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Abstract: The main active components of ginseng are ginsenosides, which play significant roles in treating cardiovascular diseases, cancer, and providing antioxidant effects. Ginsenosides are primarily synthesized through the mevalonate pathway and the methylerythritol phosphate pathway. Many key enzyme genes involved in this biosynthetic process have been cloned and validated, yet the regulatory functions of transcription factors remain unclear. The C2H2-type zinc finger protein family, one of the largest families of transcription factors, is crucial in plant growth and development, response to biotic and abiotic stresses, and regulation of secondary metabolism. This study, based on the ginseng transcriptome database from Jilin, conducted a correlation analysis between the expression levels of PgZFPs genes in the Jilin ginseng C2H2-type zinc finger protein family and ginsenoside content, a genome-wide association study of PgZFPs, and co-expression analysis of PgZFPs with validated key enzyme genes. Ultimately, five candidate genes involved in ginsenoside biosynthesis were identified. The involvement of PgZFP27 and PgZFP-59-02 genes from the PgZFPs family in the biosynthesis of ginsenosides was validated through in vitro methyl jasmonate (MeJA) induction experiments. This result provides new genetic resources for the biosynthesis of ginsenosides.
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Glossary/Nomenclature/Abbreviations



	MeJA
	Methyl jasmonate



	ZFPs
	Zinc finger proteins



	Cys2
	Two cysteine residues



	His2
	Two histidine residues



	C2H2
	Cys2/His2



	NOT
	NOTABILIS



	SIT
	SITIENS



	FLC
	FLACCA



	MVA
	Mevalonate



	MEP
	2-C-methyl-D-erythritol 4-phosphate



	GWAS
	Genome-wide association studies



	HPLC
	High-performance liquid chromatography




1  Introduction

Zinc finger proteins (ZFPs), as one of the largest families of transcription factors, were first discovered by Miller et al. in the TFIIIA-type transcription factors [1]. Zinc finger proteins are characterized by a CX2–4CX3FX5LX2HX3–5H motif, most of which include a highly conserved extension of six amino acids, QALGGH, within the zinc finger domain [2]. Based on the number and order of cysteine and histidine residues that bind to zinc ions, they can be categorized into C2H2, C2HC, CCCH, C2C2, C2HCC2C2, and C2C2C2C2 types [3]. Among these, C2H2 is the most numerous in eukaryotes [4], containing two cysteine residues (Cys2) and two histidine residues (His2), with zinc ions coordinated by the Cys2/His2 (C2H2) to ensure the stability of the three-dimensional structure [5]. In Arabidopsis thaliana [6], rice (Oryza sativa) [7], poplar (Populus trichocarpa) [8], soybean (Glycine max) [9], tobacco (Nicotiana tabacum), wheat (Triticum aestivum) [10], and ginseng (Panax ginseng) [11], extensive experimental research has found that C2H2-type zinc finger proteins play crucial roles in plant stress resistance, growth regulation, plant hormone signal transduction, and regulation of secondary metabolism. In tomato, the expression of SlZF3 significantly increases after NaCl stress treatment, and concurrently, the ascorbic acid content in tomatoes changes significantly with the high expression of this gene [12]. In Zoysia grass, ZjZFN1 is a key regulatory gene in salt stress tolerance [13]. In poplar, overexpression of PeSTZ1 results in the binding of PeSTZ to the PeSTZ1 promoter, directly regulating the expression of PeAPX2, thereby enhancing the plant’s freeze tolerance [14]. Yin et al. found that overexpression of ZAT18 in Arabidopsis enhances drought tolerance, while mutants of this gene show decreased drought tolerance [15]. In Jilin ginseng, the salt-resistant genes PgZFP31, PgZFP78-01, PgZFP38, and PgZFP39-01 show significant increases in expression under NaCl stress, and concurrently, the lateral root length of ginseng adventitious roots significantly shortens [11]. In pepper, the expression level of the CAZFP1 gene is enhanced during the antagonistic interaction of pepper leaves with the pathogens Anthracnose fungus and Xanthomonas campestris [16]. SlZFP2 inhibits tomato fruit ripening while directly suppressing ABA biosynthesis genes NOTABILIS (NOT), SITIENS (SIT), FLACCA (FLC), and aldehyde oxidase SlAO1, thereby inhibiting ABA biosynthesis during fruit development [17]. In Arabidopsis, ZFP and GIS2 are located downstream of SPINDLY and upstream of GLABROUS1 in the cytokinin signaling pathway, playing a crucial role in the production of trichomes [18]. Increasing evidence suggests that C2H2-ZFPs regulate the expression of stress-responsive genes and serve as an essential component of the abiotic stress response network, exhibiting significant inhibitory activity.

