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Magnesium (Mg) is one of the essential elements for the growth of tea trees. In this study, we investigated changes in metabolites, photosynthetic fluorescence parameters and quality indexes of tea leaves under different concentrations of magnesium treatment, and the results showed that there were no significant differences in the quantity and total content of metabolites in tea leaves under different Mg concentrations. The results of volcano map analysis showed that the content of 235 metabolites in tea leaves showed an increasing trend and the content of 243 metabolites showed a decreasing trend with the increase of Mg concentration. The results of the combined analysis of the OPLS-DA model and bubble map showed that 45 characteristic metabolites were screened at different concentrations of Mg. Among these, the content of 24 characteristic metabolites showed an increasing trend and 21 characteristic metabolites showed a decreasing trend with the increase of Mg concentrations. The results of KEEG pathway enrichment showed that 24 characteristic metabolites with a upward trend were significantly enriched in saccharides metabolism, nucleic acid metabolism and vitamin metabolism, while the 21 characteristic metabolites with a downward trend were enriched in the synthesis of plant secondary metabolites, phenylpropanoid biosynthesis, biosynthesis of terpenoids, synthesis and metabolism of alkaloids, and synthesis and metabolism of amino acids. It can be inferred that Mg regulation was beneficial to enhance the photosynthetic capacity of tea trees, improve the accumulation and metabolism of carbohydrate substances in tea trees, and thus promoted the growth of tea trees, but was not conducive to the synthesis of secondary metabolites and amino acids related to tea quality. The results of photosynthetic fluorescence parameters and quality indexes of the tea tree confirmed the conclusion predicted by metabolomics. This study provided a reference for regulating of the growth and quality of tea trees with Mg fertilizer in tea plantations.
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1 Introduction

Magnesium (Mg), one of the 16 elements required for plant growth, is one of the most abundant macronutrients in plants and one of the most abundant cations in living cells (Javed et al., 2022). Mg acts as a cofactor for a range of enzymes involved in various physiological and biochemical processes such as chlorophyll synthesis, photosynthesis, and nucleic acid metabolism in plants, directly affecting the synthesis of plant proteins, photosynthesis and the development of cellular tissue structure (Kleczkowski and Igamberdiev, 2021). Mg was extremely important for plant growth, and Mg deficiency led to lower plant productivity and yield (Kwon et al., 2019). Mg regulation could effectively improve the absorption of macrotrophic elements by plants, which in turn promoted plant growth and increased plant yield (Kanjana, 2020). Therefore, Mg was extremely important in plant growth, and effective regulation of Mg supply during plant growth was of great significance.

China is the country with the largest tea plantation area and the highest production. Tea industry is an important agricultural industry in China and has an important contribution to the development of Chinese agriculture. Tea trees are mainly harvested from young buds and leaves, so a large amount of fertilizer is used in the cultivation process (Ye et al., 2023). Therefore, many scientists have carried out a large number of studies on the effects of fertilizer on the growth of tea tree, but mainly focused on the effects of N, P and K on tea growth and quality, and achieved important results, while fewer studies have been conducted on the effects of Mg on the growth of tea trees (Lin et al., 2022; Wei et al., 2022; Tang et al., 2023). Mg was reported to be extremely important for plant growth and had a greater effect on soil and nutrient concentrations than nitrogen or calcium fertilizers (Esteves et al., 2022). Increasing Mg supply in crops planted in Mg-deficient areas tended to improve crop quality, particularly when quality formation depended on Mg-driven photosynthesis and assimilated transport within plants, while excessive amounts of Mg did not improve yield and quality (Gerendás and Führs, 2013). For tea trees, Mg is extremely important for their growth, and the most significant change in the element content of tea leaves before and after pruning was Mg (Liu et al., 2022). Secondly, Mg could improve the photosynthetic capacity of tea trees, promote tea tree growth and increase tea yield (Li et al., 2021). It can be seen that Mg played an important role in the growth process of tea tree. However, metabolites were the end products of physiological changes in tea trees after Mg regulation, and few studies have been reported on how changes in metabolites of tea leaves are affected after changes in tea growth under Mg regulation. It is important to reveal the effect of Mg on metabolites of tea tree, for the rational use of Mg fertilizer in the process of tea tree planting, and then regulate the yield and quality of tea trees.

Accordingly, in this study, the tea tree was used as the research object, and the concentration of Mg in the culture solution was adjusted by hydroponics. At the same time, leaves of tea trees treated with different concentrations of Mg were collected, and their metabolites were determined by ultra performance liquid chromatography tandem mass spectrometry (UPLC-ESI-MS/MS), and the metabolic mechanism of tea leaves in response to Mg regulation was analyzed to provide some guidance for the rational use of Mg fertilizer in tea plantations.




2 Materials and methods



2.1 Plant material

In this study, experimental research on Mg regulation was conducted using Wuyi Rougui tea seedlings as material. Specifically, one-year-old tea seedlings (35 cm in height and 0.3 cm in diameter) with uniform growth were selected, washed with water to remove root soil, and pre-cultured in a nutrient solution at pH 4.5 and electrical conductivity (EC) value of 0.55 ms/cm for 45 days to allow tea seedlings to recover and grow normally. During this period, oxygen pumps were used to ventilate the culture solution for 24 hours. The formulation of tea tree hydroponic nutrient solution was configured according to the method of Sun et al. (2020), and the nutrient solution mainly contained 125 μmol/L KNO3, 187.5 μmol/L (NH4)2SO4, 100 μmol/L KH2PO4, 25 μmol/L K2SO4, 100 μmol/L CaCl2, 100 μmol/L MgSO4, 16 μmol/L FeSO4, and 200 μmol/L AlSO4. Then the tea seedlings were taken out and the roots were rinsed with deionized water for 3 times, and the tea seedlings were transferred to the nutrient solution with different Mg concentrations for cultivation, with 3 replicates for each treatment. The pots for cultivating tea seedlings were 28 cm in length, 25 cm in width, 14 cm in height, 8 L of nutrient solution, 20 tea seedlings per pot. The nutrient solution with different Mg concentrations was configured according to the above method, while Mg concentrations in the nutrient solution were adjusted to 0 mmol/L, 0.4 mmol/L and 0.8 mmol/L, and concentrations of other ions were consistent with the above formulation. Tea seedlings were transplanted into nutrient solutions with different Mg concentrations for 21 days, and the nutrient solution was changed every 7 days. Tea seedlings were cultured in a greenhouse with 24 h of being continuously ventilating and 12 h of light (8:00 ~ 20: 00) per day, with a light intensity was 1500 lux, a temperature of 25 °C during the light period and 20 °C for the rest, and a humidity maintained at 75% ± 5%. After 21 days of treatment with different Mg concentrations, one bud and three leaves of tea seedlings were collected and immediately frozen in liquid nitrogen for metabolites and tea quality index determination in tea leaves.




