (Peng et al., 2023). Certain structural details, such as 13,28-epoxy bridge or glycogroup
types, can also affect activity and selectivity (Sun et al., 2017). In addition, the types and contents of saponins can
be affected by varieties, growth locations and processing methods, and these differences can also change the
efficacy (Peng et al., 2023; Li et al., 2025).

3 Biosynthetic Pathways of Saikosaponins

3.1 Precursor supply pathways: MVA and MEP pathways

Saikosaponins belong to triterpene saponin compounds, and their precursors mainly come from two pathways: the
MVA pathway and the MEP pathway. The MVA pathway takes place in the cytoplasm, gradually converting
acetyl-CoA into IPP and DMAPP. The MEP pathway occurs in plastids, starting with pyruvate and glyceraldehyde
3-phosphate, and eventually can also produce the same two precursor molecules. These two pathways jointly
provide basic units for the synthesis of triterpene skeletons (Figure 1) (Yang et al., 2022; Mao et al., 2023; Wen et
al., 2025).

3.2 Key enzymatic steps in saikosaponin biosynthesis (OSCs, CYPs, UGTs)

The biosynthesis of saikosaponins is generally divided into three stages. The first step is the formation of the
triterpene skeleton. OSCs cyclizes 2,3-epoxysqualene under the action of B-amyrin synthase (B-AS) to form
B-amyrin, which is the core structure of saikosaponin (Li et al., 2020; Mao et al., 2022). In the second step,
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cytochrome P450 enzymes (CYPs) oxidize or hydroxylate B-amyrin, which determines the diversity of triterpene
structures (Wen et al., 2025). The final step is the glycosylation reaction. UGTs attach different glycogroups to the
triterpene skeleton to generate different types of saikosaponins (Zhang et al., 2022). Multi-omics studies have
screened out multiple related genes, such as HMGR, FPPS, B-AS, P450s and UGTs. The expression levels of
these genes are often positively correlated with saponin content (Mao et al., 2023).
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Figure 1 KEGG enrichment of the terpenoid backbone and triterpenoid biosynthesis (A) and cluster analysis of the terpenoid
backbone and triterpenoid biosynthesis differentially expressed genes (B) (Adopted from Yang et al., 2022)

3.3 Pathway reconstruction based on current biochemical and genomic evidence

With the accumulation of transcriptome, metabolome and genomic data, the synthetic pathway of saikosaponins
has become clearer. Two pathways, MVA and MEP, provide IPP and DMAPP. Subsequently, 2,3-epoxysqualene is
formed through enzymes such as FPPS, SQS, and SE. Then, B-AS is used to generate f-amyrin. Finally, different
saponin monomers are formed through CYPs and UGTs (Li et al., 2020; Zhang et al., 2022; Wen et al., 2025).
Genomic sequencing also shows that the P450 and UGT families are very abundant in Bupleurum chinense.
Through tissue-specific expression analysis and induction experiments (such as MeJA treatment), researchers
have identified multiple key genes (He et al., 2021; Mao et al., 2023). In addition, environmental factors such as
drought and hormone treatment can also affect the expression of these genes, thereby significantly altering
saponin accumulation (Wang et al., 2020; Deng et al., 2025).

266



Plant Gene and Trait 2025, Vol.16, No.6, 264-273
Genprecdrubisher http://genbreedpublisher.com/index.php/pgt

4 Gene Families Involved in Saikosaponin Biosynthesis

4.1 Functions of OSC genes in triterpenoid skeleton formation

2,3-epoxysqualene cyclase (OSC) is the initiating key enzyme for the synthesis of triterpene saponins. It cyclizes
2,3-epoxysqualene into B-amyrin, providing a basic framework for subsequent various modification reactions.
Studies have identified multiple OSC genes in Bupleurum chinense, among which pf-amyrin synthase (B-AS) is the
most important. Its expression level is usually closely related to the content of saikosaponin and is a key gene
regulating saponin production (He et al., 2021; Zhang et al., 2022). The amplification of the number of OSC genes
and the functional differentiation among different genes also provide a molecular basis for the diversity of
triterpene structures (Chen et al., 2021; Wang et al., 2021).

