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Panax notoginseng saponins (PNS), the primary active components of Panax notoginseng (Burk.) F.H.Chen, a traditional and precious Chinese medicinal herb, are mainly derived from the roots of the plant. However, due to the long cultivation period and specific environmental requirements, the PNS supply is often limited. And, callus cultures of P. notoginseng, which grow rapidly, have short production cycles, and can be cultured under controlled conditions, provide a more efficient source for the quick acquisition of saponins. In this study, anthers of P. notoginseng were used as explants, and twelve hormone combinations were tested to induce callus formation. Eight kinds of hormone combinations successfully induced P. notoginseng anther callus. Among these, callus induced by combinations 5 and 7 had the highest saponin content, while those induced by combinations 1 and 3 exhibited the highest relative growth rates. Metabolomic analysis of these four callus types revealed that there were a total of 99 differential metabolites between combinations 5 and 7, 30 between combinations 1 and 3, 123 between combinations 3 and 7, and 116 between combinations 1 and 5. Further analysis showed that the tricarboxylic acid (TCA) cycle metabolites in callus induced by combinations 1 and 3 were significantly upregulated, with corresponding genes showing high expression levels, increased ATP accumulation, and low responses of the auxin response factor PnARF-3 and cytokinin response factor PnCRF-3. The abundance of metabolites in the PNS biosynthesis pathway in callus induced by combinations 5 and 7 increased significantly, with related genes showing high expression levels, increased IPP accumulation, and high responses of PnARF-3 and PnCRF-3. Overexpression of PnARF-3 and PnCRF-3 in callus induced by combination 3 promoted the production of IPP and saponins while reducing ATP production. In conclusion, different hormone combinations affect the distribution of Acetyl-CoA through PnARF-3 and PnCRF-3, resulting in the relative growth rate and saponin of P. notoginseng anther callus differences.
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1 Introduction

Panax notoginseng (Burk.) F.H.Chen is a perennial herbaceous plant belonging to the genus Panax in the family Araliaceae, with a long history of cultivation. It is mainly cultivated in Wenshan City, Yunnan Province (Park et al., 2012), and is a unique and precious Chinese herbal medicine. Panax notoginseng saponins (PNS) are widely recognized as the primary medicinal components of P. notoginseng. Approximately one hundred saponins have been identified in P. notoginseng (Wang et al., 2016), predominantly belonging to the dammarane-type tetracyclic triterpenes. Among these, the most prevalent are five monomeric saponins namely notoginsenoside R1, ginsenoside Rg1, ginsenoside Rb1, ginsenoside Re and ginsenoside Rd. Additionally, P. notoginseng contains several rare saponins such as ginsenoside Rc and ginsenoside Rg2 (Hao et al., 2022). The upstream precursor synthesis pathway of PNS primarily involve mevalonic acid (MVA) and methylerythritol (MEP) pathway (Cun et al., 2024). The MVA pathway uses Acetyl-CoA as a substrate to synthesize mevalonate under the action of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR). Then mevalonate is converted into isopentenyl pyrophosphate (IPP) through the actions of mevalonate kinase (MVK) and phosphomevalonate kinase (PVK). IPP further synthetizes dimethylallyl pyrophosphate (DMAPP), while the MEP pathway also generates IPP and DMAPP (Singh et al., 2023; Liu et al., 2020). In the intermediate stage of PNS biosynthesis, IPP and DMAPP are converted into 2,3-oxidosqualene by the actions of geranyl pyrophosphate synthase (GPS), farnesyl diphosphate synthase (FPS), and squalene epoxidase (SE). Afterwards, Dammarenediol-II synthase (DS) and cycloartenol synthase (CAS) cyclize 2,3-oxidosqualene into dammarenediol-II and cycloartenol. Dammarenediol-II is further hydroxylated, oxidized and glycosylated by cytochrome P450 monooxygenase (CYP450) and UDP-glucosyltransferase (UGT) to complete the synthesis of PNS (Figure 1) (Xu et al., 2018; Li et al., 2022).




Figure 1 | Flow chart of PNS synthesis, with Acetyl-CoA as the starting material. The precursor isopentenyl pyrophosphate (IPP) was synthesized by 3-Hydroxy-3-methylglutaryl-CoA reductase (HMGR), mevalonate kinase (MVK) and phosphomevalonate kinase (PVK). IPP was via geranyl pyrophosphate synthase (GPS), farnesyl diphosphate synthase (FPS), squalene synthase (SS) and squalene epoxidase (SE) synthetic skeleton 2,3-oxidosqualene. 2,3-oxidosqualene is synthesized PNS by Dammarenediol-II synthase (DS), CYP450 and UGT. The blue boxes denote the substances involved in the synthesis process, while the red boxes indicate the key genes.



At present, biosynthesis technology is developing rapidly and a yeast factory for the synthesis of PNS has been initially constructed, but produces a limited variety of monomeric saponins with extremely low yields. The main raw material of PNS is still the P. notoginseng plant at this stage. The artificial cultivation of P. notoginseng has a long history, and people have accumulated extensive experience through long-term production practice. However, its cultivation is limited by several factors, including the lack of effective breeding techniques, a long growth cycle, poor ecological adaptability, and a narrow geographical distribution. Additionally, continuous cropping obstacles (Yang et al., 2015), soil microorganisms (Zhao et al., 2020), and various diseases and pests further complicate the cultivation process. The limited planting area of P. notoginseng cannot meet the market demand for PNS, hindering its application. Plant tissue culture technology provides a solution to this problem. By inducing P. notoginseng callus, a large quantity of raw materials for extracting PNS can be produced. This not only helps to quickly solve the problem of shortage of PNS, but also find a new way for the production of secondary metabolites.

In recent years, the callus induction system of many kinds of medicinal plants has been well
developed, such as P. ginseng, P. quinquefolius, Alfalfa, Macleaya cordata, Angelica dahurica, Forsythia suspensa, Lycium barbarum and Weigela florida ‘Red Prince’ (Supplementary Table S1) (Lei, 2013; Yin, 2015; Cui, 2017; Song, 2014; Li, 2013; Ren, 2009; Luo et al., 2016; Wang, 2012). A large number of studies have shown that the primary factors influencing callus quality are the ratio and concentration of plant hormones. Lei (2013) investigated the effects of different hormone combinations on the callus induction rate and total saponin content of P. ginseng anthers. The study found that the combination of 2,4-D (1.5 mg/L) and KT (0.5 mg/L) achieved the highest callus induction rate, while the total content of six monomeric saponins (ginsenoside Rg1, Re, Rb1, Rc, Rb2, and Rd) was only 0.112%. In comparison, the combination of 2,4-D (1.0 mg/L) and 6-BA (0.5 mg/L) resulted in a higher total saponin content of 0.258%, despite not achieving the highest callus induction rate. The research found that the total amount of six monomeric saponins (ginsenoside Rg1, ginsenoside Re, ginsenoside Rb1, ginsenoside Rc, ginsenoside Rb2, ginsenoside Rd) in anther callus of P. quinquefolius reached 3.26%. However the callus growth rate was relatively lower, only 153%, under the hormone combination of 2,4-D (2.0 mg/L) and 6-BA (0.5 mg/L). Under the combination of 2,4-D (2.0 mg/L) and 6-BA (2.0 mg/L), the content of six monomeric saponins was only 0.15%, but the callus had the highest growth rate (212%) (Zhang, 2013). The research showed that the hormone ratio had the greatest effect on the content of saponins in P. notoginseng callus. Under the combination of 2,4-D (0.5 mg/L) and 6-BA (1.0 mg/L), the total amount of ginsenoside Rg1, ginsenoside Re, ginsenoside Rb1 and ginsenoside Rd in the callus was the highest. However, how these hormones affected the callus induction rate and growth rate, and the reason for the content of secondary metabolites was unclear (Qi et al., 2017).

