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Abstract

:

The present study was aimed to elucidate the flavor formation mechanism of Changqing tea. High-performance liquid chromatography (HPLC) analysis showed that the total catechins of Changqing tea was 65–160 mg/g, with 16–34 mg/g non-galloyated catechins and 49–126 mg/g galloylated catechins. Tea polyphenols and free amino acids account for 286–312 mg/g and 35–89 mg/g, respectively. Transcriptome of Changqing tea during different seasons revealed 316, 130 and 12 DEGs in comparisons of spring vs. autumn, spring vs. summer, and summer vs. autumn, respectively. Compared to spring, the genes involved in flavonoid biosynthesis and bitter imparted amino acids were up-regulated in summer and autumn. Metabolome analysis was conducted by using HPLC-MS; the result indicated that umami and kokumi contributing amino acids were decreased in summer and autumn compared with spring. It could be concluded that the coordination of flavonoid biosynthesis and amino acids biosynthesis resulted in the special flavor of Changqing tea.
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1. Introduction


Tea plants (Camellia sinensis) are an important economic crop in China; their tender leaves are the source of the most popular tea drinks. It is well known that tea flavor could be affected by environment [1]. There are many famous high-quality green teas with different flavors originating in different places, such as Xihu Longjing (Hangzhou), Taiping Houkui (Huangshan), Huangshan Maofeng (Huangshan), and Dongting Biluochun (Suzhou) [2,3,4]. The excellent flavor of these famous green teas is caused by the different climates in the originating places.



Shandong Province belongs to the tea area north of the Changjiang River. There are thousands of years of history about tea cultivation from the Song Dynasty, and such teas were widely cultivated from as recently as 70 years ago. Now, there are many famous green teas produced in Shandong Province, such as Rizhao green tea, Laoshan green tea, and Yimeng green tea, etc. [5,6]. These teas are listed in geographical areas and are indicated as protected products now, and their growth areas are located in the eastern coastal region of Shandong Province, where it is warmer and wetter than other places in Shandong. With the progress of tea cultivation technology, tea plants have been planted in most regions of Shandong Province. Changqing is a district of Jinan in Shandong Province, located in the foot of Mount Tai. It has 60 years’ tea-planting history and is the highest latitude tea-growing area in China. Because of its unique geographical location, the air temperature is largely different between day and night (about 10 °C), as well as in different seasons. In addition, the water is of high quality with some beneficial minerals and low CaCO3 content, which is good for tea plant growth and tea flavor formation. It is the optimal organic tea cultivation and production area.



Now, Changqing tea is famous for its good quality, with thick, tender leaves, shiny and green dry tea and the chestnut flavor of the tea soup. However, the mechanism of Changqing tea formation remains unclear. The relationship between tea quality and the environment of Changqing tea needs to be elucidated.



In this study, the transcriptome, metabolome, and flavor components of Changqing tea in different seasons were detected to explain its flavor formation mechanism. This study will also provide insights for understanding the tea quality formation mechanism of the tea area in northern China.




2. Materials and Methods


2.1. Plant Materials


This study was conducted in two tea gardens, Nanhuyulu and Litaishan, in Changqing District in Jinan, the capital of Shandong Province (116°48′ E, 36°30′ N, 278 m above sea level). Both tea gardens are brown loam with a pH of 6.5, and are rich in minerals such as iron and copper. Tea shoots with one bud and two tender leaves from five-year-old tea plants in spring (4–6 May, 24 ± 4 °C day/13 ± 3 °C night), summer (7–9 July, 32 ± 3 °C day /23 ± 1 °C night), and autumn (23–25 September, 25 ± 1 °C day/16 ± 1 °C night) were harvested and frozen in liquid nitrogen for extraction of RNA and metabolites. All the samples were harvested at 9:00–10:00 a.m. in three consecutive sunny days, which were considered as three biological repeats.




2.2. Detection of Flavor Components of Changqing Tea


Total polyphenols (TP) were determined by TP detection kit (Yuanye, Shanghai, China) using the folinol colorimetry method, according to the manual. Free amino acids were detected by using ninhydrin colorimetry and L-Theanine was used as the standard. Catechins were detected by using the HPLC method following the instructions of GB/T8313-2018.




