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Abstract

:

The low availability of phosphorus has become a common problem worldwide. Phosphorus is essential for phenotypic morphology and ginsenoside synthesis. However, the effects of Pi stress on ginseng phenotype and ginsenoside synthesis remain unclear. Phenotypic analyses and transcriptomics revealed the phenotypic construction and regulation of differential genes involved in the physiological metabolism of ginseng under low-Pi stress. Root length and stem length were found to be significantly inhibited by phosphate-deficiency stress in the half-phosphate (HP) and no-phosphate (NP) treatment groups; however, the number of fibrous roots, which are regulated by phytohormones, was found to increase. In ginseng leaves, the indexes of physiological stress, superoxide anion (221.19 nmol/g) and malonaldehyde (MDA) (0.05 μmol/min/g), reached the maximum level. Moreover, chlorophyll fluorescence images and chlorophyll content further confirmed the inhibition of ginseng photosynthesis under low-Pi stress. A total of 579 and 210 differentially expressed genes (DEGs) were shared between NP and total phosphate (TP) and HP and TP, respectively, and only 64 common DEGs were found based on the two comparisons. These DEGs were mainly related to the synthesis of phosphate transporters (PHTs), phytohormones, and ginsenosides. According to KEGG analyses, four DEGs (Pg_s 0368.2, Pg_s3418.1, Pg_s5392.5 and Pg_s3342.1) affected acetyl-CoA production by regulating glycometabolism and tricarboxylic acid cycle (TCA). In addition, related genes, including those encoding 13 PHTs, 15 phytohormones, and 20 ginsenoside synthetases, were screened in ginseng roots under Pi-deficiency stress. These results indicate that changes in the ginseng phenotype and transcriptional regulation of DEGs are involved in the Pi-deficiency stress environment of ginseng, thereby providing new information regarding the development of ginseng for low-Pi tolerance.
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1. Introduction


Panax ginseng, a traditional Chinese medicinal plant, is the king of herbs in China. In fact, P. ginseng is widely used in oral and clinical drug therapies because of its unique pharmacodynamic components, such as ginsenosides and polysaccharides [1,2]. Interestingly, the pharmacodynamic value of ginseng is closely related to the quality of the raw material [3,4]. Quality evaluation of ginseng consists of pharmacodynamic (ginsenoside content) and sensory (root morphogenesis) evaluations [5,6]. The main production areas of ginseng are distributed throughout the Changbai Mountain and its residual veins. Notably, Jilin Province has the largest planting area. Li et al. [7] found that the available phosphorus was at the grade 3 or grade 4 level in the soil in Jilin Province. Their results were based on the nutrient classification standard of the second soil survey in China, which revealed an insufficient supply of soil-available phosphorus in the ginseng planting area.



Phosphorus, one of the three main macronutrients for plant growth, is a major component of key enzymes and secondary metabolite accumulation [8,9]. A deficiency in available phosphorus has become a common phenomenon in terrestrial ecosystems worldwide [10]. Although the total phosphorus content in the soil is high, insoluble chelates are formed by chelation with aluminum and iron in acidic soil and calcium in alkaline soil, which affects the supply of available phosphorus in the soil [11,12]. To adapt to this lower available phosphate supply in soil conditions, plants have developed phosphorus response strategies, such as changing root morphogenesis, secreting root exudates, and promoting phosphorus circulation in plants, via long-term evolution [13,14,15]; however, the mechanism is not clearly defined in ginseng.



Phenotypes refer to plant traits that are jointly determined or affected by the internal genetic material of crops and environmental factors, including plant growth, development, tolerance, stress resistance, physiological changes, structural formation, and yield [16]. The phenotype of plants is determined by their genetic material and external environmental conditions [17]. Owing to the complexity, variability, and dynamic changes in phenotype formation, the study of phenotypes is relatively slow. Phenotypic traits are the most intuitive expression of plant adaptation to stressful environments, and comprehensive and accurate phenotypic information is essential to perform in-depth evaluations on the function of related genes and reveal their regulatory networks [18,19].



MDA, a critical index of plasma membrane damage and plant senescence, can be regarded as a physiological index of stress because its reaction with biomacromolecules leads to an increase in reactive oxygen species (ROS) in the plasma membrane, which changes the fluidity and permeability of cell membranes and damages the normal physiological function of the cell. The superoxide anion production rate (O2− rate), another important index of plasma membrane damage and plant senescence, has immune and signal transduction functions. For example, the superoxide anion damages the structure and function of the cell membrane, leading to abnormal metabolism of cells and tissues when accumulation exceeds the defense capacity of the organism. MDA and superoxide anions have been used as indicators of cell and tissue damage under phosphorus starvation in Arachis hypogaea L. [20] and Neolamarckia cadamba [21]. Phosphorus deficiency also weakens the photosynthetic capacity of leaves owing to the plasma membrane damage caused by the overproduction of ROS [22].