2.2 Determination of photosynthetic fluorescence parameters in tea leaves

The chlorophyll content of tea leaves was determined by chlorophyll analyzer (SPAD-502 PLUS, Japan) with 5 replicates per treatment. The photosynthetic fluorescence parameters of tea leaves were determined by PAM-2500 chlorophyll fluorescence analyzer (WALZ, Germany) with 5 replicates per treatment, and the indexes were maximal fluorescence, maximal fluorescence under light, instantaneous chlorophyll fluorescence, maximum quantum efficiency of PSII, non-photochemical quenching coefficient, and actual photochemical efficiency of PSII. In the process of determination, tea leaves were acclimated to the dark environment for 30 min using a measurement light of less than 0.05 μmol·m-2·s-1 and a saturated pulse light of 8000 μmol·m-2·s-1.




2.3 Determination of tea quality index

The quality indexes of tea leaves were mainly determined by water extract, tea polyphenols, theanine, caffeine, flavone, free amino acid and soluble sugar, with 3 replicates per treatment. Tea polyphenols content was determined by folinol colorimetry according to the National Standard of the People’s Republic of China (GB/T 8313-2018) (General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China, 2018). Theanine content was determined by high performance liquid chromatography (GB/T 23193-2017) (General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China, 2017). Caffeine content was determined by ultraviolet spectrophotometry (GB/T 8312-2013) (General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China, 2013a). The free amino acid content was determined by UV spectrophotometric method, with specific reference to the National Standard of the People’s Republic of China, GB/T 8314-2013 (General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China, 2013b). The contents of water extract, flavonoids and soluble sugars were determined by hot water extraction method, aluminum trichloride colorimetric method and anthrone colorimetric method, respectively, according to Wang et al. (2020).




2.4 Determination of metabolites in tea leaves



2.4.1 Sample preparation and extraction

A vacuum freeze dryer (Scientz-100F) was used to freeze dry the above tea samples. Freeze-dried samples were crushed with zirconia beads at 30 Hz for 1.5 min using a mixer mill (MM 400, Retsch) to form a lyophilized powder. 50 mg lyophilized powder was dissolved with 1.2 mL 70% methanol solution, and vortexed for 30s every 30 min for 6 times, and then the extracts were obtained after centrifugation at 12000 rpm for 3 min. The extracts were filtrated through disposable needle filters (SCAA-104, 0.22 μm pore size; ANPEL, Shanghai, China), and then analyzed by UPLC-MS/MS.




2.4.2 UPLC conditions

The above sample extracts were analyzed by an UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2; MS, Applied Biosystems 4500 QTRAP),. The column of UPLC was an Agilent SB-C18 (1.8 µm, 2.1 mm × 100 mm) and the mobile phase consisted of solvent A (pure water containing 0.1% formic acid) and solvent B (acetonitrile containing 0.1% formic acid). Sample measurements were performed with a gradient program using the starting conditions of 95% A and 5% B. Within 9min, a linear gradient to 5% A, 95% B was programmed, and held for 1 min. Subsequently, it was adjusted to a mixture of 95% A, 5.0% B within 1.1 min and held for 2.9 min. The injection volume of UPLC was 4 μL, the flow velocity was set to 0.35 mL/min, the column temperature was set to 40°C. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS for subsequent determination.




2.4.3 ESI-Q TRAP-MS/MS

Analysis conditions for electrospray ionization (ESI) sources were specified below. The source temperature was 550°C, the ion spray voltage (IS) was 5500 V (Positive ion mode)/-4500 V (Negative ion mode), ion source gas I (GSI), gas II(GSII), curtain gas (CUR) were set to 50, 60, and 25 psi, respectively, and the collision-activated dissociation(CAD) was higher. Instrument commissioning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were used as MRM experiments, and collision gas (Nitrogen) was set as the medium. Declustering potential (DP) and collision energy (CE) of each MRM transition were further optimized. Specific MRM transitions were monitored for each period based on metabolites eluted during this period.





2.5 Statistical analysis

Excel 2017 software was used to perform preliminary data processing and calculate the mean. IBM SPSS Statistics 21.0 software was used for T-text, F-text and correlation analysis. R version 4.2.3 software (main R libraries were gghalves, ggbiplot, ggplot2, ropls, clusterProfiler) was used to make cloud and rain maps, principal component maps, volcanic maps, orthogonal partial least squares discriminant analysis (OPLS-DA, package used for this was ropls and mixOmics), bubble map and KEEG metabolic pathway, Heml 1.0 software was used to make heat maps.





3 Results and discussion



3.1 Metabolomic analysis of tea leaves under Mg regulation

Mg is one of the elements required for plant growth and plays an important regulatory role in the plant growth. Effective regulation of plant growth processes by Mg availability could alter the physiological mechanism of plants, affecting their physiological metabolism, which in turn led to changes in their metabolites (Ahmad et al., 2022; Hamedeh et al., 2022). In this study, ultra performance liquid chromatography tandem mass spectrometry (UPLC-ESI-MS/MS) was used to determine the changes in metabolites in tea leaves under different concentrations of Mg treatment, and the results showed (Figure 1A) that a total of 1240 metabolites were identified in tea leaves under different concentrations of Mg treatment, and secondly, there was no significant difference between the total metabolite contents of tea leaves under different Mg concentrations. The results of the principal component analysis of tea metabolites showed (Figure 1B) that the two principal components could distinguish three samples, in which the contribution rate of principal component 1 and principal component 2 was 26.9% and 19.3%, respectively, and the overall contribution rate was 46.2%. The 1240 tea metabolites were further classified and analyzed, of which the primary classification could be divided into 12 categories and the secondary classification could be divided into 46 categories. The results of the principal component analysis of the primary classification showed (Figure 1C) that the two principal components could distinguish three samples, in which the contribution rate of principal component 1 and principal component 2 was 36.4% and 23.7%, respectively, and the overall contribution rate was 61.1%. Secondly, the analysis showed that the control (M1) was located at the positive end of principal component 2, the Mg concentration of 0.8 mol/L (M3) was located at the negative end of principal component 2, and the Mg concentration of 0.4 mol/L (M2) was in the middle. The results of the principal component analysis of the secondary classification showed (Figure 1D) that the two principal components could distinguish three samples, in which the contribution rate of principal component 1 and principal component 2 was 28.0% and 21.6%, respectively, and the overall contribution rate was 49.6%. Secondly, the analysis found that similar to the PCA results of the primary classification, in the secondary classification, M1 was still located at the positive end of principal component 2, M3 was located at the negative end of principal component 2, and M2 was in the middle. It can be seen that after Mg treatment with different concentrations, although there was no significant difference in the total quantity and content of metabolites in tea leaves, there may be significant differences among different metabolites.