2.3. RNA Extraction and Illumina Sequencing


Total RNA was extracted by using an EASYspin Plus Plant RNA Extraction Kit (Aidlab Biotech, Beijing, China). The integrity, purity, and concentration of the RNA samples were detected by using a NanoDrop ND-1000 spectrophotometer (NanoDrop, Waltham, MA, USA) and 1% agarose gels. A total of 1 μg RNA was used for the cDNA library construction. The cDNA library construction and illumina sequencing were performed by BioMarker Biotech Ltd. (Beijing, China) according to protocols by Ma et al. [7].




2.4. Genome Alignment and Gene Prediction


After quality assessment, the clean reads of all the samples were mapped to chromosome-level genome of the tea plant [8] using HISAT2 software (http://ccb.jhu.edu/software/hisat2/index.shtml, accessed on 5 August 2020). The mapped reads were assembled and quantified by using String Tie (https://ccb.jhu.edu/software/stringtie/index.shtml, accessed on 5 August 2020). The unmapped transcripts were considered as new genes and annotated by NR [9], Swiss-Prot [10], GO [11], COG [12], KOG [13], Pfam [14], and KEGG databases [15] using BLAST [16].




2.5. Differential Expression Analysis


Pearson’s correlation coefficient was used to assess the variability of biological replicates. R2 close to 1 represents high correlation between biological replicates. Fragments Per Kilobase of transcript per Million fragments mapped (FPKM) was used to assess the expression level of genes. Differential expression analysis was conducted using DESeq2 [17], and fold change ≥1.5 and false discovery rate < 0.01 was used as the threshold. The classification of differential expressed genes (DEGs) were performed based on GO and KEGG databases.




2.6. Quantitative Real-Time PCR Analysis (QRT-PCR)


One-microgram total RNA was used for the first-strand cDNA synthesis, according to the manual of RevertAid™ First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA). The primers for QRT-PCR analysis were designed by using AlleleID 6.0 (https://www.softpedia.com/get/Science-CAD/AlleleID.shtml, accessed on 5 August 2019). β-actin was used as the reference gene. Details about the primers for QRT-PCR were listed in Table S1. The QRT-PCR in a total volume of 20 μL included 0.2 μM primers, 50 ng cDNA, and 10 μL 2 X SYBR Green Fast qPCR Mix (Biomarker, Beijing, China). The QRT-PCR was performed on the Bio-Rad CFX96 system (BioRad lab Inc., Hercules, CA, USA), with a protocol of 95 °C for 3 min, 95 °C for 5 s and 60 °C for 30 s for 45 cycles. The relative expression for QRT-PCR analysis was calculated by using 2−ΔΔCt method [18].




2.7. Metabolites Extraction and Detection


The extraction of metabolites was performed according to the study by Ma et al. [19], with a little modification. In total, 100 mg freeze-dried leaf powder was extracted with 70% aqueous methanol at 4 °C overnight, then centrifuged at 10,000× g for 10 min. The extracts were absorbed with 3 mL Carbon-GCB SPE Cartridge and filtrated with 0.22 μm membrane. The 2-chlorophenylalanine dissolved in dimethyl sulfoxide was used as the internal standard.



The extracts were detected and identified by the Metware biotech company (Wuhan, China). A total of 4 μL extract was injected in an ultra-performance liquid chromatograph (UPLC, Shimadzu, Japan) carrying a Waters ACQUITY UPLC HSS T3 C18 column (1.8 µm × 2.1 mm × 100 mm). The column temperature was 40 °C. Ultrapure water and acetonitrile, including 0.04% acetic acid, were used as mobile phase A and B, respectively. The gradient elution procedure was conducted as follows: 5% B at 0 min, up to 95% in 9 min, maintaining for 1 min, then decreased to 5% in 1 min, and maintaining for 3 min. The total flow rate was 0.35 mL/min. After electrospray ionization at 550 °C, 5500 V and 30 psi, the metabolites were identified by Applied Biosystems 4500 QTRAP tandem mass spectrometry using MRM scan mode. The qualitative analysis of metabolites was conducted based on the MWDB database (Metware biotech) and public database. In order to improve accuracy of qualitative and quantitative analysis, the mass spectrum peaks of some metabolites were selected randomly and re-calibrated according to retention indexes and mass spectra. In addition, the mixture of all the sample extracts was injected per 10 samples to evaluate the stability of the HPLC-MS analysis. Quantification of the identified metabolites was conducted by using Analyst 1.6.3. Variable Importance in Projection ≥ 1 and 0.5 ≥ Fold change ≥ 2 were used as the threshold for selecting differential metabolites.




