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Abstract: To explore the effect of fertilizers on the yield and quality of Platostoma palustre, in this study, P. palustre was utilized as the research material, and field experiments were conducted with different application rates of compound fertilizer and organic fertilizer and non-targeted metabolomics analysis was further employed to compare and analyze the differences in the metabolic components between the compound fertilizer and organic fertilizer treatments. The results of field experiments demonstrated that both compound and organic fertilizers could promote the fresh weight, shade dry weight, and dry weight of P. palustre, with 450 kg hm−2 compound fertilizer and 4500 kg hm−2 organic fertilizer presenting the optimum effects. Non-targeted metabolomics revealed that 1096 metabolites were identified in 450 kg hm−2 compound fertilizer and 4500 kg hm−2 organic fertilizer, and 885 metabolites were annotated in the Human Metabolome Database (HMDB). There were 318 differential metabolites (DMs) found between the two treatments, and 263 metabolites were annotated in HMDB. The abundance of 2 phenolic compounds and 12 organic oxygen compounds in the treatment of 4500 kg hm−2 organic fertilizer was significantly higher than that of the 450 kg hm−2 compound fertilizer, while the abundance of 21 organic oxygen compounds, 14 flavonoids, 3 phenolic compounds, and 5 cinnamic acids and their derivatives was significantly up-regulated in 450 kg hm−2 compound fertilizer treatment. In addition, 5 metabolic pathways were significantly enriched, and the flavone and flavonol biosynthesis was the most significantly differential metabolic pathway. These results suggested that the application of both compound fertilizers and organic fertilizers can increase the yield of P. palustre, but their effects on metabolites were different. This study has considerable implications for the planting and cultivation of P. palustre, furnishing a scientific foundation for an efficient and rational application of fertilizer.
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1  Introduction

Platostoma palustre (Blume) A. J. Paton (formerly known as Mesona chinensis Benth, also known as Xiancao in Chinese, Lamiaceae family) is one of the most important medicinal and edible plants. P. palustre contains various bioactive substances such as polysaccharides, amino acids, phenols, flavonoids, terpenes, etc., which are known to possess a variety of beneficial effects, like antioxidant, anti-inflammatory, hypolipidemic, hypotensive activity, and so on [1–6]. P. palustre is widely used to create a variety of cool and refreshing foods and beverages. According to incomplete statistics, in China, the domestic industry’s demand for P. palustre is high, with a yearly demand of more than 100,000 tons, yet the domestic production of the crop is inadequate, with an annual output of between 25,000 and 35,000 tons, necessitating imports from countries in Southeast Asia [7]. Therefore, improving the yield of P. palustre can relieve or meet domestic industry’s demand and improve economic benefits.

Fertilization is a critical factor in influencing the yield and quality of P. palustre. Appropriate utilization of fertilizer can significantly increase the yield of P. palustre [8]. Chemical fertilizers play an important role in agricultural production and are the main source of nutrients for plant growth [9]. Reasonable application of chemical fertilizers can increase plant yield (more than 20%) in a short period, increase soil available nutrients, and improve plant quality [10,11]. However, the unreasonable application of chemical fertilizers can lead to various of environmental problems, such as soil acidification and nutrient imbalance, decreased fertility, environmental pollution, etc. [12]. The Ministry of Agriculture and Rural Affairs of the People’s Republic of China has proposed the “Action Plan for Zero Growth in Fertilizer Usage”, which emphasizes the importance of replacing chemical fertilizer use with organic fertilizer as a viable response strategy [13]. Organic fertilizers are fortified with essential macronutrients such as potassium, nitrogen, phosphorus, and trace elements, as well as organic compounds, including amino acids and humic substances [14]. Studies have shown that the use of organic fertilizers minimizes adverse environmental impacts. Long-term application not only enhances soil nutrient content and improves soil physical and chemical properties but also enhances the nutritional value of crops [15]. Nevertheless, the total amount of organic fertilizer nutrients is relatively insufficient and decomposes slowly, which cannot meet the nutrient needs of crops in time. A single application of organic fertilizers will, to a certain extent, influence crop yield and quality [16]. Although fertilization can increase plant productivity, increased productivity may not necessarily improve quality. Mostly, with an increase in fertilizer application, the plant yield and quality improved. However, Yuan et al. [17] found that the seed yield of Kengyilia melanthera increased with increasing nitrogen fertilizer application, but the quality was not influenced by increasing nitrogen fertilizer input. P. palustre grows on the edge of the ditch and in the grass on dry sandy land, which is a plant that is extremely tolerant to poor soil [18]. In the production and planting process, the seedlings of P. palustre are mainly local domestic varieties. Till now, there are very few reports on its fertilizer-loving characteristics and fertilizer tolerance. Huang et al. [19] employed the “3414” experimental design to investigate the impact of nitrogen (N), phosphorus (P), and potassium (K) fertilizers on the yield and gum content of P. palustre. This involved 14 treatments at three factors and four levels of N, P, and K. The study findings revealed that the dependency of P. palustre on K, N, and P fertilizers was 30.09%, 27.98%, and 17.28%, respectively. The optimal fertilization regimen consisted of 468 kg hm−2 of N, 272.25 kg hm−2 of P, and 267.75 kg hm−2 of K fertilizers, resulting in a gel yield of 36.2%. Chen [20] demonstrated that P. palustre had a large demand for N, followed by K and P, with a ratio of 1:0.5:0.8 for N, P, and K. It can be seen that these reports focus on the application of compound fertilizers, therefore, in the context of ecological and environmental protection, the rational application of compound fertilizers and organic fertilizers for P. palustre is very necessary.