Secondary metabolites are produced in plants in response to external adverse environmental conditions, playing a protective role in harsh environments [19]. Ginsenosides are an important class of secondary metabolites, synthesized through the regulation of both the mevalonate (MVA) pathway and the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway [20]. In ginseng, the primary forms of ginsenosides are the tetracyclic triterpenoids and pentacyclic triterpenoids. The tetracyclic triterpenoids mainly include dammarane-type ginsenosides, such as protopanaxadiol ginsenosides (Rb1, Rb2, Rb3, Rc, Rd, Rg3, F2, Rh2, etc.) and protopanaxatriol ginsenosides (Re, Rf, Rg1, Rg2, Rh1, etc.), while the pentacyclic triterpenoids mainly include oleanane-type ginsenosides (R0) [21]. The biosynthesis of ginsenosides is a complex process, regulated by the plant organism as a whole, involving numerous biosynthetic enzymes and regulatory factors [22]. Thus, exploring the regulatory factors involved in the biosynthesis of ginsenosides can help elucidate the accumulation patterns of ginsenosides in ginseng. Current research on the transcriptional regulation of ginsenoside biosynthesis extensively involves transcription factors such as MYB [23–25], bHLH [26], AP2/ERF [27], bZIP [28], HD-Zip [29], WRKY [30], SPL [31], NBS [32], RLK [33], NF-Y [34], GT [35], GRAS [36], NAC [37]. Unfortunately, there are no reported studies on the role of C2H2-type zinc finger proteins in the biosynthesis of ginsenosides.

Inducers refer to factors that can cause rapid growth of plant cells or an increase in secondary metabolites, and are often used to study plant growth and metabolism processes. Inducers can be divided into two types based on their material properties: biotic and abiotic. Biological inducers include fungi, bacteria, etc., while abiotic inducers include various signaling molecules, heavy metal salts, small molecule compounds, etc. Among them, jasmonic acid substances and their derivatives, such as MeJA, have become one of the commonly used inducers in ginseng research due to their significant induction effect and stable action. In ginseng, MeJA is used to study the synthesis of secondary metabolites in various types of culture materials, including hairy roots [38,39], adventitious roots [40,41], and other materials [42]. Previous studies have shown that the ginsengoside content in ginseng culture can be increased by 1.5–28 times under MeJA induction [43]. During this process, most key enzyme genes involved in ginsenoside synthesis are significantly upregulated in response to MeJA induction, such as HMGS, HMGR, PMK, MVD [44], IPP, FPS [45], SS, SE, DDS [46], UGTs [47], CYP450s [48], etc. Therefore, transcriptome analysis and gene expression studies under MeJA induction conditions can be used to identify new functional genes involved in the regulation of ginsenoside synthesis, such as the ginsenoside transport gene PgPDR3 [49], transcription factor PgMYB2 [23], and 21 differentially expressed genes controlling ginsenoside synthesis [50] identified through this method. Li et al. also identified and validated the optimal reference genes for qRT PCR in MeJA induction, providing technical support for the expression analysis of functional genes regulated by MeJA [51]. In summary, MeJA plays an important regulatory role in the synthesis of secondary metabolites in medicinal plants, particularly in the biosynthesis of ginsenosides.

In this study, based on previous research [11], we obtained the Jilin ginseng PgZFPs gene family, consisting of 228 transcripts from 115 genes. Through correlational analysis of PgZFPs gene expression and ginsenoside content, whole-genome association analysis of PgZFPs, and co-expression analysis of PgZFPs with validated key enzyme genes, we identified five candidate genes involved in the biosynthesis of ginsenosides. The involvement of two PgZFPs genes in the biosynthesis of ginsenosides was validated through in vitro induction experiments. Finally, the involvement of 2 PgZFPs genes in the biosynthesis of ginsenosides was verified through MeJA in vitro induction experiments. The results provide new gene resources for the biosynthesis pathway of ginsenosides and also provide basic information for the subsequent analysis of the mechanism of the C2H2 zinc finger protein family PgZFP genes involved in ginsenoside synthesis.