2.8. Statistical Analysis


The statistical analysis was performed using Excel 2016 and Graphpad Prism 5.0. One-way ANOVA was used for pairwise comparisons; p < 0.05 was considered to be significantly different.





3. Results


3.1. Flavor Components of Changqing Tea


In Changqing tea, the total catechins was 65–160 mg/g, with 16–34 mg/g non-galloyated catechins and 49–126 mg/g galloylated catechins. Tea polyphenols and free amino acids account for 286–312 mg/g and 35–89 mg/g, respectively. Of the catechins, epigallocatechin gallate (EGCG) was the highest, with mean content of 37–96 mg/g. Tea polyphenols, total catechins, galloylated catechins and non-galloylated catechins showed higher contents in summer, compared to that in spring. Meanwhile, these components decreased in autumn, but most of them were still higher than that in spring. Free amino acids revealed reverse trend with catechins and polyphenol; it showed the highest level in spring and decreased in summer and autumn. (Figure 1).




3.2. Identification of Differential Expressed Genes


At least 5.82 Gb clean bases were obtained for each sample with GC content of 45.29–45.72% and Q30 of 93.91–95.29% (Table 1). The clean data have been submitted to the SRA database with accession of PRJNA830980. More than 84.73% sequences could be mapped onto the tea genome, and more than 72.40% unique mapped reads were obtained, which revealed the high quality of these sequencing data.



In order to elucidate the molecular mechanism of Changqing tea flavor, the transcriptome of the tender leaves under different seasons was sequenced. The results revealed 316, 130, and 12 DEGs in comparisons of spring vs. autumn, spring vs. summer, and summer vs. autumn, respectively (Figure 2A). Based on DEG analysis, the difference in transcript expression of spring vs. autumn and spring vs. summer was larger than summer vs. autumn. KOG annotation classification revealed that most of DEGs for spring vs. autumn were enriched in “signal transduction mechanism”, “general function prediction only”, and “posttranslational modification, protein turnover, chaperones”. For comparison of spring and summer, “general function prediction only”, “secondary metabolites biosynthesis, transport and catabolism”, and “posttranslational modification, protein turnover, chaperones” enriched the most DEGs (Figure 2B).



QRT-PCR analysis revealed an expected result that the relative expression patterns of DEGs during different seasons were consistent with the RNA-Seq data (Figure S1).




3.3. Identification of Differential Metabolites


A total of 755 metabolites from tea leaves of Changqing tea were identified, including 209 flavonoids (28%), 111 phenolic acids (15%), 86 lipids (11%), 80 amino acids and derivatives (11%), etc. (Figure 3). Among flavonoids, flavonoid, flavonols, and flavanols account for 28%, 25%, and 11%, respectively.



For different season comparisons, 49, 127, 94, 112, 61, and 49 differential metabolites were identified in L vs. XL, N vs. XN, L vs. QL, N vs. QN, XL vs. QL, and XN vs. QN, respectively (Figure 4A and Table S2). For differential metabolites, flavonoids, phenolic acids, and amino acids and derivatives accounted for the largest number, which were the most important constituents of tea flavor (Figure 4B). Furthermore, the difference of tea metabolome between summer and autumn was smaller than other season comparisons. A Venn diagram showed the similar result that summer vs. autumn comparison identified 5 differential metabolites, which was much less than 23 differential metabolites in spring vs. summer and 41 differential metabolites in spring vs. autumn (Figure 4C and Table S3).




3.4. Flavonoid Biosynthesis of Changqing Tea in Different Seasons


In comparison of spring and summer, two flavonoid 3′-hydroxylase genes (F3′H, CSS0032858, CSS0014209) were found to be up-regulated in summer. Flavonoid 3′-hydroxylase belong to the cytochrome P450 super family, catalyze flavonoid hydroxylation at the 3′ positions of the B-ring and promote biosynthesis of cyanidin- anthocyanins, flavonols (quercetin and myricetin), and flavanols (catechin and epicatechin). Compared to spring, catechin and epicatechin of Changqing tea were increased in summer (Figure 1). As well, Quercetin-3-O-(2″-Galloyl-Alpha-L-Arabinoside) was also increased in summer compared to spring (Table S3), which showed a similar trend with F3′H genes expression.