4.2 Roles of CYP450 genes in oxidation and structural diversification

The cytochrome P450 enzyme (CYP450) family plays a core role in the oxidation and further modification of the
triterpene skeleton. More than 260 CYP450 genes have been identified in the Bupleurum genome, mainly
distributed in subfamilies such as CYP72, CYP90, CYP710, and CYP711 (He et al., 2021). These enzymes can
undergo reactions such as hydroxylation, epoxidation or double bond formation on -amyrin, thereby generating
saponin molecules of different structures (Yu et al., 2020). Some of these genes (such as Bc95697, Bc35434,
Bc087391, Bc036879) are significantly associated with the accumulation of specific saponins and show specific
expression under different tissues or stress treatments (such as hormone induction) (Zhang et al., 2022; Wen et al.,
2025). The CYP716 family plays a particularly important role in the C-28 oxidation process of triterpene
molecules and is a key step in determining the diversification of saponin structures (Ghosh, 2017; Sandeep et al.,
2018; Cheng et al., 2020).

4.3 UGT genes responsible for glycosylation patterns

The UDP-glycosyltransferase (UGT) family is responsible for adding sugar groups to different positions of the
triterpene skeleton and is the main enzyme that determines the glycosylation mode and biological activity of
saponins. Approximately 80 to 102 UGT genes have been identified in Bupleurum chinense. Some of them, such
as BcUGT1, BcUGT?2, and BcUGTS3, are closely related to saponin synthesis (He et al., 2021; Zhang et al., 2022).
UGT can add monosaccharides or polysaccharides at sites such as C-3 and C-28, thereby forming
monosaccharides or disaccharides, greatly increasing the structural and functional types of saponins (Cheng et al.,
2020; Gharabli et al., 2023). The expression of these genes is affected by tissue type, developmental stage and
exogenous hormone stimulation, and is an important mechanism for regulating saponin accumulation (He et al.,
2021; Zhang et al., 2022).

5 Regulation of Saikosaponin Biosynthesis

5.1 Transcription factors regulating pathway genes

A variety of transcription factor families play an important role in the synthesis of saikosaponins. Transcriptome
studies have found that genes from families such as bHLH, MYB, WRKY, and ERF are significantly upregulated
after different stresses or hormone treatments, and they can regulate the expression of key enzyme genes. For
instance, under drought and MeJA treatment, the expressions of bHLH, MYB and WRKY genes all increased, and
were closely related to the changes in saponin content (Yang et al., 2022; Mao et al., 2023; Deng et al., 2025).
Among them, WRKY6, WRKY 16, WRKY32, and WRKY35 were induced to express under NaCl and PEG stress,
and the accumulation trend of saponins was consistent with them, indicating that they might be involved in
regulating biosynthesis (Wu et al., 2017). In addition, the expression of BCERF3 of the AP2/ERF family increased
after MeJA treatment. Overexpression could significantly increase the contents of saponins a, ¢, and d, indicating
that it is a positive regulatory factor (Figure 2) (Han et al., 2022).

5.2 Hormonal regulation and stress-responsive pathways

Plant hormones can also affect the synthesis of saikosaponins. Jasmonic acid (JA), salicylic acid (SA), abscisic
acid (ABA) and brassinolide (BRs) can all be involved in regulation. Drought stress can increase the contents of
JA, SA and ABA, activate the corresponding signaling pathways, and thereby promote the expression of related
genes (Yang et al., 2022). MeJA treatment can upregulate the genes of the MVA/MEP pathway and the saponin
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synthesis pathway, significantly increasing the contents of saponins a and d (Wang et al., 2020; Mao et al., 2023).
Exogenous BRs (0.2 mg/L) can also up-regulate key genes such as HMGR, DXR, IPPI, FPS, and P450, and
promote the synthesis of various saikosaponins (Zhou et al., 2025). In addition, external stresses such as salt stress,

