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Abstract

:

Cultivation altitude is a comprehensive environmental factor that significantly affects tea quality. To gain a deeper understanding of the effect of cultivation altitude on tea metabolites, a widely targeted metabolomic method based on ultra-performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) was used to analyze tea samples derived from three altitudes (86 m, 256 m, and 880 m) of two cultivars, ‘Mingke 1’ (MK) and ‘Fuyun 6’ (FY). The results showed that distinct groups of tea samples from different altitudes and cultivars were observed based on PCA. A total of 64 and 56 altitude-related differential metabolites were identified in MK and FY, respectively. Among them, 16 compounds were consistent in both cultivars and were clustered in the metabolic pathways for flavonoid (11 compounds), amino acid (3), and fatty acid (2). The content of all flavonoids and one amino acid (L-aspartic acid) gradually decreased with increasing altitude; on the contrary, the others showed an opposite trend. Furthermore, we identified 57 differential metabolites between two cultivars. Two specific compounds (8-C-hexosyl chrysoeriol O-hexoside and pelargonidin 3-O-β-D-glucoside) were exclusively found in MK, while one compound (4-hydroxybenzoic acid) was present only in FY. These findings offer insight into the metabolic responses of tea plants to different altitudes, providing further understanding on the influence of the environment on tea plants.
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1. Introduction


Tea is one of the most widely consumed non-alcoholic beverages; its quality is influenced by various factors such as tea plant cultivar, planting environment, and processing technology [1,2,3,4]. The cultivation environment plays a vital role in both yield and tea quality. For example, an investigation comparing the quality of green tea from four distinct regions in China revealed significant variations in chemical components [5]. Similarly, another study on oolong tea observed that phytochemical components in different cultivation regions widely varied [6]. Among them, the cultivation altitude of the tea plant is a particularly important factor in the cultivation environment, and previous findings have shown that higher altitudes can greatly enhance tea quality. Tea produced in high-altitude regions generally has better freshness and sweetness, as well as lower bitterness and astringency [7,8]. In addition, a higher cultivation altitude contributes to a better aroma of tea, which may be attributed to lower environmental temperatures compared to lower altitude areas [9].



The quality of tea flavor is influenced by various metabolites, such as flavonoids, caffeine, and volatile compounds [10,11]. Previous studies have shown that different cultivation altitudes can significantly affect the metabolites in tea leaves. At higher altitudes, the catechin content is inversely related to the cultivation altitude, which is thought to be partly responsible for the decreased bitterness and astringency of high mountain tea [12]. With the increase in cultivation altitude, the higher levels of ethylamine and glutamate and the hydrolysis of chloroplast proteins result in increased levels of L-theanine and amino acids [9]. The classes of aroma compounds in tea from different altitudes vary little, but the contents and proportions are different, and these differences, as well as the threshold values for each aroma compound, influence the final aroma profile at different altitudes [13]. Although the effects of cultivation altitudes on the main metabolites of tea plants have been studied, the impacts on many important metabolites of tea plants, such as flavonoid glycosides, proanthocyanidins, and fatty acids, remain unknown.



With the rapid development of metabolomic approaches, a high-throughput and accurate detection of metabolites in tea samples has become achievable. Non-targeted metabolomics provide a comprehensive view of metabolic changes across various tea samples, offering an unbiased profiling of diverse metabolites, but it may face challenges related to specificity and data complexity [14,15]. Conversely, targeted metabolomics offer a precise method for identifying and quantifying specific metabolites, which is valuable for assessing the quality and functional characteristics of tea, although it may overlook novel metabolites and require prior knowledge for method development [16]. Compared with untargeted and targeted metabolomics, the widely targeted metabolomic method enabling a balance between coverage and specificity is a versatile method for measuring a predefined but broader set of metabolites [17]. In recent years, the investigation of tea metabolites using widely targeted metabolomic techniques has emerged as a focal point in tea research. For example, Shi et al. elucidated the differences in the metabolic profiles of different types of green tea derived from the ‘Longjing 43’ cultivar using a widely targeted metabolomics approach [18]. Wang et al. utilized a similar analysis strategy to investigate the dynamic changes in green tea metabolites during processing [19].