2  Materials and Methods

2.1 Acquisition of Plant Material

Four-year-old main roots of ginseng, collected from a ginseng plantation located at 125°25′39″ E, 43°49′9″ N (Ji’an, Tonghua City, China), were sterilized and then induced to form ginseng callus tissues under dark conditions at 22°C–25°C in MS solid medium containing 4 mg/L 2,4-D and 0.2 mg/L 6-BA. Subsequently, well-grown callus tissues were transferred to B5 solid medium containing 5 mg/L IBA and cultured in the dark at 22°C–25°C for 3–4 weeks to obtain ginseng adventitious roots. Vigorously growing clonal lines of ginseng adventitious roots, designated as “seed source clonal lines” were then expanded in liquid B5 medium for subsequent validation of PgZFPs gene functions following MeJA induction treatment. The containers for liquid culture were triangular flasks, and each flask of culture material was one biological repetition. Each flask of liquid culture of ginseng adventitious roots was inoculated with a uniform inoculum of 1 g on the first day, the medium was 250 mL, and 200 μM methyl jasmonate was added into the medium of the ginseng adventitious roots on the 25th day of liquid culture so that the error in fresh weights of the different flasks was generally not more than 1 g on the 25th day. MeJA induction treatment nine-time points were set up, namely 0 h, 6 h, 12 h, 24 h, 36 h, 48 h, 72 h, 96 h and 120 h. Each time point had three biological replicates. 0 h without MeJA was the blank control, and 6–120 h with MeJA was the experimental group.

2.2 Databases

Three databases were utilized in this study: The first is the Jilin Ginseng Transcriptome Database, which was assembled using the Trinity de novo method from sequencing data obtained via Illumina HiSeqTM2000. This database includes 14 tissue types from four-year-old red fruit phase ginseng and main roots of the DaMaYa variety from Jilin, China, at ages 4 years, 5 years, 8 years, 12 years, and 25 years. The database has been uploaded to NCBI and is publicly available under the SRA accession numbers SRX1445566–SRX1445583 [52]. The second database contains data on the content of individual ginsenoside monomers in the roots of four-year-old ginseng from 42 farmer varieties, along with single nucleotide polymorphisms and insertions/deletions in transcripts assembled from all genes in the Jilin Ginseng Transcriptome Database [53,54]. The third database is the Jilin Ginseng PgZFP Gene Database, composed of 228 transcript sequences and expression levels from 115 PgZFP genes in Jilin Ginseng [11].

2.3 Whole-Genome Identification of PgZFPs Regulating Ginsenoside Biosynthesis

A systematic analysis of the 115 PgZFP genes across 42 varieties was conducted using Databases 1 and 3. The identification of candidate PgZFP genes involved in the biosynthesis of ginsenosides followed three steps. This analysis was based on the premise that gene expression influences traits, and genetic mutations also impact target traits.

Step One: Correlation analysis between PgZFPs gene expression and ginsenoside content. The cloning and functional validation of genes should be closely related to the traits of interest. Thus, correlation analysis between genes and traits should be the initial step in the systematic analysis. Using SPSS 9 (IBM SPSS Statistics 23), Pearson correlation analysis was performed between the expression levels of 115 PgZFPs across 42 farmer varieties and the content of nine individual ginsenosides (including Rg1, Re, Rf, Rb1, Rg2, Rc, Rb2, Rb3, and Rd) as well as the total saponin content in these varieties. Correlation coefficients of PgZFPs under different p-value conditions were calculated, and genes significantly correlated with ginsenoside content at p ≤ 0.05 were identified as Candidate Genes I.

