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Abstract:
Tea production is challenged by global climate change and frequent abiotic/biotic stresses. Tea quality regarding of rich flavors and diverse health functions is also being down-graded by various agrochemical contaminations. While quality-determining tea plant secondary metabolites, such as catechins, caffeine, volatiles, and theanine, are synthesized primarily for defenses against stresses, few tea garden management measures take the defense functions into account for enhancing tea plant tolerance and minimizing the use of agrochemicals. Extensive study of tea plant secondary metabolism and their defensive roles should improve the situation. Given the importance of secondary metabolites for both tea flavors, health functions, and tea plant defense against environmental stresses, an in-depth understanding of the environmental regulation of tea plant secondary metabolite biosynthesis are highly expected. Strategies developed from the knowledge would promise the production of safe and high-quality tea. This review highlights tea plant secondary metabolic pathways connecting plant-environmental interactions in the broader contexts, particularly, the roles of secondary metabolites in tea plant innate immunity against these stresses and meanwhile of tea quality and organic production. Transcription factors and epigenetic regime-mediated environmental regulation of metabolite biosynthesis are discussed, to guide future research on genetic improvement of tea plants for organic tea production with better nutrition.
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Introduction
Tea is the second most popular and consumed non-alcoholic beverage, after water, and more than four billion people across 150 countries in the world drink various types of teas due to their pleasant aroma, rich flavors and relax cultures, as well ashealth benefits (Yang and Hong, 2013; Ashihara et al., 2017; Kahathuduwa et al., 2017; Gilbert, 2019). Today, tea plants have been planted worldwide with plantation acreages of ~7 million hectares with a total production of ~ 9 million metric tons of teas, according to the data from FAO (FAO, 2017). The popularity of teas is essentially attributable to tea secondary metabolites with diverse sensory impressions and potent health functions (Yang and Hong, 2013; Camfield et a., 2014; Ashihara et al., 2017; Kahathuduwa et al., 2017). The major secondary metabolites in tea plant leaves include polyphenols (mainly catechins), alkaloids (mainly caffeine), amino acids (mainly theanine), volatiles, and triterpenoid saponins (Wei et al., 2018; Gilbert, 2019). Each of them gives specific flavors to tea infusions. Catechins and flavonols give tea tastes of astringency and bitterness, theanine provides umami and sweet tastes, caffeine gives the tea a bitter taste, and volatiles gives tea infusions pleasant and memorable aroma (Chaturvedula and Prakash, 2011; Gilbert, 2019). The numerous health benefits of teas have been revealed by basic research, clinical trials, and epidemiological studies. The bioactivities including anti-microbial, anti-cancer, anti-inflammatory, anti-diabetic, anti-obesity by catechins and other polyphenols (Yang and Hong, 2013; Camfield et a., 2014), central-nervous-system stimulant by caffeine (Mancini et al., 2017; Kahathuduwa et al., 2017), and neuron-protection, brain relaxation, sleep improving, and cognition improvement by theanine (Kahathuduwa et al., 2017; Gilbert, 2019). Tea saponins also deliver antibacterial, insecticide, and anticancer or other activities to human health or other utilizations for multiples purposes (Guo et al., 2018). 
     Given the increasing popularity of teas and the growing market demands for various types and qualities of teas, remarkable growth in tea plant cultivation acreage was recorded in major tea producing countries, such as China, India, Kenyan, Sri Lank (FAO, 2017). However, with global climate change and social development, global tea production is increasingly challenged by weather disasters, such as sudden spring freeze, prolonged cold, and drought stresses, or heat waves (Ahmed et al., 2014, 2019), serious contaminations of tea products with herbicides, pesticides, and fungicide (Abd El-Aty et al., 2014; Guo et al., 2018), and fluoride (F)，aluminum (Al), or heavy metals (Morita et al., 2011; Gao et al., 2014). Under the global climate changes, insect and pathogen attacks more frequently occurred (Lehmann-Danzinger, 2000), weed control become more difficult (Srithi et al., 2017), all of which resulted tea contaminations and quality degradation. On the other hands, the European Union, USA, Japan, and other tea importer countries set higher standards on tea safety and tea qualities for tea trading. These issues in the tea industry in concerns of tea quality, safety, rising production costs, and decreasing yields are clearly linked to our limited understanding of the tea plant secondary metabolism, in terms of their chemical diversity, biosynthesis, catabolism, and regulation in tea plants. Despite the extensive research efforts in past decades, many fundamental questions regarding of tea plant secondary metabolism and their defensive functions in tea plants remain obscure. These mysteries in tea plant biology are the main obstacles on the way towards breeding of high-quality tea plant varieties with desirable bioactive secondary metabolites and strong resistance against various environmental stresses and insects and diseases (Ahmed et al., 2014, 2019). 
     It has been believed that most plant secondary metabolites are synthesized by plants primarily for defense against biotic and abiotic stresses as a part of plant innate immunity or allelochemicals for adaptation (Metlen et al., 2009; Ahmad et al., 2011; Piasecka et al., 2015; Kong et al., 2019). However, due to the limited understanding of tea plant secondary metabolism and their interactions with their environmental (biotic and abiotic) stresses, very few effective and safe measures had been developed for tea garden farmers to manage tea plants to ensure tea production for both quality and safety. Therefore, investigation of tea plant secondary metabolism will be needed for efficient genetic improvement of secondary metabolites for tea quality and tea plant resistance, since  plant secondary metabolites can enhance tea plant innate immunity, minimize the use of agro-chemicals and ensure the safety and quality of teas.  