low temperature and drought can also jointly affect the accumulation of saponins by regulating transcription
factors and hormone signals (Wu et al., 2017; Deng et al., 2025).
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Figure 2 Analysis on the transgenic lines overexpressing BcERF3 (Adopted from Han et al., 2022)
Image caption: (A) BcERF3 and pK2GW?7 empty vector transformed hairy roots of Bupleurum chinense. (B) The expression of
BcERF3 and S-AS in transgenic lines assayed by real-time qRT-PCR showing higher expression levels in BcERF3 transformed lines.
(C) The content of SS a, ¢, and d in transgenic lines assayed by HPLC showing elevated biosynthesis of SSs in BcERF3 transformed
lines. Bar graphs represent mean + SD, n=3. Student’s ¢ test, *P <0.05, **P <0.01, ***P <0.001 (Adopted from Han et al., 2022)

5.3 Post-transcriptional regulatory mechanisms

At present, there are relatively few studies on the post-transcriptional regulation of saikosaponins. However,
previous studies have pointed out that there is often a "time lag" between changes in gene expression and saponin
accumulation, indicating that factors such as mRNA stability and translation regulation may also be involved in
regulating the final yield. The asynchronous rate of short-term gene upregulation and saponin accumulation
caused by environmental changes also supports the role of post-transcriptional regulation (Yang et al., 2019; Mao
et al., 2022).

6 Multi-omics Insights into Pathway and Regulatory Networks

6.1 Genomics and transcriptomics for gene discovery and expression analysis

High-quality chromosome-level genomes enable researchers to more systematically explore genes related to
saikosaponins. The genomic sequencing of B. chinense shows that gene families such as P450 and UGT have
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significantly expanded. These genes are closely related to saponin synthesis. Combining RNA-Seq data from
different tissues, researchers identified candidate genes with high expression in the third stage of saponin
synthesis, providing a basis for subsequent functional validation and molecular breeding (Zhang et al., 2022).
Transcriptome analysis also revealed that the expression levels of genes such as HMGR, FPPS, B-AS, and P450
varied with organ types or treatment conditions, and had a good consistency with saponin content. The expression
of some P450 and UGT genes was even positively correlated with the accumulation of major components such as
saponins A and D (Yu et al., 2020; He et al., 2021). In addition, transcription factors such as AP2/ERF, WRKY,
and bHLH have also been confirmed to regulate the expression of these saponin synthesis genes (Wu et al., 2017;
Han et al., 2022; Mao et al., 2023).

6.2 Metabolomics for profiling saikesaponin accumulation

Metabolomics, through high-throughput mass spectrometry technology, can simultaneously detect saikosaponins
and their derivatives in different tissues, varieties and under different treatment conditions. Studies have shown
that there are significant differences in saponin types and contents among different Bupleurum species or
cultivated varieties, and they closely correspond to the expression of related genes (He et al., 2021; Wan et al.,
2022; Wen et al., 2025). Exogenous hormone treatments, such as BRs and MeJA, can significantly increase the
contents of saponins A and D, and also up-regulate key genes in the synthetic pathway (Mao et al., 2023; Zhou et
al., 2025). Some environmental factors, such as drought, salt flanks, and cultivation methods (such as
intercropping), can also affect saponin accumulation (Zhang et al., 2024).

6.3 Integrative omics approaches for mapping biosynthetic networks

Integrating the transcriptome and metabolome can better analyze the relationship between gene expression and
metabolite content, and identify key nodes in the regulatory network. Multiple studies, through joint analysis,
have found that genes such as CYP450, UGT, and B-AS are highly correlated with the contents of certain specific
saponins (such as 6"-acetyl saikosaponin A, saikosaponin B1, C, and D). The subcellular localization of some
P450 genes further indicates that they are indeed involved in saponin synthesis (Wan et al., 2022; Wen et al.,
2025). Furthermore, the combination of the genome, transcriptome and metabolome provides a solid theoretical
and technical basis for analyzing the overall regulation of saponin synthesis, confirming the functions of key
genes, and conducting molecular breeding (He et al., 2021; Zhang et al., 2022).