In autumn, epicatechin showed similar content to spring, but catechin was still higher than spring (Figure 1). Meanwhile, Quercetin-3-O-(2″-Galloyl-Alpha-L-Arabinoside) in autumn was also higher than in spring. However, the expression of F3′H genes was not different significantly in comparison of spring and autumn. In addition, lignin-biosynthesis-related genes cinnamyl-alcohol dehydrogenase (CAD, CSS0049172) and peroxidase (POD, CSS0011466, CSS0028286, CSS0050018) were up-regulated in autumn.



Comparing summer to autumn, for flavonoids, only Cyanidin-3-p-coumaroylrutinoside-5-glucoside was decreased in autumn. Moreover, no significant changes were found in flavonoid biosynthesis-related genes (Table S3).




3.5. Amino Acid Metabolism of Changqing Tea in Different Seasons


In comparison of spring and summer, 6 differential amino acids and derivatives were identified, including L-Asp (−1.16), L-threo-3-Methylaspartate (−1.18), L-His (−2.11), 4-Hydroxy-L-Glu (−1.05), H-HomoArg-OH (−3.62), and S-(Methyl)glutathione (−1.49), all of which were decreased in summer. Most of these amino acids impart umami taste. In addition, three genes contributing degradation of Leucine, Valine, and Isoleucine were up-regulated in summer, including branched-chain amino acid aminotransferase (BCAT, CSS0023496), 2-oxoisovalerate dehydrogenase (BCKDHA, CSS0022049), and dihydrolipoamide branched chain transacylase (DBT, CSS0044303). The presence of Val and Leu in peptides imparted bitterness of tea. Although no significant changes were found in Val and Leu content from Changqing tea in different seasons, the three amino acid metabolism related genes played potential roles in regulating tea flavor. It is worth noting that S-(Methyl)glutathione, which is a kokumi active compound, was also decreased in summer.



In autumn, 8 amino acids were decreased compared to spring, including L-Histidine (−2.58), L-Homomethionine (−1.17), H-HomoArg-OH (−3.81), 2,6-Diaminooimelic acid (−2.06), γ-Glu-Cys (−1.97), reduced Glutathione (−2.66), S-(Methyl)glutathione (−1.88), and S-(5′-Adenosy)-L-homocysteine (−1.13). Except for S-(Methyl)glutathione, Glutathione and γ-Glu-Cys also belong to kokumi taste-contributing amino acids. It means that the kokumi and umami taste of Changqing tea in spring is stronger than in summer and autumn (Figure 5).





4. Discussion


In this study, in order to clarify the molecular mechanism of the flavor of Changqing tea, transcriptome and metabolome of tender shoots from two tea garden in Changqing were conducted. The results showed that Changqing tea contained high free amino acids and tea polyphenols. In addition, catechins and tea polyphenols of Changqing tea were less in spring than in summer and autumn, but free amino acids were higher in spring. Correspondingly, the flavonoid and lignin biosynthesis related genes showed higher expression levels in summer and autumn. Meanwhile, compared to spring, amino acids with bitter taste were higher in summer and autumn. The flavonoid changes of Changqing tea in different seasons were consistent with the study by JIANG et al. [20].



Tea polyphenols are one of the most important flavor components, which possesses antioxidant activity [21,22], antimicrobial properties [23,24], and anti-cancer activity [25,26]. In tea shoots, catechins were the major constituents of tea polyphenols. In general, tea plants with albino leaves contained lower tea polyphenols or catechins than green tea cultivars. It leads to the slight bitter taste of albino tea leaves. For examples, green tea cultivars Fudingdabai and Zhenong 113 possessed total catechins of 150 and 16.8 mg/g, respectively. However, the albino tea cultivars Xiaoxueya, Baiye 1, and Huangjinya possessed total catechins of 132 mg/g, 100–123 mg/g, and 130 mg/g, respectively [27,28]. In spring, Changqing tea showed total catechins of 65–111 mg/g, which was at the level of catechins in albino tea cultivars. In summer and autumn, the total catechins of Changqing tea was at the level of normal green tea cultivars. Nevertheless, Changqing tea showed high content of tea polyphenols, with 286–312 mg/g during all the three seasons, which was significantly higher than albino tea cultivar Baiye 1, with 114–262 mg/g in different developmental stages [29], and purple tea cultivars with 188–246 mg/g for the unaerated tea [30]. This result indicated that the antioxidant activity of Changqing tea was not reduced due to the low content of catechins.