Recently, several studies have focused on the interactions between biological characteristics and differential genes under phosphorus deficiency in rice [23], maize [24], soybean [25], and cotton [26] by leveraging the transcriptome. However, the mechanisms underlying the relationship between the biological characteristics and transcriptomics of phosphate-deficiency stress in Panax ginseng remains unknown.



Therefore, studying the physiological response and activating or inhibiting the effects of related genes under phosphate deficiency in ginseng is of great significance. We hypothesized that (1) changes in phenotypic and physiological indices might be caused by phosphorus deficiency. Accordingly, MDA and superoxide anion production rates were induced to resist adversity and stress. (2) Some related genes were overexpressed or downregulated under low-phosphorus stress; and (3) the synthesis and accumulation of secondary metabolites in ginseng, such as phosphate transporters (PHTs), phytohormones, TCA, and ginsenoside, may be regulated by Pi-deficiency stress.




2. Materials and Methods


2.1. Experimental Design


This experiment was performed in an innovative training room at the Institute of Special Animal and Plant Science of CAAS. After germination of physiologically ripe ginseng seeds for 1 day at room temperature, they were transferred onto a filter paper soaked in distilled water, placed in a tray, sealed, and transferred to breeding plates after 3 days in a hydroponic device equipped with deionized water. When the stem grew to approximately 3 cm after 3 days, 30 seedlings of approximately the same size were selected and transferred to the pre-prepared plastic plate (59 cm × 11 cm) with holes (1.7 cm in diameter) for seeding training in special nutrient solution with HBO3 (8 μmol·L−1, CaCl2 50 μmol·L−1). The seedlings were allowed to adapt for 3 days in a hydroponic device. Thereafter, the endosperm was manually removed to eliminate nutrients carried by the mother. The temperature range of the culture chamber was 23–28 °C, the humidity was controlled between 60 and 70%, the light intensity was 105 mol m−2 s−1, and the photoperiod was 12 h. A total of 300 seedlings were prepared.



The prepared ginseng seedlings were cultured in Hoagland nutrient solution with different concentrations of phosphate (NP, 0 mg·L−1; HP, 68 mg·L−1; TP, 136 mg·L−1). The PO43− supply was adjusted using KCl and KH2PO4; the pH was adjusted to 6.0 ± 0.1; and the nutrient solution was changed every 3 days. Samples were collected after 15 days of stress treatment, and their biomass (fresh weight and dry weight) was recorded.




2.2. Determination of Leaflet Area, Physiological Indices, Root Morphogenesis, and Phosphorus


Three random ginseng seedlings were selected to measure the leaflet area. The leaflet area was calculated using the analysis parameter values of 0.063 and 0.765, and a MAXI-PAM portable modulated chlorophyll fluorescence analyzer (WALZ, Wurzburg City, Germany), which was fully light-adapted before measurement. Dark treatment was then performed for 40 min and repeated three times.



The MDA content and superoxide anion content (O2− rate) were determined using a malondialdehyde content assay kit and superoxide anion content assay kit (superoxide anion content), respectively, in accordance with the manufacturer’s instructions. The detailed steps are in accordance with those of a previous study [27].



The ginseng root morphological index was analyzed using a root system analysis equipment (WinRHIZO; Regent Instruments Inc., Québec City, QC, Canada). Briefly, the ginseng root was washed with water, drained, and placed in a clean high-penetration scanning dish. The position of the root system was adjusted to maximize extension of the root system in the dish. A root scanner (EPSON1680 for grey scanning at 400 dpi) was used. The WinRHZIO root analysis system was employed to calculate the total root length, projection area, surface area, diameter, and volume [28].



The phosphate content in different parts of ginseng was determined via acid digestion and the molybdenum antimony resistance colorimetric method [29].




2.3. RNA Extraction, Illumina Sequencing, and Transcriptome Data Analysis


Thirty seedlings from each of the NP, HP, and TP groups were divided into three groups (three biological replicates). The roots were used for RNA-Seq, which was performed by Shanghai OE Biotech Co., Ltd (Shanghai, China). RNA was extracted, quantified, and sequenced as described by Shen et al. [30]. The quality of the sequenced RNA was verified using libraries on an Illumina platform.