Figure 1 | Metabolomic analysis of tea leaves under different Mg concentrations M1: Control; M2: The Mg concentration is 0.4 mmol/L; M3: The Mg concentration is 0.8 mmol/L; (A) Analysis of total metabolites content in tea leaves; (B) PCA analysis of metabolites in tea leaves; (C) PCA analysis of primary classification of metabolites in tea leaves; (D) PCA analysis of secondary classification of metabolites in tea leaves; (E) Heat map analysis of metabolites content in tea leaves in primary classification; (F) Heat map analysis of metabolites content in tea leaves in secondary classification.



On this basis, this study further analyzed the changes in the classification of primary and secondary metabolites in tea leaves after Mg treatment with different concentrations. The results of the primary classification showed (Figure 1E) that with the increase of Mg concentration, the contents of alkaloids, lignans and coumarins, and phenolic acids showed a decreasing trend, and the contents of flavonoids, lipids, and terpenoids increased first and then decreased, and the contents of amino acids and derivatives, nucleotides and derivatives, organic acids, quinones and tannins decreased first and then increased, while others showed an upward trend. The results of secondary classification showed (Figure 1F) that with the increase of Mg concentration, the contents of alkaloids, coumarins, ditepenoids, phenolamine, phenolic acids and stilbene showed a decreasing trend, and the contents of benzylphenylethylamine alkaloids, chalcones, flavanols, flavanones, flavols, flavonols, free fatty acids, lactones, lignans, LPE, sesquiterpenoids, sphingolipids, tannin, triterpene and xanthone increased first and then decreased, and the contents of amino acids and derivatives, anthraquinone, dihydroisoflavones, glycerol ester, isoquinoline alkaloids, monoterpenoids, nucleotides and derivatives, organic acids, other flavonoids, plumerane, proanthocyanidins, pyridine alkaloids, pyrrole alkaloids and quinoline alkaloids decreased first and then increased, while the contents of aldehyde compounds, anthocyanidins, chromone, flavanonols, ketone compounds, LPC, PC, phenanthraquinones, saccharides and vitamin showed an increasing trend. It can be seen that there might be significant differences in the content of different metabolites in tea leaves after Mg treatment with different concentrations.




3.2 Comparative analysis of metabolites in tea leaves under magnesium regulation

In this study, we analyzed the changes in metabolite content in tea leaves under different concentrations of Mg treatment, and the results showed (Figure 2A) that after 0.4 mmol/L Mg treatment (M2), the contents of 654 metabolites were up-regulated and 586 metabolites were down-regulated compared to the control (M1); after 0.8 mmol/L Mg treatment (M3), the contents of 662 metabolites were up-regulated and 578 metabolites were down-regulated compared to M2. Further analysis revealed that a total of 235 metabolites showed an upward trend and 243 metabolites showed a downward trend with the increase of Mg concentration (M1-M3). The 235 metabolites with an increasing trend could be divided into 12 categories by the primary classification, while 243 metabolites with a decreasing trend could be divided into 11 categories by the primary classification, and the category with the main difference was quinones (Figures 2B, D). The results of the secondary classification (Figures 2C, E) showed that 235 metabolites with an upward trend could be classified into 34 categories, while 243 metabolites with a downward trend could be classified into 29 categories, and the main differences were anthocyanidins, LPE, PC, phenanthraquinones, quinoline, alkaloids, proanthocyanidins, ditepenoids, stilbene. It can be seen that the contents of different metabolites in tea leaves changed significantly after Mg treatment with different concentrations.




Figure 2 | Comparative analysis of metabolites in tea leaves under different Mg concentrations M1: Control; M2: The Mg concentration is 0.4 mmol/L; M3: The Mg concentration is 0.8 mmol/L; (A) Volcanic map analysis of metabolites in tea leaves under different Mg concentrations; (B) Heat map of primary classification of metabolites with increased content under different Mg concentrations; (C) Heat map of secondary classification of metabolites with increased content under with different Mg concentrations; (D) Heat map of primary classification of metabolites with decreased content under different Mg concentrations; (E) Heat map of secondary classification of metabolites with decreased content under different Mg concentrations.






3.3 Screening of key metabolites in tea leaves under magnesium regulation

OPLS-DA can be used to model the correlation between metabolite content and sample class, and to screen markers that characterize sample differences by the variable importance projection value (VIP value) (Li et al., 2023). Meanwhile, to check the reliability of the OPLS-DA model, a permutation test is usually used to validate the model and thus assess its accuracy (Rivera-Pérez et al., 2022). Accordingly, on the basis of the above analysis, this study found that a total of 478 metabolites showed significant changes in content after treatment with different Mg concentrations, of which 235 metabolites showed an increasing trend and 243 metabolites showed a decreasing trend with the increase of Mg concentration (M1~M3). In order to screen and obtain the key compounds with major changes after Mg treatment with different concentrations, the OPLS-DA model was used for analysis in this study, and the results showed (Figures 3A, D) that the OPLS-DA model for M1 and M2 all had a R2Y value of 0.999 (p < 0.005) for goodness of fit and a predictive Q2 value of 0.752 (p < 0.005), while the OPLS-DA model for M2 and M3 had a goodness-of-fit R2Y value of 0.999 (p < 0.005) and a predictive Q2 value of 0.967 (p < 0.005). It can be seen that the R2Y and Q2 values of the two models reached significant levels, and the model fit was good and credible for further analysis.