Transcriptome analysis revealed that F3′H was up-regulated in summer compared with spring, then resulted in accumulation of catechin and epicatechin in summer. Therefore, Changqing tea showed more bitter taste in summer than in spring. In autumn, the expression of F3′H had no difference compared to spring, but lignin biosynthesis related genes such as CAD and POD were up-regulated. This result indicated more lignins were synthesized in the tea shoots in autumn, suggesting a more tender taste of Changqing tea in spring.



Amino acids are another major component which determines the quality of tea. Its composition and content were affected by environmental factors, such as light, temperature, and soil fertilizers, etc. [7,31]. In Changqing tea, the free amino acids in spring was 63–89 mg/g, which was higher than albino tea cultivars Xiaoxueya of 41 mg/g and Baiye 1 of 35 mg/g, Huangshanbaicha of 71 mg/g during the albinostic stage, as well as higher than green cultivars of Zhenong 113 of 30 mg/g [27,32]. The high amino acids give the tea an umami taste. Different amino acids possessed different tastes: Pro, Gly, Ala, Val, Leu, Tyr, and Phe imparted the bitter taste; Glu, Asp, Tyr, pyro-Glu and succinyl amino acids (such as suc-Arg and suc-Glu) imparted an umami taste; glutathione and γ-Glutamyl dipeptides were kokumi active compounds [33]. In this study, the umami-taste -related amino acids were decreased in summer compared to spring, such as Asp and Glu. Meanwhile, three genes involved in metabolism of Leu, Val, and Iso-Val, which were bitter-taste-contributing amino acids, were up-regulated in summer. These results demonstrated that the taste of Changqing tea was bitter in summer and autumn than in spring. Nevertheless, the total free amino acids of Changqing tea in summer and autumn was similar to albino tea cultivars in spring. This might be a major reason for the slight bitter taste of Changqing tea.



To our knowledge, this is the first report about the kokumi taste in tea. Metabolome analysis showed that some kokumi taste active compounds were conspicuously accumulated in spring in Changqing tea, such as glutathione, γ-Glu-Cys, and S-glutathione. Except for the role of kokumi taste active compounds, high total polyphenols and high free amino acids emphasized the thickness of the tea flavor, and then resulted in the kokumi taste of Changqing tea.



It had to be explained that the great flavor of Changqing tea was largely caused by the climate of its plant area. In Changqing District, the existing tea cultivars were introduced from south of China. In the present study, the Fudingdabai tea cultivar was used, which is not only the most widely planted tea cultivar in Changqing District, but also widely planted throughout China. After a long period of domestication, it exhibited considerable quality changes from the original region. Above all, the high-latitude and big temperature difference between day and night in Changqing District moulds the flavor of Changqing tea.




5. Conclusions


In conclusion, Changqing tea contains an enriched high content of polyphenols and high free amino acids. The lower expression of flavonoid biosynthesis related genes produced less catechins, and the higher accumulation of umami and kokumi amino acids constructed the special flavor of Changqing tea.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods11152289/s1, Table S1: The primer used for QRT-PCR analysis; Table S2: The differential metabolites of Changqing tea in different seasons; Table S3: The common differential metabolites of Changqing tea in both tea gardens between different seasons; Figure S1: QRT-PCR verification of differential expressed genes.





Author Contributions


Conceptualization, Q.M. and Z.D.; methodology, M.Q.; software, L.S.; validation, H.S., H.Z. and H.W.; resources, H.Z.; writing—original draft preparation, Q.M.; writing—review and editing, Z.R. and H.L.; supervision, G.D. and Y.W.; project administration, Z.D.; funding acquisition, Z.D. and Q.M. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by Changqing Tea Team Fund, Shandong Agricultural Seed Engineering Project (2020LZGC010) and Natural Science Fund of Shandong Province (ZR2021 QC159) and Innovation Training Program for College Students (CXCY2022326).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The transcriptomic data has been deposited in SRA database with accession of PRJNA830980.




Acknowledgments


Thanks for the help by Guangrong Liu from Shenghushan tea tech Ltd. on support of tea processing equipment.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kfoury, N.; Scott, E.R.; Orians, C.M.; Ahmed, S.; Cash, S.B.; Griffin, T.; Matyas, C.; Stepp, J.R.; Han, W.; Xue, D.; et al. Plant-climate interaction effects: Changes in the relative distribution and concentration of the volatile tea leaf metabolome in 2014–2016. Front. Plant Sci. 2019, 10, 1518. [Google Scholar] [CrossRef] [PubMed]

	