2.4. Identification of DEGs


To quantify gene expression, a feature-count-based approach was used. Transcript counts were performed using DESeq2 for differential gene expression analyses. Corrected p-value < 0.05 and |log2foldchange| > 2 were used as the thresholds.




2.5. Determination of Ginsenoside Content


A total of 1.00 g powder of ginseng root and leaf were weighed, respectively, and ultrasonically extracted for 30 min with 20 mL 95% methanol; sonication was repeated three times. The contents of 10 ginsenosides, including PPD ginsenosides Rb1, Rb2, Rb3, Rc, and Rd; PPT ginsenosides Rg1, Re, Rf, and Rg2; and OA ginsenoside Ro, were determined using HPLC (high-performance liquid chromatography (HPLC; H-Class, Waters, Milford, MA, USA) analysis based on the Chinese Pharmacopeia 2020 edition [31,32].




2.6. Statistical Analysis and Drawing


All data in the tables and figures are presented as mean ± standard deviation. Bar graph was generated using GraphPad Prism 6 to explore the differences in phosphorus deficiency among the NP, HP, and TP treatment groups. Significant differences between different treatments were analyzed according to Fisher least significant difference (Fisher-LSD) post hoc test at p < 0.05 on SAS 9.0. Bioinformatic analysis was performed using the OECloud tool (https://cloud.oebiotech.com/task/, accessed on 20 July 2022). A volcano map (or other graphics) was generated using R (https://www.r-project.org/, accessed on 20 July 2022) on the OEC cloud platform (https://cloud.oebiotech.com/task/, accessed on 20 July 2022). All image combinations were derived using Adobe Illustrator 2021 software.





3. Results


3.1. Effect of Phosphate Deficiency on the Biological Characteristics of Ginseng


Root and stem lengths were significantly reduced under phosphate deficiency (Table 1 and Figure 1B). Root length in the NP and HP treatment groups was smaller than that in the TP group (p < 0.05); however, no significant difference in root length was found between the NP and HP treatment groups. Shoot length was the highest with TP treatment (7.90 cm), followed by HP and NP treatments. Notably, significant differences were found among the different treatment groups. Although root elongation and expansion were significantly inhibited under phosphate deficiency, no significant discrepancy was found in the average leaflet area.



Growth stress in ginseng leaves was detected using a chlorophyll fluorescence analyzer (Figure 1A). The chlorophyll fluorescence image indicates the degree of stress induced by P deficiency on photosynthesis in ginseng leaves. The chlorophyll fluorescence in the TP treatment group was bright and reddish while that in the HP treatment group was slightly dark and green at the edge of leaves. For the NP treatment group, a large area of green fluorescence was observed. This phenomenon indicates that the photosynthetic efficiency and electron transfer ability of ginseng leaves were severely inhibited by NP treatment. The contents of chlorophyll a and b were the highest in the TP treatment group, followed by the HP and NP treatment groups; however, no significant difference was found among the treatment groups.



In general, MDA and the superoxide anion production rate (O2− rate) can be regarded as physiological indices of the degree of stress. The content of MDA was 221.19 nmol/g in the HP treatment group; this value was significantly higher than that in the NP treatment group (p < 0.001) (Figure 1C). The O2− rate was the highest in the NP treatment group, followed by the HP and TP treatment groups, and significantly different at a P level of 0.05 (Figure 1D). However, the chlorophyll a and b contents were not significantly different among the treatment groups (Figure 1E,F).



Figure 2 shows that ginseng root morphogenesis was affected by phosphate deficiency. Root elongation and expansion were distinctly inhibited and the number of fibrous roots markedly decreased in the NP treatment group. Significant differences in root length, root project area, root surface area, and average diameter were found between the TP/NP and NP treatment groups (p < 0.05) (Table 2).




3.2. Effect of Phosphate Deficiency on the Transcriptome of Ginseng


We obtained 47.13–51.07 million raw reads, more than 6.47 GB of clean bases, and 47 million clean reads per library from 9 ginseng samples via transcriptome sequencing (Table S1). The GC content ranged from 44.91 to 45.18, the Q30 of the clean reads was greater than 92.68%, and the total mapped ratios were greater than 96.79%. The results indicate that the transcriptomic data were satisfactory for further analyses.



Differential expression analysis was conducted to identify the differentially expressed genes related to phosphorus deficiency in ginseng (Figure 3). With respect to the degree of phosphorus stress, 579 and 210 DEGs were found to be shared between NP and TP, and HP and TP, respectively. Only 64 common DEGs were found from the 2 comparisons. The volcanic map results revealed that 248 and 78 DEGs were upregulated while 395 and 196 DEGs were downregulated in the NP vs. TP and HP vs. TP groups, respectively.