Metabolomics is the systematic analysis of metabolites present in a biological sample using high-throughput detection technologies, such as untargeted and targeted metabolomics [21]. Non-targeted metabolomics analysis presents a cost-effective and time-saving approach for examining a broad spectrum of metabolites in large sample sizes, gaining widespread adoption in plant science research [22,23]. Shi et al. [24] demonstrated that bioorganic fertilizer could alter soil metabolism and rhizosphere bacterial microbiota to improve soil environment and Panax notoginseng plant growth. Rao et al. [25] found that different microbial fertilizers could increase the yield of saffron (Crocus sativus L.) by regulating the accumulation of different metabolites. Applying metabolomics to analyze the relationship between fertilizers and plants is beneficial for providing a reference for practical production. However, research investigating the influence of varying application rates of organic and compound fertilizers on the yield, quality, and metabolic profiles of P. palustre remains unreported. Therefore, a hypothesis that both compound fertilizers and organic fertilizers could increase the yield, quality, and metabolites of P. palustre was proposed.

In the present study, the field experiment was performed, and the yield of P. palustre between different organic and compound fertilizer treatments was compared, and the differences in the quality and metabolites were also analyzed by using non-targeted metabolomics methods. By analyzing the effect of fertilizers on yield and metabolic differences, we sought to provide scientific evidence for the reasonable application of fertilizers in the planting and production of P. palustre.

2  Materials and Methods

2.1 Site Description and Experimental Design

The field experiment was conducted in Xixiangtang District, Nanning City, China, at a precise location of 22°50′48″N, 108°7′16″E, and an altitude of 80 m. The purplish soil in the study area exhibited an organic matter content of 22.57 g kg−1, an alkaline hydrolysis nitrogen content of 80.42 mg kg−1, an available phosphorus content of 15.70 mg kg−1, and an available potassium content of 149.50 mg kg−1, with a pH of 7.84. During planting, the mean temperature was from 24°C to 32°C, and the mean rainfall was 87.2 mm. The organic fertilizers were applied at the dosages of 2250, 4500, and 6750 kg hm−2, designated as YJF150, YJF300, and YJF450, respectively. The compound fertilizers were applied at the dosages of 300, 450, and 600 kg hm−2, designated as FHF20, FHF30, and FHF40, respectively. Each treatment was with three replicates, and the control group (CK) had no fertilization treatment (Fig. 1). The organic fertilizer was purchased from Yuantaifeng (Baotou) Biotechnology Co., Ltd., Baotou, China (N + P2O5 + K2O ≥ 4%, organic matter ≥ 30%). The compound fertilizer was bought from Stanley Agricultural Group Co., Ltd. (N + P2O5 + K2O ≥ 45%). On 22 April 2022, the P. palustre cutting seedlings purchased from a commercial company (Guangxi Runda Biotechnology Co., Ltd., Lingshan County, Qinzhou City, China) were transplanted into the field at a planting density of 45,000 plants per hectare. Throughout the growth period, routine field management practices were implemented.
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Figure 1: (A) The morphology of P. palustre. (B) The schematic of the experimental treatments

2.2 Yield Estimation

The whole P. palustre plants were sampled (collected) on 20 June 2022 (about two months after transplanting), to estimate the yield and quality. For each treatment, we collected the data of the fresh weight, shade dry weight, and dry weight. Five plants were randomly collected per treatment. 5 fresh plants were randomly harvested and weighed to record their fresh weight. Randomly harvested 5 fresh plants were dried in the shade for 7 days, and then weighed their shade dry weight. 5 fresh plants were placed in an oven set at a temperature of 60°C until a constant weight was achieved to accurately measure and record their dry weight. The dried plants were crushed into powder with a mill for subsequent metabolome analysis.