Lu, X.; Zhao, Y.; Sun, Y.; Yang, S.; Yang, X. Characterisation of polysaccharides from green tea of Huangshan Maofeng with antioxidant and hepatoprotective effects. Food Chem. 2013, 141, 3415–3423. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Guo, H.; Zong, B.; He, P.; Fan, F.; Gong, S. Rapid and non-destructive discrimination of special-grade flat green tea using Near-infrared spectroscopy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 206, 254–262. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, D.L. Tea in China. In Caffeine; Spiller, G.A., Ed.; CRC Press: Boca Raton, FL, USA, 2019; pp. 1–6. [Google Scholar]

	



Zhuang, X.G.; Shi, X.S.; Wang, H.F.; Wang, L.L.; Fang, J.X. Rapid determination of green tea origins by near-infrared spectroscopy and multi-wavelength statistical discriminant analysis. J. Appl. Spectrosc. 2019, 86, 76–82. [Google Scholar] [CrossRef]

	



Zhuang, X.-G.; Wang, L.-L.; Wu, X.-Y.; Fang, J.-X. Origin identification of Shandong green tea by moving window back propagation artificial neural network based on near infrared spectroscopy. J. Infrared Millim. Waves 2016, 35, 200–205. [Google Scholar]

	



Ma, Q.; Song, L.; Niu, Z.; Li, J.; Wang, Y.; Sun, H.; Ren, Z.; Zhao, H.; Guo, S.; Ding, Z. Red light regulates the metabolite biosynthesis in the leaves of “Huangjinya” through amino acid and phenylpropanoid metabolisms. Front. Plant Sci. 2022, 12, 810888. [Google Scholar] [CrossRef]

	



Xia, E.; Tong, W.; Hou, Y.; An, Y.; Chen, L.; Wu, Q.; Liu, Y.; Yu, J.; Li, F.; Li, R.; et al. The reference genome of tea plant and resequencing of 81 diverse accessions provide insights into its genome evolution and adaptation. Mol. Plant 2020, 13, 1013–1026. [Google Scholar] [CrossRef]

	



Deng, Y.; Jianqi, L.I.; Songfeng, W.U.; Zhu, Y.; Chen, Y.; Fuchu, H.E. Integrated nr database in protein annotation system and its localization. Comput. Eng. 2006, 32, 71–74. [Google Scholar]

	



Apweiler, R.; Bairoch, A.; Wu, C.H.; Barker, W.C.; Boeckmann, B.; Ferro, S.; Gasteiger, E.; Huang, H.; Lopez, R.; Magrane, M.; et al. UniProt: The universal protein knowledgebase. Nucleic Acids Res. 2004, 32, D115–D119. [Google Scholar] [CrossRef]

	



Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al. Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 2000, 25, 25–29. [Google Scholar] [CrossRef]

	



Tatusov, R.L.; Galperin, M.Y.; Natale, D.A.; Koonin, E.V. The COG database: A tool for genome-scale analysis of protein functions and evolution. Nucleic Acids Res. 2000, 28, 33–36. [Google Scholar] [CrossRef]

	



Koonin, E.V.; Fedorova, N.D.; Jackson, J.D.; Jacobs, A.R.; Krylov, D.M.; Makarova, K.S.; Mazumder, R.; Mekhedov, S.L.; Nikolskaya, A.N.; Rao, B.S.; et al. A comprehensive evolutionary classification of proteins encoded in complete eukaryotic genomes. Genome Biol. 2004, 5, R7. [Google Scholar] [CrossRef]

	



Finn, R.D.; Bateman, A.; Clements, J.; Coggill, P.; Eberhardt, R.Y.; Eddy, S.R.; Heger, A.; Hetherington, K.; Holm, L.; Mistry, J.; et al. Pfam: The protein families database. Nucleic Acids Res. 2014, 42, D222–D230. [Google Scholar] [CrossRef]

	



Kanehisa, M.; Goto, S.; Kawashima, S.; Okuno, Y.; Hattori, M. The KEGG resource for deciphering the genome. Nucleic Acids Res. 2004, 32, D277–D280. [Google Scholar] [CrossRef]

	



Altschul, S.F.; Madden, T.L.; Schaffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402. [Google Scholar] [CrossRef]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Ma, Q.; Li, H.; Zou, Z.; Arkorful, E.; Lv, Q.; Zhou, Q.; Chen, X.; Sun, K.; Li, X. Transcriptomic analyses identify albino-associated genes of a novel albino tea germplasm ‘Huabai 1’. Hortic. Res. 2018, 5, 54. [Google Scholar] [CrossRef]