Step Two: Genome-wide association studies (GWAS) of PgZFPs. GWAS were conducted to explore genetic variations affecting quantitative traits by using millions of SNP/InDel molecular genetic markers across the genome. If a gene affects a phenotype, the SNP/InDel mutations in that gene are also likely to influence variations in that trait. SNP/InDels in PgZFP genes were extracted using data from Database 2, and the impact of PgZFPs gene SNP/InDels on ginsenoside content was statistically analyzed. Assuming that the homozygous recessive genotype for an unmutated gene is coded as 0, the heterozygous genotype with mutation as 1, and the dominant homozygous genotype as 2. The 42 farmer varieties are grouped based on their genotypic status. When there are no heterozygotes in the group, the samples are divided into groups 0 and 2, and the impact of SNP/InDels on ginsenoside content is analyzed using an independent samples t-test. When heterozygotes are present, the samples are divided into three groups: 0, 1, and 2, and the effect of SNP/InDels on ginsenoside content is assessed using one-way ANOVA. Genes significantly correlated with ginsenoside content at p ≤ 0.05 are identified as Candidate Genes II. The contribution of gene SNP/InDels to ginsenoside content is calculated using the Formula (1).


Effectx=(Ginsenosidexh−Ginsenosidexl)÷Ginsenosidexl×100%
(1)


where 
Effectx
represents the contribution of mutation 
x
to the ginsenoside content, 
Ginsenosidexh
is the mean ginsenoside content of the high group, and Ginsenosidexh is the mean ginsenoside content of the low group.

Step Three: Network of PgZFPs with validated key enzyme genes. Key enzyme genes typically control rate-limiting steps in biosynthetic pathways and can regulate the biosynthesis of metabolic products. In ginseng, ten key enzyme genes (comprising 16 transcripts) currently validated to participate in the synthesis of ginsenosides have been identified [54]. If candidate genes are co-expressed with these key enzyme genes, or if the expression activity of the candidate genes is related to that of the key enzyme genes, it is considered that these candidate genes also contribute to the biosynthesis of ginsenosides. Research by Jiang et al. [50] indicated that the likelihood of forming a co-expression network among transcripts of genes controlling quantitative traits is significantly higher than that for randomly selected unknown genes. Therefore, using SPSS 9 (IBM SPSS Statistics 23), Spearman’s correlation analysis will be conducted between the expression levels of PgZFPs related to ginsenoside content and the expression of validated key enzyme genes involved in ginsenoside synthesis. The expression data for PgZFPs will be extracted from Database 3, and the expression data for key enzyme genes will be drawn from Database 1. Transcript quantification will be carried out using RSEM software [55], and co-expression analysis will be performed using Biolayout Express3D (Version 3.3) [56]. This analysis aims to identify potential interactive relationships between PgZFPs and key enzymes in ginsenoside biosynthesis. PgZFPs that show strong interactive relationships with key enzyme genes will be identified as PgZFP genes involved in the synthesis of ginsenosides.

2.4 Functional Validation of PgZFPs Genes in Ginsenoside Synthesis

Adventitious roots from the same “seed source” [50], which had been grown for 30 days, were inoculated at a standard inoculum size of 1.0 g into 250 mL of liquid B5 medium. The culture conditions were maintained at 22°C–25°C in the dark with a shaking speed of 110 rpm for 25 days. The MeJA induction treatment was set at nine-time points: 0 h, 6 h, 12 h, 24 h, 36 h, 48 h, 72 h, 96 h, and 120 h, with three biological replicates at each time point. On the 25th day, 200 µM final concentration of MeJA was added to the culture bottles at all time points except 0 h. Subsequently, at the nine designated time points, 1 g of adventitious roots was harvested from each replicate, immediately immersed in liquid nitrogen, and stored at −80°C for RNA analysis. The remaining samples were dried for the extraction and analysis of ginsenosides.

The establishment of the RNA library follows the procedures outlined in previous studies [50]. The extraction of ginsenosides is conducted using the Soxhlet extraction method [57], while the detection and analysis of individual ginsenoside monomers are performed using high-performance liquid chromatography (HPLC). The detection and analysis of total ginsenosides are carried out using the vanillin colorimetric method, with all operational steps and conditions adhering to the protocols described in prior research [51]. All experimental samples are set with three biological replicates. The objective is to validate the changes in the average content of ginsenosides in three biological replicates of ginseng adventitious roots after 6 h to 120 h of MeJA induction treatment compared to 0 h. The significance of these changes is analyzed using the independent sample t-test method.