In this study, P. notoginseng anther was used as the explant to induce callus formation. The morphology and structure between embryogenic calli and non-embryogenic callus were observed. The effects of different hormone combinations on the induction rate, relative growth rate and saponins content of P. notoginseng anther callus were studied. Using metabolomics and RT-qPCR analysis, we screened the hormone combinations that led to the highest saponin accumulation in P. notoginseng anther callus, as well as the key genes P. notoginseng auxin response factors 3 (PnARF-3) and cytokinin response factors 3 (PnCRF-3) involved in saponin synthesis. Finally, auxin response factor PnARF-3 and cytokinin response factor PnCRF-3 were overexpressed in P. notoginseng anther callus by transient expression system. Different hormone combinations were found to influence Acetyl-CoA distribution via PnARF-3 and PnCRF-3. Overexpression of PnARF-3 and PnCRF-3 promotes saponins accumulation while reducing ATP production. This provides an effective approach for the production of PNS, with significant economic and commercial value.




2 Materials and methods



2.1 Plant materials

In this study, the anther of P. notoginseng was used as explants. Unpollinated flower buds were collected and anthers were extracted from them (Figure 2B). The scanning electron microscope result of anther was columnar (Figure 2C). The P. notoginseng flower (Figure 2A) was collected from the planting base of P. notoginseng in Wenshan City, Yunnan Province (E 104.09◦, N 23.4◦).




Figure 2 | The appearance and structure of P. notoginseng flower, bud and anther. (A) P. notoginseng Flower; (B) Bud, within the red circle is the anther; (C) The scanning electron microscope result of anther was columnar.






2.2 Induction of callus in anther of P. notoginseng

The buds of P. notoginseng were pretreated at low temperature for 7 days. Under
sterile conditions, the buds of P. notoginseng soaked in ethanol (75%, v/v; 30s), sodium hypochlorite (NaClO) (10%, m/w; 5 min), and sterile water (5 times). The surface of the buds was dried with sterile filter paper, and the anthers were removed with sterile tweezers and inoculated into different hormone combinations (Supplementary Table S1) (Bansal et al., 2022; Jin et al., 2022). The cultures were kept in the dark at 25 ± 1°C and 50% humidity, and the callus induction rate was measured after 50 days. The induction rate of anther callus (%) = the number of anthers with callus/the total number of anthers inoculated.




2.3 Determination of relative growth rate of anther callus of P. notoginseng

Callus measuring 3–4 cm in length was cut into square of approximately 1cm, then subcultured, and the relative growth rate of callus was measured.

Callus relative growth rate (CRGR) was evaluated by the following formula: CRGR = (lnW2 − lnW1)/number of days (Huang et al., 2023).

Where W1 and W2 represent the average fresh weight at day 0 and culture day, respectively.




2.4 Determination of saponins content in the anther callus of P. notoginseng

The callus under different hormone combinations No.1-No.8 was dehydrated using a vacuum freeze dryer, then ground into powder. 0.1 g of the powder was weighed and mixed with 0.5 mL of methanol, followed by soaking at room temperature for 24 hours. The mixture was then ultrasonicated at 200 W and 50 kHZ for 40 min, and centrifuged at 8000 rpm for 5 min. The supernatant was collected, filtered with a 0.45 μM organic filter, and used to prepare the test sample. Additionally, 3.1 mg of each standard (notoginsenoside R1, ginsenoside Rg2, Rb1, Rg1, Rd, Rc and Re) was weighed, dissolved in 1 mL of methanol, filtered with a 0.22 μM organic filter, and prepared as the test sample.

The concentrations of notoginsenoside R1, ginsenoside Rg2, ginsenoside Rb1, ginsenoside Rg1, ginsenoside Rd, ginsenoside Rc and ginsenoside Re was analyzed by an HPLC system (Shimadzu, LC-40D). The mobile phase consisted of ultra-water (A) and acetonitrile (B) and was run in an isocratic mode at a flow rate of 1.0 mL/min. The following gradient was performed: 0-30 min, 20% B; 30-62 min, 47% B; 62-80 min, 80% B; 80-85 min, 100% B; 85-95 min, 100% B; 95-96 min, 20% B; 96-110 min, 20% B. The column temperature was maintained at 35°C. Aliquots of 20 µL were injected. Monitoring and quantitation of notoginsenoside R1, ginsenoside Rg2, ginsenoside Rb1, ginsenoside Rg1, ginsenoside Rd, ginsenoside Rc and ginsenoside Re were performed at 203 nm.




2.5 Paraffin sections of anther callus of P. notoginseng

The callus in different hormone combinations were first fixed in FAA fixative solution, then washed and dehydrated with different concentrations of ethanol. The samples were then cleared with a mixture of ethanol and dimethylbenzene, infiltrated with a mixture of dimethylbenzene and paraffin, and embedded in paraffin cubes. The embedded samples were sliced to a thickness of 7 μM. The slices were first stained with saffron dye, then decolorized, and subsequently stained with solid green dye. After dehydration, the samples were cleared with xylene and mounted with neutral gum. The histomorphological structure of P. notoginseng anther callus was observed using a microscope (Ellison et al., 2016; Huang et al., 2023).




2.6 Anther callus metabolome of P. notoginseng

The callus samples of two hormone combinations with the highest relative growth rate (No.1 and
No.3) and two hormone combinations with the highest content of total saponins, including 7 monomers
(No.5 and No.7) were selected for metabolic analysis. Supplementary Method S1 provides detailed information on the extraction, detection, identification, quantification and statistics of differential metabolites.




2.7 Determination of ATP and IPP in the anther callus of P. notoginseng

The contents of adenosine triphosphate (ATP) and isopentene pyrophosphate (IPP) in callus with different hormone combinations (No.1, No.3, No.5, No.7) were detected by a kit (Solarbio, China) according to the manufacturer’s recommended procedure.




2.8 RT-qPCR detection of P. notoginseng anther callus

The total RNA was extracted from the callus of P. notoginseng anther using Trizol reagent (Takara) with different hormone combinations (No.1, No.3, No.5, No.7), and 1μg RNA was reverse transcribed into cDNA by Prime Script RT kit (with 8 × gDNA Eraser Premix, 5 × RT Premix, RNase Free H2O, Takara). Prime 5.0 software was used to design RT-qPCR gene specific primers. PnACTIN2 gene of P. notoginseng was used as the internal reference gene, the relative gene expression level was calculated by 2-ΔΔCT method (Livak and Schmittgen, 2001).




2.9 Agrobacterium-mediated overexpression of PnARF-3 and PnCRF-3 in anther callus of P. notoginseng

The overexpression vectors were transformed into the callus of hormone combination No.3 using a transient expression system constructed by Xian et al. (2023). RNA was extracted from the callus and converted into cDNA, which was used to amplify the PnARF-3 and PnCRF-3 genes for constructing the overexpression vectors pBWA(V)HS-PnARF-3 and pBWA(V)HS-PnCRF-3. These vectors were transformed into Escherichia coli competent cells and the recombinant plasmids were then extracted. These plasmids were subsequently transformed into competent GV3101 Agrobacterium cells.




2.10 Statistical analysis

All the experiments were repeated three times, and the statistical significance was analyzed by Prism software (GraphPad Software).





3 Results



3.1 Callus induction in P. notoginseng anthers with different hormone combinations

Among the 12 hormone combinations tested, combinations No.1 to No.8 successfully induced callus formation from P. notoginseng anther, whereas combinations No.9 to No.12 failed to induce callus (Supplementary Table S3). As a result, further studies were conducted with a focus on the callus induced by hormone combinations No.1 - No.8.




3.2 Morphological characteristics of callus with different hormone combinations

During the callus induction process, two distinct types of callus morphology were observed: embryogenic callus and non- embryogenic callus. Among the eight hormone combinations tested, combinations No.1 to No.4 induced non-embryogenic callus, whereas combinations No.5 to No.8 resulted in embryogenic callus. The non-embryogenic callus displayed irregular shapes, a loose texture, and a rough surface with minor protrusions, and was either bright yellow or pale yellow in appearance (Figures 3A–D). Microscopic examination revealed that the nuclei were extremely small, the vacuoles occupied more than 85% of the cell area, and the cell had irregular shapes and loosely arranged (Figure 3E). In contrast, the embryogenic callus had a compact texture and appeared yellow-white (Figures 3F–I). Under the microscope, the cells presented that they were densely packed, uniform in size, with a large stained area and dense cytoplasm (Figure 3J).