In the current study, to gain a deeper understanding of the impact of cultivation altitude on metabolites in tea plants, we collected tea samples from two representative tea plant cultivars grown at three different cultivation altitudes in Fujian Province, China. One of the cultivars is ‘Mingke 1’ (MK), which is a national excellent cultivar with high fragrance and suitable for producing oolong and green tea, developed through the hybridization of ‘Tieguanyin’ (maternal parent) and ‘Huangdan’ (paternal parent). The other cultivar ‘Fuyun 6’ (FY) is a natural hybrid descendant of ‘Fuding Dabaicha’ and ‘Yunnan Dayecha’. It is appropriate for producing green, black, and white tea, and is a widely cultivated national superior cultivar in Fujian Province. Subsequently, a widely targeted metabolomic method using UPLC-MS/MS was used to investigate the characterization of metabolites. In addition, multivariate statistical analyses were performed to reveal the effects of altitude and cultivar. This study will deepen our understanding of the impact of the cultivation environment on the metabolites and quality of tea.




2. Materials and Methods


2.1. Tea Sample Preparation and Extraction


Tender shoots consisting of one bud and two adjacent leaves were harvested on April 14th from ten-year-old tea plants of cultivars MK and FY. These plants were grown under uniform cultivation conditions at three different altitudes: 86 m (low altitude), 256 m (medium altitude), and 880 m (high altitude). The fresh tender shoots were processed to produce tea samples using a hot-air drying method. Briefly, the fresh leaves were initially dried at 120 °C for 10 min, followed by drying at 80 °C for 30 min. Three biological replicate samples of each sample group from different altitudes and cultivars were collected for metabolic analysis. The details of the tea samples are shown in Table S1. The dried tea samples were ground into powder. Subsequently, 0.1 g of tea powder was extracted using 1.0 mL of 70% methanol, and the mixture was incubated overnight at 4 °C. After centrifugation at 10,000× g for 10 min, the supernatant was collected and subsequently passed through 0.22 μm pore size filters (ANPEL, Shanghai, China).




2.2. Metabolite Detection and Identification


UPLC-MS/MS analyses were performed using the Shim-pack UFLC SHIMADZU CBM30A system coupled to an Applied Biosystems 6500 QTRAP. The UPLC and mass spectrometry were conducted according to the method detailed by Chen et al. [17]. In brief, chromatographic separation was achieved using an ACQUITY HSS T3 UPLC column (1.8 µm, 2.1 mm × 100 mm). An aqueous 0.04% acetic acid solution and acetonitrile served as mobile phases A and B, respectively, with a constant flow rate maintained at 0.4 mL/min. The gradient elution procedure comprised the following steps: an initial linear increase of solvent B from 5% to 95% over the first 11.0 min, followed by a steady state at 95% B until minute 12.0, then a swift decrease to 5% B at 12.1 min, and finally an equilibration phase at 5% B lasting until 15.0 min. The injection volume was 2 μL, while the column oven temperature was maintained at 40 °C. The mass spectrometer parameters were set as follows: the source temperature was 500 °C; the ion spray voltage (IS) was 5.5 kV; the ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were adjusted to 55, 60, and 25.0 psi, respectively; and the collision gas (CAD) was configured to high. Metabolites were identified through the Metware database (MWDB), developed by MetWare Biotechnology Co., Ltd. (Wuhan, China), utilizing secondary spectrum information. The quantification of metabolites was achieved via MRM analysis employing triple quadrupole (QQQ) mass spectrometry.




2.3. Multivariate statistical Analysis


Principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-DA) were conducted using SIMCA 14.1 software (Umetrics AB, Umeå, Sweden). The significance of metabolite differences among tea samples was determined using a one-way ANOVA test, Duncan’s multiple range test, and independent t-test within SPSS v26.0 software (SPSS, Chicago, IL, USA). Differential metabolites for discriminating between different tea samples were evaluated and selected based on their VIP (variable importance in projection) value, p-value, and fold change. A heat map was generated using MeV 4.9.0 software (J. Craig Venter Institute, La Jolla, CA, USA) to illustrate the metabolic patterns of tea samples from various cultivation altitudes and tea plant cultivars.





3. Results


3.1. Metabolite Profiles of Tea Samples from Different Cultivation Altitudes and Cultivars


The metabolites of tea samples derived from three cultivation altitudes of two cultivars were determined using the UPLC-MS/MS assay platform. After preprocessing the metabolite data, we applied an unsupervised PCA method to visualize the variations in metabolites among all tea samples. The results show a separation of sample groups, indicating significant differences in metabolite profiles (Figure 1a). The three replicates in each group formed tight clusters, as did the combination of quality control samples. This indicates that the experimental conditions are stable and reproducible. The first and second principal components explained 61.30% of the total variance, with PC1 and PC2 accounting for 33.70% and 27.60%, respectively. Furthermore, tea sample groups could be clearly separated from each other, indicating the substantial impact of both cultivation altitude and cultivar on the tea metabolites. In addition, tea samples from different cultivars were slightly more distinguishable than those from various cultivation altitudes.