        Challenged by the diverse chemical structures, complicated metabolic pathways, unclear defense responses, and deliberate regulatory mechanisms, the progress towards understanding of the tea plant biology were slow. The sequenced tea plant genomes set up great platforms for efficient investigation of tea plant biology and genetic improvement of tea plants for better agronomic traits in concerns of both nutritional quality and food safety. This review is to summarize the current understanding of diversity and complexity of tea plant secondary metabolites and metabolic pathways, and their roles in tea plant defenses against biotic and abiotic stresses. It highlights major tea plant secondary metabolic pathways, tea plant-environment interactions and under which, the biosynthesis of these secondary metabolites is regulated through transcription factors and epigenetic mechanisms. As one of the innate means to enhance tea plant immunity, responsive production of these specialized metabolites in tea plant leaves concerns both tea quality and effective management of tea plants for organic and quality tea production. It is thus expected to guide our future research on tea plants for better quality and safe drinks.          
Tea plants: cultivation, secondary metabolites, and genome 
Tea plants (Camellia sinensis L. O. Kuntze) belong to Section Thea, genus Camellia, family Theaceae (Zhang et al., 2018, eFloras, 2018). Among four Series in Section Thea, only Series Sinenses Chang, covering 12 species, are usually used toproduce tea, two varieties C. sinensis var. sinensis (sinensis type) and C. sinensis var. assamica (assamica type) are the most widely cultivated tea plants (Drew, 2019). These perennial evergreen shrubs or trees grow throughout the warm and humid tropical and subtropical regions in the world. They need a plenty of rainfall (at least 254 cm. precipitation annually) and a climate with a humid (70-90% humidity) without extended periods of freezing winter weather, and thrive in acidic soils with preferable pH 4-5.5. Tea plants have adapted to grow under shade of tropical forests and misty mountains in South Asian Subcontinent and Middle-south Peninsula, including southwest of China, Assam of India, Cambodia, and Sri Lanka (Drew, 2019). Long history of domestication, farmer selection and spreading resulted in thousands of landraces and elite cultivars adapted to globally diverse habitats in more than 60 countries. 

       Most leaves in section Thea tea plants contain a wide array of concentrated secondary metabolites. The major secondary metabolites concurrently accumulate in tea leaves at rather high levels: catechins (8-14 %), theanine (1-4 %), caffeine (0.4-3 %), aroma volatile (0.01- 0.03 %), triterpenoid saponins (0.2-2 %) at dry leaves basis (Chaturvedula and Prakash, 2011; Zhao et al., 2020). Of them, the most enriched natural products are catechins，a collective name for flavan 3-ols including six major types, (-)-epicatechin (EC), (+)-catechin (C), (-)-epigallocatechin (EGC), (+)-gallocatechin(GC), (-)-epicatechin-3-gallate (ECG), and (-)-epigallocatechin-3-gallate (EGCG), non-protein amino acid theanine, purine alkaloid caffeine, and terpenoid volatiles, carotenoids, and triterpenoid saponins (Chaturvedula and Prakash, 2011; Gilbert, 2019). Therefore, catechins, caffeine, theanine, and terpenoids form the metabolic signatures of tea plants. Besides these, many other catechins derivatives, e.g. more than 20 catechins fatty acid esters, such as 4'-, 3'-, 3-, 5-, 7-, and 5-O-palmitoyl GCG (EGCG, or CG), coumarins, lignans, are identified from tea plants (Zhao et al., 2020). More than 70 simple phenolic compounds, such as benzoic acid, salicylic acid, cinnamic acid, chlorogenic acid, and gallic acid are recorded. Anthocyanins, flavonones, flavanols and their derivatives are commonly present at decent levels in particular tea plants, such as higher levels of delphinidin-type anthocyanins in the purple leaf-tea plant varieties, higher levels of flavonols and flavonones in yellow leaf-tea plant varieties (Li et al., 2020). Recently published genome sequences of two major tea plant varieties, sinensis and assamica types, provided great platforms for investigation of genetic basis for the biosynthesis of these diverse and complex natural products (Xia et al., 2017; Wei et al., 2018). Particularly, it is shown that not two rounds of whole genome duplication, but the more recent tandem gene duplications of secondary metabolic genes are more critical for formation of characteristic secondary metabolites in tea plants (Wei et al., 2018). For better understanding and effective utilization of the rich resources of tea plants, plant metabolic genomic studies on tea plants had been proposed (Zhao et al., 2020).  