We explored the functional discrepancy between DEGs under low-phosphate stress conditions (Tables S2 and S3). GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed to identify the potential functions of the DEGs. The top 30 components in the 3 functional categories (biological process (BP), cellular component (CC), and molecular function (MF)) between the NP and TP, and HP and TP groups based on the level 2 GO term assignment are shown in Figure 4. The top 10 processes, including response to salicylic acid, negative regulation of phosphorylation, positive regulation of phosphatase activity, metaphase/anaphase transition of mitotic cell cycle, starch biosynthetic process, abscission, fructose metabolic process, lipid catabolic process, carbohydrate biosynthetic process, and response to lithium ion, were the biological processes identified in the HP vs. TP group comparison. In contrast, salicylic acid catabolic process, phosphate ion transport, terpenoid biosynthetic process, cellular response to phosphate starvation, response to lithium ion, positive regulation of cellular response to phosphate starvation, response to oxidative stress, response to abscisic acid, glycerol metabolic process, and cellular phosphate ion homeostasis were the identified biological processes in the NP vs. TP group comparison. Among them, four processes were related to P metabolism, two processes were related to plant phytohormone response, and two processes were related to carbohydrate metabolism in the HP vs. TP group. Five processes were related to P metabolism, two processes were related to plant hormone response, one process was related to the terpenoid biosynthetic process, and one process was related to PHTs in the NP vs. TP group. The cellular components and molecular functions differed between the HP vs. TP and NP vs. TP groups.



The DEGs in response to P stress are shown in volcano plots (Figure 3C,D). The DEGs were classified using KEGG pathways. The physiological processes of “plant hormone signal transduction” and “MAPK signaling pathway” were annotated in the response to P stress between the HP vs. TP and NP vs. TP groups. These processes may be associated with genes, such as Pg_S2566.5, Pg_S4931.9, Pg_S5077.6, Pg_S5602.1, and Pg_S6397.3 in HP vs. TP and Pg_S1844.26 in NP vs. TP (Tables S4 and S5). The most represented pathways were pentose and glucuronate interconversion, amino sugar and nucleotide sugar metabolism, and starch and sucrose metabolism in the HP vs. TP groups. In contrast, phenylpropanoid biosynthesis and glycolysis/gluconeogenesis were most represented in the NP vs. TP groups. Some common metabolic pathways, including plant hormone signal transduction; cute, suberin, and wax biosynthesis; pentose and glucuronate interconversions; carotenoid biosynthesis; glycolysis/gluconeogenesis; the tricarboxylic acid cycle (TCA cycle); and carbon fixation in photosynthetic organisms, were also found.




3.3. Relative Genes in the Synthesis of PHTs, Ginsenoside, and Phytohormone


Many DEGs were involved in PHT synthesis, ginsenoside synthesis, and phytohormone signaling. A total of 34 genes (21 upregulated genes and 13 downregulated genes) were identified in the NP and TP groups, whereas 36 genes (14 upregulated genes and 22 downregulated genes) were identified in the HP vs. TP groups. A total of 13 commonly upregulated genes, Pg_S0061.26, Pg_S5840.2, Pg_S0543.4, Pg_S2015.28, Pg_S0073.19, Pg_S0129.2, Pg_S2306.7, Pg_S3149.14, Pg_S2984.3, Pg_S3048.21, Pg_S0519.15, Pg_S0302.39, and Pg_S0917.29, were identified as potential target genes that might be involved in phosphorus transport (Figure 5).



A total of 20 potential genes related to key rate-limiting enzymes in P stress were identified, including AACT (Pg_S6240.3), HMGS (Pg_S4594.4), HMGR (Pg_S2025.5), MVK (Pg_S3098.25, Pg_S3551.1, Pg_S4382.5, Pg_S3098.25, Pg_S3551.1, Pg_S4382.5), MVD (Pg_S1430.1), FPS (Pg_S5797.2), SE (Pg_S4043.9), β-AS (Pg_S2225.7, Pg_S2801.2, Pg_S4815.4), and UGTs (Pg_S1661.1, Pg_S1712.22, Pg_S1924.2, Pg_S3672.12, Pg_S4880.11). These genes were upregulated in the NP and HP treatment groups compared to those in the TP treatment group and may promote ginsenoside synthesis.



A total of 15 DEGs involved in phytohormone signal transduction were identified in all treatment groups, including IAA (Pg_S0774.1, Pg_S4003.1), ABA (Pg_S1084.8, Pg_S1650.5, Pg_S1915.17, Pg_S3286.1, Pg_S4627.19), JA (Pg_S6524.2, Pg_S7151.2, Pg_S9247.1), SA (Pg_S0208.15), CTK (Pg_S0129.19), BR (Pg_S1170.6), ETH (Pg_S0736.12), and GA (Pg_S1507.28).