7 Case Study: Functional Characterization of a Key Saikosaponin Biosynthetic Gene

7.1 Background and selection of target gene from high-yielding germplasm

Bupleurum chinense is a commonly used traditional Chinese medicine, and its main active ingredient is
saikosaponins (SSs). These components have obvious pharmacological effects. With the development of omics
technology, researchers have identified some key genes in the biosynthesis of SSs through the combined analysis
of metabolomics and transcriptomics. Among them, B-amyrin synthase (B -AS) is the rate-limiting enzyme for the
formation of triterpene saponin skeletons and is regarded as the core gene controlling the accumulation of SSs. In
the expression studies of different tissues and high saponin strains, it was found that B-AS and its related genes
were expressed higher in high-yield materials. Therefore, they are often selected as the key objects for functional
verification (Yu et al., 2020; He et al., 2021; Mao et al., 2022).

7.2 Experimental workflow: cloning, expression profiling, and functional assays

In research, materials with high saponin content are usually selected. Total RNA is extracted and reverse
transcribed to generate cDNA, and then the full-length sequence of B-AS genes (such as BcBAS1) is cloned using
specific primers. Subsequently, the expression of this gene in different tissues such as roots, stems, leaves and
flowers was analyzed by qRT-PCR. The results showed that the expression level of B-AS was positively correlated
with the content of SSs (Li et al., 2020; Mao et al., 2022). To further demonstrate the gene's function, researchers
transferred BcBASI1 into Escherichia coli, yeast or Pichia pastoris for expression and detected the product with
GC-MS, confirming that it could catalyze 2,3-epoxysqualene into B-amyrin. In addition, subcellular localization
experiments indicated that the enzyme works in the cytoplasm, which is in line with its role in metabolic
pathways.
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7.3 Key findings and implications for metabolic engineering

These functional verification results indicate that B-AS genes like BcBAS1 play a crucial role in the synthesis of
SSs. Their expression levels will directly affect the generation efficiency of saponins. Recombinant proteins can
efficiently catalyze the production of f-amyrin and are most strongly expressed in high-yield materials and root
tissues (Li et al., 2020; Mao et al., 2022). In addition, the regulation of downstream modification enzymes such as
P450 and UGT is also very important, and they will jointly affect the structure and content of the final saponins
(Yu et al., 2020; He et al., 2021). These research results provide ideas and molecular targets for increasing the
yield of saikosaponins through genetic engineering. For instance, the synthetic efficiency of SSs can be enhanced
in engineered yeasts or plants by increasing the expression level of B-AS or regulating its promoter activity. These
methods are expected to be used for the sustainable development of medicinal resources and can also support the
research and development of new drugs.

8 Breeding and Biotechnological Applications

8.1 Germplasm improvement via marker-assisted selection

Molecular marker-assisted selection (MAS) has become an important method in modern plant breeding. For
Bupleurum chinense, researchers have developed a variety of genomic SSR and EST-SSR molecular markers.
These markers can be used for germplasm identification and genetic structure analysis, and also assist breeders in
selecting materials with high saponin content, thereby accelerating the breeding process of superior strains.
Meanwhile, Bupleurum chinense in different regions also shows significant differences in saponin content and
genotype. Combined with phenotypic, chemical type and molecular diversity analysis, it can provide a more
reliable basis for screening high-quality germplasm (Li et al., 2025).

8.2 Metabolic engineering and synthetic biology strategies

Metabolic engineering is an important means to increase the yield of saikosaponin. By regulating the expression
of key genes such as HMGR, FPS, SE, -AS, P450, and UGT, the synthesis efficiency of saponins can be
significantly enhanced. Studies have found that exogenous hormones such as methyl jasmonate and brassinolide
can up-regulate these key genes, thereby promoting the accumulation of saponins (Wang et al., 2020; Deng et al.,
2025; Zhou et al., 2025). Furthermore, the cloning and functional identification of key enzyme genes such as
B-AS provide clear targets for metabolic engineering (Li et al., 2020). Transcription factors such as ERF, MYB
and bHLH are also involved in regulating the saponin biosynthesis network. Their overexpression usually
significantly increases the saponin content (Han et al., 2022; Mao et al., 2023). In synthetic biology, introducing
these key genes into heterologous systems such as yeast or Pichia pastoris can achieve efficient production of
saponins and further expand the structural diversity of saponins (Mao et al., 2022).