Biosynthesis of major tea plant characteristic secondary metabolites 

Galloylation of catechins by SCPL-1As

Tea plant leaves are particularly rich in astringent-tasting natural products, such as galloylated catechins, mainly EGCG, and polygalloylated glucose derivatives (also called hydrolyzable tannins, HTs) (Yang and Tomás-Barberán, 2018; Wei et al., 2019a). HTs are present in tea plant leaves at high levels, had potent health benefits in diets (Cao et al., 2014; Patnaik et al., 2019). About 40 gallic acid derivatives, including gallotannins and ellagitannins, and mono- and poly-galloylated glucoses have been identified in tea plants (Yang and Tomás-Barberán, 2018). As the precursors for galloylated flavan-3-ols and HTs, gallic acid is widely distributed in plant kingdoms, although a clear synthetic pathway for gallic acid from the shikimate pathway in plants remains to be identified (Niemetz and Gross 2005; Wilson et al., 2016) (Fig 1). β-Glucogallin (β-G) is formed from glucose and gallic acid by UDP-glucose: galloyl-1-O-β-D-glucosyltransferase CsUGT84A22 in tea plants (Liu et al., 2012; Cui et al., 2016), and in several other plants (Ono et al., 2016; Tahara et al., 2018) (Fig 1). In consistent with a biochemistry study on galloylation of catechins by a serine carboxypeptidase-like acyltransferase subclade 1A (SCPL1A-AT), CsECGT, from tea leaves (Liu et al., 2012), the expression patterns of these 22 SCPL1A-AT genes are highly correlated with accumulation of galloylated catechins in different tea plant tissues (Wei et al., 2018). These SCPL1A-ATs are particularly enpanded in tea genome through a recent tandam gene duplication. Plant specific SCPL1A-AT are encoded by large gene families in many plant genomes and are involved in acylation modification of diverse array of both primary metabolites such as sugars, malate, indole-3-acetic acid, myo-inositol, and choline, and secondary metabolites such as catechins, flavonols, anthocyanins, or glucosinolates with various 1-O-β-D-glucose esters as acyl donors (Wilson et al., 2016). However, the exact roles or molecular identities of SCPL1A-ATs in galloylation of catechins remain vague (Fig 1).

     These galloylated secondary metabolites play important roles in plant-environment interactions, such as herbivore deterrence and resistance against microbial pathogens (Wilson et al., 2016). Microbes had evolved tannases to hydrolyze HTs to colonize tea and other plants (Jana et al., 2014). Tannases (also called tannin acyl hydrolases) catalyze the hydrolysis of HTs to yield glucose or catechins and gallic acid and have been well studied in various microorganisms (Jana et al., 2014). However, they are not known in plants until a recent study revealed the molecular characterization of a group of plant tannases from tea plants and strawberry, which were able to hydrolyze HTs and galloylated catechins into glucose and non-galloylated catechins with gallic acid, respectively (Dai et al., 2020).
Polymerization of catechins

While most other plants synthesize polymerized proanthocyanidins (PAs, also called condensed tannins) from EC or C in various tissues to build up the natural defense (Pichersky and Lewinsohn, 2011), tea plants primarily accumulate the monomeric galloylated catechins in apical buds and young leaves (~75 % of total catechins) instead. So far it is still not understood how these monomeric galloylated catechins, rather than PAs, are major flaval-3-ols in tea plant leaves. 

Flaval-3-ols and their galloylated derivatives strictly forms C4→C6 or C4→C8 C-C bond-linked oligomers or polymers of varying length, which are very common in plant kingdoms for their strong antimicrobial and anti-insect and anti-herbivore activities (Dixon et al., 2005). Either enzymatic or non-enzymatic catalyzed polymerization could be started with an EC as starter unit, and C, EC, or their galloylated esters as extension units (Dixon et al., 2005). However, the mechanisms of PA polymerization remain elusive, until recently studies uncovered some of the mysteries (Dixon et al., 2005; Zhao et al., 2010; Liu et al., 2016; Jun et al., 2018). A new carboxylation epicatechin 4β-(S-cysteinyl)-EC (Cys-EC) was identified as 4→8 linked extension units for PA polymerization in Medicago truncatula, but leucoanthocyanidin reductase (MtLAR) acted as a negative factor in PA polymerization for its catalyzing conversion of Cys-EC back to EC and causing the short of extension units (Liu et al., 2016). Further study showed that anthocyanidin synthase (MtANS) and leucoanthocyanidin dioxygenase (MtLDOX) are involved in parallel pathways required for generating (-)-EC extension units and (-)-EC starter units, respectively (Jun et al., 2018). LDOX catalyzed (-)-EC starter unit formation by using (+)-C as an intermediate, in consistence with MtLAR-converted Cys-EC back to EC starter units (Liu et al., 2016). Thus, Medicago MtLAR and MtANR were involved in LDOX-mediated formation of (-)-EC starter units from (+)-C, and they functioned together to convert leucocyanidin to (+)-C, or (+)-C into (-)-EC (Jun et al., 2018). However, how Cys-EC or Cys-C is generated remains unknown (Fig 1). Unlike the PA polymerization in Medicago, the PAs of grapevine, persimmons, and tea plants contain starter unit C, extension units of mixed catechins, such as EGC and EC as major ones, and C, EGCG, and ECG as minor ones (Jiang et al., 2015; Brillouet et al., 2017). However, C-8 N-ethyl-2-pyrrolidinone-substituted flavan-3-ols (EC, ECG, EGC, and EGCG) were isolated from tea plant leaves and non-fermented white teas (Meng et al., 2018). CsANR-catalyzed generation of (-)-EC-4-O-methyl ether through (-)-EC carbocation and (+)-C-4-O-methyl ethers also enabled to identify acid-based procyanidin B2/B3 catalysis; these carbocation ethers further polymerized into oligomers when incubated with (-)-EC or (+)-C (Wang et al., 2019a). Further studies need to clarify the active carbonation forms for C-4 C-8 linked PA polymerization. 