Figure 3 | Morphological structure of P. notoginseng anther callus with different hormone combinations. (A–D) Appearance structure of P. notoginseng anther callus with hormone combinations No.1-No.4; (E) Observation of cytological structure of non-embryogenic callus by microscope (No.3); (F–I) Appearance structure of P. notoginseng anther callus with hormone combinations No.5-No.8; (J) Observation of cytological structure of embryogenic callus by microscope (No.7).



Additionally, paraffin sections revealed that calluses treated with the same hormone combinations
exhibited identical shapes. For instance, calluses for hormone combinations No.1 and No.2 consistently displayed heart-shaped embryos (Supplementary Figures S1A, B). The calluses form combinations No.3 and No.4, No.5 and No.6, as well as No.7 and No.8,
also exhibited similar shapes (Supplementary Figures S1C–H). However, significant differences in callus morphology were observed among the various
hormone combinations. For example, the calluses form No.3 and No.5 displayed markedly different shapes (Supplementary Figures S1C, E).




3.3 Different hormone combinations had significant effects on callus induction rate and relative growth rate of P. notoginseng anther

Significant differences were observed in the induction rate of P. notoginseng anther callus among different types and concentrations. Combinations No.3 and No.4 (2,4-D + 6-BA + NAA + KT) achieved the highest induction rates, at 33.22% and 30.66%, respectively. The induction rates for hormone combinations No.1 and No.2 (2,4-D + KT + IAA) were 28.85% and 26.84%, respectively. Combinations No.5 and No.6 (2,4-D + 6-BA) yielded induction rates of 21.69% and 16.89%. In contrast combinations No.7 and No.8 (2,4-D + KT + NAA) produced the lowest induction rates at 12.11% and 10.22%, respectively (Figure 4A). Additionally, different hormone combinations had a significant impact on the relative growth rates of the P. notoginseng anther callus. The relative growth rates were ordered from highest to lowest as follows: No.3, No.4 > No.1, No.2 > No.5, No.6 > No.7, No.8 (Figure 4B). Among these, the relative growth rate of hormone combination No.3 achieved the highest of 0.0405. Combinations No.1, No.4 and No.2 had relative growth rates of 0.0390, 0.0348, and 0.0314, respectively. Combinations No.6, No.8 and No.5 had relatively similar growth rates of 0.0262, 0.0229, and 0.0227, respectively. Combination No.7 exhibited the lowest relative growth rate of 0.0198, which was 104.55% lower than that of combination No.3.




Figure 4 | Illustrates the callus induction rate and relative growth rate of P. notoginseng anther with different hormone combinations. (A) Callus induction rate of P. notoginseng anther in hormone combination No.1-No.8; (B) Callus relative growth rate of P. notoginseng anther in hormone combination No.1-No.8. Data are expressed as average values ± SE (n=3), different letters indicate significant differences at p < 0.05 (Student’s test).






3.4 Effect of different hormone combinations on saponin accumulation in P. notoginseng anther callus

Since saponins are the primary active constituents of P. notoginseng, we assessed the levels of seven saponin monomers in the anther callus under different hormone combinations (Figure 5A). The results revealed that the contents of notoginsenoside R1, ginsenoside Rg1, ginsenoside
Re and ginsenoside Rb1 were the most in the anther callus, whereas the contents of ginsenoside Rc,
ginsenoside Rg2 and ginsenoside Rd were relatively low (Supplementary Table S3). This distribution is consistent with the main saponins found in the intact P. notoginseng plant. The highest total saponin content was observed in combination No.7 (Figure 5B), at 2.8624%, which was 3.6 times higher than the lowest content found in combination No.3. Combinations No.5, No.8 and No.6 had total saponin contents of 2.2369%, 2.0245% and 1.8088%, respectively. Combinations No.2 and No.4 had similar total saponin contents of 1.6650% and 1.5648%, respectively. The lowest total saponin contents were found in combinations No.1 and No.3, at 0.8491% and 0.7953%, respectively. These results suggest that the primary saponin types in the P. notoginseng anther callus are similar to those in the intact plant, and that the saponin content is influenced by the hormone combinations used.




Figure 5 | Displays the saponin content in Callus of P. notoginseng anther with different hormone combinations. (A) HPLC chromatogram of P. notoginseng anther callus in hormone combination No.1-No.8; (B) The content of total saponins of seven monomers in P. notoginseng anther callus in hormone combination No.1-No.8 was determined by HPLC. Different letters indicate significant differences at p < 0.05 (Student’s test).






3.5 Metabolome analysis of the effects of different hormone combinations on the callus metabolites of P. notoginseng anthers

To investigate the impact of hormone combinations on the metabolic levels of P. notoginseng anther callus, we selected four hormone combinations for metabolomic analysis: the two with the highest saponin content (No.5 and No.7) and the two with the fastest relative growth rates (No.1 and No.3). A total of 820 metabolites were detected, including 181 amino acids and their derivatives, 88 carbohydrates and their derivatives, 85 organic acids and their derivatives, and 41 terpenes (Figure 6A). PCA analysis revealed clear separations between the different hormone combinations, indicating significant metabolic changes due to the hormone treatments (Figure 6B). Differential metabolite analysis showed that only 30 differential metabolites were identified in the comparison between combinations No.3 and No.1, whereas 116, 115, 100, and 123 differential metabolites were found in the comparisons of No.5 vs No.1, No.5 vs No.3, No.7 vs No.1, and No.7 vs No.3, respectively (Figure 6C). This indicates substantial differences in metabolites among the anther callus samples from different hormone combinations, with the least variation observed between No.1 and No.3. The Venn diagram showed that only 10 metabolites were common to all four hormone combinations (Figure 6D), further emphasizing the differences in metabolites under varying hormone treatments. Despite the highly similar metabolite profiles between No.1 and No.3, cluster heatmap analysis of the top 20 upregulated and downregulated metabolites in the comparisons of No.5 vs No.3 and No.7 vs No.3 revealed that substances such as cis-aconitic acid, citric acid, isocitrate, fumaric acid, and malic acid were highly expressed in combination No.3, also significantly upregulated in combination No.1, but downregulated in combinations No.5 and No.7. Conversely, notoginsenoside R1 and ginsenoside F3 were highly expressed in combination No.7, significantly upregulated in combination No.5, but notably downregulated in combinations No.1 and No.3 (Figure 6E).




Figure 6 | Analysis the metabolite of P. notoginseng anther callus with different hormone combinations; (A) The proportion of different metabolites in the anther callus of P. notoginseng; (B) PCA principal component analysis diagram of different hormone combinations; (C) The number of different metabolites in different comparison groups; (D) Venn diagram; (E) The cluster heat map of the 20 metabolites of the most up-regulated and down-regulated in four hormone combinations.



Further analysis revealed that cis-aconitate acid, citrate acid, isocitrate, fumarate acid and malate acid, which were down-regulated in the comparisons of No.5 vs No.3 and No.7 vs No.3, are the key substances in the tricarboxylic acid (TCA) cycle. The up-regulated differential metabolites, notoginsenoside R1 and ginsenoside F3 are products of MVA pathway and downstream pathway of saponins synthesis. The TCA cycle and MVA pathway share a common precursor, Acetyl-CoA, suggesting that different hormone combinations affect the distribution of Acetyl-CoA. In hormone combination No.1 and No.3, more Acetyl-CoA entered the TCA cycle, while hormone combinations No.5 and No.7 directed more Acetyl-CoA into the MVA pathway (Figure 7).




Figure 7 | Illustrates the TCA cycle, MVA Pathway and downstream of saponins synthesis metabolic pathway. Acetyl-CoA serves as a precursor, part of it enters the TCA cycle to synthesize citrate acid, cis-aconitate acid, isocitrate, fumarate acid, malate acid and other substances to produce ATP. Some of these substances are directed into the MVA pathway to generate mevalonate, IPP and 2,3-Oxidosqualene. 2,3-Oxidosqualene entered the saponin synthesis pathway, and further synthesized ginsenoside Rg1, ginsenoside Rf, ginsenoside Rg3, ginsenoside Rd and ginsenoside Rb1. The red box highlights precursor substances, the yellow box denotes TCA cycle, the blue box represents MVA pathway, and the green box indicates downstream pathway of saponin synthesis. The red font identifies the detected metabolites in the callus of P. notoginseng anther, while the black font denotes the undetected metabolites in the callus of P. notoginseng anther.