3.4. Expression Pattern of Relative Gene in the Biosynthesis Pathway of TCA and Ginsenoside Synthesis


Some essential genes related to key rate-limiting enzymes of triterpenoid synthesis have been reported in ginseng roots [33]. We found that 4 DEGs and 17 upregulated genes were related to the TCA cycle and ginsenoside synthesis under P stress. A heatmap was generated based on the DEGs between the NP vs. TP and HP vs. TP groups (Figure 6).




3.5. Effect of Phosphate Deficiency on Ginsenoside Accumulation


To assess ginsenoside accumulation and distribution aboveground and belowground under different phosphorus deficiency conditions, the total ginsenosides and 10 ginsenoside monomers were analyzed in ginseng roots and leaves among the NP, HP, and TP treatment groups (Figure 7). The NP treatment group had the highest contents of Rg1, Re, Rf, Rc, Rb2, Rd, and total ginsenosides in ginseng roots, followed by the HP and TP treatment groups. The Rg1, Ro, Rb2, Rb3, and total ginsenosides were significantly different at 0.01 or 0.05 among the NP, HP, and TP treatment groups. However, the contents of Rg1, Rb3, Rd, and total ginsenosides in ginseng leaves were highest in the NP treatment group, followed by the TP and HP treatment group. Moreover, the contents were remarkably different among the different treatment groups (p < 0.05). Interestingly, the TP treatment group had the highest contents of Re, Rf, Rg2, Ro, and Rc, followed by the NP and HP treatment groups, with significant difference found at p < 0.05. In addition, the ratios of PPT and PPD were similar in the roots and leaves of ginseng, and in the HP, TP, and NP treatment groups, in descending order.





4. Discussion


4.1. Phosphate Stress Changes Ginseng Root Morphogenesis and Triggers the Expression of Different Genes


The deficiency of available phosphorus in soil has become a worldwide concern [34,35]. To adapt to the stressful environment of phosphorus deficiency, a series of strategies, such as changing root morphogenesis and biomass accumulation, trigger gene expression related to phosphorus uptake, absorption, and transport in plants [36,37,38]. Our study revealed that the growth of ginseng under P stress was restricted (above- and belowground). The lengths of the roots and shoots in the HP and NP treatment groups were markedly lower than those in the NP treatment group. This result is consistent with that found in previous studies on other crops, such as alfalfa [15], Leymus chinensis [39], nicotiana tabacum [40], etc. This finding is mainly due to the role of P as an essential structural component of membrane phospholipids, nucleic acids, and adenosine phosphoric acid, and its effects on normal growth, development, and biomass accumulation [15,41].



The phenotype of chlorophyll fluorescence Fo (fluorescence origin) can visually indicate, to a certain extent, the degree of biotic or abiotic stress and the extent of photosynthetic damage to plants [42,43]. The Fo image of ginseng leaves from the HP and NP treatment groups revealed different areas with green fluorescence, indicating that the photosynthesis of ginseng leaves was affected, to some extent, by the different phosphate stress conditions. Fo is the fluorescence yield (basal fluorescence or 0-level fluorescence) when the photosystem II (PSII) reaction center is fully open and is related to the leaf chlorophyll content [44]. Based on our results, the contents of chlorophyll a and b were the highest in the TP treatment group, followed by the HP and NP treatment groups, aligning with the results of the phenotypic analysis.



Plant physiological indicators, especially MDA and superoxide anion accumulation, are considered the most sensitive indicators of plant stress and have been used in many environmental stress studies as key indicators [45,46]. MDA, one of the most important products of membrane lipid peroxidation, can be used to indirectly determine the degree of damage to the membrane system and tolerance to stress in plants [47,48]. The MDA content was found to significantly increase under moderate phosphorus deficiency (HP treatment) and significantly decrease under phosphorus starvation (NP treatment) conditions (Figure 1C). Such a finding indicates that the accumulation of ROS activates the self-defense ability of ginseng within a certain stress range, resulting in an increase in MDA content. However, excessive ROS accumulation causes membrane damage and a lack of self-mediation in ginseng. The over-accumulation of superoxide anions further explained the plasma membrane peroxidation in ginseng (Figure 1D). Additionally, MDA and H2O2 at nanomolar concentrations also serve as vital signaling molecules that enable plant cells to rapidly respond to adverse environmental conditions [49].