Biosynthesis and functions of theanine and amino acids

Theanine (γ-glutamylethylamide), a non-protein amino acid, is another most abundant characteristic secondary metabolite in tea plants. Theanine usually accounts for ~60-70% of total free amino acids. Because of mental health-promoting effects and its metabolic relations with several neurotransmitter glutamate, dopamine, and γ-aminobutyric acid (GABA), which are also present in tea plants, theanine has drawn extensive attention (Gilbert, 2019; Zhao et al., 2020) (Fig 2). Theanine is predicted to be derived from glutamate and ethylamine by the action of theanine synthetase (TS), resembling glutamine formed from glutamate and ammonium catalyzed by glutamine synthetase (GS) (Fig 2). Tracer experiments have shown that Alanine-derived ethylamine as a precursor was incorporated with glutamate into theanine primarily taking place in the roots (Deng et al., 2009; Bai et al., 2019). While at least five GS genes found in tea genome, four are CsGSII genes, how CsTSI works with these CSGSII in glutamine and theanine biosynthesis in tea plants is not known (Fig 2). Although their close homologs present in other flowering plants, such as Arabidopsis and soybean, that are not known to accumulate theanine, these plants could synthesize theanine when ethylamine was fed (Cheng et al., 2017; Wei et al., 2018). Therefore, how only Thea Section plants, as well as some microbial bacteria and fungi could selectively synthesize theanine remains unknown. Mysteries on theanine also are extended to its physiological functions at such high concentrations in root and bud tissues It is posited that while glutamine is the primary nitrogen assimilation product, theanine might be a nitrogen reservoir for tea plants. Furthermore, active biosynthesis of theanine, GABA, and polyamines in tea plant roots is also interesting, for their signaling roles in tea plant root interactions with rhizosphere soils and environments, probably acting as allelochemicals (Kong et al., 2018).
Biosynthesis of antimicrobial and anti-insect caffeine and xanthine alkaloids
More than 20 purine alkaloids and their derivatives, such as caffeine, theobromine, theophylline, and methylated xanthines, are found in tea plants. While many plants are evolved to produce caffeine through distinct pathways by employing different sets of enzymes with different properties, substrate preference, and catalytic activity, through mutations of primary metabolic genes and selections on a group of xanthine N-methyltransferase (XMT) or caffeine synthase (CS) (Kato and Crozier, 2000; Huang et al., 2016). It is clear that caffeine biosynthesis involves several XMT and a 7-methylxanthine nucleosidase, and intermediates xanthosine, 7-methylxanthosine, 7-methylxanthine, theobromine, or theophylline (Ashihara et al., 2017) (Fig 2). Because tea plant genomes contain at least 13 copies of these XMT genes, their exact contributions to caffeine accumulation in tea plants varieties with significant variations in caffeine, theobromine, or other purine alkaloid contents are gradually revealed (Jin et al., 2016; Ashihara et al., 2017). Analysis of these related XMT genes in some caffeine-defect Camellia germplasm, such as theacrine-accumulating (2.8%) C. assamica cv. kucha (kucha), could help to dissect the genetic variation for caffeine biosynthesis in tea plants (Zhang et al., 2020).  Both the co-opted evolution of multifaceted enzymatic activities of XMTs towards convergent caffeine synthesis in various plant species, and the natural selection of caffeine against pathogens and herbivores provide directional evolution force for caffeine biosynthesis (Huang et al., 2016). Caffeine acts as antimicrobial and neurotoxin to kill microbes and to repel herbivores, and thus is used to engineer disease-resistance and insect-tolerant crops (Hollingsworth et al., 2002; Kim and Sano, 2008). Tea plants evolve caffeine as a native antimicrobial and anti-insect chemical to build their innate immunity. Indeed, the elevated CO2 reduced endogenous caffeine content in tea leaves, and thus sharply increased susceptibility of tea plants to the blight pathogen (Li et al., 2016a). While caffeine is relative stable in tea plant leaves, many microbes had evolved efficient caffeine degradation enzymes (Zhao et al., 2020, Fig 2).