3.6 Effects of different hormone combinations on ATP and IPP contents of P. notoginseng anther callus

The metabolomic analysis revealed significant differences among the four hormone combinations concerning the TCA cycle and the upstream MVA pathway of saponin synthesis. Consequently, we measured the levels of ATP, a product of the TCA cycle, and IPP, a product of the MVA pathway. The results indicated that hormone combinations No.1 and No.3 significantly increased ATP levels in the P. notoginseng anther callus (Figure 8A), thus providing more energy and promoting growth. On the other hand, hormone combinations No.5 and No.7 significantly increased IPP levels in the P. notoginseng anther callus, thereby enhancing saponin synthesis, with combination No.7 having a greater effect than combination No.5 (Figure 8B). These findings are consistent with the metabolite analysis results.




Figure 8 | Presents the contents of ATP and IPP in callus of P. notoginseng anther with different hormone combinations. (A) Determination of ATP content of P. notoginseng anther callus in different hormone combinations by kit; (B) Determination of IPP content of P. notoginseng anther callus in different hormone combinations by kit. Data are expressed as average values ± SE (n=3), different letters indicate significant differences at p < 0.05 (Student’s test).






3.7 The expression levels of genes related to the TCA cycle and saponin biosynthesis in the callus varied significantly under four hormone combinations

Furthermore, RT-qPCR was performed to analyze the expression of genes related to the TCA cycle and saponin synthesis. The results showed that hormone combination No.5 and No.7 significantly increased the expression of MVA pathway-related genes (PnHMGR-1, PnHMGR-2, PnHMGR-3, PnMVK, PnPVK) and saponin synthesis pathway genes (PnFPS, PnGPS, PnSS, PnSE, PnDS, PnCAS) in anther callus, with combination No.7 showing the strongest induction effect. In contrast, combinations No.1 and No.3 exhibited lower expression levels of these genes. As for TCA cycle-related genes (PnCSE-1, PnCSE-2, PnCSE-3, PnIDE-1, PnIDE-2, PnMDE), hormone combination No.1 and No.3 significantly increased their expression, with combination No.3 showing the highest induction effect. However, these genes were expressed at lower levels in hormone combinations No.5 and No.7 (Figure 9).




Figure 9 | Shows the expression levels of various genes in the of P. notoginseng anther callus, as determined by RT-qPCR. The figure includes TCA cycle related genes PnCSE-1 (citrate synthase 1), PnCSE-2 (citrate synthase 2), PnCSE-3 (citrate synthase 3), PnIDE-1 (isocitrate dehydrogenase 1), PnIDE-2 (isocitrate dehydrogenase 1), PnMDE (malate dehydrogenase), MVA pathway related genes PnHMGR-1, PnHMGR-2, PnHMGR-3, PnMVK and PnPVK, saponin biosynthesis pathway related genes PnFPS, PnGPS, PnSS, PnSE, PnDS, PnCAS, auxin response factor related genes PnARF-1 (Auxin response factor 1), PnARF-2 (Auxin response factor 2), PnARF-3 (Auxin response factor 3), PnARF-4 (Auxin response factor 4), and cytokinin response factor related genes PnCRF-1 (Cytokinin response factor 1), PnCRF-2 (Cytokinin response factor 2), PnCRF-3 (Cytokinin response factor 3), PnCRF-4 (Cytokinin response factor 4). Red indicates high gene expression, while blue indicates low gene expression.






3.8 PnARF-3 and PnCRF-3 regulate the distribution of Acetyl-CoA

ARFs and CRFs are key regulatory elements downstream of auxin and cytokinin signaling pathways. Since these factors vary among different hormone combinations, we measured their expression levels in P. notoginseng anther callus. It was found that PnARF-1, PnARF-2, PnARF-4, PnCRF-1, PnCRF-2 and PnCRF-4 were highly expressed in the hormone combination No.3 and No.1, with their levels positively correlating with the concentrations of added auxin and cytokinin. Additionally, PnARF-3 and PnCRF-3 exhibited higher response levels in hormones combination No.5 and No.7 (Figure 9). Similarly, the exogenous application of hormone combinations No.5 and No.7 was able to
significantly induce high expression level of PnARF-3 and PnCRF-3 in annual P. notoginseng plants (Supplementary Figure 2). Based on these observations, we hypothesize that high levels of PnARF-1, PnARF-2, PnARF-4, PnCRF-1, PnCRF-2, and PnCRF-4 promote ATP production and inhibit saponin synthesis. Conversely, high levels of PnARF-3 and PnCRF-3 inhibit ATP production and enhance saponin synthesis.

Furthermore, PnARF-3 and PnCRF-3 were overexpressed in P. notoginseng anther callus. The results showed that, compared with the control callus, the expression level of PnARF-3 and PnCRF-3 were significantly increased in the transformed callus (Figure 10A), confirming that PnARF-3 and PnCRF-3 were successfully expressed in P. notoginseng anther callus. The expression levels of MVA pathway-related genes (PnHMGR-1, PnHMGR-2, PnHMGR-3, PnMVK, PnPVK) and saponin synthesis-related genes (PnGPS, PnFPS, PnCAS, PnSS, PnSE, PnDS) in P. notoginseng anther callus overexpressing PnARF-3 and PnCRF-3 were higher than those in control callus. Conversely, the expression levels of TCA cycle-related genes (PnCSE-1, PnCSE-2, PnCSE-3, PnIDE-1, PnIDE-2, PnMDE) were lower in the overexpressed callus compared to the control (Figure 11). Meanwhile, the ATP content in callus overexpressing PnARF-3 and PnCRF-3 was significantly lower than in control callus (Figure 10B), with ATP levels was 59% and 49% lower, respectively. The callus transformed by overexpression of PnARF-3 and PnCRF-3 exhibited a darker coloration in the saponin colorimetric assay, indicating a higher content of total saponins (Figure 10D). The contents of IPP (Figure 10C) and total saponins of the seven monomers (Figure 10E) were also significantly increased compared to the control callus. Specifically, IPP levels were 38% and 44% higher, respectively, while the total saponin content of the seven monomers was 42% and 45% higher, respectively. Among these, notoginsenoside R1 and ginsenoside Rb1 were significantly increased. These results demonstrate that overexpression of PnARF-3 and PnCRF-3 promotes the production of IPP, enhances the expression of genes related to the MVA pathway and saponin synthesis, and consequently increase the saponin content. This overexpression also inhibits the TCA cycle, leading to reduced ATP production.




Figure 10 | Shows various analyses of P. notoginseng anther callus following the overexpression of PnARF-3 and PnCRF-3. (A) The expression levels of PnARF-3 and PnCRF-3 in callus of P. notoginseng anther after transformation were detected by RT-qPCR; (B) ATP content in callus of P. notoginseng anther after overexpression of PnARF-3 and PnCRF-3 was detected by kit; (C) IPP content in callus of P. notoginseng anther after overexpression of PnARF-3 and PnCRF-3 was detected by kit; (D) Total saponins content in callus of P. notoginseng anther after overexpression of PnARF-3 and PnCRF-3 was measured by kit; (E) The contents of total saponins of seven monomers in callus of P. notoginseng anther after overexpression of PnARF-3 and PnCRF-3 were detected by HPLC. Data are expressed as average values ± SE (n=3), different letters indicate significant differences at p < 0.05 (Student’s test).