	



Jiang, C.-K.; Ni, D.-J.; Yao, M.-Z.; Ma, J.-Q.; Chen, L. Metabolic and transcriptome analysis reveals metabolite variation and flavonoid regulatory networks in fresh shoots of tea (Camellia sinensis) over three seasons. Front. Agric. Sci. Eng. 2021, 8, 215–230. [Google Scholar]

	



Djuardi, A.U.P.; Yuliana, N.D.; Ogawa, M.; Akazawa, T.; Suhartono, M.T. Emulsifying properties and antioxidant activity of soy protein isolate conjugated with tea polyphenol extracts. J. Food Sci. Technol. 2020, 57, 3591–3600. [Google Scholar] [CrossRef]

	



Kim, H.-S.; Quon, M.J.; Kim, J.-A. New insights into the mechanisms of polyphenols beyond antioxidant properties; lessons from the green tea polyphenol, epigallocatechin 3-gallate. Redox Biol. 2014, 2, 187–195. [Google Scholar] [CrossRef]

	



Wei, W.; Zhou, Y.; Chen, F.; Yan, X.; Lai, Y.; Wei, C.; Chen, X.; Xu, J.; Wang, X. Isolation, diversity, and antimicrobial and immunomodulatory activities of endophytic actinobacteria from tea cultivars Zijuan and Yunkang-10 (Camellia sinensis var. assamica). Front. Microbiol. 2018, 9, 1304. [Google Scholar] [CrossRef]

	



Yang, Y.; Zhang, T. Antimicrobial activities of tea polyphenol on phytopathogens: A review. Molecules 2019, 24, 816. [Google Scholar] [CrossRef]

	



Ding, S.; Xu, S.; Fang, J.; Jiang, H. The protective effect of polyphenols for colorectal cancer. Front. Immunol. 2020, 11, 1407. [Google Scholar] [CrossRef]

	



Lecumberri, E.; Dupertuis, Y.M.; Miralbell, R.; Pichard, C. Green tea polyphenol epigallocatechin-3-gallate (EGCG) as adjuvant in cancer therapy. Clin. Nutr. 2013, 32, 894–903. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.Y.; Liang, Y.R.; Wang, H.; Wang, K.R.; Lu, J.L.; Zhang, G.H.; Lin, W.P.; Li, M.; Fang, Q.Y. A study on the chemical composition of albino tea cultivars. J. Hortic. Sci. Biotechnol. 2006, 81, 809–812. [Google Scholar] [CrossRef]

	



Feng, L.; Gao, M.-J.; Hou, R.-Y.; Hu, X.-Y.; Zhang, L.; Wan, X.-C.; Wei, S. Determination of quality constituents in the young leaves of albino tea cultivars. Food Chem. 2014, 155, 98–104. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, L.; Li, J.; Li, Y.; Yuan, L.; Liu, S.; Huang, J.A.; Liu, Z. Dynamic changes in catechin levels and catechin biosynthesis-related gene expression in albino tea plants (Camellia sinensis L.). Plant Physiol. Biochem. 2013, 71, 132–143. [Google Scholar] [CrossRef]

	



Kerio, L.C.; Wachira, F.N.; Wanyoko, J.K.; Rotich, M.K. Total polyphenols, catechin profiles and antioxidant activity of tea products from purple leaf coloured tea cultivars. Food Chem. 2013, 136, 1405–1413. [Google Scholar] [CrossRef]

	



Liu, J.; Liu, M.; Fang, H.; Zhang, Q.; Ruan, J. Accumulation of amino acids and flavonoids in young tea shoots is highly correlated with carbon and nitrogen metabolism in roots and mature leaves. Front. Plant Sci. 2021, 12, 756433. [Google Scholar] [CrossRef]

	



Shen, Z.; He, Y.; Li, Y.; Yang, T.; Xu, X.; Jiang, C. Insights into the profiling changes of amino acid content in an albino mutant (Camellia sinensis cv. Huangshanbaicha) during the albinostic stage. Sci. Hortic. 2020, 260, 108732. [Google Scholar] [CrossRef]

	



Zhao, C.J.; Schieber, A.; Gänzle, M.G. Formation of taste-active amino acids, amino acid derivatives and peptides in food fermentations—A review. Food Res. Int. 2016, 89, 39–47. [Google Scholar] [CrossRef]








[image: Foods 11 02289 g001 550] 