2.3 Sample Preparation

Metabolite extraction was performed by combining 50 mg samples with a 6 mm diameter grinding bead, 400 μL of extraction solution (methanol:water = 4:1 (v:v)) that included 0.02 mg/mL of internal standard (L-2-chlorophenylalanine) in a 2 mL centrifuge tube. The sample solution was ground using a frozen meat grinder at a temperature of −10°C and a frequency of 50 Hz for 6 min, followed by extraction using cryogenic ultrasound at 5°C and 40 kHz for 30 min. Subsequently, the processed samples were stored at −20°C for 30 min and then centrifuged at 4°C and 13,000 g for 15 min to separate the fractions. The resulting supernatant obtained after centrifugation was carefully transferred to sample vials to undergo machine analysis.

2.4 LC-MS/MS Analysis

We used a Q Exactive HF-X ultra-high-performance liquid chromatography-tandem Fourier transform mass spectrometry system, manufactured by Thermo Fisher (USA) for LC-MS analysis. LC-MS analysis was performed following the method of Liu et al. [26]. The 2 μL sample was separated by the HSS T3 chromatography column (100 mm × 2.1 mm i.d., 1.8 µm) and then subjected to mass spectrometry detection. Mobile phase A composed of a mixture of water and ethyl acetate in a ratio of 95:5 (v/v), while mobile phase B consisted of a mixture of ethyl acetate, isopropanol, and water in a ratio of 47.5:47.5:5 (v/v). Both mobile phases A and B were supplemented with 0.1% formic acid. The flow rate was set at 0.40 mL/min, while the column temperature was controlled at a temperature of 40°C.

The Thermo UHPLC-Q Exactive HF-X Mass Spectrometer, equipped with an electrospray ionization (ESI) source and operating in positive/negative ion scanning mode with a mass range of 70–1050 m/z, was utilized to analyze the samples. Mass spectrometry conditions were set as follows: the sheath gas and auxiliary gas flow rates were maintained at 50 and 13 psi, respectively, while the temperature of the auxiliary gas was heated to 425°C. The positive ion spray voltage and negative ion spray voltage were adjusted to 3500 and −3500 V, respectively. The auxiliary gas temperature and ion transfer tube temperature were 425°C and 325°C, respectively. The normalized collision energy was adjusted to 20, 40, and 60 V in a normalized manner during the experiment. The primary mass spectrum was obtained with a high resolution of 60,000, while the secondary mass spectrum had a lower resolution of 7500. Both spectra were acquired using a data-dependent acquisition (DDA) mode.

2.5 Data Preprocessing and Database Searching

The MS and MSMS spectra were matched against the Human Metabolome Database (HMDB, http://www.hmdb.ca/, accessed on 04 November 2022), Metlin (https://metlin.scripps.edu/, accessed on 04 November 2022), and Majorbio’s proprietary database to retrieve metabolite information. After querying the database, the data matrix is uploaded to the Majorbio Cloud Platform (https://cloud.majorbio.com, accessed on 04 November 2022) for subsequent data analysis.

2.6 Statistical Analyses

We preprocessed the raw data and validated the overall data applicability by estimating the relative standard deviation (RSD) of a certain ion in the quality control (QC). The Spearman correlation between samples was calculated using the ‘cor’ function in the R package “ropls” (Version 1.6.2) and presented in a heat map. Furthermore, we utilized the R package “ropls” (Version 1.6.2) to perform Principal Component Analysis (PCA) and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA). The model’s stability was evaluated by using a 7-fold cross-validation. The selection of DMs was determined according to the Variable Importance in the Projection (VIP) scores and p-values from the Student’s t-test within the OPLS-DA model. Metabolites with a VIP value greater than 1 (VIP > 1) and a p-value less than 0.05 (p < 0.05) were identified and designated as DMs. The significance of the difference was assessed using analysis of variance (ANOVA) with SPSS 8.0 software (version 22, IBM).