Figure 3 | OPLS-DA model screening of key metabolites in tea leaves treated with different Mg concentrations M1: Control; M2: The Mg concentration is 0.4 mmol/L; M3: The Mg concentration is 0.8 mmol/L; (A) The OPLS-DA model for the fitting degree test of M2 and M1; (B) The OPLS-DA model for analysis of metabolites of M2 and M1; (C) The OPLS-DA loading diagram for metabolites of M2 and M1; (D) The OPLS-DA model for the fitting degree test of M3 and M2; (E) The OPLS-DA model for analysis of metabolites of M3 and M2; (F) The OPLS-DA loading diagram for metabolites of M3 and M2.



The results of the OPLS-DA scoring chart showed (Figures 3B, E) that the OPLS-DA model could effectively distinguish M1, M2 and M3 two by two in different regions. There were significant differences in metabolites between M1, M2 and M3. The results of S-plot analysis showed (Figures 3C, F) that 202 key metabolisms (VIP >1) could distinguish M1 and M2, and 246 key metabolisms (VIP >1) could distinguish M2 and M3. Further analysis revealed that 154 key metabolites (VIP >1) could distinguish M1, M2 and M3; 75 metabolites showed an increasing trend in content with an increase of Mg concentration (M1-M3), and the top 4 categories with the highest amount were saccharides (37.33%), nucleotides and derivatives (12.00%), organic acids (9.33%), and amino acids and derivatives (6.67%) (Figure 4A); whereas 79 of 154 key metabolites showed a decreasing trend in content, and the top 4 categories with the highest number were phenolic acids (26.58%), free fatty acids (11.39%), alkaloids (10.13%), and organic acids (10.13%) (Figure 4B). Mg is an important component of plant chlorophyll and pigment, which can promote plant photosynthesis and improve the synthesis of carbohydrate and amino acids (Huang et al., 2021; Uçgun et al., 2022). At the same time, Mg is beneficial to promote plant metabolism, improve plant cell division ability and promote plant growth (Pacheco et al., 2020). Under Mg stress, plants had the ability to reduce primary metabolic capacity and enhance secondary metabolic capacity to resist the external environment, which in turn promoted the secretion of secondary metabolites and increased the content of secondary metabolites, especially phenols and alkaloids (Ahmad et al., 2022). Secondly, Mg deficiency also induced the increase in the content of fatty acids and some organic acids in plants (Anand et al., 2019). It can be seen that under Mg regulation, with the increase of Mg concentration, the photosynthesis capacity of tea tree was enhanced, the primary metabolic capacity of tea trees was improved, and the content of saccharides and organic acids in tea leaves were increased, and the metabolic capacity of nucleic acid of tea tree was increased, which in turn promoted the growth of tea trees. Secondly, when the Mg ion supply was sufficient, the tea tree would reduce secondary metabolic capacity and decrease the synthesis of secondary metabolites, especially phenolic acids and alkaloids, in the normal growth environment.




Figure 4 | Content analysis of key metabolites screened by the OPLS-DA model M1: Control; M2: The Mg concentration is 0.4 mmol/L; M3: The Mg concentration is 0.8 mmol/L; (A) Heat map analysis of key metabolites with increased content under different Mg concentrations; (B) Heat map analysis of key metabolites with decreased content under different Mg concentrations.






3.4 Screening of characteristic metabolites from key metabolites in tea leaves under magnesium regulation

Based on the above analysis, this study further analyzed the contents of 154 key metabolites that differentiated different Mg treatments. Bubble feature map analysis was performed with 154 key metabolites. The results showed (Figure 5) that the content of 45 characteristic metabolites accounted for more than 90% of the content of 154 key metabolites, of which 24 characteristic metabolites showed an increasing trend with the increase of Mg concentration (Figure 5A), while 21 showed a decreasing trend (Figure 5B). Secondly, the analysis found that the 24 characteristic metabolites with an increasing trend were mainly organic acids, vitamin, ketone compounds, saccharides, lipids, nucleotides and derivatives, phenolic acids, amino acids and derivatives, of which saccharides content accounted for more than 50% (Figure 5C); whereas the 21 characteristic metabolites with a decreasing trend were mainly organic acids, lipids, coumarins, alkaloids, triterpene, phenolic acids, amino acids and derivatives, of which alkaloids content reached more than 42% (Figure 5D). Further analysis revealed that the key changes in metabolites in tea leaves regulated by Mg were an increase in the content of vitamin, ketone compounds, saccharides, nucleotides and derivatives, while the content of coumarins, alkaloids and triterpene decreased.




Figure 5 | Characteristic metabolites screening from key metabolites M1: Control; M2: The Mg concentration is 0.4 mmol/L; M3: The Mg concentration is 0.8 mmol/L; (A) Bubble characteristics of key metabolites with increased content under different Mg concentrations; (B) Bubble characteristics of key metabolites with decreased content under different Mg concentrations; (C) Heat map analysis of characteristic metabolites with increased content under different Mg concentrations; (D) Heat map analysis of characteristic metabolites with decreased content under different Mg concentrations; (E) KEEG pathway analysis of 24 characteristic metabolites with increased content; (F) KEEG pathway analysis of 21 characteristic metabolites with decreased content.



Saccharides have been reported to be the main product of photosynthesis in plants, and an increase in saccharides content was beneficial to the enhancement of plant metabolism, which in turn increased plant growth rate, while nucleotides and derivatives could promote plant cell division and reproduction (Pacheco et al., 2020; Uçgun et al., 2022). Vitamins help protect plants from the harmful side effects of photosynthesis (Šola et al., 2021). In this study, KEEG pathway enrichment was performed on 24 characteristic metabolites whose content increased in tea leaves with increased Mg concentrations. The results showed (Figure 5E) that 24 characteristic metabolites were enriched into 29 metabolic pathways, of which 10 metabolic pathways were enriched to a significant level (p < 0.05). Further analysis showed that of the 10 metabolic pathways that were significantly enriched, 5 were related to saccharides metabolism, 1 was related to nucleic acid metabolism, and 1 was related to vitamin metabolism. It can be seen that Mg regulation was conducive to enhancing the photosynthetic capacity of tea trees, improving the accumulation and metabolism of carbohydrate substances in tea trees, and thus promoting the growth of tea trees.