Terpenoids: scent words in plant-environment conversations 
More than 350 terpenoids and steroids, nearly 100 triterpenoid saponins accounting for the major parts (~120 saponins), and ~20 tetraterpenoids were also detected (Chaturvedula and Prakash, 2011). Tea plant leaves synthesize various volatiles, including fatty acid derivatives, such as (Z)-3-hexenol, benzenoids, such as benzyl nitrile, and terpenes, modify them with glycosylation, and release them during insect attack and wounding or tea processing. The monoterpenes, such as Linalool and (E)-β-ocimene, and sesquiterpenes, such as nerolidol and (E)-β-farnesene, present in tea leaves subject to the regulation by various cues (Liu et al., 2017; Xu et al., 2018) (Fig 3).  These scent volatiles act as either defense chemicals against herbivores, as signaling molecules attracting herbivore enemy predators for prey, or activating distal leaves' system defense of the same plant, or as message warning neighbor undamaged tea plants for defense (Dicke and Baldwin, 2010). Various volatile glycosyltransferase and glucosidase genes have been extensively studied (Mizutani et al., 2002; Zhou et al., 2014; Ohgami et al., 2015; Shoji et al., 2015; Cui et al., 2016). Tea plants are also typical high-triterpenoid-producing plants, with also steroid saponins identified in tea plant tissues, such as fruits and flowers, in which total saponins account for 10-14% dry weights (Guo et al., 2018). The triterpene saponins in tea plants are mainly oleanane-type, structurally diversified with a large variety of sapogenin backbones and sugar side chains and bioactivities (Guo et al., 2018). Triterpenoid phytosterols in tea plant tissues include sitosterol, stigmasterol, and campesterol (Fig 3). Triterpenoid and sterol saponins are synthesized via the isoprenoid pathway by cyclization of 2,3-oxidosqualene to give primarily oleanane-type triterpene, or cycloartenol type sterol skeletons. These sapogenin backbones are then subject to various modifications, such as oxidation, substitution, and glycosylation, by cytochrome P450-monooxygenases (P450s), UDP-glycosyltransferases (UGTs), or acylation by BAHD or SCPL acyltransferases. The specific structural genes such as squalene synthase, squalene epimerase, oxidosqualene cyclases (OSCs), including β-amyrin synthase and cycloartenol synthase, as well as P450s and UGTs are extensively expanded in tea plant genome for sapogenin biosynthesis (Fig 3). So far little is known about the characterization of any one of these enzymes or genes. 
Environmental regulation of tea plant secondary metabolites
The global climate change  caused shifts in seasonality, atmospheric CO2, light radiation, drought, temperature, salinity, or thereby changed rhizosphere microbiota, insect or disease outbreaks, result in significant increases or decreases of tea yield and secondary metabolism in tea plant leaves (Ahmed et al., 2014, 2019). Environmental abiotic and biotic factors intrinsically affect tea plant physiological processes and secondary metabolism, including abiotic factors such as altitude, latitude, rainfall, humidity, high-light, UV-radiation, and soil conditions, and biotic factors such as arthropod pests, disease pests, pollinators, weeds, and soil microorganisms. For examples, latitude belt (30ºS -42ºN）and elevation (0-3000 m) are ideal for tea plant growth, and the inverse correlation between the astringency of oolong tea, reflected mainly by accumulation of galloylated catechins, and the tea plant cultivation altitude was suggested (Chen et al., 2014). Considerable progress has been made about the impacts of these environmental factors on tea plant yield, flavor and health function quality, and safety.    
UV-light and high-light radiation and elevated CO2
Originated from tropic forests, tea plants adapted to grow under the shade of tropical forests and misty mountains; high-intensity light and UV-radiation can be stressful for tea plants. UV-B or high light-radiations usually increase the biosynthesis of bitter-tasting flavonols and caffeine, and astringent catechins, which likely act as photoprotectants to reduce their damaging effects (Liu et al., 2018a; Li et al., 2020). However, high-light and UV-radiation also reduce theanine biosynthesis in tea plant leaves and cause imbalanced nutrient compositions, thus shading is one of the most commonly used strategies to improve tea quality in summer-autumn (Wang et al., 2012; Song et al., 2012; Liu et al., 2018a). As one of the most important environmental factors regulating flavonoid and most plant secondary metabolite biosynthesis, light quality and intensity have been particularly studied for how they affect tea plant secondary metabolism. It was shown that red and blue lights promoted the production of catechins and caffeine (Zheng et al., 2019). UV-A and -B radiations promoted anthocyanin production in purple leaf tea plant varieties for photoprotection roles (Li et al., 2020) (Fig 4). Young tissues in most tea plant cultivars, such as apical buds and young leaves, are covered by long and high densely spaced trichomes that can effectively reflect high light and UV radiations, and protect tissues from UV-damages and attacks by herbivores.   The biosynthesis of chlorophyll, polyphenols, and other secondary metabolites is closely associated with light intensity and quality, photosynthesis and respiration in tea plant leaves, together with temperature, humidity, CO2 and other abiotic factors. Rising atmospheric CO2 is a major driving force of global climate change and impacts global crop growth and food production. The elevated CO2 (800 µmol for 24 days) remarkably improved both photosynthesis and respiration in tea plant leaves, resulting in an increased carbon to nitrogen ratio in tea leaves (Li et al., 2017). Correspondingly, the catechins, free amino acid, and theanine contents increased, while the caffeine decreased after CO2 enrichment (Li et al., 2017).
Cold, drought, heat waves, and water stresses
The destructive effects of prolonged drought/heatwaves, monsoon season, and spring freeze on tea plants had been paid more attention in recent years (Ahmed et al., 2014, 2019). Early Spring-summer usually is the best time for picking the apical buds and young leaves of tea plants for making high-quality teas. However, spring frost or prolonged freeze, heatwaves in Summer-autumn, and drought stress in dry seasons of late Autumn and winter frequently occurred in these tea production regions and caused significant losses in tea yield and degradation of tea quality. Studies had shown that and drought and cold stresses differentially affected these tea plant metabolite accumulation (Wang et al., 2016; Zheng et al., 2016). Cold promoted anthocyanin and GABA accumulation, but repressed the biosynthesis of galloylated catechins, volatiles, and theanine, whereas drought stress decreased galloylated catechins, caffeine, and theanine and other amino acids, but increased flavonols (Wang et al., 2016) (Fig 4). All these changed secondary metabolites, in turn, could help tea plants to survive these stresses，since many of these compounds such as flavonoids have strong antioxidant activity to scavenge reactive oxygen species. As a stress signaling metabolite, GABA application on tea plants clearly promoted the cold tolerance (Zhu et al., 2019b).