3  Results

3.1 Influence of Various Fertilization Treatments on the Yield of P. palustre

It can be seen from Fig. 2 that the utilization of compound fertilizer and organic fertilizer could significantly promote the fresh weight, dry weight, and shade dry weight of P. palustre compared to the control (p < 0.05). Among the compound fertilizer treatments, the fresh weight, shade dry weight, and dry weight of P. palustre treated with 450 kg hm−2 compound fertilizer were the highest, which were 71.0%, 91.0%, and 61.5% higher than the control, respectively (Figs. 2A–2C). Among the organic fertilizer treatments, the fresh weight of P. palustre treated with 6750 kg hm−2 organic fertilizer presented the highest, while the highest shade dry weight and dry weight were found in the 4500 kg hm−2 treatment. Among the organic fertilizer treatments, the fresh weight, shade dry weight, and dry weight of P. palustre were no significant differences (p > 0.05) (Figs. 2D–2F). In summary, it could be concluded that the 450 kg hm−2 compound fertilizer and 4500 kg hm−2 organic fertilizer were the two optimal fertilization treatments. The fresh weight of P. palustre exhibited a statistically significant difference between the two treatments (p < 0.05), whereas no significant difference was observed in either the shade dry weight or the dry weight, as depicted in Fig. 3.
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Figure 2: The effect of different levels of organic and compound fertilizers on the yield of P. palustre. (A–C) The influence of various compound fertilizer treatments on the fresh weight, shade dry weight, and dry weight of P. palustre. (D–F) The influence of various organic fertilizer treatments on the fresh weight, shade dry weight, and dry weight of P. palustre. Each histogram was the mean +/− standard error (SE) of n = 5. Different lowercase letters above histograms within each panel indicated significant differences (p < 0.05) among fertilizer doses within each fertilizer. Vertical bars above histograms indicated standard error
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Figure 3: Comparative analysis of the optimal compound fertilizer and organic fertilizer treatments on the yield of P. palustre. Each histogram was the mean +/− standard error (SE) of n = 5. Different lowercase letters above histograms within each weight indicator indicated significant differences (p < 0.05) between the 450 kg hm−2 of compound fertilizer (FHF30) and 4500 kg hm−2 of organic fertilizer (YJF300) treatments. Vertical bars above histograms indicated standard error

3.2 Data Quality Analysis of Samples

To conduct a comparative analysis of the impact of organic fertilizer and compound fertilizer on the quality and metabolites of P. palustre, we performed untargeted metabolomics on the two selected treatments: 450 kg hm−2 compound fertilizer (FHF30) and 4500 kg hm−2 organic fertilizer (YJF300). The metabolomics analysis identified a total of 1096 metabolites, with 506 detected in negative ion mode and 590 in positive ion mode.

The RSD of the overall data was less than 30%, and data with a cumulative proportion of peaks greater than 70% were qualified and could be used for subsequent analysis (Fig. S1A). Correlation analysis revealed that the correlation coefficients were consistent within the FHF30 and YJF300 treatment groups, but varied between the groups. The correlation coefficients of the samples were approaching 1, suggesting a strong similarity in metabolite expression across samples, indicating a positive correlation (Fig. S1B).

PCA revealed that the two principal components PC1 (50.30%) and PC2 (8.96%) could well indicate the main characteristic information of the samples (Fig. S2A). Venn analysis showed 590 common metabolites in positive ion mode and 506 in negative ion mode between FHF30 and YJF300 (Fig. S2B). The PLS-DA intuitively revealed that the classification effect of the model was significant (Fig. S2C). Permutation testing uncovered that the original model demonstrated strong effectiveness and reliability. Additionally, the PLS-DA model exhibited excellent predictive ability without suffering from over-fitting issues (Fig. S2D).

3.3 Metabolite Annotation

After data processing, 885 metabolites were obtained and annotated into the HMDB, and these metabolites were matched and classified into 14 categories, including 352 lipids and lipid-like molecules, 119 organic acids and derivatives, 111 organoheterocyclic compounds, 108 organic oxygen compounds, 86 phenylpropanoids and polyketides, 66 benzenoids, 18 organic nitrogen compounds, 16 nucleosides, nucleotides and analogues, 3 hydrocarbons, 2 alkaloids and derivatives, 1 homogeneous non-metal compound, 1 hydrocarbon derivative, 1 lignans, neolignans and related compound, 1 organosulfur compound (Fig. S3).