Both yield and quality are very important for tea. Photosynthesis is beneficial to increase tea yield, but tea quality formation is closely related to the content of secondary metabolites and amino acid in tea leaves. Coumarins, alkaloids and triterpene were all secondary metabolites of plants. Secondly, coumarins, alkaloids and amino acids were important in tea taste formation, while triterpene was important for tea aroma formation (Zhao et al., 2020; Zhou et al., 2022). Livigni et al. (2019) also found that Mg promoted plant growth, but excessive Mg was detrimental to the synthesis of alkaloids, terpenoids and secondary phenylene metabolites. Liu et al. (2022) also found that secondary metabolites in tea trees increased when Mg content was low in the external environment. In this study, KEEG pathway enrichment was further performed on 21 characteristic metabolites whose content decreased in tea leaves with increased Mg concentrations, and the results showed (Figure 5F) that 21 characteristic metabolites were enriched into 28 metabolic pathways, and 11 metabolic pathways reached a significant level (p < 0.05). Further analysis showed that the 10metabolic pathways that were significantly enriched were mainly the synthesis of plant secondary metabolites, phenylpropanoid biosynthesis, biosynthesis of terpenoids, alkaloid synthesis and metabolism, and amino acid synthesis and metabolism. It can be seen that magnesium regulation was not conducive to the synthesis of secondary metabolites and amino acids in tea leaves, and was not conducive to the improvement of tea quality.




3.5 Growth and quality index analysis of tea tree

The above metabolome study hypothesized that Mg regulation was beneficial to enhance photosynthetic capacity and improve accumulation and metabolism of carbohydrate substances in tea trees, which in turn promoted tea tree growth, but was detrimental to the synthesis of secondary metabolites related to tea quality. Previously, some scholars have also reported that magnesium regulation can improve the photosynthesis capacity of tea trees, thus increasing the biomass of tea trees, but it will have a certain impact on the synthesis of tea tree quality indexes (He et al., 2023; Zhang et al., 2023; Zhang et al., 2023). Accordingly, this study further determined the photosynthetic fluorescence parameters of tea leaves under different magnesium concentrations treatment, and the results showed (Figure 6A) that with the increase of treatment magnesium concentration, chlorophyll content, maximal fluorescence, maximal fluorescence under light, instantaneous chlorophyll fluorescence, maximum quantum efficiency of PSII, non-photochemical quenching coefficient and actual photochemical efficiency of PSII in tea leaves showed a significant upward trend. The results of the quality index analysis showed (Figure 6B) that the content of water extract, tea polyphenol, caffeine, flavone and free amino acid in tea leaves decreased significantly with the increase of Mg concentration, while the content of theanine and soluble sugar showed a significant upward trend. It can be seen that Mg regulation was beneficial to improve the photosynthetic capacity of tea trees, and then improved the accumulation and metabolic capacity of photosynthetic carbohydrate products. This result confirmed the conclusion predicted by metabolomics. Tea polyphenol, caffeine and flavone all belong to secondary metabolites of tea tree, and this study found that the content of these indexes decreased significantly with the increase of Mg concentration, and the content of water extract and free amino acid also decreased significantly. It can be seen that Mg regulation was indeed detrimental to the improvement of most tea quality indexes. These results validated metabolomic predictions that Mg regulation was detrimental to the synthesis of secondary metabolites and amino acids related to tea quality.




Figure 6 | Effects of different Mg concentrations on growth and quality indexes of tea tree M1: Control; M2: The Mg concentration is 0.4 mmol/L; M3: The Mg concentration is 0.8 mmol/L; (A) Analysis of photosynthetic fluorescence parameters of tea tree under Mg regulation; (B) Analysis of tea quality index under Mg regulation.







4 Conclusion

In this study, we analyzed the effect of magnesium regulation on metabolites of tea leaves and tea tree growth and quality. The results showed (Figure 7) that magnesium regulation was beneficial to enhance the photosynthetic capacity of tea trees, improve the accumulation and metabolism of carbohydrate substances in tea trees, and thus promote the growth of tea trees, but was not conducive to the synthesis of secondary metabolites and amino acids related to tea quality. The analysis results of photosynthetic fluorescence parameters and quality indexes of tea leaves showed that with the increase of magnesium treatment concentration, photosynthetic fluorescence parameters of tea leaves showed an increasing trend, and the contents of theanine and soluble sugar also showed an increasing trend, while the contents of tea polyphenols, caffeine, flavone, water extract and free amino acid showed a decreasing trend. This result validated the metabolomics predictions. This study provided some reference for regulating the growth and quality of tea trees with magnesium fertilizer in tea plantations.




Figure 7 | Mechanism of changes in metabolites of tea leaves under Mg regulation.







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 author/s.





Author contributions

YZ and QZ: Conceptualization, Visualization, Methodology, Writing – original draft, Formal analysis, Writing – review & editing, Funding acquisition. YW and SL: Formal analysis, Writing – review & editing. MC and PC: Methodology, Investigation, Writing – original draft. MD and XJ: Methodology, Investigation. HW and JY: Conceptualization, Visualization, Methodology, Writing – original draft, Formal analysis, Writing – review & editing, Funding acquisition. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by China Postdoctoral Science Foundation (2016M600493), National 948 project (2014-Z36), Natural Science Foundation of Fujian Province (2020J01369, 2020J01408, 2022J01139), Fujian Outstanding Research Talent Cultivation Project, National Program for Innovation and Entrepreneurship Training of Students (202111312023X, 202211312002), Nanping City Science and Technology Plan Project (NP2021KTS06), Faculty and students co-creation team of Wuyi University (2021-SSTD-01, 2021-SSTD-05), Youth Top Talent Training Program of Longyan University (2019ZJ19), Science and Technology Innovation Specialty of Fujian Agriculture and Forestry University (KFb22046XA), Ecology first-class discipline construction Project of Fujian Agriculture and Forestry University.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1192151/full#supplementary-material




References

 Ahmad, M. A., Deng, X., Adeel, M., Rizwan, M., Shakoor, N., Yang, Y., et al. (2022). Influence of calcium and magnesium elimination on plant biomass and secondary metabolites of Stevia rebaudiana Bertoni. Biotechnol. Appl. Bioc 69 (5), 2008–2016. doi: 10.1002/bab.2263

 Anand, V., Kashyap, M., Samadhiya, K., Ghosh, A., and KIran, B. (2019). Salinity driven stress to enhance lipid production in Scenedesmus vacuolatus: a biodiesel trigger? Biomass Bioenerg 127, 105252. doi: 10.1016/j.biombioe.2019.05.021

 Esteves, E., Kadyampakeni, D. M., Zambon, F., Ferrarezi, R. S., and Maltais-Landry, G. (2022). Magnesium fertilization has a greater impact on soil and leaf nutrient concentrations than nitrogen or calcium fertilization in Florida orange production. Nutr. Cycl Agroecosys 122 (1), 73–87. doi: 10.1007/s10705-021-10182-1

 General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China (2013a). “GBT8312-2013 Tea-Determination of caffeine content,” in Method using high-performance liquid chromatography (Beijing: China Standards Press), 1–5.