Figure 11 | Shows the expression levels of various genes in the callus of P. notoginseng anther following the overexpression of PnARF-3 and PnCRF-3, as determined by RT-qPCR. The genes are categorized as follows: TCA cycle related genes PnCSE-1, PnCSE-2, PnCSE-3, PnIDE-1, PnIDE-2, PnMDE, MVA pathway related genes PnHMGR-1, PnHMGR-2, PnHMGR-3, PnMVK, PnPVK, saponin biosynthesis pathway related genes PnFPS, PnGPS, PnSS, PnSE, PnDS and PnCAS. Red indicates high gene expression, while blue indicates low gene expression.







4 Discussion

During the process of callus induction, various studies have shown that plant callus induction is influenced by multiple factors, including explant type and exogenous hormones (Luo et al., 2018; Deng et al., 2020; Dai et al., 2020). In particular, different proportions of auxin and cytokinin not only influence the success rate of callus induction but also determine the type of callus (Isah et al., 2018; Maadon et al., 2016). In Sinopodophyllum emodi (Guo et al., 2023), callus induced from sterile seedlings successfully formed embryogenic callus under the hormone combination of 1.0 mg/L 6-BA, 0.1 mg/L NAA, 0.1 mg/L GA3. In contrast, non-embryogenic callus was primarily induced under the MS medium with 1.0 mg/L 6-BA, 0.2 mg/L NAA, 0.1 mg/L GA3. In Angelica sinensis (Huang et al., 2023), embryogenic callus was effectively induced under the combination of 2.0 mg/L IBA and 0.2 mg/L KT, while non-embryogenic callus was induced under the combination of 1.5 mg/L 2,4-D, 0.4 mg/L NAA, and 0.4 mg/L 6-BA. This finding is consistent with our results, which showed that the combinations of 2,4-D + 6-BA and 2,4-D + NAA + KT induced embryogenic callus (Figures 3F–I) with robust meristematic activity, providing potential for differentiation into embryoid bodies (Li et al., 2019). In contrast, the combination of 2,4-D + KT + IAA and 2,4-D + 6-BA + NAA + KT predominantly induced non-embryogenic callus (Figures 3A–D), which exhibited minimal division capability (Aini
et al., 2017). At the same time, it was observed that hormone concentration did not affect the callus type, different hormone combinations influenced it (Supplementary Figure 1).

Plant hormones are an effective means to regulate plant growth and production of secondary metabolites (Wang et al., 2021). Plant hormones are classified into five categories: auxin, gibberellin (GA), cytokinin, abscisic acid (ABA) and ethylene (Santner et al., 2009). Extensive research has established that auxins primarily regulate cell elongation, while cytokinins stimulate cell division and regulate the absorption, transport, assimilation, and metabolism of nutrients. Various combinations of plant hormones can promote callus growth during plant tissue culture (Chapman and Estelle, 2009; Mok and Mok, 2001; El-Showk et al., 2013; Abualia et al., 2023). In Azadirachta indica (Ashokhan et al., 2020), both TDZ and 2,4-D were found to impact the growth and development of callus. Using A. indica leaves as explants, after 14 days of culture, 0.6 mg/L TDZ alone induced 3.38 ± 0.08 g of green callus, while 0.6 mg/L 2,4-D alone induced 0.76 ± 0.03 g of brown callus. However, the combined use of 0.6 mg/L TDZ and 0.6 mg/L 2,4-D yielded only 0.16 ± 0.02g green callus, indicating that different hormones had significant effects on callus growth. This study primarily examined the impact of auxins and cytokinins on P. notoginseng anther callus under various combinations. It was found that the ratio of different hormone types significantly affected the relative growth rate of P. notoginseng anther callus, whereas the concentration of the same type of hormone did not significantly influence the relative growth rate (Figure 4B).

Acetyl-CoA acts as a common initiator for both the TCA cycle and the MVA pathway. The TCA cycle primarily produces the primary metabolite ATP, while the MVA pathway predominantly generates terpenoid secondary metabolites, such as ginsenoside Rd and ginsenoside Rg1. Due to this shared initiator, ATP and certain terpene secondary metabolites exhibit an antagonistic relationship due to their competition for Acetyl-CoA. Qi et al. (2017) used sterile seedlings of P. notoginseng as explants to induce callus. In their study on the effects of hormone ratio, nitrogen source, and light on the accumulation of saponins in callus, they found that the hormone ratio had the greatest effect. Li et al. (2010) demonstrated that when the callus proliferation rate was the highest, the accumulation of secondary metabolite rosemary was inhibited. These studies suggest that in the process of callus induction, different hormone ratios affect the production of ATP and secondary metabolites, while ATP will affect the relative growth rate of callus. This is consistent with our findings, which showed that the combination of 2,4-D + 6-BA and 2,4-D + NAA + KT were most beneficial for the accumulation of saponin content in P. notoginseng anther callus. But these combinations also resulted in a slower relative growth rate, potentially inhibiting the TCA cycle. In contrast, the relative growth rate was faster with the combinations of 2,4-D + KT + IAA and 2,4-D + 6-BA + NAA + KT (Figure 4B), which promoted the TCA cycle but inhibited the MVA pathway, thereby reducing saponin content accumulation in the callus (Figure 5B). These results indicated that hormone combination promoting the growth of P. notoginseng callus inhibited secondary metabolites production, indicating a negative correlation between the accumulation of PNS and cell growth rate.

Auxin plays a critical role in various physiological and developmental processes, including organogenesis and cell elongation (Kasahara, 2016; Aloni et al., 2006). It was found that the addition of auxin IBA and NAA could increase the accumulation of saponins in suspended cells of P. ginseng (Jeong et al., 2009). In the culture system of mulberry tree callus and adventitious roots, the addition of IAA not only promoted callus growth but also increased rutin accumulation (Lee et al., 2011). ARFs respond to the concentration of auxin. The response of auxin depends on its concentration and the specificity of auxin signal networks in different cells and tissues. Paponov et al. (2008) found that ARFs responded to different concentrations of auxin, ranging from 0.1 μM to 10 μM. And the response of ARF4, ARF16 and ARF19 increased with auxin concentration, but only ARF19 was sensitive to low auxin levels. In this study, PnARF-1, PnARF-2 and PnARF-4 in P. notoginseng anther callus were up-regulated in response to auxin concentration, while PnARF-3 was down-regulated (Figure 9), suggesting that PnARF-3 may be sensitive to lower auxin levels. Wang et al. (2023) demonstrated that the interaction between ARF and the transcription factor (ERF108) could mediate the biosynthesis of secondary cell walls in cotton fibers, consistent with our observations. After overexpression of PnARF-3, the content of saponins in callus was significantly increased (Figure 10E).

Cytokinin is an important plant hormone that participates in plant growth and development (Rashotte et al., 2006). Kinetin (KT) plays a significant role in the induction and cultivation of callus in Ginkgo biloba (Zhu et al., 2008) and Bupleurum scorzonerifolium (Cheng et al., 2015). The interaction between exogenous cytokinins and ethene enhances the accumulation of amorphine in Catharanthus roseus cells (Yahia et al., 1998). CRFs responds to the concentration of cytokinin and have multiple biological functions. Different CRFs exhibit varied responses to cytokinin concentrations. Hughes et al. (2020) found that CRF6 exhibited primarily negative response to cytokinins and was sensitive to low concentrations of cytokinins. In this study, it was observed that the response of PnCRF-1, PnCRF-2 and PnCRF-4 to cytokinin concentration in P. notoginseng anther callus was positive, while the response of PnCRF-3 to cytokinin concentration was negative (Figure 9).

This study demonstrated that different hormone ratios elicited to differential responses from ARFs and CRFs. Furthermore, specific hormone combinations modulate the distribution of Acetyl-CoA through PnARF-3 and PnCRF-3. PnARF-3 and PnCRF-3 facilitated the influx of Acetyl-CoA into the MVA pathway, thereby increasing the biosynthesis of isopentenyl pyrophosphate (IPP) and saponins. Concurrently, these transcription factor inhibit the diversion of Acetyl-CoA into the TCA cycle, resulting in decreased ATP production (Figure 12).