3.4 Analysis of DMs

OPLS-DA (Component 1 was 65.00% and Orthogonal Component 1 was 4.54%) could be better able to distinguish between groups (Fig. 4A). The validity of the OPLS-DA model was checked through the permutation tests (Fig. 4B). These results indicated that over-fitting phenomenon was not presented in the model. Based on the fold change of relative content ≥1 (up-regulation) or ≤1 (down-regulation), p-value <0.05, and VIP value ≥1, a total of 318 significant DMs were screened out. Among these, 161 DMs were detected in positive ion mode, with 74 up-regulated and 87 down-regulated, while 157 DMs were found in negative ion mode, comprising 101 up-regulated and 56 down-regulated DMs (Fig. 4C,D). HMDB compound classification revealed that a total of 263 DMs were identified and annotated into HMDB 4.0. These DMs were matched and classified into 9 categories, including 116 lipids and lipid-like molecules, 33 organic oxygen compounds, 32 organic acids and derivatives, 29 phenylpropanoids and polyketides, 24 orrganoheterocyclic compounds, 16 benzenoids, 6 organic nitrogen compounds, 6 nucleosides, nucleotides, and analogues, 1 homogeneous non-metal compounds (Fig. S4, Table S1). Among these significantly different metabolites, a total of 33, 14, 5, and 5 secondary metabolites were identified as organic oxygen compounds, flavonoids, phenolic compounds, and cinnamic acids and derivatives (Table 1), respectively, which were associated with essential active ingredients (polysaccharides, phenols, and flavonoids) of P. palustre.
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Figure 4: Analysis of the differential metabolites between FHF30 and YJF300. (A) OPLS-DA scatter plot with large and small plots representing positive and negative ion modes, respectively. (B) Permutation test diagram showcasing 200 iterations for the positive ion mode. (C) Volcano map under positive ion mode. (D) Volcano map under negative ion mode
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3.5 Organic Oxygen Compounds

P. palustre is rich in polysaccharides, which are a very important quality evaluation indicator [48]. The polysaccharides of P. palustre contained 8 kinds of monosaccharides (glucose, galacturonic acid, ribose, rhamnose, glucuronic acid, galactose, arabinose, and xylose) [49]. In this study, we found 33 significantly differential organic oxygen compounds (12 up-regulated in YJF300 and 21 down-regulated in FHF30) (Fig. 5A). Among these, the abundance of 2-Deoxy-D-Ribose significantly increased in the YJF300 treatment relative to the FHF30 treatment (Fig. 5B). In addition, oligosaccharides refer to the compounds containing 2–10 monosaccharides polymerized by glycosidic bonds. Here, 4 kinds of differential oligosaccharides (galactose-beta-1,4-xylose, sucrose, raffinose, stachyose) and 1 polysaccharide (levan) were identified between the two treatments. The abundance of these five saccharides was significantly increased in the FHF30 treatment compared to the YJF300 treatment (Figs. 5C–5G).
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Figure 5: The expression profile and VIP values of the 33 differential organic oxygen compounds and the abundance of the six saccharides between the YJF300 and FHF30 treatments. (A) The expression profile and VIP of the 33 differential organic oxygen compounds. (B–G) The abundance of the six saccharides. Note: ***indicates the statistical significance at a p-value of 0.001. Different shades of blue and red in Fig. 5A indicated the expression abundance and VIP values of the DMs

3.6 Flavonoids

A total of 14 significantly differential flavonoids were detected in this study. As shown in Fig. 6A, the FHF30 treatment exhibited a higher abundance of the 14 differential flavonoids compared to the YJF300 treatment. Of these, quercetin, quercetin 3-O-glucoside, kaempferol, and rutin are the flavonoids that have been identified in P. palustre, and these four kinds of flavonoids had a significantly high abundance expression in the FHF30 treatment (Fig. 6B–E). This indicated that FHF30 treatment was a suitable treatment to improve the pharmacological effects of P. palustre.
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Figure 6: The expression profile and VIP of the 14 differential flavonoids and the abundance of the four flavonoids. (A) The expression profile and VIP of the 14 differential flavonoids. (B–E) The abundance of the four flavonoids. Note: *** indicates statistical significance at a p-value of 0.001. Different shades of blue and red in Fig. 6A indicated the expression abundance and VIP values of the DMs

3.7 Phenolic Compounds and Cinnamic Acid and Its Derivatives

In the present study, 5 significantly differential phenolic compounds and 5 significantly differential cinnamic acids and their derivatives were detected between the FHF30 and YJF300 treatments. The abundance of [7]-Paradol, sinapyl alcohol, and isoeugenol in YJF300 treatment was higher than in FHF300 treatment, while the abundance of grevilline B and (5a,6a,8a,11a)-8-Hydroxy-2-oxo 1(10),3-guaiadien-12,6-olide-15-al 8-(4-hydroxyphenylacetate) in FHF300 treatment was higher (Fig. 7A). Meanwhile, in the FHF30 treatment, there was a higher abundance of five cinnamic acids and their derivatives compared to the YJF300 treatment (Fig. 7B). These two phenolic compounds sinapyl alcohol and isoeugenol were found to be a higher abundance in the YJF300 treatment (Fig. 7C,D). In addition, caffeic acid and ferulic acid are essential active ingredients of P. palustre, and the abundance of these two compounds in FHF30 was significantly higher (Fig. 7E,F).
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Figure 7: The expression profile and VIP of the phenolic compounds and cinnamic acid and its derivatives and the abundance of two phenolic compounds and two cinnamic acid and its derivatives. (A) The expression profile and VIP of the 5 differential phenolic compounds. (B) The expression profile and VIP of the 5 differential cinnamic acid and its derivatives. (C and D) The abundance of Sinapyl alcohol and isoeugenol, respectively. (E and F) The abundance of caffeic acid and ferulic acid, respectively. Note: *** indicates statistical significance at a p-value of 0.001. Different shades of blue and red in Fig. 7A,B indicated the expression abundance and VIP values of the DMs