A PLS-DA model was constructed for identified metabolites from all tea samples to obtain VIP values, and one-way ANOVA was performed to assess the significance of difference. Metabolites with VIP values exceeding 1 and p-values below 0.05 were considered differential metabolites. Finally, a set of 113 metabolites were screened out and classified into 11 categories (Table S2). Among them, flavonoids accounted for nearly half (47.79%) of all differential metabolites, containing 54 compounds. These were followed by hydroxycinnamoyl derivatives (8), organic acids (8), phenolamides (8), quinate and its derivatives (8), amino acids and their derivatives (7), nucleotides and their derivates (5), coumarins (4), benzoic acid derivatives (2), fatty acids (2) and other compounds (7), with proportions ranging from 1.77% to 7.08% (Figure 1b).




3.2. Effect of Cultivation Altitude on Tea Metabolites


The effect of cultivation altitude on tea metabolites was investigated using a supervised PLS-DA model and the one-way ANOVA method. The results reveal diverse patterns of metabolite accumulation in tea plants at different cultivation altitudes. As shown in Figure 2, tea samples from both cultivars at low, medium, and high altitudes were obviously differentiated based on PC1 and PC2. The evaluation parameters for constructing the model included R2X, R2Y, and Q2, where Q2 represents the predictive capability of the model. A Q2 value exceeding 0.5 could be considered indicative of a valid model, while a Q2 value surpassing 0.9 signifies an excellent model. The PLS-DA score plots for MK and FY reveal Q2 values of 0.988 and 0.989, respectively, which strongly indicate the excellence of both constructed PLS-DA models. The 100-permutation cross-validation analyses yielded R2 and Q2 intercepts of 0.291 and −0.257 for MK tea samples, and 0.290 and −0.288 for FY tea samples, respectively. The cross-validation results for both PLS-DA models show that R2 values exceeded Q2, and the Q2 regression line’s intercept with the Y-axis falls below zero (Figure 2c,d). These results confirm the absence of overfitting in the PLS-DA models, emphasizing their robustness in categorizing the samples precisely.



Differential metabolites between tea samples from various altitudes in the respective cultivars were identified based on the threshold (VIP > 1 and p-value < 0.05). There were 64 altitude-related differential metabolites in MK, while it was 56 in FY (Table S2). Furthermore, a total of 28 differential metabolites in both cultivars exhibited a trend of gradually increasing or decreasing content with the change in altitude (Table S2). For the MK tea samples, the following compounds were detected: flavone and its C-glycosides (8), catechins and their derivatives (6), flavonol (4), amino acids (2), anthocyanins (2), fatty acids (2), quinate and its derivatives (2), flavanone (1), and organic acids (1). In comparison, the FY tea samples contained a variety of compounds, including catechins and their derivatives (6), amino acids and their derivatives (5), anthocyanins (3), fatty acids (2), flavone C-glycosides (2), hydroxycinnamoyl derivatives (2), flavanone (1), flavonol (1), nucleotides and their derivatives (1), organic acids (1), quinate and its derivatives (1), and other compounds (3). Among them, 16 compounds were consistent in both cultivars, and they were primarily distributed in the metabolic pathways of flavonoid (11 compounds), amino acid (3), and fatty acid (2). In general, the content of flavonoids decreased with increasing altitude, while the majority of amino acids and fatty acids showed the opposite trend (Figure 3).



3.2.1. Catechins


Catechins and their derivatives are the primary astringent compounds in tea infusions [20,21]. In this study, we found that five catechins and their derivatives, including C (catechin), CG (catechin gallate), ECG (epicatechin gallate), EGCG (epigallocatechin gallate), and catechin-catechin-catechin, were affected by altitude. The content of these compounds gradually decreases with increasing cultivation altitude (Figure 3). In MK, the relative content of catechin in low-altitude tea samples was 2.63 times that of high-altitude tea samples, CG was 1.82 times, ECG was 1.66 times, EGCG was 1.85 times, and catechin-catechin-catechin was 3.32 times, whereas in FY, the relative contents of catechin, CG, ECG, EGCG, and catechin-catechin-catechin in low-altitude tea samples were 2.02, 1.54, 1.52, 1.52, and 2.46 times those of the high-altitude tea samples, respectively (Figure 4a).