 General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China (2013b). GBT8314-2013 Tea-Determination of free amino acids content (Beijing: China Standards Press), 1–5.

 General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China (2017). GBT23193-2017 Determination of theanine in tea-Usiing high performance liquid chromatography (Beijing: China Standards Press), 1–8.

 General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China (2018). GB/T 8313-2018 Determination of tatal polyphenols and catechins content in tea (Beijing: China Standards Press), 1–8.

 Gerendás, J., and Führs, H. (2013). The significance of magnesium for crop quality. Plant Soil 368, 101–128. doi: 10.1007/s11104-012-1555-2

 Hamedeh, H., Antoni, S., Cocciaglia, L., and Ciccolini, V. (2022). Molecular and physiological effects of magnesium–polyphenolic compound as biostimulant in drought stress mitigation in tomato. Plants. 11 (5), 586. doi: 10.3390/plants11050586

 He, D., Chen, X., Zhang, Y., Huang, Z., Yin, J., Weng, X., et al. (2023). Magnesium is a nutritional tool for the yield and quality of oolong tea (Camellia sinensis L.) and reduces reactive nitrogen loss. Sci. Hortic. 308, 111590. doi: 10.1016/j.scienta.2022.111590

 Huang, Z. R., Zhang, H., Ye, X., Lai, N. W., Yang, L. T., Guo, J. X., et al. (2021). UHPLC-Q-TOF/MS-based metabolomics reveals altered metabolic profiles in magnesium deficient leaves of Citrus sinensis. Sci. Hortic. 278, 109870. doi: 10.1016/j.scienta.2020.109870

 Javed, A., Ali, E., Afzal, K. B., Osman, A., and Riaz, S. (2022). Soil fertility: factors affecting soil fertility, and biodiversity responsible for soil fertility. Int. J. Plant Anim. Environ. Sci. 12 (1), 21–33. doi: 10.26502/ijpaes.202129

 Kanjana, D. (2020). Foliar application of magnesium oxide nanoparticles on nutrient element concentrations, growth, physiological, and yield parameters of cotton. J. Plant Nutr. 43 (20), 3035–3049. doi: 10.1080/01904167.2020.1799001

 Kleczkowski, L. A., and Igamberdiev, A. U. (2021). Magnesium signaling in plants. Int. J. Mol. Sci. 22 (3), 1159. doi: 10.3390/ijms22031159

 Kwon, M. C., Kim, Y. X., Lee, S., Jung, E. S., Singh, D., Sung, J., et al. (2019). Comparative metabolomics unravel the effect of magnesium oversupply on tomato fruit quality and associated plant metabolism. Metabolites. 9 (10), 231. doi: 10.3390/metabo9100231

 Li, J., Li, Q. H., Zhang, X. Y., Zhang, L. Y., Zhao, P. L., Wen, T., et al. (2021). Exploring the effects of magnesium deficiency on the quality constituents of hydroponic-cultivated tea (Camellia sinensis L.) Leaves. J. Agr Food Chem. 69 (47), 14278–14286. doi: 10.1021/acs.jafc.1c05141

 Li, Z., Sun, X., Xu, T., Dai, W., Yan, Q., Li, P., et al. (2023). Insight into the dynamic variation and retention of major aroma volatile compounds during the milling of Suxiang japonica rice. Food Chem. 405, 134468. doi: 10.1016/j.foodchem.2022.134468

 Lin, S. X., Liu, Z. J., Wang, Y. C., Li, J. Y., Wang, G. G., Ye, J. H., et al. (2022). Soil metagenomic analysis on changes of functional genes and microorganisms involved. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.998178

 Liu, Y., Tian, J., Liu, B., Zhuo, Z., Shi, C., Xu, R., et al. (2022). Effects of pruning on mineral nutrients and untargeted metabolites in fresh leaves of Camellia sinensis cv. Shuixian. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1016511

 Livigni, S., Lucini, L., Sega, D., Navacchi, O., Pandolfini, T., Zamboni, A., et al. (2019). The different tolerance to magnesium deficiency of two grapevine rootstocks relies on the ability to cope with oxidative stress. BMC Plant Biol. 19 (1), 1–17. doi: 10.1186/s12870-019-1726-x

 Pacheco, P. A. F., Diogo, R. T., Magalhães, B. Q., and Faria, R. X. (2020). Plant natural products as source of new P2 receptors ligands. Fitoterapia. 146, 104709. doi: 10.1016/j.fitote.2020.104709

 Rivera-Pérez, A., Romero-González, R., and Frenich, A. G. (2022). Fingerprinting based on gas chromatography-orbitrap high-resolution mass spectrometry and chemometrics to reveal geographical origin, processing, and volatile markers for thyme authentication. Food Chem. 393, 133377. doi: 10.1016/j.foodchem.2022.133377

 Šola, I., Stić, P., and Rusak, G. (2021). Effect of flooding and drought on the content of phenolics, sugars, photosynthetic pigments and vitamin C and antioxidant potential of young Chinese cabbage. Eur. Food Res. Technol. 247 (8), 1913–1920. doi: 10.1007/s00217-021-03759-1

 Sun, L., Zhang, M., Liu, X., Mao, Q., Shi, C., Kochian, L. V., et al. (2020). Aluminium is essential for root growth and development of tea plants (Camellia sinensis). J. Integr. Plant Biol. 62 (7), 984–997. doi: 10.1111/jipb.12942

 Tang, S., Zhou, J., Pan, W., Sun, T., Liu, M., Tang, R., et al. (2023). Effects of combined application of nitrogen, phosphorus, and potassium fertilizers on tea (Camellia sinensis) growth and fungal community. Appl. Soil Ecol. 181, 104661. doi: 10.1016/j.apsoil.2022.104661

 Uçgun, K., Türkeli, B., Cansu, M., and Altındal, M. (2022). Effect of N fertilizing on gas exchange, leaf photosynthetic performance and nutrient concentrations of Sweet Cherry cv. 0900 ziraat. Soil Stud. 11 (2), 78–84. doi: 10.21657/soilst.1218439

 Wang, H. B., Lin, L. W., and Wang, Y. H. (2020). Technical specification for tea production, processing and safety inspection (Xiamen, China: Xiamen University Press).