3.8 Metabolic Pathway Analysis for the Key DMs

Based on the selected 33 organic oxygen compounds, 14 flavonoids, 5 phenolic compounds, and 5 cinnamic acids and derivatives, there were 5 significantly enriched metabolic pathways, including flavone and flavonol biosynthesis, flavonoid biosynthesis, galactose metabolism, starch and sucrose metabolism, and phenylpropanoid biosynthesis (Fig. 8A). In addition, a metabolic map was developed based on these five metabolic pathways (Fig. 8B), in which a total of 14 DMs were involved, including 6 organic oxygen compounds (dulcitol, raffinose, sucrose, levan, stachyose, and chlorogenic acid), 4 flavonoids (kaempferol, quercetin, quercetin 3-O-glucoside, and rutin), 2 phenolic compounds (sinapyl alcohol and isoeugenol), and 2 cinnamic acids and derivatives (caffaric acid and ferulic acid). In particular, flavone and flavonol biosynthesis emerged as the most significantly differential metabolic pathway, which was associated with compounds such as quercetin, quercetin 3-O-glucoside, kaempferol, and rutin.
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Figure 8: The KEGG topology analysis and metabolic map based on five metabolic pathways. (A) The KEGG topology analysis. (B) The metabolic map based on five metabolic pathways. Metabolisms in orange, gray, green, blue, and yellow were involved in galactose metabolism, starch, and sucrose metabolism, phenylpropanoid biosynthesis, flavonoid biosynthesis, and flavone and flavonol biosynthesis, respectively. Red metabolites mean higher abundance in the YJF300 treatment and blue metabolites mean higher abundance in the FHF30 treatment

4  Discussion

Fertilization is a very important part of the cultivation and management of P. palustre. In this study, the results demonstrated that both organic and compound fertilizers could dramatically improve the yield of P. palustre (Fig. 2). However, excessively low fertilization rates could not significantly achieve the goal of increasing yield. Similarly, excessively high fertilization rates not only increased soil pressure but also violated economic considerations. Therefore, it was recommended to use a reasonable amount of fertilizer during the planting process of P. palustre. In addition, as mentioned above, both compound fertilizers and organic fertilizers could increase the yield of P. palustre, but there were significant differences in the yield between the two fertilizer types (Fig. 3). Thus, the selection and use of different fertilizer types also had a crucial effect on the P. palustre yield.

The primary active components extracted from P. palustre include flavonoids, polysaccharides, phenols, etc., all of which exhibit antioxidant effects [2,5]. Among these, the polysaccharide is the highest and most versatile active ingredient in P. palustre, accounting for about 20%, and their compositions are relatively complex and heteroglycans with antioxidant, immunomodulatory, antitumor, and intestinal microbiota-regulating effects [4,6,48,50,51]. In the present study, the YJF300 treatment significantly increased the monosaccharide content of P. palustre, while the FHF30 treatment increased the content of oligosaccharides and polysaccharides (Fig. 5). It was indicated that the application of different types of fertilizers could potentially alter the biological activity of polysaccharides in P. palustre.

P. palustre is also rich in flavonoids, accounting for 5.47%–6.21% [52]. P. palustre flavonoids, mainly including kaempferol, quercetin, isoquercetin, rutin, and scutalpin [52,53] have strong scavenging ability against hydroxyl radicals and 1,1-diphenyl-2-picrylhydrazine (DPPH·) [52]. Among these, quercetin is the main flavonoid component with bioactive functions of anti-cancer, anti-oxidation, anti-inflammatory, and antibacterial effects [42,52,54,55]. Isoquercetin reduces hyperlipidemia and inflammation by generating free radicals and regulating antioxidant genes [40,56]. Kaempferol possesses antioxidant, antiviral, and antiallergic effects [43,57,58]. Rutin improves antioxidant activity, increases insulin sensitivity, and lowers blood sugar and blood lipids [41]. In our study, the abundance of the 14 flavonoid differential metabolites, including the most important flavonoid substances in P. palustre (quercetin, isoquercetin, kaempferol, and rutin) were significantly up-regulated in the 450 kg hm−2 compound fertilizer treatment (Fig. 6). These suggested that the compound fertilizers could significantly improve the level of flavonoids in P. palustre and have the potential to enhance the bioactivity of flavonoids in P. palustre. In addition, flavone and flavonol biosynthesis emerged as the most notable differential metabolic pathway, which was associated with quercetin, isoquercetin, kaempferol, and rutin (Fig. 8). This also confirmed that the 450 kg hm−2 compound fertilizer treatment could promote the accumulation of the metabolites in the flavone and flavonol biosynthesis pathway.