3.2.2. Anthocyanins


Anthocyanins are water-soluble pigments generated as one of the final products of the flavonoid pathway [22]. The level of anthocyanins in tea leaves is typically low, but this substance significantly impacts the quality of the tea [23]. In this study, we observed a decreasing trend in the levels of kuromanin (3-glucoside of cyanidin) and mirtillin (3-glucoside of delphinidin) as the altitude increased (Figure 3). The relative contents of kuromanin and mirtillin in low-altitude tea samples were 3.86 and 6.48 times and 3.91 and 4.70 times higher than those in the high-altitude tea samples in MK and FY, respectively (Figure 4a).




3.2.3. Amino Acids


Most amino acids are associated with umami and sweet flavors, rendering them valuable for mitigating the bitter taste induced by an excess of polyphenols in tea infusions [24]. In the present study, the concentration of L-alanine displayed an upward trend with the increase in altitude (Figure 3). The relative content of L-alanine in low-altitude tea samples was 0.28 times that in high-altitude tea samples in MK, while it was 0.29 times in FY (Figure 4b). Interestingly, we found that the L-aspartic acid content shows a negative correlation with altitude (Figure 3). The relative content of L-aspartic acid in low-altitude tea samples was 2.47 and 2.74 times higher than that in high-altitude tea samples in MK and FY, respectively (Figure 4a).




3.2.4. Fatty Acids


Fatty acids are closely associated with the formation of tea aroma [25,26]. The content levels of 9,10-EODE and 13-HPODE identified in this study increased with increasing altitude (Figure 3). The relative contents of 9,10-EODE and 13-HPODE in low-altitude tea samples were 0.16 and 0.08 times and 0.25 and 0.14 times lower than those in high-altitude tea samples in MK and FY, respectively (Figure 4b).





3.3. Metabolic Variation in the MK and FY Cultivar


An OPLS-DA model was created to calculate VIP values for tea samples from the MK and FY cultivars. P-values were obtained by conducting an independent sample t-test. Metabolites with a VIP value exceeding 1, a p-value less than 0.05, and a fold change greater than 2 or less than 0.5 were considered differential metabolites. According to Figure 5a, the OPLS-DA model successfully separated the two groups, indicating significant differences in metabolite patterns in tea samples from two cultivars. The OPLS-DA score plot of MK vs. FY revealed a Q2 value of 0.980, well surpassing the threshold of 0.9, indicating the excellence of the constructed model (Figure 5a). Furthermore, a permutation test, conducted 100 times, was performed to assess the potential overfitting of the OPLS-DA model. As depicted in Figure 5b, with an R2 of 0.293 and a Q2 of −0.804, where R2 exceeded Q2 and the intercept of the Q2 regression line with the Y-axis was below zero, it was confirmed that the PLS-DA model was not overfitted.



Between MK and FY tea samples, 57 differential metabolites were identified (Table S2). Of these differential metabolites, flavonoids were predominant with a number of 32, followed by 7 phenolamides, 5 quinates and its derivatives, 3 organic acids, 3 coumarins, and 7 other compounds (Figure 6a). Furthermore, we found that the proportions of various compounds with higher content in MK ranged from 29% (phenolamides) to 75% (flavonoids), totaling 60% (34 of 57) (Figure 6b). In addition, three specific metabolites were detected in the MK and FY cultivars. Among them, 8-C-hexosyl chrysoeriol O-hexoside and pelargonidin 3-O-β-D-glucoside were exclusively found in MK, while 4-hydroxybenzoic acid was present only in FY. These three compounds could serve as metabolic signatures for distinguishing the two cultivars. A total heatmap of the differential metabolites in MK and FY is shown in Figure 7. As expected, we found that most anthocyanin compounds in the MK cultivar showed relatively higher content than in the FY cultivar, except for cyanidin 3-O-rutinoside (keracyanin). This is consistent with the phenotype, as the tender leaves of MK are purplish green, while those of FY are yellowish green.





4. Discussion


The tea plant, an economically important beverage crop, produces a myriad of functional metabolites that are the important foundation of the tea’s quality and flavor formation.