Gene expression of PgZFPs in ginseng adventitious root samples treated with MeJA was detected using the ABI7500 fluorescence quantitative PCR instrument and Kangwei Century’s UltraSYBR Mixture (Low ROX) for qRT-PCR reactions. It was ensured that each treatment level had three biological replicates, each sample was set with three technical replicates, and each gene had a blank control. The relative expression levels of the genes were calculated using the 2−ΔΔCt method. To further verify the genes’ role in controlling the biosynthesis of ginsenosides, the Pearson correlation between transcript levels and ginsenoside content was calculated at each time point. If the correlation between transcript expression and ginsenoside content was significant at a level of p ≤ 0.05 (two-tailed), it was concluded that the transcripts of the gene control the biosynthesis of ginsenosides.

3  Results

3.1 Genome-Wide Identification of Candidate PgZFPs Genes Controlling Ginsenoside Biosynthesis

Candidate PgZFPs genes controlling ginsenoside biosynthesis were identified through a three-step process across the whole genome. The first step involved the correlation analysis between PgZFPs and individual ginsenosides as well as total saponins. This correlation analysis was the initial step in screening PgZFPs genes related to ginsenoside synthesis. To determine the research method for the correlation analysis, the contents of nine individual ginsenosides and total saponins from 42 farmer varieties were subjected to a normal distribution test. The results indicated that the contents of the nine individual ginsenosides and total saponins in the 42 farmer varieties exhibited the characteristics of a quantitative trait with a continuous normal distribution (Fig. 1). Therefore, in this study, the Pearson correlation analysis method was used to investigate the relationship between the expression of PgZFPs and the content of ginsenosides. Among the 115 PgZFPs genes, 48 were found to correlate with the nine individual ginsenosides and total saponins. Specifically, 17 genes were related to Rg1, 16 to Re, 12 to Rf, 26 to Rb1, 6 to Rg2, 10 to Rc, 11 to Rb2, 9 to Rb3, 21 to Rd, and 26 to total saponins. These 48 genes, corresponding to 79 transcripts, were identified as candidate genes for ginsenoside biosynthesis (Candidate Gene Set I) and were subjected to further analysis.
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Figure 1: Variation of 9 mono-ginsenoside and total ginsenoside content in four-year-old ginseng plant roots among 42 farm cultivars. DM, dry matter. TS, total saponin

The second step involved statistical analysis of SNP/InDel mutations in the PgZFPs to determine the impact of genetic mutations on ginsenoside content. Among the 48 Candidate Genes Set I, there were a total of 631 SNP/InDel mutations. Of these, 506 SNP/InDels showed no significant effect on the nine individual ginsenosides and total saponins. However, 125 SNP/InDel mutations (110 SNPs and 15 InDels) across 24 genes were significantly correlated with the nine individual ginsenosides and total saponins at a p < 0.05 level (two-tailed), indicating a significant impact on ginsenosides content. These impactful SNP/InDels represented 19.8% of the total mutations, with an average of 5.2 SNP/InDels per gene. The effect of each SNP/InDel on the content of the nine individual ginsenosides and total saponins varied from 2.74% to 530.25% (Fig. 2). Each of the 125 SNP/InDel mutations significantly affected at least one type of individual ginsenoside or total saponins, with some affecting up to five types simultaneously. The 631 SNP/InDel mutations in the 48 genes were identified from 62,034 transcripts in the original transcriptome. With a ginseng genome size of 3.3 Gb, the probability of randomly identifying a SNP/InDel mutation in any of the 48 genes within 1 Mb of the genome affecting any of the nine individual ginsenosides or total saponins was calculated as (48/62,034 × 1/3300) = 2.34 × 10−7. The probability of randomly identifying impactful SNP/InDel mutations in 24 genes affecting the ginsenosides within 1 Mb was (48/62,034 × 1/3300)24 = 4.55 × 10−167, indicating that the findings were highly unlikely to be due to chance. Consequently, the 24 genes with SNP/InDel mutations that significantly impacted the content of the nine individual ginsenosides or total saponins were identified as Candidate Genes Set II for ginsenoside biosynthesis.
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Figure 2: Co-expression analysis of 24 candidate PgZFP genes with 17 validated key enzyme genes. 30 genes form a tight interaction network containing 93 edges with an average connectivity of 6.2 when p ≤ 1.0E-03. Red color indicates cluster1 formed by 18 genes containing 5 PgZFP genes and 13 key enzyme genes, green color indicates cluster 2 containing 4 PgZFP genes, yellow color indicates cluster3 containing 4 PgZFP genes, and blue color indicates no class containing 4 genes. Spheres represent key enzyme genes and tetrahedron represent PgZFP genes