Additionally, phenolic compounds are mainly composed of phenolic acids, flavonoids, and tannins, which play a critical role in plant growth and have very strong protective effects on various organs of the human body, with the biological activities of antioxidation, antibiosis, and anti-inflammatory [52,59]. In our investigation, [7]-Paradol, sinapyl alcohol, and isoeugenol presented a higher abundance in 4500 kg hm−2 organic fertilizer treatment, while grevilline B and (5a,6a,8a,11a)-8-Hydroxy-2-oxo 1(10),3-guaiadien-12,6-olide-15-al 8-(4-hydroxyphenylacetate) exhibited a higher abundance in 450 kg hm−2 compound fertilizer treatment (Fig. 7). This implied that we could choose the type of fertilizer to use depending on the actual situation of the phenolic compounds. Cinnamic acid and its derivatives are primary phenolic acid compounds found in various medicinal plants, exhibiting hypoglycemic, antioxidant, anti-inflammatory, and anticancer properties [60–64]. Caffeic acid and ferulic acid are the representative compounds of cinnamic acid and its derivatives in P. palustre [52]. Caffeic acid is one of the main signature components of the quality difference of P. palustre and is the material basis for biological activities such as anti-inflammatory, antioxidant, antibacterial, and metabolic regulation [3,65,66]. Ferulic acid reduces free radical levels and increases antioxidant levels to produce antioxidant effects [47]. Here, five differential cinnamic acids and their derivatives in the 450 kg hm−2 compound fertilizer treatment were significantly more abundant than those in the 4500 kg hm−2 organic fertilizer treatment (Fig. 7). It was inferred that the 450 kg hm−2 compound fertilizer treatment might have a positive effect on improving the antioxidant and pharmacological health effects of P. palustre.

5  Conclusions

It was determined that the optimal fertilization treatments for this study were 450 kg hm−2 compound fertilizer and 4500 kg hm−2 organic fertilizer. Organic fertilizers increased the abundance of 2 phenolic compounds and 12 organic oxygen compounds (including 1 monosaccharide), while compound fertilizers could increase the abundance of 21 organic oxygen compounds (including 4 oligosaccharides and 1 polysaccharide), 14 flavonoids, 2 phenolic compounds, and 5 cinnamic acid and its derivatives. This study provided valuable guidance for the cultivation and production of P. palustre. Additionally, in the context of global efforts to reduce pollution and protect the environment, the utilization of both compound fertilizers and organic fertilizers together could potentially be an effective strategy for enhancing the yield and quality of P. palustre.
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Table 1: The DMs related to the active ingredients of P. palustre

Metabolite Formula VIP_PLS- FC(YJF300/ p-value HMDB class  References
DA FHF30)

6-O-Acetylarbutin Ci4H;50g 1.145 0.9612 1.01E-07 Organooxygen

2-Deoxy-D-Ribose CsH;004 1.8226 1.1228 1.36E-10 compounds [27]

3'-Glucosyl-2',4",6'- Cy4H509 1.1332 1.0408 4.30E-07

trihydroxyacetophenone

Epidermin Ci1HoNOg  1.3166 0.9515 1.33E-10 [28]

4-Hydroxy-2,6,6-trimethyl-3-0x0-1,4- Ci0H205 1.1957 1.0456 2.17E-09

cyclohexadiene-1-carboxaldehyde

4-(2-Amino-3-hydroxyphenyl)-2,4- CioHoNOs  1.3895 0.9347 5.10E-09

dioxobutanoic acid

Chlorogenic acid Ci6H 309 1.901 0.9006 8.17E-12 [29]

2,6,6-Trimethyl-1-cyclohexen-1- C1H 30 1.3183 0.9514 2.39E-08

acetaldehyde

Fagopyritol B2 C1gH3,016  1.5542 0.94 1.69E-07

Sucrose CpH0p;  1.0838 0.9662 1.60E-06 [30]