Widely targeted metabolomic analysis is a powerful approach, amalgamating the strengths of both non-targeted and targeted metabolomics, which allows for the simultaneous quantification of a thousand metabolites. This method has been applied to decipher the dynamic changes of metabolites in tea processing [17,18,19,27]. In this study, we employed widely targeted metabolomic technology to analyze tea samples from two cultivars planted at three altitudes. As a result, a total of 113 differential metabolites belonging to 11 metabolite classes were detected across all tea samples. Additionally, 64 altitude-related differential metabolites were identified in cultivar MK, while FY exhibited 56. These compounds bear some resemblance to those documented in previous studies [28]. These results indicate that widely targeted metabolomics is a specialized tool for metabolic analysis, for revealing possible effects of environmental factors on tea metabolites.



The distinctive characteristics of high-mountain tea are lower bitterness and astringency, better freshness and sweetness, and better aroma. Green tea catechins can bind to the human taste receptor hTAS2R39, which is responsible for bitter taste perception [29,30,31]. Our results show that the content of catechins decreased with increasing altitude, which aligns with the expected lower bitterness of high-mountain tea. Changes in altitude would lead to significant differences in environmental factors such as temperature, light intensity and quality, and air humidity. The temperature decreases by approximately 0.6 degrees Celsius for every 100 m of altitude increase. Higher temperatures would significantly induce the expressions of CsDFR, CsANS, and CsANR, resulting in increased catechin levels [9,32]. Furthermore, Hayashi et al. revealed that elevated levels of galloylated catechins contribute to a robust astringent taste in tea infusions [33]. In this study, we observed a negative correlation between the levels of galloylated catechins (CG, ECG, and EGCG) and altitude, which is consistent with previous research findings [12]. This may explain the lower astringency observed in high-mountain tea. In addition, we observed that anthocyanins content was higher in samples from lower altitudes. Generally, the content of anthocyanins is negatively correlated with the quality of green tea, as these compounds can lead to a darker color and a more bitter taste in tea infusions. Environmental factors such as light intensity and temperature can influence the metabolism of anthocyanins in tea plants [34,35]. Higher temperatures at lower altitudes may result in an increased level of anthocyanins in tea plants [36].



Amino acids contribute to diverse flavors, and 26 L-type amino acids have been identified in tea plants. Light intensity could affect amino acid metabolism by regulating chloroplast formation. Wang et al. found that the expression levels of CsClpP3 and CsDegP2 increased in simulated high-altitude environments [9]. CsClpP3 and CsDegP2 were present in chloroplasts, and the soluble chloroplast protein Rubisco underwent hydrolysis to produce free amino acids under their mediation [37]. L-theanine is a unique compound found in tea plants, making up most of the total free amino acids [38]. It also contributes to the formation of a fresh and sweet taste in green tea. L-alanine with a sweet flavor is a precursor to L-theanine [39]. Our data show that the content of L-alanine tends to increase with altitude. This could partly explain the relatively higher levels of L-theanine observed in high-altitude tea samples, aligning with findings from previous studies [9,40]. Additionally, we found that the content of L-aspartic acid tends to decrease with altitude. L-aspartic acid has a slight sour taste, which can harmonize tea flavor. However, with an increase in concentration, the acidity gradually intensifies, resulting in a decrease in the freshness of tea infusions [41]. Therefore, it is speculated that the decrease in the content of aspartic acid is beneficial for enhancing the flavor of high-altitude tea leaves.



The formation of tea aromas is closely related to fatty acid metabolism. 9,10-EODE and 13-HPODE, classified as polyunsaturated fatty acids, are important precursors for the synthesis of green-note aroma compounds. In our study, it was found that the content of these two substances showed an increasing trend with increasing altitude. A similar result was also observed in other plants, such as Dendrobium nobile [42]. This finding is consistent with previous research conducted on tea plants under simulated high-altitude conditions, wherein aroma compound contents increased due to upregulated expressions of key structural genes [9].



There were considerable variations in the metabolite profiles of tea samples from different cultivars. Flavonoids play a crucial role in shaping the flavor of tea, influencing its color, taste, and aroma [43]. In the present study, flavonoids accounted for the majority of the total differential metabolites between MK and FY. This is similar to the previous findings in that cultivar is an important factor affecting the differences in flavonoid content [44,45]. Furthermore, we found that most of the anthocyanin-like differential metabolites detected had higher accumulation in MK. This is consistent with the phenotype, as the tender leaves of MK are purplish green, while those of FY are yellowish green. Moreover, phenolamides represent a diverse category of secondary metabolites widely present in plants, contributing significantly to plant development and defense mechanisms against biotic and abiotic stress [46]. A metabolic analysis by Wang et al. revealed that the phenolamides that accumulated in tea plants were predominantly protonated aliphatic phenolamides [47]. Our results show that all seven differential phenolamide compounds identified belonged to protonated aliphatic phenolamides, and five of them were higher in FY than in MK. It is worthy of further investigation to determine whether these compounds could lead to differences in resistance between cultivars.