Figure 12 | Illustrates different hormone combinations affect TCA cycle, MVA pathway and saponin synthesis pathway in P. notoginseng anther callus through PnARF-3 and PnCRF-3. Different hormone combinations affect the expression levels of PnARF-3 and PnCRF-3 in the callus, and overexpression of PnARF-3 and PnCRF-3 leads to a reduction in the entry of Acetyl-CoA into the TCA cycle. This results in decreased ATP synthesis and a slower growth rate. Concurrently, more Acetyl-CoA is directed into the MVA pathway, which promotes the synthesis of IPP and enhances saponin accumulation. In the figure, the blue box represents the TCA cycle, while the red box highlights the MVA pathway and saponin synthesis pathway.






5 Conclusions

In the process of callus induction of P. notoginseng anther, different hormone combinations affected the contents of primary and secondary metabolites in callus, and the response levels to PnARF and PnCRF were also different. PnARF-3 and PnCRF-3 responded to low concentrations of auxin and cytokinin, affecting the distribution of Acetyl-CoA. The overexpression of PnARF-3 and PnCRF-3 led to increase the content of IPP and saponins, promoted the expression of genes involved in the MVA pathway such as PnHMGR, PnMVK, PnPVK and promoted the expression of saponin synthesis related genes including PnFPS, PnGPS, PnSS, PnSE, PnDS, PnCAS. Concurrently, ATP production decreased, and the expression of TCA cycle related genes, such as PnCSE, PnIDE and PnMDE was inhibited. These findings provide a scientific foundation for improving the yield and quality of P. notoginseng through breeding.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

SY: Writing – original draft, Formal analysis, Data curation. LL: Writing – original draft, Visualization, Methodology, Formal analysis. TL: Writing – original draft, Methodology, Formal analysis, Data curation. JL: Writing – original draft, Methodology, Formal analysis, Data curation. QY: Writing – review & editing, Validation, Supervision, Conceptualization. XC: Writing – review & editing, Validation, Supervision, Resources, Funding acquisition.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by Biodiversity Conservation Foundation Project of Yunnan Province (No. 2023530103004186) and Analysis, Yunnan Provincial Department of Education’s Higher Education Service for Key Industry Science and Technology Project(FWCY-BSPY2024047) and Testing Fund of Kunming University of Science and Technology (No. 2023T20220096).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1503931/full#supplementary-material

Supplementary Figure 1 | Results of paraffin section of anther callus of Panax notoginseng with different hormone combinations.

Supplementary Figure 2 | Expression levels of PnARF-3 and PnCRF-3 in annual P. notoginseng under four different hormone combinations.

Supplementary Method S1 | Provides detailed information on the extraction, detection, identification, quantification and statistics of differential metabolites.




References

 Abualia, R., Riegler, S., and Benkova, E. (2023). Nitrate, auxin and cytokinin-a trio to tango. Cells. 12, 1613. doi: 10.3390/cells12121613

 Aini Habib, N., Moeljopawi, S., Dewi, K., and Indrianto, A. (2017). Flavonoid production, growth and differentiation of Stelechocarpus burahol (Bl.) Hook. F. and th. cell suspension culture. Pak. J. Biol. Sci. 20, 197–203. doi: 10.3923/pjbs.2017.197.203

 Aloni, R., Aloni, E., Langhans, M., and Ullrich, C. I. (2006). Role of auxin in regulating Arabidopsis flower development. Planta. 223, 315–328. doi: 10.1007/s00425-005-0088-9

 Ashokhan, S., Othman, R., Abd Rahim, M. H., Karsani, S. A., and Yaacob, J. S. (2020). Effect of plant growth regulators on colored callus formation and accumulation of Azadirachtin, an essential biopesticide in Azadirachta indica. Plants. 9, 352. doi: 10.3390/plants9030352

 Bansal, Y., Mujib, A., Siddiqui, Z. H., Mamgain, J., Syeed, R., and Ejaz, B. (2022). Ploidy status, nuclear DNA content and start codon targeted (SCoT) genetic homogeneity assessment in Digitalis purpurea L., regenerated in vitro. Genes. 13, 2335. doi: 10.3390/genes13122335

 Chapman, E. J., and Estelle, M. (2009). Mechanism of auxin-regulated gene expression in plants. Annu. Rev. Genet. 43, 265–285. doi: 10.1146/annurev-genet-102108-134148

 Cheng, Y. P., Lin, J. H., Li, T. C., Chen, Q., Ma, A. P., and Gao, N. (2015). Callus induction in Bupleurum scorzonerifolium willd. Acta Chin. Med. Pharmacol. 43, 46–48.

 Cui, N. (2017). Tissue culture and haploid identification of pollen of three alfalfa species. Master (Inner mongolia Hohhot: Inner Mongolia Agricultural University).

 Cun, Z., Zhang, J. Y., Hong, J., Yang, J., Gao, L. L., Hao, B., et al. (2024). Integrated metabolome and transcriptome analysis reveals the regulatory mechanism of low nitrogen-driven biosynthesis of saponins and flavonoids in Panax notoginseng. Gene. 901, 148–163. doi: 10.1016/j.gene.2024.148163

 Dai, C., Yan, Y., Liu, Y., Liu, Y., Deng, Y., and Yao, H. (2020). The regeneration of Acer Rubrum L. “October Glory” through embryonic callus. BMC Plant Biol. 20, 309. doi: 10.1186/s12870-020-02496-z

 Deng, X., Xiong, Y., Li, J., Yang, D., Liu, J., and Sun, H. (2020). The establishment of an efficient callus induction system for Lotus (Nelumbo Nucifera). Plants. 9, 1436. doi: 10.3390/plants9111436

 Ellison, M. A., McMahon, M. B., Bonde, M. R., Palmer, C. L., and Luster, D. G. (2016). In situ hybridization for the detection of rust fungi in paraffin embedded plant tissue sections. Plant Methods 12, 37. doi: 10.1186/s13007-016-0137-3

 El-Showk, S., Ruonala, R., and Helariutta, Y. (2013). Crossing paths: cytokinin signaling and crosstalk. Development. 140, 1373–1383. doi: 10.1242/dev.086371

 Guo, S. H., Cheng, Y. C., and Zhu, Y. X. (2023). Histocytological observation on the origin of somatic embryos in Sinopodophyllum emodi callus. Mol. Plant breeding. 21, 3707–3712. doi: 10.13271/j.mpb.021.003707

 Hao, T. T., Cheng, Y. Y., Miao, J. Q., Niu, C., Liang, J., and Xu, Y. H. (2022). Effects of methyl jasmonate and salicylic acid on callus growth and saponins production of American ginseng. Nat. Prod. Res. Dev. 34, 2063–2068. doi: 10.16333/j.1001-6880.2022.12.010

 Huang, T., Liu, D., Cui, X., Li, M., Jin, L., and Paré, P. W. (2023). In vitro bioactive metabolite production and plant regeneration of medicinal plant Angelica sinensis. Ind. Crops Prod. 194, 116276. doi: 10.1016/j.indcrop.2023.116276

 Hughes, A. M., Zwack, P. J., Cobine, P. A., and Rashotte, A. M. (2020). Cytokinin-regulated targets of cytokinin response factor 6 are involved in potassium transport. Plant Direct. 4, e00291. doi: 10.1002/pld3.v4.12

 Isah, T., Umar, S., Mujib, A., Sharma, M. P., Rajasekharan, P. E., and Zafar, N. (2018). Secondary metabolism of pharmaceuticals in the plant in vitro cultures: strategies, approaches, and limitations to achieving higher yield. Plant Cell Tissue Organ Cult. 132, 239–265. doi: 10.1007/s11240-017-1332-2

 Jeong, C. S., Murthy, H. N., Hahn, E. J., Lee, H. L., and Paek, K. Y. (2009). Inoculum size and auxin concentration influence the growth of adventitious roots and accumulation of ginsenosides in suspension cultures of ginseng (Panax Ginseng C.A. Meyer). Acta Physiol. Plant 31, 219–222. doi: 10.1007/s11738-008-0206-y

 Jin, H. R., Lu, J. J., Yu, A., He, J., Zhang, Z. T., and Pan, X. H. (2022). Effects of different factors on callus induction from unpollinated ovaries of camellia oleifera. Non-wood For. Res. 40, 62–70. doi: 10.14067/j.cnki.1003-8981.2022.02.007

 Kasahara, H. (2016). Current aspects of auxin biosynthesis in plants. Biosci. Biotechnol. Biochem. 80, 34–42. doi: 10.1080/09168451.2015.1086259

 Lee, Y., Lee, D. E., Lee, H. S., Kim, S. K., Lee, W. S., and Kim, S. H. (2011). Influence of auxins, cytokinins, and nitrogen on production of rutin from callus and adventitious roots of the white Mulberry tree (Morus Alba L.). Plant Cell Tissue Organ Cult. 105, 9–19. doi: 10.1007/s11240-010-9832-3

 Lei, X. J. (2013). Anther and hybrid embryo culture in Panax ginseng C.A. mey and the characteristic evaluation based on ginsenoside content. Doctor. (Beijing: Chinese Academy of Agricultural Sciences).