2-Hydroxyacorenone Ci5Hy40, 1.5655 0.9293 1.47E-09

Galactose-beta-1,4-xylose Ci1H00q9  1.8587 0.8991 1.15E-10

1-Hydroxyacorenone Ci5Hx,05 1.3396 0.9459 4.63E—09

2-Methyl-3-(2-pentenyl)-2-cyclopenten- ~ C;;H;cO 1.208 0.9528 2.87E-07

1-one

Semilepidinoside B Cy7HoN,0, 22514 0.8483 3.32E-12

6-Methyl-5-Hepten-2-one CgH,4,0 1.3652 0.9421 2.66E-10 [31]

Quinone CeH40, 1.1495 0.955 1.07E-07 [32]

Stachyose C4H420,,  1.8638 0.8683 2.25E-07 [33]

4-Hydroxycyclohexylcarboxylic acid C;H,,05 1.3247 1.0811 5.67E-10

Cis-4-Hydroxycyclohexylacetic acid CgH;404 1.162 1.0779 4.59E-07

Phenylglucuronide Ci12H 404 1.3073 1.0842 2.92E-08

Propofol glucuronide CsHy604 1.357 1.0885 1.40E-06 [34]

(E)-2-Penten-1-ol CsH;00 1.4134 0.9105 4.47E-11

Valproic acid glucuronide C,4H54,04 1.8595 1.1772 4.44E-13 [35]

Leontogenin C,7H4,05 2.5123 1.3298 1.09E-14

19alpha-19-Hydroxy-3,11-dioxo-12- Cy9H4,05 2.0876 1.1808 5.39E-16

ursen-28-oic acid

4-Hydroxy-6-Methyl-3-(1-oxobutyl)-2H- C;¢H;,04 1.1204 0.9528 1.02E-11

pyran-2-one

2,3-Butanediol glucoside Ci0H500, 1.0482 0.9562 3.11E-09

Raffinose CigH3,016 1.3094 0.9338 7.85E-07 [36]

Fagopyritol B3 CsHypO0,  1.8628 0.8701 4.35E-08

Ribitol CsH;,05 2.0452 1.2416 1.96E-12

Dulcitol CeH 1406 2.106 1.2586 4.17E-13 [37]

Levan CigH3,016 14109 0.9171 2.44E-05 [38]

Cyanin Cy7H30016  1.4894 0.9412 4.68E-08 Flavonoids [39]

Quercetin 3-O-glucoside Cy1H001,  1.2996 0.9576 1.79E-09 [40]

Rutin Cy7H30016  1.3384 0.9504 2.26E-08 [41]

6"-0O-Caffeoylastragalin C30Hy6014  1.4999 0.94 4.41E-12

Kaempferol 3-O-glucosyl-(1->2)- Cy7H300;5  1.1484 0.9676 1.92E-09

rhamnoside

Quercetin Cy5H,004 1.3335 0.9576 8.35E-11 [42]

Kaempferol Cy5H,006 1.1186 0.9744 6.71E-10 [43]

Isoorientin 2"-[p-coumaroyl-(->6)- C36H36015  1.7881 0.8934 1.13E-10

glucoside]

Rhamnazin 3-rutinoside CyoH34,0;6  1.5348 0.9067 3.96E—09 [44]

6"-Caffeoylhyperin C30H60;15  1.0991 0.9553 1.83E-09

Kaempferol 3-(6-acetylgalactoside) Cy3H,,01,  1.0317 0.9661 1.43E-12

6"-Malonylastragalin CyyH,014  1.1576 0.9497 9.01E-12

Quercetin 3-(3-p-coumaroylglucoside) C30H6014  1.0395 0.9647 7.40E-09

4"-Methyl-6"-(3,4-dihydroxy-E- C3;Hy3014  1.0812 0.9565 4.79E-10

cinnamoyl)isoorientin

Sinapyl alcohol C11H 1404 1.6025 1.0851 9.56E—11 Phenols [45]

[7]-Paradol CigHp505 1.5531 1.1254 2.10E-09

(5a,6a,8a,11a)-8-Hydroxy-2-0x0-1(10),3- C,3H»,04 1.3262 0.9371 2.55E-11

guaiadien-12,6-olide-15-al 8-(4-

hydroxyphenylacetate)

Isoeugenol CioH20, 1.0252 1.0668 0.0002909 [46]

Grevilline B CisH,07 1.1996 0.9492 3.07E-12

3,4-Dicaffeoyl-1,5-quinolactone Cy5sH,01;  1.0203 0.9723 6.68E—11 Cinnamic acids

Caftaric acid CisHppOs 19611 0.8462 5.50E-15 and derivatives |3

2-O-Caffeoyltartronic acid C,H;(Og 1.8641 0.8551 2.48E-14

Ferulic acid Cy0H 1004 1.2083 0.9394 2.44E-13 [47]

Cis-Coutaric acid C;3H;,0g4 1.4629 0.908 4.55E-12
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