Plant morphogenesis, especially root morphogenesis, is closely related to P supply [50]. Under low-P stress (HP or NP), the growth of ginseng roots and shoots was found to be stunted; however, the growth of lateral roots was promoted (Table 1 and Table 2, Figure 2). This result is consistent with that of previous studies on wheat [36] and rice [51]. The possible mechanism may involve the triggering of the upregulation or downregulation of related genes under phosphorus deficiency signals to maintain phosphorus homeostasis in plant growth, which further induces the differential expression of hormones and related enzymes, ultimately causing changes in plant morphogenesis [52].




4.2. Multiple DEGs Are Involved in PHTs and Phytohormone Signal Transduction


Several physiological and metabolic responses are activated to adapt to adverse environments when plants are exposed to abiotic stressors [53]. P is a key component of many metabolites and macromolecules, including adenosine triphosphate (ATP), proteins, membrane phospholipids, and nucleic acids, and is involved in many biochemical pathways, such as energy transmission, gene expression, and signal transduction [54]. In this study, some genes related to ginseng morphogenesis were found to be triggered by P deficiency, especially those involved in PHTs, phytohormone signal transduction, and ginsenoside synthesis.



Thirteen common genes related to PHTs were found in ginseng under P stress treatment, of which the relevant coding gene families mainly included PHO, PHT, PHT1, PHT2, and PHT5 (Figure 5A). Previous studies confirmed that two main types of proteins related to PHTs exist: PHTs and PHOs. The PHTs family mainly includes PHT1, PHT2, PHT3, and PHT4, located on the plasma membrane, mitochondria, chloroplasts, and Golgi apparatus, respectively. In contrast, PHO mainly transports Pi from the roots to stems, which is not homologous to the PHT family [55,56]. The encoding genes, PHTs and PHOs, were found in ginseng under low-phosphate stress, and may be involved in phosphate transport under low-phosphorus stress. However, the underlying mechanism must be further studied.



Phytohormones participate in root morphogenesis under low-phosphorus stress [57]. Compared to CK (TP), the related genes encoding IAA, CTK, and ETH in ginseng roots were upregulated under low-P stress (HP), and more genes were upregulated under phosphorus starvation (NP), mainly including the genes encoding IAA, SA, CTK, BR, ETH, and GA. IAA has been confirmed to be involved in the root system architecture (RSA) under P stress, particularly in the inhibition of primary root growth and proliferation of lateral roots and root hairs [58]. The gene expression of CTK plays an essential role in plant growth and development and negatively regulates Pi deficiency tolerance by modulating PHTs [59]. Figure 2 shows that moderate Pi deficiency (HP treatment) inhibited primary root growth and promoted lateral root growth. These results are consistent with those of previous studies on rice [60], sorghum [61], and Arabidopsis [62] under Pi-deficient conditions. One possible mechanism may involve the activation of H+-ATPase activity and H+ secretion by ethylene signals in the morphological regulation of ginseng roots, thereby enhancing Pi absorption [63]. However, the synergistic mechanisms of different phytohormones in ginseng are complex and may involve other regulatory mechanisms to balance internal phosphorus homeostasis.




4.3. Multiple DEGs Are Involved in TCA and Ginsenoside Synthesis


Phosphorus is a plant skeleton element that participates in the physiological processes of energy and carbohydrate metabolism and regulates metabolic processes [64]. TCA is the final pathway of sugars, lipids, and amino acids that maintains the stability of carbon metabolism in plants under abiotic stress and is essential for plant growth and stress tolerance [65,66]. We found that the downregulated expression of Pg_s3418.8 and Pg_s5392.5 caused serine accumulation in the cyclic, serine, and threonine metabolism, and accelerated the process of acetyl-CoA production. In addition, Pg_s3342.1, a key succinate dehydrogenase gene, was upregulated under phosphate stress in ginseng, promoting the formation of fumarate and ATP in the TCA pathway. This result may be due to a disruption in the dynamic balance between ROS accumulation and clearance under low-phosphorus stress. To remove excess ROS, some genes related to carbon metabolism and ATP supply via the TCA pathway are overexpressed [67].