The third step involved a co-expression analysis between the 24 candidate genes and 17 validated key enzyme genes related to ginsenoside biosynthesis. The key enzyme genes reported to be directly associated with ginsenoside synthesis include CAS_23, CAS_22, CAS_21, CAS_11 (AB009029.1) [58], PgUGT71A27_2 (KM491309.1) [59], PgSE2_4, PgSE2_1(FJ393274.2) [60], SS_1 (KP689321.1) [61], β-AS_6 (AB009030.1) [58], β-AS_1(AB265170) [62], CYP716A47_1 (JN604537.1) [63], DS_3 (GU183405.1) [61], DS_1 (AB122080.1) [62], CYP716A52v2 _3 (JX036032.1) [63], CYP716A53v2_1 (JX036031.1) [64], FPS_22(DQ087959.1) [65], UGT74AE2(JX898529.1) [66], etc. These key enzyme genes have been cloned and verified to have a direct relationship with the biosynthesis of ginsenosides. The relationship between Candidate Genes Set II and the key enzymes of ginsenoside synthesis was determined by threshold filtering to establish the extent of correlation. In the interaction network, where the threshold p ≤ 1.0E-03, there were 30 nodes and 93 edges, with an average interaction intensity of 6.2. The interaction network formed by these 30 genes was divided into three network clusters and a no-class group: five PgZFPs Candidate Genes II and 13 key enzyme genes formed a closely interacting network group, cluster 1, while the remaining 12 PgZFPs Candidate Genes II grouped into Cluster 2, Cluster 3, and no class, as shown in Fig. 2. In the interaction network, “connection” refers to the maximum number of connections a gene has with other genes within the network. In Cluster 1, the key enzyme genes have the highest number of connections, reaching up to 14, while the maximum connections for the PgZFPs Candidate Genes II are up to 12. The five PgZFPs candidate genes that share the same cluster with the key enzyme genes are designated as Candidate Genes Set III.

3.2 Analysis of Expression Levels of PgZFPs in Ginseng Adventitious Root Samples before and after MeJA Treatment and Their Correlation with Changes in Ginsenoside Content

MeJA has been widely used in gene function verification studies. In this research, ginseng adventitious roots were treated with MeJA to study the changes in the expression levels of five PgZFPs genes (as shown in Fig. 3). After MeJA treatment, the five PgZFPs genes exhibited varying patterns of expression activity. PgZFP-27 showed varying degrees of upregulation from 6 h to 120 h after treatment, but the changes were not significant compared to the control group, suggesting that this gene consistently responds stably to MeJA regulation. PgZFP-55-03 exhibited a trend of initial upregulation followed by downregulation during the 6 h to 120 h post-treatment period, with significant downregulation at 84 h, compared with the control group, it significantly decreased by 2.1 times. This expression pattern may indicate that the gene has a delayed response to MeJA regulation and may exhibit greater expression activity at specific time points. PgZFP-59-02 showed a highly significant downregulation in expression 6 h after treatment compared to the 0 h control, indicating that MeJA suppressed the expression of this gene. PgZFP-60-01 exhibited highly significant downregulation at 108 h post-treatment. PgZFP-79 showed highly significant downregulation after treatment but demonstrated highly significant upregulation at 120 h. The dramatic changes in PgZFP-59-02 and PgZFP-79 suggest that these genes can rapidly and strongly respond to external stimuli at specific time points or under certain conditions, thus playing a crucial role in key responses. These results indicate that MeJA induction has an effective impact on the expression of these five genes in ginseng adventitious roots.
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Figure 3: The dynamic expression changes of 5 PgZFPs in ginseng adventitious roots from 0 h to 120 h under the induction of MeJA treatment conditions are shown in the figure. 0 h is the control group without adding MeJA, * represents the significant situation at p < 0.05, and ** represents the extremely significant situation at p < 0.01