      Used to warm and humid weather, tea plants are also sensitive to extreme heat waves and cold stresses. Heatwaves accompanied by drought stresses in dry seasons can significantly inhibit tea plant growth and decreased a majority of tea plant secondary metabolites, such as catechins, flavonols, caffeine, theanine, and other phenolic compounds in tea plant leaves. High temperatures above 42 °C or prolonged sub high temperature (35°C) reduced the contents of theanine and amino acids (Li et al., 2016b, 2018) (Fig 4). But brassinosteroids treatment attenuated the high-temperature-caused theanine reduction in tea plant leaves. Although tea plants are tolerant to drown, the monsoon season's prolonged raining could promote tea plant growth, giving higher yield but reduced secondary metabolite contents in tea plant leaves, likely a dilution effect (Ahmed et al., 2014, 2019). Analysis of volatile metabolomics of tea plants in summer and spring, two elevation tea gardens for three years in Fujian and Yunnan, China, also showed remarkable seasonal, altitude, and yearly differences (Kfoury et al., 2019). The seasonal differences always were the largest cause of metabolite variations in both locations, altitude affection of volatiles in tea plants was only observed in one location (Kfoury et al., 2019). These responsive tea plant secondary metabolites may play roles in adaptation and resistance to these abiotic stresses.  
Secondary metabolites in tea plant tolerance to low pH and high aluminum and heavy metals 
One of the most striking physiological characteristics of tea plants is the high tolerance to low pH and high Al of tea garden soils. Tea plants prefer to grow in acid soils (pH 4.0~5.5), where active Aluminum (Al) insoluble AI3+ ionic forms or various (F) complexes (AlF2+ and AlF2+) is partially enriched. Most plants, particularly these major crops, such as maize, wheat, and soybean, usually are sensitive to high Al (>20-50 μM) and F, which cause various cellular damages on these crops, such as plasma membrane disintegration, cytoskeleton disruption, oxidative stress, protein, and DNA damages, and inhibits root growth and function, and consequently reduce crop yield (Ma et al., 2001;Kochian et al., 2015) (Fig 5). Tea plants can withstand Al concentrations of as high as 1000 μM without displaying clear root damages (Kochian et al., 2015). Tea plant shoots can accumulate up to 20,000 mg Al/Kg and 1000-300 mg F /Kg in old leaves, less than 600 mg Al /Kg, 100-300 mg F/Kg in young leaves, and more than 2,000 mg Al/Kg in truck roots on a dry mass basis (Morita et al. 2008, 2011; Gao et al., 2014). F is also primarily accumulated in tea plant leaves with higher F content in the older leaves, but less in roots. Thus consumption of low-quality teas, such as brick teas made from old leaves and stems of tea plants, had caused serious tooth disease on brick tea consumers (Gao et al., 2014). Both pH and Ca levels in soil clearly affect F uptake to tea plant leaves: application of excessive Ca reduced F uptake by roots and translocation to tea leaf, meanwhile, F uptake was the highest at solution pH 5.5, but significantly lower at pH 4.0 (Ruan et al., 2004). Furthermore, F treatments of tea plant roots also repressed the accumulation of major tea secondary metabolites such as flavonols, catechins, caffeine, theanine and other amino acids in tea leaves (Zhu et al., 2019c).
   The tea plant is thus widely recognized as an Al hyperaccumulator and is suitable for investigation of Al uptake, transportation, and distribution within the plant. The Al-catechins, Al-F conjugates were confined to epidermal cell walls or vacuole in tea leaves (Morita et al. 2011; Tolra et al. 2011; Gao et al., 2014). Al-citrate and Al-oxalate complexes occurred in the xylem sap and Al-oxalate complexes in the roots of tea plants (Morita et al. 2004, 2008). In addition to organic acids, caffeine and monomeric catechins were also secreted by tea plant roots, and PA polymers accumulated in tea plant roots in response to Al stress (Morita et al. 2011; Osawa et al., 2011). Theanine is primarily synthesized and accumulated in young roots, then translocated to buds and young leaves of tea plants. While theanine is selectively synthesized and accumulated in tea plants but not in most other tropic trees or plants as a free amino acid at extremely high concentration in roots, it is of great interest to known whether there is an intriguing link between high Al tolerance and high theanine accumulation in tea plant roots. However, so far no hint on this connection. 