Investigating the influence of cultivation altitude and cultivar on tea metabolites is of great significance, as understanding these environmental and genetic factors can assist farmers in determining the most effective planting strategies. Furthermore, it can aid breeders in selecting tea plant cultivars that are of high quality and possess greater adaptability. Additionally, comprehending the variations in metabolite levels among different cultivars at various cultivation altitudes can provide customized guidance for post-harvest processing and tea manufacturing, such as adjusting fermentation parameters for black tea processing based on specific metabolite levels. This study provides a preliminary analysis of the effects of cultivation altitude and cultivar on tea metabolites. However, the relatively narrow range of altitudes and tea plant cultivars chosen herein may somewhat limit the broad applicability of the findings. Therefore, further investigations could expand the altitude range and include a broader array of tea plant cultivars. This expansion, along with increased sample size and diversity, would lead to a more thorough understanding of how altitude and cultivar affect tea metabolites, consequently offering stronger scientific evidence to improve tea quality and cultivation strategies.




5. Conclusions


The metabolic variation in tea samples from three cultivation altitudes of the MK and FY cultivars was analyzed using widely targeted metabolomics using UPLC-MS/MS. Consequently, tea samples could be clearly separated by altitude and cultivar in the PCA model. A total of 64 and 56 altitude-related differential metabolites exhibiting an increasing or decreasing content with the change in altitude were identified in MK and FY, respectively. Among them, 16 compounds were consistent in both cultivars and were mainly clustered in the metabolic pathways for flavonoid (11 compounds), amino acid (3), and fatty acid (2). Overall, flavonoid content gradually decreased with increasing altitude, while amino acids and fatty acids showed an opposite trend. Furthermore, we identified 57 differential metabolites between two cultivars. Two specific compounds (8-C-hexosyl chrysoeriol O-hexoside and pelargonidin 3-O-β-D-glucoside) were exclusively found in MK, while one compound (4-hydroxybenzoic acid) was present only in FY. These findings offer insight into the metabolic responses of tea plants to different altitudes, providing further understanding of the influence of environment on tea plants.
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Figure 1. Overview of metabolites of tea samples from three cultivation altitudes of two cultivars. (a) Principal component analysis (PCA) of metabolic profiles. Mix refers to quality control samples derived from mixing all samples. MK-L, MK-M, MK-H, FY-L, FY-M, and FY-H refer to tea samples from ‘Mingke 1’ (MK) and ‘Fuyun 6’ (FY) cultivars planted at low (L), medium (M), and high (H) altitudes, respectively; (b) Detailed classification and proportions of 113 differential metabolites identified in all tea samples. 
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Figure 2. Multivariate statistical analysis of metabolites in tea samples from different cultivation altitudes. PLS-DA score plots of (a) MK and (b) FY tea samples; cross-validation plot of the PLS-DA model with 100 permutation tests for (c) MK and (d) FY tea samples. 
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Figure 3. Schematic representation of common altitude-related metabolites and related pathway in the MK and FY cultivar. Heatmaps represent the relative content of differential metabolites for three altitudes, and the data are expressed as normalized values of the log2 mean of three replicates. 
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Figure 4. Fold changes in the relative content of differential metabolites between tea samples from low- and high-altitudes. Metabolites were found to be downregulated (a) and upregulated (b) in the high-altitude tea samples. 
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Figure 5. Multivariate statistical analysis of metabolites in tea samples from the MK and FY cultivars. OPLS-DA score plot of MK vs. FY tea samples (a) and its cross-validation with 100 permutation tests for this model (b). 
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Figure 6. Differential metabolites between the MK and FY cultivar: (a) the type and quantity of identified metabolites; (b) the proportions of metabolites with higher content in MK. 
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Figure 7. Comparison of metabolite levels between MK and FY. Heatmaps represent the relative content of differential metabolites with three replicates for three altitudes, and the data are expressed as normalized values of the log2 value of each replicate. 






Figure 7. Comparison of metabolite levels between MK and FY. Heatmaps represent the relative content of differential metabolites with three replicates for three altitudes, and the data are expressed as normalized values of the log2 value of each replicate.