 Wei, K., Liu, M., Shi, Y., Zhang, H., Ruan, J., Zhang, Q., et al. (2022). Metabolomics reveal that the high application of phosphorus and potassium in tea plantation inhibited amino-acid accumulation but promoted metabolism of flavonoid. Agronomy. 12 (5), 1086. doi: 10.3390/agronomy12051086

 Ye, J., Wang, Y., Kang, J., Chen, Y., Hong, L., Li, M., et al. (2023). Effects of long-term use of organic fertilizer with different dosages on soil improvement, nitrogen transformation, tea yield and quality in qcidified tea plantations. Plants. 12 (1), 122. doi: 10.3390/plants12010122

 Zhang, Q., Shi, Y., Hu, H., Shi, Y., Tang, D., Ruan, J., et al. (2023). Magnesium promotes tea plant growth via enhanced glutamine synthetase-mediated nitrogen assimilation. Plant Physiol. 192 (2), 1321–1337. doi: 10.1093/plphys/kiad143

 Zhang, Y., Zhang, Q., Wang, Y., Lin, S., Chen, M., Cheng, P., et al. (2023). Effects of magnesium on transcriptome and physicochemical index of tea leaves. Plants. 12 (9), 1810. doi: 10.3390/plants12091810

 Zhao, J., Li, P., Xia, T., and Wan, X. (2020). Exploring plant metabolic genomics: chemical diversity, metabolic complexity in the biosynthesis and transport of specialized metabolites with the tea plant as a model. Crit. Rev. Biotechnol. 40 (5), 667–688. doi: 10.1080/07388551.2020.1752617

 Zhou, J., Fang, T., Li, W., Jiang, Z., Zhou, T., Zhang, L., et al. (2022). Widely targeted metabolomics using UPLC-QTRAP-MS/MS reveals chemical changes during the processing of black tea from the cultivar Camellia sinensis (L.) O. Kuntze cv. Huangjinya. Food Res. Int. 162, 112169. doi: 10.1016/j.foodres.2022.112169




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 © 2023 Zhang, Zhang, Wang, Lin, Chen, Cheng, Du, Jia, Ye and Wang. 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-14-1192151-g003.jpg
A
Perm Q°
Perm R?Y
100
2 Q=0.752
=1 p<0.005(0/200)
3
g
= 50 < 80700
R¥X=0.561
. i 1 1 i I
0.2 0.4 0.6 0.8 1.0
Permutations
B Scores OPLS-DA Plot
~M2 - Ml -
M2-2
§
S 10
z -
2
=
'é‘ .
s 3
5
£
£ -10
o
-10 -5 0 5 10

p(corn)[1]

T score[1] (33.1%)

OPLS-DA S-Plot

100 { M Perm Q*

~
W

W Perm REY

=967
p<0.008{07200)

m

>
Q
=
3 50
g
= &0 (0?29(?0)
25 R*X=0.71
0 I
-04 -02 00 02 04 06 08 1.0
Permutations
Scores OPLS-DA Plot
= 151 5= ‘ M3 . M2
x
=
= 10
2
=
g .
R =
5 ¢
= |
-10 -5 0 5 10
T score[1] (23.1%)
F
'OPLS-DA S-Plot
Lo E
0.5
E 0.0
o
k-1
-0.5
10| ¥

-10 20






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Study on the effect of magnesium on leaf metabolites, growth and quality of tea tree

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant material

          



          		

            2.2 Determination of photosynthetic fluorescence parameters in tea leaves

          



          		

            2.3 Determination of tea quality index

          



          		

            2.4 Determination of metabolites in tea leaves

          

            		

              2.4.1 Sample preparation and extraction

            



            		

              2.4.2 UPLC conditions

            



            		

              2.4.3 ESI-Q TRAP-MS/MS

            



          



          



          		

            2.5 Statistical analysis

          



        



        



        		

          3 Results and discussion

        

          		

            3.1 Metabolomic analysis of tea leaves under Mg regulation

          



          		

            3.2 Comparative analysis of metabolites in tea leaves under magnesium regulation

          



          		

            3.3 Screening of key metabolites in tea leaves under magnesium regulation

          



          		

            3.4 Screening of characteristic metabolites from key metabolites in tea leaves under magnesium regulation

          



          		

            3.5 Growth and quality index analysis of tea tree

          



        



        



        		

          4 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1192151-g005.jpg
Relative abundance

Reltive sbundance

D

MI M2 M3

M1

Quiic Acid. > Orgaic cis > Orgaic acids
[Ncounse D-nborucleoide 3 viamin
3 oy -4-deny 2 -dmetboyphenmetanne T Ketone compounds Starchand scrose metabolisn | o
- Sedaepiuose -proshaic .
D-Xslon acid Penose phosphte pahvay
Nelibioe 10
D Galacose: Metabolcptvays 15
iosiol
e Inositl hospate metabolsm
D Glocose s Giycolysis Gl
D s Socarides yeolysis/ Gluconcogenesis 00020
Giuconic wid
e Giyeerolipd metabolisn -
G-t Glactoe metabolisn

Soccar s i
D-Guactrcsid Biosyihesis of useotde sugars
D-Giucoe &-phophate I
-Phogio-D ghcens acid Ascrbae and ldarte mtabolsm
LysofC 153 (2 soner) ire
LysobC 182 Fuoas Amino sgarand nuceoride sgar mtabolism
Cholne Alfscete 3
4-(3.4,5~ Inhydroxy benzoyJbenzoic acid 7 Phenolic acids 3 Phenolie acids 0900050095 10010 0001509020,
2-Deyimoske-S -monophosphote 3 Nueleotdes an dervatves 3 Nockoudesand dervatives

metylysine 3 Amimeids and denotvs 3 A cisad ervaties

J4 8 Ditydroxyquinoline:2-cxhosy e acid . cids

A cid & Jommiosits T Orean a5k tquinane and the erpenoid-uinone biosyntesis| .

Eicosenie wcid > Lips 5 Free taty scids |

v N “Thimine metabolism .