Ginsenoside accumulation is co-regulated by key enzymes and environmental factors. Ginsenosides can be divided into three types: PPT-, PPT-type-, and OA-type ginsenosides [68]. Under low-Pi stress, the ratio of PPT/PPD increased in the roots and stems of ginseng and was significantly higher in the HP treatment group than in the TP or NP treatment groups (Figure 7). This result indicates that low-Pi stress promoted the synthesis of PPT and inhibited the synthesis of PPD, possibly because low-Pi stress induced the upregulated expression of genes related to PPT synthesis. Ginsenoside accumulation is regulated by numerous ginsenoside synthesis genes in the saponin synthesis pathway, including 3-hydroxy-3-methylglutaryl CoA reductase (HMGR), squalene synthase (SS), squalene epoxidase (SE), dammarenediol synthase (DS), cytochrome P450, and glycosyltransferase (GT) [69]. In this study, the contents of Rg1 and Rb2 were significantly higher in the low-Pi groups (NP and HP) than in the total phosphate treatment (TP) group, with 17 related upregulated genes of ginsenoside synthetase identified in ginseng roots under low-Pi supply (Figure 6). The gene, Pg_s6240.3, which encodes the limited AACT enzyme, was upregulated in the low-Pi treatment group, which is consistent with the results of previous studies on drought stress in ginseng; this gene could promote the accumulation of ginsenoside Rb2 [32]. The β-AS enzyme coding genes, Pg_s2801.2 and Pg_s4815.4, were also found in ginseng root under low-Pi stress, and expression of the two genes was found to contribute to ginsenoside biosynthesis, aligning with the increased contents of dammarenediol-type ginsenosides caused by the upregulation of the β-AS enzyme [70]. In addition, several unreported genes of key-limited enzymes for ginsenoside synthesis were found under low-Pi stress, including Pg_s4594.4, Pg_s2025.5, Pg_s3098.25, Pg_s 3551.1, Pg_s 4382.5, Pg_s 1430.1, Pg_s 5797.2, Pg_s 4043.9, Pg_s 2225.7, Pg_s 1661.1, Pg_s 1712.22, Pg_s 3672.12, and Pg_s 4880.11, which may help further clarify the pathway of ginsenoside biosynthesis. The ginsenosides, Rg1, Rf, Ro, Rc, Rb2, Rb3 Rd, total ginsenosides in ginseng root, were higher in NP than that in TP. The results are in agreement with common sage (Salvia officinalis), the possible metabolism is that overexpression of GA related gene could promote the synthesis of triterpenoids [71].



Based on the screened DEGs, the regulatory networks among differential genes, hormones, ginseng root morphogenesis, and ginsenoside synthesis were mapped and verified in the future study, which elucidates the mechanism of phytohormone-mediating root morphogenesis and secondary metabolites synthesis in ginseng under low-phosphorus stress.





5. Conclusions


Phenotypic and transcriptomic analyses were performed to explore the physiological response mechanisms of low-Pi tolerance in ginseng. Root length and stem length were significantly inhibited by Pi-deficiency stress; however, the number of fibrous roots increased. Meanwhile, superoxide anions and MDA were induced to rebalance ROS accumulation and elimination in ginseng under Pi-deficiency stress. Several genes were found in ginseng roots; these genes are mainly related to the synthesis of PHTs, phytohormones, and ginsenosides, and are involved in root morphogenesis, TCA, and ginsenoside synthesis. To our knowledge, this study is the first to identify some of the DEGs presented herein. Moreover, this study provides new information regarding the development of ginseng with low-Pi tolerance.
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Figure 1. Effect of phosphate deficiency on chlorophyll fluorescence (A), biological characteristics (B), malondialdehyde content (C), O2− rate (D), chlorophyll a (E), and chlorophyll b (F) of ginseng. Significant levels are indicated by * p < 0.05 and *** p < 0.001; ns indicates p > 0.05. 
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Figure 2. Effect of phosphate deficiency on root morphogenesis of ginseng. 
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Figure 3. Effect of phosphate deficiency on DEGs. (A) Venn diagram, (B) different gene statistic, (C) volcano plot between the NP and TP treatment groups, (D) volcano plot between the HP and TP treatment groups. 
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Figure 4. GO and KEGG pathway enrichment analyses based on DEGs. GO classifications revealed upregulated gene categories in the HP vs. TP (A) and NP vs. TP (B) groups. KEGG enrichment analysis of upregulated differentially expressed genes in the HP vs. TP (C) and NP vs. TP (D) groups. 
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Figure 5. Heatmap of DEGs associated with phosphate transporter (A) and phytohormone signal transduction (B). The red and blue boxes represent genes upregulated and downregulated under different P stress conditions. Abbreviations: PHO, Phosphate; PHT, Phosphate transporter; PHT1, Phosphate transporter 1; PHT2, Phosphate transporter 2; PHT5, Phosphate transporter 5; IAA, Indole-3-acetic acid; ABA, Salicylic acid; JA, Jasmonic acid; SA, Salicylic acid; CTK, Cytokinin; BR, Brassinolide; ETH, Ethylene; GA, Gibberellin. 
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Figure 6. Expression profiles of DEGs associated with TCA and ginsenoside synthesis. Abbreviations, AACT, acetyl-CoA C-acetyltransferase; HMGS, hydroxy methylglutaryl-CoA synthase; HMGR, hydroxy methylglutaryl-CoA reductase; MVK, mevalonate kinase; MVD, mevalonate diphosphate decarboxylase; FPS, farnesyl diphosphate synthase; SE, squalene epoxidase; β-AS, β-amyrin synthase; UGTs, UDP-glucuronosyltransferase. 
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Figure 7. Effect of phosphate deficiency on ginsenoside accumulation and PPT/PPD in root and shoot. The symbols *, **, and *** indicate significant difference in ginsenoside or PPT/PPD among the different treatment groups at 0.05, 0.01, and 0.001, respectively. (A) Rg1 in root, (B) Re in root, (C) Rf in root, (D) Rg2 in root, (E) Rb1 in root, (F) Ro in root, (G) Rc in root, (H) Rg2 in root, (I) Rb3 in root, (J) Rd in root, (K) Total ginsenosides in root, (L) Rg1 in shoot and leaf, (M) Re in shoot and leaf, (N) Rf in shoot and leaf, (O) Rg2 in shoot and leaf, (P) Rb1 in shoot and leaf, (Q) Ro in shoot and leaf, (R) Rc in shoot and leaf, (S) Rg2 in shoot and leaf, (T) Rb3 in shoot and leaf, (U) Rd in shoot and leaf, (V) Total ginsenosides in shoot and leaf, (W) PPT/PPD in root, and (X) PPT/PPD in shoot and leaf. 