[image: Agronomy 14 00812 g007]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Anthocyanin

Prosmhocyanidin

Fiavone|

catechnl

Phenalamide.

Quinato and ts dervative

Organic acia

ssusons asaCoumarin

otmers

Fiavonoids





media/file4.png
60,000
40,000
20,000

0

20,000

~40,000

Component 2 (32.6%)

-60,000
-80,000

T I I |
-100,000 -60,000 -20,000 20,000 60,000

MK-100 permutations (cross—validation of the PLS-DA)

A

1 -
0.8 -
0.6 -
0.4 -

02

02 _
-0.4 |

MK (PLS-DA score plot)

B MK-L
‘ A MK-M
E & VIK-H
A
; ™
; ©
: |

Component 1 (56.4%)
R2X=0.890 R2Y=0.996 Q2=0.988

(@)

OR2

Q2
@

l I
0.4 0.6 0.8 1

R2=(0.0, 0.291) Q2=(0.0, -0.257)

(c)

FY (PLS-DA score plot) W FY-L

A FY-M
¢ FY-H

Component 2 (28.4%)

-80,000

—40,600 0 40,0I00
Component 1 (59.6%)

R2X=0.880 R2Y=0.995 Q2=0.989

(b)

FY-100 permutations (cross—validation of the PLS-DA) Or>
A HQ2
1 4
i ”/’,.
0.8 - 7 v
. ” ’,
g A ,f
0.6 _- ””¢ ,’/
0.4 _ T ~
7’
02 _ e
,l
0 > I
’
-0.2 ] l’
. _- ,/
—04 T T T T —
0 0.2 0.4 0.6 0.8 1

R2=(0.0, 0.290) Q2=(0.0, -0.288)

(d)





nav.xhtml


  agronomy-14-00812


  
    		
      agronomy-14-00812
    


  




  





media/file2.png
PC2 (27.6%)

40,000
30,000
20,000
10,000
0
-10,000
—-20,000
-30,000
-40,000

—50’000 ] || 1 I || 1 1 I ] 1 ] 1 1 | I 1 1 1 I I 1 »
~60,000 -40,000-20,000 0 20,000 40,000
PC1 (33.7%)

@ nmix EVMK-L AMK-M @MK-H HEFY-L AFY-M €FY-H

(a)

4

A
[

11 fA 'Y

IIIIIIIIIlIIII'IIIIIIIII IIIIIIIIIlIIIIlIIIIlI»

u flavonoids (47.79%, 54)

® hydroxycinnamoyl derivatives (7.08%, 8)

m organic acids (7.08%, 8)

m phenolamides (7.08%, 8)

® quinate and its derivatives (7.08%, 8)
mamino acids and their derivatives (6.19%, 7)
m nucleotides and their derivatives (4.43%, 5)
m coumarins (3.54%, 4)

® benzoic acid derivatives (1.77%, 2)

m fatty acids (1.77%, 2)

m others (6.19%, 7)

(b)





media/file5.jpg
Amino acid and fatty acid metabolism Flavonoid metabolism
Prosshosnolpyrvale - —» ki —» Ghorismate —»-—» Prnyiaaine —— Prfcalechus denyde

s sncone Dicas——-» P L H
TR Th - 4 = 4-Coumaroy-CoA — — Chlorogenic acid
e o e - Aoon Y £
B s o, Sttt o Nt gt e
r'tl«cwﬂ 'y D\m:m-mg‘mm\
A Sk Omysroquectin  Diyomyreatn
1 5
Graridn ¢ Lowsoganidn  Lovcibpin — Dophnidn
r 8 P 1 1 e
Rt Kma Be—riogce G me pom
[ L 1 i
===H s P





media/file3.jpg
MK (PLS-DA score plot)

FY (PLS-DA score plot)

wood et
= .\ - N
NG / §::;":“i s
§om =
e = B

Componant 1(66.4%)
ReX=0.890 Rav=0.956 02-0.988

~RaX=0.860 RaY=0.995 2:0969

Companent 1 (68.6%)

VL
AFu
P

me

(@) ()
MK-100 pormutations (rossvaldaionof o PLS-DA) gy FY~100 pemutaons (ross-valiation of ho PLS-0R) @
LY
o A
N g

R2=(00,0201) 025000, -0.257)
(c)

R2=(0.0,0290) 02+(00, -0.288)

(d)





media/file1.jpg
PC2 (27.6%)