 Li, J. Y. (2013). The study on anther culture technical system of Angelica dahurica. Master (Sichuan Chengdu: Sichuan Agricultural University).

 Li, Y., Lin, Y., Jia, B., Chen, G., Shi, H., Xu, R., et al. (2022). Transcriptome analysis reveals molecular mechanisms underlying methyl jasmonate-mediated biosynthesis of protopanaxadiol-type saponins in Panax notoginseng leaves. J. Plant Biol. 65, 29–41. doi: 10.1007/s12374-021-09331-4

 Li, H. W., Su, X. H., Dong, C. M., and Wang, W. L. (2010). Effects of carbon, nitrogen sources on growth and rosmarinic acid accumulation of Rabdosia rubescens (Henmsl) hara callus. Lishizhen Med. Mat Med. Res. 21, 1348–1350.

 Li, K., Wang, J., Liu, C., Li, C., Qiu, J., and Zhao, C. (2019). Expression of AtLEC2 and AtIPTs promotes embryogenic callus formation and shoot regeneration in Tobacco. BMC Plant Biol. 19, 314. doi: 10.1186/s12870-019-1907-7

 Liu, L., Xu, F. R., and Wang, Y. Z. (2020). Traditional uses, chemical diversity and biological activities of Panax L. (Araliaceae): A review. J. Ethnopharmacol. 263, 112792. doi: 10.1016/j.jep.2020.112792

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2–ΔΔCT method. Methods. 25, 402–408. doi: 10.1006/meth.2001.1262

 Luo, Y. C., Yang, Y., Li, S. W., Fang, F., Wang, P., and Pu, Q. B. (2018). Research progress on browning of explants and callus in plant tissue culture. Guizhou Agric. Sci. 46, 5–10. doi: 10.3969/j.issn.1001-3601.2018.01.002

 Luo, Q., Zhang, B., Li, Y. L., Jiao, E. N., and Cao, Y. L. (2016). Wolfberry anther culture to obtain haploid plants. Ningxia J. @ Agric. Fores. Sci.&Tech. 57, 17–19.

 Maadon, S. N., Rohani, E. R., Ismail, I., Baharum, S. N., and Normah, M. N. (2016). Somatic embryogenesis and metabolic differences between embryogenic and non-embryogenic structures in Mangosteen. Plant Cell Tissue Organ Cult. 127, 443–459. doi: 10.1007/s11240-016-1068-4

 Mok, D. W., and Mok, M. C. (2001). Cytokinin metabolism and action. Annu. Rev. Plant Physiol. Plant Mol. 52, 89–118. doi: 10.1146/annurev.arplant.52.1.89

 Paponov, I. A., Paponov, M., Teale, W., Menges, M., Chakrabortee, S., and Murray, J. A. H. (2008). Comprehensive transcriptome analysis of auxin responses in Arabidopsis. Mol. Plant 1, 321–337. doi: 10.1093/mp/ssm021

 Park, H. J., Kim, D. H., Park, S. J., Kim, J. M., and Ryu, J. H. (2012). Ginseng in traditional herbal prescriptions. J. Ginseng Res. 36, 225–241. doi: 10.5142/jgr.2012.36.3.225

 Qi, L. L., Li, G., Liu, Z. W., Jin, Z. X., and Zhang, Z. S. (2017). Effects of culture conditions on the growth and accumulation of saponin in Panax notoginseng callus. Guihaia. 37, 1035–1042. doi: 10.11931/guihaia.gxzw201611001

 Rashotte, A. M., Mason, M. G., Hutchison, C. E., Ferreira, F. J., Schaller, G. E., and Kieber, J. J. (2006). A subset of Arabidopsis AP2 transcription factors mediates cytokinin responses in concert with a two-component pathway. Proc. Natl. Acad. Sci. 103, 11081–11085. doi: 10.1073/pnas.0602038103

 Ren, F. (2009). Study on tissue Culture, pollen vitality and development of gametophytes in Forsythia suspense. Master (Shanxi Taiyuan: Shanxi University).

 Santner, A., Calderon-Villalobos, L. I. A., and Estelle, M. (2009). Plant hormones are versatile chemical regulators of plant growth. Nat. Chem. Biol. 5, 301–307. doi: 10.1038/nchembio.165

 Singh, S., Saha, P., Rai, N., Kumari, S., and Pandey-Rai, S. (2023). Unravelling triterpenoid biosynthesis in plants for applications in bioengineering and large-scale sustainable production. Ind. Crops Prod. 199, 116789. doi: 10.1016/j.indcrop.2023.116789

 Song, X. S. (2014). Study on haploid induction through anther culture in vitro of Macleaya cordata. Master (Hunan Changsha: Hunan Agricultural University).

 Wang, D. (2012). Study on the anther culture of weigela floridacv. ‘Red Prince’. Master (Heilongjiang Haerbin: Northeast Forestry University).

 Wang, M., Chen, J., Zhang, X., Li, S., Zhang, T., and Li, W. (2021). Gibberellin A3 induces polyaerial shoot formation and increases the propagation rate in Paris polyphylla rhizomes. Ind. Crops Prod. 167, 113511. doi: 10.1016/j.indcrop.2021.113511

 Wang, T., Guo, R., Zhou, G., Zhou, X., Kou, Z., Sui, F., et al. (2016). Traditional uses, botany, phytochemistry, pharmacology and toxicology of Panax notoginseng (Burk.) F.H. Chen: A review. J. Ethnopharmacol. 188, 234–258. doi: 10.1016/j.jep.2016.05.005

 Wang, Y., Li, Y., He, S. P., Xu, S. W., Li, L., and Zheng, Y. (2023). The transcription factor ERF108 interacts with auxin response factors to mediate Cotton fiber secondary cell wall biosynthesis. Plant Cell. 35, 4133–4154. doi: 10.1093/plcell/koad214

 Xian, B., Xi, Z., Ren, C., Yan, J., Chen, J., and Pei, J. (2023). The establishment of transient expression systems and their application for gene function analysis of flavonoid biosynthesis in Carthamus tinctorius L. BMC Plant Biol. 23, 186. doi: 10.1186/s12870-023-04210-1

 Xu, S., Zhao, C., Wen, G., Zhang, H., Zeng, X., Liu, Z., et al. (2018). Longitudinal expression patterns of HMGR, FPS, SS, SE and DS and their correlations with saponin contents in green-purple transitional aerial stems of Panax notoginseng. Ind. Crops Prod. 119, 132–143. doi: 10.1016/j.indcrop.2018.04.010

 Yahia, A., Kevers, C., Gaspar, T., Chénieux, J. C., Rideau, M., and Crèche, J. (1998). Cytokinins and ethylene stimulate indole alkaloid accumulation in cell suspension cultures of Catharanthus roseus by two distinct mechanisms. Plant Sci. 133, 9–15. doi: 10.1016/S0168-9452(98)00014-4

 Yang, M., Zhang, X., Xu, Y., Mei, X., Jiang, B., Liao, J., et al. (2015). Autotoxic ginsenosides in the rhizosphere contribute to the replant failure of Panax notoginseng. PloS One 10, e0118555. doi: 10.1371/journal.pone.0118555

 Yin, H. X. (2015). Research on anther and protoplast culture of Panax quinquefolius L. Master. (Beijing: Chinese Academy of Agricultural Sciences).