      Various types of Al-detoxification transporters have been characterized in plants for conferring plant tolerance to Al stress: MATE transporters localized to either root epidermis or vascular cell plasma membranes to secret citrate into the apoplastic spaces to chelate the toxic Al (Daspute et al., 2017). Al-activated malate (ALMT) transporter on the plasma membrane exports malate to the apophatic spaces for chelating excessive Al (Liu et al., 2009). Different types of ATP-binding cassette (ABC) transporters, such as ALS1 and ALS3, are localized on the plasma membrane or tonoplast for sequestration of Al-chelates into the symplastic space for long-distance transport and translocation of Al from roots to old leaves, or into the vacuole for storage, respectively (Huang et al., 2009, 2012) (Fig 5). Several aquaporin transporters, such as a nodulin 26-like intrinsic proteins (NIPs) AtNIP1;2 and OsNIP1, transported Al-malate complex from the apoplasm into the symplasm, where Al-malate can be further long-distance translocated from the root to the shoot through vascular systems (Wang et al., 2017).  While the biosynthesis of theanine and glutamate, polyamine and GABA metabolism is up-regulated by low pH and high Al stresses, their functions are not fully understood. As a signaling metabolite, GABA is found to negatively regulate ALMT transporter activity in plant roots under low pH and high Al stress (Ramesh et al., 2015). The secretion of malate by root ALMTs could cause plant root growth inhibition under low pH conditions, and GABA modulation of ALMT activity results in altered root growth and root tolerance to acid pH and aluminum ions (Rajesh et al., 2015). 
      The extremely acidic soils in tea garden dissolve many heavy metals and make them bioavailable for tea plant root to take up and translocate to shoots, which thus potentially contaminate tea leaves. Tea lead (Pb) contamination, often significantly exceeding by 2-40-fold higher, the former maximum permissible concentration  in China (>2 mg Pd /kg), is an issue affecting tea trade and consumer confidence (Han et al., 2007; Chen et al., 2010). Besides air pollutions-caused Pd contamination in tea plants in tea gardens near highways, root uptake of Pb could contribute significantly to Pb accumulation in tea leaves due to the strong acidity of many tea garden soils (Han et al., 2007). Lower the pH of tea garden soils, more Pb uptake, and accumulation in young tea plant leaves. Pb contamination occurs in the new shoots a distinct seasonal variation, following the order of spring>autumn>summer. Three-year investigation on tea leaf metal levels in China  also showed statistical differences in seasonal variations of many metals (Huang et al., 2019a). Fe, Ca, Mg, Mn, Al, and Ba concentrations were higher in June (monsoon) than in March (pre-monsoon) and September (post-monsoon) compared to Pb, Cu, and Zn, which were higher in March and September (Huang et al., 2019a). The elevated CO2 also increased Cd and Pb uptake by plants, and therefore affect secondary metabolites, such as accumulation of saponins and alkaloids in roots (Jia et al., 2016). 
     As tea plants used to the acidic soils with high Al and other heavy metals,it is generally believed that the strong Al tolerance of tea plants may be realized through both external and internal Al and other metal detoxification mechanisms (Fig 5). Firstly, tea plants have efficient extracellular Al-chelating capability in apoplastic spaces by releasing organic acids such as citrate, oxalate, catechins that can chelate Al and prevent Al from attacking the cell wall and cell membranes. Secondly, tea plants may develop active root uptake of excessive Al-organic acids into the root cells, distributing Al-organic acids through intercellular (symplast spaces) transport from the roots to shoots, and eventually storing Al inside the vacuoles of the root, stem, and old leaf cells or extracellular spaces. During the long-term tea plantation over 10-20 years, the soils of tea gardens become extremely acidic (pH <4), with decreasing rhizosphere microbiota, and rich in heavy metals, accompanied by decreased tea yields and quality (Li et al., 2016c).  Caffeine, saponins, and monomeric catechins were also increasingly secreted by tea plant roots to the rhizosphere, and their allelopathic potentials need to be further studied (Morita et al. 2011). Arabidopsis populations synthesize and secret divergent triterpenoids into rhizosphere affected their root microbiota (Huang et al., 2019b). A study revealed the selective growth modulation of saponin metabolites toward root microbiota, and thereby shaped an Arabidopsis-specific root microbial community (Huang et al., 2019b). These root triterpenoid-shaped root microbiotas are classified coincidently with natural rice populations, which display different nitrogen-use efficiencies (Zhang et al., 2019). Plant membrane components in Al-tolerant plants usually had high triterpenoid sterols and altered membrane lipids. All these suggest that important roles of plant specialized metabolites in plant adaptation of various environments in different ways, which are usually subject to epigenetic modifications.
Mechanisms mediate environmental regulation of plant secondary metabolism 
The biosynthesis of plant secondary metabolites are highly regulated at transcriptional or posttranslational levels. The trade-off balance between plant growth and defense relying on the primary metabolism and secondary metabolism-dependent innate immunity (Chae et al., 2014; Lozano-Durán and Zipfel, 2015). However, the superior importance of secondary metabolites in tea plants for tea quality and health functions is not in conflict with boosting tea plant innate immunity against biotic and abiotic stresses. Many attempts to understand the environmental regulation mechanisms underlying biosynthesis of tea plant secondary metabolites have been made through extensive transcriptome studies on tea plants under various developmental, environmental, or hormonal conditions (Li et al., 2015; Shi et al., 2015, 2019; Wang et al., 2016; Jayaswall et al., 2014, 2016). 