~s0.000

-60,000 ~40000-20000 0 20,000 40000
PCt (37%)

@mix BUK-L ANK-M OMK-H BFY-L AFY-M #FY-H

(a)

-

woneids (47.79%, 54)
= hycrorycimamy dervatives (7.08%,8)

= organic acds (7 08% )

= phenciamides (7.08%,8)

= Guinate and ts deivatives (7.08% 8)

3mino acids and thei dervatves (5 19%, 7
‘mnucleotides and thei dervatves (4 43%, 5)
= oumarin (3.54%,4)

= benzoic acd dertvates (177%,2)

fatty acids (177%,2)
Rothers (6.19%,7)

(b)





media/file7.jpg
¥ 035

030

° I

3 v_caeeo \eov oo e ot L 00E 90
e v fad

Fold change

Fold change

o
oo
Ak mey

(@) (b)





media/file10.png
Orthogonal T score [1] (32.6%)

MK vs. FY (OPLS-DA score plot)

A
30,0001 9)
o1 @
j o
-30,000- 9
_60,000 T T T 1 — T 1 1 '
-60,000-30,000 0 30,000

T score [1] (29.7%)

R2X=0.623 R2Y=0.988 Q2=0.980

(a)

0.5. ---
0 - v‘
-0.5-
' |
0
0

-2 - — T T T T T T T T
0 0.2 0.4 0.6 0.8 1
R2=(0.0, 0.293) Q2=(0.0, -0.804)

(b)

MK vs. FY-100 permutations (cross—validation of the OPLS-DA)

O R2
m Q2





media/file12.png
Others, 7
Coumarins, 3
Organic acids, 3

"n.ds |
Phenolamides, 7

29%
33% Organic acids

Quinate and its
Phenolamides

derivatives, 5

33% Coumarins

43% Others

60% Quinate and its derivatives
75% Flavonoids

(a) (b)





media/file9.jpg
MK vs. FY (OPLS-DAscore plot) MK vs. FY=100 permutations (cross-validation of the OPLS-DA)

| IV3 OR2

) oy n Q2
g '
8 000 (] s
Poodlglel o
£ . -05.
g e
& -s0000 ? -1
S -5 N

-60.000. -
-60000-30.000 0 30,000 -

0 02 04 06 08 1

gl il 0,0293) Q2=(00,

RX=0.623 R2Y=0.988 Q20,980
(a) (b)






media/file0.png





media/file14.png
=1.0

MK-L1

MK-L2

MK-L3

MK-M1

MK-M2

MK-M3

MK-L1

MK-L2

MK-L3

FY-L1

FY-L2

FY-L3

FY-M1

FY-M2

FY-M3

FY-H1

FY-H2

FY-H3

-l

0

cyanidin 3-O-rutinoside (keracyanin)
cyanidin 3-O-glucoside (kuromanin)
delphinidin 3-O-glucoside (mirtillin)
pelargonidin 3-O-B-D-glucoside (callistephin chloride)
procyanidin B2 . Proanthocyanidin
naringenin O-malonyhexoside

naringenin 7-O-neohesperidoside (naringin)
hesperetin 7-rutinoside (hesperidin)
apigenin 7-O-glucoside (cosmosiin)

tricin O-saccharic acid

luteolin 8-C-hexosyl-O-hexoside
chrysoeriol

6-C-hexosyl-luteolin O-hexoside
8-C-hexosyl chrysoeriol O-hexoside
chrysoeriol 7-O-hexoside

tricin O-glycerylhexoside

luteolin 3',7-di-O-glucoside

eriodictiol C-hexosyl-O-hexoside

chrysin O-hexoside

chrysin 5-O-glucoside (toringin)

apigenin 7-O-neohesperidoside (rhoifolin)
apigenin 7-rutinoside (isorhoifolin)
chrysoeriol C-hexosyl-O-rhamnoside
apigenin 4-O-rhamnoside

vitexin 2"-O-B-L-rhamnoside

quercetin 7-O-rutinoside

quercetin O-acetylhexoside

quercetin 4’-O-glucoside (spiraeoside)
methylquercetin O-hexoside

iIsorhamnetin 5-O-hexoside

kaempferol 3-O-galactoside (trifolin)
epicatechin-epiafzelechin

Anthocyanin

Flavanone

Flavone

Flavonol

Catechin

N',N"-disinapoylspermidine

N'*-feruloyl putrescine

N-feruloyl putrescine

N-p