Figure 7. Effect of phosphate deficiency on ginsenoside accumulation and PPT/PPD in root and shoot. The symbols *, **, and *** indicate significant difference in ginsenoside or PPT/PPD among the different treatment groups at 0.05, 0.01, and 0.001, respectively. (A) Rg1 in root, (B) Re in root, (C) Rf in root, (D) Rg2 in root, (E) Rb1 in root, (F) Ro in root, (G) Rc in root, (H) Rg2 in root, (I) Rb3 in root, (J) Rd in root, (K) Total ginsenosides in root, (L) Rg1 in shoot and leaf, (M) Re in shoot and leaf, (N) Rf in shoot and leaf, (O) Rg2 in shoot and leaf, (P) Rb1 in shoot and leaf, (Q) Ro in shoot and leaf, (R) Rc in shoot and leaf, (S) Rg2 in shoot and leaf, (T) Rb3 in shoot and leaf, (U) Rd in shoot and leaf, (V) Total ginsenosides in shoot and leaf, (W) PPT/PPD in root, and (X) PPT/PPD in shoot and leaf.
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Table 1. Effect of phosphate deficiency on root length, shoot length, and average leaflet area.






Table 1. Effect of phosphate deficiency on root length, shoot length, and average leaflet area.





	Treatments
	Root Length (cm)
	Shoot Length (cm)
	Average Leaflet Area (cm2)





	NP
	4.36 ± 0.08 b
	5.42 ± 0.31 c
	4.53 ± 0.16 a



	HP
	4.35 ± 0.06 b
	6.41 ± 0.22 b
	3.52 ± 0.21 a



	TP
	5.26 ± 0.28 a
	7.90 ± 0.48 a
	4.89 ± 0.22 a







Note: Data are presented as mean ± standard error (n = 3). Lowercase symbols among the NP, HP, and TP treatment groups indicate significance at p < 0.05.













 





Table 2. Effects of different phosphate concentrations on ginseng root morphogenesis.






Table 2. Effects of different phosphate concentrations on ginseng root morphogenesis.





	Treatments
	Total Root Length (cm)
	Root Project Area (cm2)
	Root Surface Area (cm2)
	Average Diameter (mm)
	Later Root Amount





	NP
	6.28 ± 0.68 b
	1.37 ± 0.19 b
	2.87 ± 0.58 a
	0.44 ± 0.06 b
	5.83 ± 1.61 a



	HP
	10.29 ± 0.98 a
	2.57 ± 0.21 a
	2.97 ± 0.18 a
	0.78 ± 0.07 a
	8.17 ± 0.98 a



	TP
	11.88 ± 1.43 a
	2.76 ± 0.42 a
	3.22 ± 0.45 a
	0.89 ± 0.13 a
	4.33 ± 1.75 a







Note: Data are presented as mean ± standard error (n = 3). Lowercase symbols among the NP, HP, and TP treatment groups indicate significance at p < 0.05.
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