After MeJA induction, the content of the nine individual ginsenosides and total saponins in the adventitious roots also varied. The total saponins showed a gradual increase post-MeJA treatment, indicating that MeJA significantly promotes the accumulation of ginsenosides in ginseng adventitious roots. The levels of the individual ginsenosides also showed significant changes; interestingly, the content of certain individual ginsenosides suddenly decreased or increased at specific time points. For example, the content of Rb1 suddenly decreased at 96 h, Rb3 at 60 h, Rf increased suddenly at 72 h, and Rg2 decreased suddenly at 36 h (as detailed in Fig. 4). This suggests that there might be transformations among individual ginsenosides at these time points. The results indicate that the ginsenoside content in ginseng adventitious roots is regulated by MeJA and can respond to MeJA induction.
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Figure 4: The change trend of ginsenoside content in the root of Panax ginseng after MeJA treatment. The 0 h on the X-axis in the figure represents the average of the ginsenoside content of the sample collected in the negative control group without MeJA treatment. The difference between the average ginsenoside content in the MeJA treatment group and the control group was tested by ANOVA, * represents the significant situation at p < 0.05, and ** represents the extremely significant situation at p < 0.01

Based on the observed changes in gene expression levels and ginsenoside content, we further analyzed the correlation between the expression levels of five PgZFPs and nine mono-ginsenosides, as well as total saponin content (see Table S5 for details). The results showed that PgZFP27 had a significant correlation with ginsenosides Rb1, Rb2, Rd, and Rg2 at the p < 0.05 level, and with Rb3 and total saponins at the p < 0.01 level, with correlation coefficients ranging from 0.618 to 0.759. PgZFP-59-02 showed a significant correlation with total saponins at the p < 0.05 level, with a correlation coefficient of −0.598, as detailed in Fig. 5. The correlation coefficient reflects the degree of association between the gene and the ginsenosides, where the sign of the coefficient indicates positive or negative correlations. The positive correlation between PgZFP27 and ginsenoside suggests that this gene plays an active role in subsequent ginsenoside synthesis, and its function can be validated in gene function verification by overexpressing to increase ginsenoside content. The negative correlation coefficient of PgZFP-59-02 suggests that the function of this gene in ginsenoside synthesis could be validated through methods such as RNAi or gene editing.
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Figure 5: Linear correlation analysis between relative expression of PgZFPs’ and the content of ginsenosid. The figure shows only the linear equation for the significant correlation between relative expression and ginsenoside content, with the names of the individual ginsenoside labeled in the lower corners of the equation, and the correlation between the two indicated by r, which is derived by squaring the linear equation R2

In order to further understand the expression patterns of PgZFP-27 and PgZFP-59-02 with key enzyme genes, Fig. 6 shows a heatmap of the co expression patterns of two PgZFPs and key enzyme genes after MeJA induction treatment. The results showed that although there were differences in expression levels at different induction times, there was a clustering relationship between PgZFP-59-02 and CAS_22, indicating that their expression patterns were more similar. As CAS gene promotes the synthesis of sterols in the ginsenoside synthesis pathway [67], PgZFP-59-02 has a negative correlation with total saponins, that is, this gene plays a negative role in the direction of ginsenoside synthesis. These two results confirm each other. After induction with MeJA, PgZFP-27 was positively correlated with ginsenosides Rb1, Rb2, Rd, Rg2, Rb3 and total saponins, indicating that the expression of PgZFP-27 promoted the synthesis of damaran-type ginsenoside. At the same time, the expression pattern of PgZFP-27 and β-AS_1 was more similar, indicating that PgZFP-27 and β-AS_1 played a similar role in the ginsenoside synthesis pathway, and may play a rate-limiting role in the key branch points of ginsenoside synthesis. Subsequent studies should focus on finding the target genes that this gene regulates downstream monomonin synthesis.
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Figure 6: Expression heatmap of the PgZFP genes and key enzyme genes after induction treatment with MeJA

Based on these experimental results, two PgZFP genes involved in ginseng ginsenoside synthesis were identified, namely PgZFP27 and PgZFP-59-02.