8.3 Potential of CRISPR/Cas applications for pathway enhancement

CRISPR/Cas gene editing technology offers a new possibility for the precise regulation of the biosynthesis of
saikosaponins. This technology can perform site-specific knockout, insertion or activation of key enzyme genes or
regulatory factors, thereby adjusting the metabolic flow direction and increasing saponin production. Although its
application in Bupleurum chinense is still limited at present, studies on other medicinal plants have proved that
CRISPR/Cas can efficiently regulate secondary metabolic pathways, demonstrating great application potential
(Cardi et al., 2023; Devi et al., 2023). In the future, by integrating genomic information and high-throughput
screening, CRISPR/Cas is expected to accelerate the cultivation of high-yield germplasm of Bupleurum chinense
and also promote the targeted modification of saponin synthesis pathways.

9 Challenges and Future Directions

9.1 Complexity of triterpenoid biosynthesis and gene redundancy

The triterpene biosynthetic pathway of saikosaponin is extremely complex. This process not only involves
multiple metabolic branches but also many gene families with similar functions. Research shows that f-amyrin
synthase (B-AS), P450 enzyme and UGT glycosyltransferase are not just one gene, but have multiple copies. Their
expressions vary greatly in different tissues, different growth stages and different environments, which also causes
obvious functional overlap and makes the regulatory network more complex (He et al., 2021; Mao et al., 2022).

270



Plant Gene and Trait 2025, Vol.16, No.6, 264-273
Genprecdrubisher http://genbreedpublisher.com/index.php/pgt

Meanwhile, the P450 and UGT families themselves have a large number of members. It is difficult to directly
determine which genes are truly involved in the structural modification of saponins merely by sequence, which
also makes the subsequent functional verification more difficult (Zhang et al., 2022; Mao et al., 2023). The
differences in gene expression and metabolite composition among different Bupleurum species and varieties are
also significant, and these differences further increase the complexity of the research (Yu et al., 2020; Wan et al.,
2022; Wen et al., 2025).

9.2 Need for high-quality genomes and pathway-specific functional tools

Although high-quality chromosome-level genomes have been obtained at present, laying the foundation for the
exploration of saponin biosynthesis-related genes, issues such as gene family expansion, copy number variation,
and tissue-specific expression still require more detailed omics data for explanation (Zhang et al., 2022).
Nowadays, the screening of functional genes usually relies on the combined analysis of multiple omics such as
transcriptomics and metabolomics. However, due to the lack of efficient gene editing, transformation and
expression systems, it is still difficult to conduct rapid and accurate functional verification of key genes (Yu et al.,
2020; He et al., 2021). Furthermore, the transcription factor network regulating saponin synthesis is not yet clear
enough, and more specific molecular tools and more efficient verification platforms need to be developed (Han et
al., 2022; Mao et al., 2023).

9.3 Prospects for precision metabolic regulation and industrial production

In the future, if high-quality genomic, transcriptomic and metabolomic data can be combined, the functions of key
enzymes and regulatory factors can be analyzed more clearly, providing more reliable theoretical support for
regulating saponin metabolic flow and increasing the content of active ingredients (He et al., 2021). Through gene
editing and synthetic biology, there is also an opportunity to reconstruct and optimize the saponin synthesis
pathway, thereby promoting the industrial production of saikosaponins (Mao et al., 2022; Zhang et al., 2022; Mao
et al., 2023). In addition, the influence of environmental factors such as drought and hormone treatment on
saponin synthesis also provides new ideas for cultivation management and quality improvement (Wang et al.,
2020; Yang et al., 2022; Zhou et al., 2025). In the future, multi-disciplinary collaboration will be even more
necessary to promote the development of a complete chain from genetic research to industrial application.
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