Figure 1. Flavor components of Changqing tea in different seasons. Different lowercase letters represent different significantly on p < 0.05 level. N, XN, and QN mean samples from Nanhuyulu in spring, summer and autumn, respectively. L, XL, and QL mean samples from Litaishan in spring, summer and autumn, respectively. GA, gallic acid; GC, gallocatechin; EGC, epigallocatechin; C, catechin; EC, epicatechin; EGCG, epigallocatechin gallate; GCG, gallocatechin gallate; ECG, epicatechin gallate; CG, catechin gallate; TP, tea polyphenol; FAA, free amino acids. 
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Figure 2. Differential expressed genes of Changqing tea leaves during different seasons. (A), the Venn diagram of differential expressed genes during different seasons. (B), the KOG classification of common differential expressed genes in the samples from two tea gardens between different seasons. N, XN, and QN mean samples from Nanhuyulu tea garden in spring, summer, and autumn, respectively. L, XL and QL mean samples from Litaishan tea garden in spring, summer, and autumn, respectively. 
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Figure 3. Classification of metabolites identified in Changqing tea shoots. 






Figure 3. Classification of metabolites identified in Changqing tea shoots.



[image: Foods 11 02289 g003]







[image: Foods 11 02289 g004 550] 





Figure 4. Differential metabolites identified in Changqing tea shoots during different seasons. (A), Differential metabolites numbers of Changqing tea shoots in different seasons from two tea gardens. (B), Classification of differential metabolites in Changqing tea shoots during different seasons. (C), Venn diagram of differential metabolites in Changqing tea shoots during different seasons. N, XN and QN mean samples from Nanhuyulu tea garden in spring, summer, and autumn, respectively. L, XL and QL mean samples from Litaishan tea garden in spring, summer, and autumn, respectively. 
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Figure 5. The potential mechanism of flavor changes of Changqing tea during different seasons. Red letters represent up-regulated DEGs or metabolites. 
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Table 1. Quality and genome alignment efficiency of sequencing data.
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	Sample ID
	Total Reads
	GC Content
	Q30
	Mapped Reads
	Uniq Mapped Reads





	L1
	44,484,588
	45.35%
	94.84%
	38,627,832 (86.83%)
	32,337,944 (72.69%)



	L2
	46,058,340
	45.37%
	94.89%
	40,035,790 (86.92%)
	33,536,472 (72.81%)



	L3
	38,975,414
	45.72%
	94.49%
	33,881,495 (86.93%)
	28,279,355 (72.56%)



	N1
	44,248,808
	45.38%
	94.45%
	38,350,376 (86.67%)
	32,204,533 (72.78%)



	N2
	42,729,226
	45.52%
	94.51%
	36,935,621 (86.44%)
	30,977,168 (72.50%)



	N3
	39,548,916
	45.51%
	94.20%
	34,339,197 (86.83%)
	28,631,767 (72.40%)



	XL1
	43,648,802
	45.51%
	94.78%
	37,879,990 (86.78%)
	31,889,023 (73.06%)



	XL2
	43,559,986
	45.67%
	94.84%
	37,926,766 (87.07%)
	32,015,677 (73.50%)



	XL3
	43,038,378
	45.49%
	94.82%
	37,442,835 (87.00%)
	31,632,998 (73.50%)



	XN1
	43,957,652
	45.58%
	94.51%
	38,161,588 (86.81%)
	32,217,373 (73.29%)



	XN2
	41,767,546
	45.29%
	93.91%
	36,196,630 (86.66%)
	30,599,340 (73.26%)



	XN3
	43,149,206
	45.43%
	94.94%
	37,390,956 (86.66%)
	31,694,135 (73.45%)



	QL1
	48,320,578
	45.43%
	95.29%
	41,721,506 (86.34%)
	35,084,628 (72.61%)



	QL2
	53,669,856
	45.58%
	94.97%
	46,314,442 (86.30%)
	38,931,575 (72.54%)



	QL3
	52,343,966
	45.51%
	94.32%
	44,353,491 (84.73%)
	37,160,579 (70.99%)



	QN1
	41,956,338
	45.65%
	94.44%
	36,024,372 (85.86%)
	30,405,207 (72.47%)



	QN2
	44,766,142
	45.29%
	94.29%
	38,612,001 (86.25%)
	32,659,135 (72.95%)



	QN3
	42,372,422
	45.49%
	94.12%
	36,598,453 (86.37%)
	30,941,615 (73.02%)
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