Lignansand Coumarins T Counarins

i 7-0-gucosde T |

st 7-0-3 Pyl s @

Specmine Phenylalanine, tyrosine and ptophen biosyntesis | @

N benzyformamide
NN Dimcty formamide

M1 M2 M3

[
s o o

— 7 e i
50 shopmnon el aid s

Sty e e . ;

sl st } Phenlic s } [ e e——— &
el Ly T — F————
|N—(2-Hydraxy—4-methoxyphenyl ) acctamde I Alkaloids 2 Phenolamine: - *
[ e s

Lt } SR—— } R— A B 5
e 1

001 002 003 004 005
plalhe





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1192151-g001.jpg
Relative abundance

PC2(19.3%)

PC2(237%)

PCI (364% )

005 00 05 10
PC1 26.9%)

s

PC2 @1.6%)

PCIQ8.0%)

M2 M3

Rr—
2 Al

3 Amino id snddeives
4 Anbocymids

5 Antigiaone.

[ R—
7 Chless

¥ Chromons

9 Counario

10 Diydosotnes

11 Dot

12 Finanas

13 anonss

14 Faonols

15 Fanes

16 Faons

17 Fre ey acids

18 Gyl s

19 oguinains s

20 Keme oo

2 Laces

2 Ligns

B

B
25 Monotrpeoids

26 Ncloides nd desvaives
27 Orgic ids

25 OberFlaonsits
200t

sorc

31 Pensntaguinons
52 Pheolanio:

33 Phsolc ids

34 P

55 Pranlmcidios
36 Pdiealaoids
57 Pyl atislids

35 Quaolne i
fp—r,

10 Soqiepeoids

41 Sphngolpits

42 Sibare

5 Tumn

4 Tetepens

45 Vimin

46 Xmtons






OEBPS/Images/fpls-14-1192151-g004.jpg
e
LA i 0 ghone

e i
e

A —
e

T
HET s A —

S,
L,
e
i

e
R S nisonen

e e
0 i ..d
A Bikosamine-1-hospte

Lty

B orunic acid

oo

[ E—
D g

-

-

|

= 4 pher
i 7_ i

Bt S
A smadinde

MIM2M3.

Amino acids and devaives

} oot

> Alkaoids
 Prenolicacds

Nucleotiesand deratives

[r—

Fums

T Akaloids

oters

> Alksloids

Organic wids

e

w

g

vy

Amingscids and derivatives

Fimanones

Havanonls
Phessamine

Prenolc st

Nuckotdesand dervstivs

Flavoes 05

Fiaanols
Fvonols
e

e
e
Alkaloids

Socsharides

05

Ketone compounts
Viamin

Counaris
Plamecane

Orgae aids

D qmne2-catoy e st
b \#"T’%»J:..v-w - Osadecnvic Acid
-

T
A Ay
S R

Iu e e )
TS 12 et s
‘f—.’ﬂr%‘%umm

i o

e e emaise
ARt

N i Bl
i

ichamiamine

i

Bd HOR

et

iy

EETRL L —
ooy S0l
Il .
SRR PRGN ¢ 0-t-ectigun
e e o
R
el

| e aaine
AR e sia

b

mmwmuun.«mmm oy 2ty

> Ot

L

Lipes

3 Ligrns and Coumaras
3 oven

Tepenits

i ignans and Coumarins
=

Lignars and Counarins

Floonats

FRTT——

——

T s

> Terpenoids
3 Flovonis

3 o
3 s

Amino sids ad derivatives

> Sebene

r—

ey acids

3 Cournins

Attt

Tierpee
> owers
Ligans

e
} faenes
> Nalses  devaes

-

T—

cpenids
ety

3 R
5 Neneiperods

i s st






OEBPS/Images/fpls-14-1192151-g007.jpg
| /
/
_ Quality indey’
__content

— o

N e ™

/ (}ﬁ(;ﬁl&% R— (, — COOI\-;) \\\
-- : “!-" mu:lu dud \
P
DecréLse\d,content

Secondary metabolite synthesis

Phenylpropanoid biosynthesis

’Terpenmdq biosynthesis
‘5ynthesns and metabolism of alkaloids

. \Synthtsls and metabolism of amino acld;

=3 Green arrows indicate increases —~~3Red arrows indicate decreases






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





OEBPS/Images/fpls.2023.1192151_cover.jpg
& frontiers | Frontiers in Plant science

Study on the effect of magnesium on leaf
metabolites, growth and quality of tea tree





OEBPS/Images/fpls-14-1192151-g006.jpg
<

M3

Ml

M3

Ml

M3

M2

M1

T
'
'
_ : : allg:
'
ks '
gl a '
i 2 E {IF 2
V! ' v
b PR
z - ' <
H | =
£} E 2 ; MP_ _v 3
a g i@ 2 ! & ¥ G S
- 5 - Ll ! - - - -
s 3 & 3 '
ausssatony [1<ydosolys snosueumisu] ! (@yAw) o)
'
'
al =
_ 2 1 g | z
B '
3 ' =
= " . ks 3
=l s £ I 2 B} s g {}
b ) ' 14 S
b ¥ ] 5
: s |k s 5 [E
- = |< ' 2 =
< ' 12 <
= = = P g 8 2 4 g & £ E) ;) 2 & 8 2
g 2 3 3 2 888 8 5 85 & < 2 8 8§ B
W] 9pun 20udds21ONY [PUIXERY w9 Eorwpolond ey | (@A) supueay (3y/8w) edns 2yqnjos
'
'
« 1
B : |1 : e _
'
L '
= =) !
= eF S TrE I
o v ' 5 v
i ) \ a s
- |E - ¢
m T i1 = i
< < ) 12 =
'
< “ 2 4 A 8 = E ! 3 E) 3 o3 £ Y B = =
sousdsasony [ewXely 219135203 Surgouanb earwatoloyd-uoN | (3y/8w) joudydAjod vay, (3/3w) proe ounwe 914
'
'
« @l o
= M" =
_ E
L I =— i | =
2 I} =1 5] o
£ E = =) E z v
Y = i Y. B
& o i b g
= o =) o
: Iek IE s [HIF
z " 2 s 12
B A S g 8 8 2 ' g8 ® 72 8
¢ ¢ = S S £ g ! . = g g ¢
(Avds) 1iydosoryy 11Sd Jo Aduaoyyo wnuenb wnwixepy ! om (By/Bur) 100X I918AN (B/8w) auoaeyy






OEBPS/Images/fpls-14-1192151-g002.jpg
-Loguo (P-value)

-Loguo (P-value)

M2 vs M1

< up-regulaied
« down-regulated,

-2 0 2
Log: fold change
< up-regulated
« down-regulated

M3 vs M2

=50 =25 0.0
Log: fold change

25

Aldehyde compounds
alojgs