4  Discussion

The screening and application of important functional genes have always been one of the important directions for biological research and improvement of agronomic traits. However, traditional positional cloning methods are not only costly and time-consuming, but also difficult to apply to the screening of functional genes that affect quantitative traits controlled by multiple genes. This study is based on transcriptome expression databases and SNP mutation databases, combined with corresponding phenotypic traits, and uses statistical methods to screen important functional genes involved in phenotype formation. It is not only fast and efficient but also can calculate the contribution of each gene to trait formation, thereby selecting important functional genes or gene populations. This is of great significance for further research on gene function, a more comprehensive interpretation of the mechanism of important trait formation, and the wide application of functional genes. The function of plant C2H2-type zinc finger proteins has been extensively studied in model plants such as Arabidopsis thaliana, Oryza sativa, and tomato. However, systematic research on C2H2-type zinc finger proteins in ginseng is unprecedented, and studies on their role in the synthesis of plant secondary metabolites are relatively scarce. This study systematically analyzed and identified the C2H2 type zinc finger protein gene family highly correlated with the biosynthesis pathway of ginsenosides. Many biological traits are quantitative traits formed by the participation of multiple genes, and the same gene may also have multiple functions. Therefore, in order to find the main or more influential genes that affect traits, this study used multiple analytical methods for screening. Firstly, based on the correlation analysis between gene expression and ginsenoside content, we aim to identify genes that have a significant impact on phenotype changes. At this point, the correlation between genes and phenotype is p ≤ 0.05. On this basis, correlation analysis was conducted between genes with SNP mutations and phenotypes, where the correlation between genes and phenotypes was p ≤ 1.0E-04. Co-expression analysis was performed between candidate genes and ginsenoside synthesis-related genes, where the correlation between genes and phenotypes was p ≤ 1.0E-07 or higher. The correlation between genes and phenotypes presented in a single analysis or with low p-values may be random and accidental, but there is still a correlation between genes and phenotypes in multiple analysis levels, multiple analysis methods, and extremely strict p-values. It can be basically confirmed that this gene plays a very important role in the formation of traits. However, how this gene affects traits and its specific mechanism of action still needs more experimental verification.

MeJA has been proven to be an effective inducer that can promote the biosynthesis of many high-value medicinal secondary metabolites in various medicinal plants. Ginsenosides, as a plant nutrient, can respond to external stress environments and alleviate the damage caused to plants by the external environment [68]. According to reports, various biotic and abiotic stress conditions can stimulate the accumulation of ginsenosides [42]. Osmotic stress conditions such as salt stress and drought stress can increase the total saponin content of ginseng by 45%–50% [69]. In suspension culture systems, treatment with external hormones such as MeJA can also increase the content of ginsenosides [19]. In this study, the significant changes in the content of ginsenosides after MeJA induction treatment were consistent with previous research results, indicating that ginsenosides are important products for coping with external stress environments and play an important role in regulating plant growth and development. At the same time, the gene function verification method of MeJA induction treatment also verified the rationality and reliability of the gene screening method used in this study.

5  Conclusion

5 PgZFPs were obtained by a three-step analysis method. Methyl jasmonate was used to treat ginseng adventitious roots, which in turn verified that 2 PgZFPs genes control ginsenoside biosynthesis. The results provide a feasible method for the identification of ginsenoside synthesis genes, as well as new gene resources for ginsenoside biosynthesis.
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The content of ginsenoside The content of ginsenoside The content of ginsenoside The content of ginsenoside

The content of ginsenoside

Re (mg/g DM) Rf (mg/g DM) Rb1 (mg/g DM) Rg2 (mg/g DM)

Rg1 (mg/g DM)
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The content of ginsenoside
TS (mg/g DM)

The content of ginsenoside
Rd (mg/g DM)

The content of ginsenoside The content of ginsenoside
Rb2 (mg/g DM) Rb3 (mg/g DM)

The content of ginsenoside
Rc (mg/g DM)