 Zhang, G. C. (2013). Establishment of callus clones derived from anther of Panax quinquefolium L. and selection of high ginsenoside-yielding callus clones. Master. (Beijing: Chinese Academy of Agricultural Sciences).

 Zhao, L., Li, Y., Ren, W., Huang, Y., Wang, X., Fu, Z., et al. (2020). Pesticide residues in soils planted with Panax notoginseng in south China, and their relationships in Panax notoginseng and soil. Ecotoxicol. Environ. Saf. 201, 110783. doi: 10.1016/j.ecoenv.2020.110783

 Zhu, H. W., Shao, J. F., Tao, X. X., Li, Q., and Wang, D. (2008). Effects of hormone on callus induction and subculture of Ginkgo biloba. Nat. Prod. Res. Dev. 20, 482–487.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Yu, Li, Liu, Li, Yang and Cui. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1503931-g012.jpg





OEBPS/Images/fpls.2024.1503931_cover.jpg
& frontiers | Frontiers in Plant Science

The effects of different hormone
combinations on the growth of Panax
notoginseng anther callus based on
metabolome analysis





OEBPS/Images/fpls-15-1503931-g001.jpg
-—

HMGR
PVK MVK
—>
&S FPS SS
—@8
SE
DS CAS

CYP450 UGT






OEBPS/Images/fpls-15-1503931-g004.jpg
M

<

w < 2] o — (=3
=} =} =] (=) = =]

s s < S S s
.1 YIM043 AN Snfe)

=
<

(=3 (=3 (= =]
(e} N —

(2%)33®1 UONINPUI SN[[RD)

Different hormone combinations

Different hormone combinations





OEBPS/Images/fpls-15-1503931-g006.jpg
Other(21.22%)— ,~Amino Acid and

Derivatives(22.07%)

Terpenoids(5.00%) —

Flavonoids(5.37%) —/'

Organoheterocyclic 3

0
compounds(6.71%) < Lipids(10.49%)
Nucleotide and Its— S
Derivates(8.05%) L Organic Acid and Its
Derivatives(10.37%)

N
o

o
© e
NOITW -

20 0 20
PC1(25.2%)

__ Carbohydrates and Its
Derivatives(10.73%)

3vsl

up

Tvsl

5VS3

Svs3

EE down

Svs1

7VSi

Tvs3

7VS3

Isomangiferin
cis-Aconitic acid 1
L-Citramalic acid

2—furanoic acid

Citric acid

Isocitrate 0
D-Galacturonic acid

Fumaric Acid

D-threo-Isocitric acid -1

Malic acid
(78,85)-DiHODE
N-(2-Hydroxyethyl)iminodiacetic acid
3-Methylcrotonylglycine
Tropinone

Ergothioneine
Homocysteine

L-aspartic Acid

Aspartic Acid
DI-3-Hydroxynorvaline
Malonic acid
2'-Deoxycytidine
Ginsenoside F3

Putrescine

Mogroside A2
1,5-Diaminopentane
Octadecadien-6-ynoic acid
Pyridoxamine

D-Xylulose
1-Linoleoyl-Rac-Glycerol
S-(5'-Adenosyl)-L-methionine
Adenosine5-phosphosulfate
D-Glucose 6-phosphate
Triethyl citrate
Catharanthine

Adipic acid
alpha-Ketoglutaric acid
L-Glutamine
2,2-Dimethylsuccinic acid
Notoginsenoside R1
2-deoxyglucose-6-phosphate
L-Pipecolate





OEBPS/Images/fpls-15-1503931-g008.jpg
ATP content(nmol/L)

6000

=
[
[
(=]

2000

1 3 < 7

Different hormone combinations

IPP content(pg/ml)

600

1 3 5 7

Different hormone combinations





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The effects of different hormone combinations on the growth of Panax notoginseng anther callus based on metabolome analysis

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant materials

          



          		

            2.2 Induction of callus in anther of P. notoginseng

          



          		

            2.3 Determination of relative growth rate of anther callus of P. notoginseng

          



          		

            2.4 Determination of saponins content in the anther callus of P. notoginseng

          



          		

            2.5 Paraffin sections of anther callus of P. notoginseng

          



          		

            2.6 Anther callus metabolome of P. notoginseng

          



          		

            2.7 Determination of ATP and IPP in the anther callus of P. notoginseng

          



          		

            2.8 RT-qPCR detection of P. notoginseng anther callus

          



          		

            2.9 Agrobacterium-mediated overexpression of PnARF-3 and PnCRF-3 in anther callus of P. notoginseng

          



          		

            2.10 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Callus induction in P. notoginseng anthers with different hormone combinations

          



          		

            3.2 Morphological characteristics of callus with different hormone combinations

          



          		

            3.3 Different hormone combinations had significant effects on callus induction rate and relative growth rate of P. notoginseng anther

          



          		

            3.4 Effect of different hormone combinations on saponin accumulation in P. notoginseng anther callus

          



          		

            3.5 Metabolome analysis of the effects of different hormone combinations on the callus metabolites of P. notoginseng anthers

          



          		

            3.6 Effects of different hormone combinations on ATP and IPP contents of P. notoginseng anther callus

          



          		

            3.7 The expression levels of genes related to the TCA cycle and saponin biosynthesis in the callus varied significantly under four hormone combinations

          



          		

            3.8 PnARF-3 and PnCRF-3 regulate the distribution of Acetyl-CoA

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1503931-g003.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1503931-g010.jpg
Relative expression

1600

1400

1200

1000

50
40
30
20
10

B8 PnARF-3
=8 PnCRI-3

ATP content(nmol/L)

6000

-
=3
=3
<

2000

a
b
b
& ¢
» >
& o8
N ¢
AR

Saponins content (%)

14
1.2
1.0
0.8
0.6
0.4
0.2
0.0

IPP content(pg/ml)

600
a
a
400 b
200
0
& & &
¢ &59 pr
¢
™ q
a i Bl RI
B Rgl
B = Re
B3 Rbl
J Re
[ Rg2
3 Rd
& v
& §
N
DA





OEBPS/Images/fpls-15-1503931-g007.jpg
=2 -1 0 1 2 W
[ s [ [35[7]

i Acetyl-CoA -------- - - - SIS -» 3-Hydroxy-3-methylglutaryl-CoA

Mevalonate M
e MVA pathway

7

LR IP\‘<—‘>/DMAPP

GPP

Citrate
I

Fumarate acid cis-Aconitate
| = | .

Squalene |

2.3-Oxidosqualené/ Saponin synthesis pathway

Succinate B Isocitrate

TCA cycle

Ginsenoside Fle———Protopanaxatriol««~———Protopanaxadiol — Ginsenoside C-K——— Ginsenoside F2

E—— | H =
Ginsenoside Rgl Ginsenoside Rhl Ginsenoside Rh2 Ginsenoside Rble—— Ginsenoside Rd
- m 1_ = = 'm . ‘Hm

= m Ginsenoside Rf Ginsenoside Rg3 mm = Saponin synthesis pathway





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1503931-g005.jpg
RglRe
A\ M Standards

== I R1
j—jb:l__u = Ral
J\MJ_/A/\,M/\——A/\A—L\W 6 [ Re
N e T BN RbI
PR A v, S5
_/\__,_J\/\_/VANM ’ 1 Rg2
: [ Rd

— 1.1 1 T1 T T T T T T T T T T T
28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
1 2 3 4 5 6 7 8

Different hormone combinations





OEBPS/Images/fpls-15-1503931-g002.jpg





OEBPS/Images/fpls-15-1503931-g009.jpg
E

0.5 :

058 [ 100
oo o oo [onoa foo| [osefostfun]

onTonTow






OEBPS/Images/fpls-15-1503931-g011.jpg
PnCSE-1
PnCSE-2
PnCSE-3
PnIDE-1
PnIDE-2

PnMDE

PnHMGR-1
PnHMGR-2
PnHMGR-3
PnMVK
PnPVK

PnFPS
PnGPS
PnSS
PnSE
PnDS
PnCAS