Transcription factors regulate plant secondary metabolism
Many TFs are found correlated to the accumulation of catechins, terpenoids, caffeine, and saponins in tea plants under attacks by insect herbivores or pathogen microbes (Li et al., 2015; Wang et al., 2016; Wei et al., 2018). These huge numbers and various types of TFs, such as MYB, bHLH, bZIP, NAC, WRKY, MADS, AP2-ERE, and C2H2, are forming calibrate regulatory networks in coordinative regulating targeting genes involved in the biosynthetic pathways of phenylpropanoid, purine alkaloid, terpenoid (volatiles and triterpenoid saponins), theanine, and other secondary metabolites. These TFs usually can recruit other TFs, RNA polymerase II, or DNA-binding proteins (e.g. Histones) to form a regulatory complex bond to cis-elements residing in the promoter regions of target genes; and they can either activate or repress their expression (Shoji, 2019). Thus, it is often observed that multiple regulatory TFs regulate target genes involved in secondary metabolite biosynthesis, modification, transport, and storage through regulatory networks to meet the flexibility of regulation in plant responses (Wei et al., 2018). In tea plants, the functional characterization of TFs regulating particular metabolic pathways was just emerging, but conserved as what demonstrated in other model plants (Albert et al., 2014; Xu et al., 2015; Li et al., 2016d). Such regulatory mechanisms as shown in anthocyanin biosynthesis in purple-leaf tea plant varieties (Sun et al., 2016; Wei et al., 2019b) or catechins biosynthesis in regular tea plants (Liu et al., 2018b; Wang et al., 2019b). 
     An obvious feature of the spatiotemporal regulation of the secondary metabolite biosynthesis in tea plant leaves is the incorporation of developmental cues with various environmental stresses. Almost all major types of tea plant specialized metabolites, including catechins, caffeine, theanine, terpenoid volatiles, and saponins, are highly accumulated in the apical buds and tender leaves. Actually, the developmental cues in regulation on flavonoids had been reported on epidermal cell fate decision by Myb-bHLH-WD40 (MBW) ternary complexes (Xu et al., 2015). In regards to this, the activation-repression regulatory system based on the MBW regulatory complexes represents an effective working model (Albert et al., 2014; Xu et al., 2015). The large number of activators in the MBW complexes, as well as their downstream activator TFs that could diversify the functions of the MBW complexes; the MBW downstream repressors could fine-tune the regulation amplitude of MBW complexes (Albert et al., 2014; Li et al., 2016d). While tea plant genome keeps intact sets of these regulatory genes that could integrate the developmental cues with environmental signals, or endogenous hormone signaling, in controlling the specialized metabolites in tea plants (Liu et al., 2018b). 
Epigenetic machinery mediates environmental regulation of plant secondary metabolism
Besides the TFs-mediated regulation, epigenetic mechanism for heritable switch on or off of gene expressions without altering gene-coding sequences is also an essential plant gene-regulating mechanism (Strauss and Reyes-Dominguez, 2011). Epigenetic modifications have been shown to act as one of the important mechanisms mediate environmental adaptations and developmental regulation of plant accumulation of specialized metabolites (Mirouze and Paszkowski, 2011; Gallusci et al., 2017). DNA methylation, chromatin remodeling, histone modifications (including methylation, acetylation, phosphorylation, ubiquitination, SUMOylation, etc), small RNAs (smRNAs, including small interfering siRNAs), and non-coding RNAs have been extensively studied in animals and yeasts, but relative limited progress on plants (Pikaard and Scheid, 2014; Springer et al., 2016). Epigenetic regulation could largely explain the geographic and climate effects on tea plant cultivars with huge variations on tea plant secondary metabolism and tea quality, since it has been often observed that high-altitude gardens with cool and foggy weather or growth on low-pH and high-aluminum soils on tropical/subtropic rainfall climate, enable the production of high quality of teas, and a same tea plant variety can produce dramatically different qualities of teas in different garden locations (Sun et al., 2016; Nowogrodzki, 2019). For examples, studies on microRNAs in tea plants also revealed that miRNAs were involved in the regulation of tea plant secondary metabolism under drought, cold stresses and pathogen attacks (Zhang et al., 2014; Sun et al., 2017; Jeyaraj et al., 2014, 2019).  The miRNA-mediated BR signaling might play an important role in regulating seasonal variations in tea plant secondary metabolism (Mohanpuria and Yadav, 2012). A recent study showed that a miRNA designated as cs-miR414 expressed in dormant bud of tea plants was also implied in regulating mRNAs for maintaining the endogenous BRs homeostasis in bud dormancy in tea plants (Jeyaraj et al., 2014). It appears that epigenetic mechanisms are also involved in the regulation of tea plant secondary metabolism. An in-depth dissection of the epigenetic mechanisms involved in the environmental regulation of tea plant secondary metabolism could help improve tea garden practices with effective measures to deal with various abiotic stresses and insect or pathogen attacks threatening the tea production and quality. 
Remarks and perspectives on metabolic genomics of tea plants
At the moment, tea farmers in major tea producer countries still heavily rely on the application of a variety of harmful chemicals in weed, pest, and disease controls of tea gardens during tea production. There exist at least two oblivious paradoxes in tea industry, that between growing tea plants to make teas for improvement of human health and heavy application of health-threatening pesticides, fungicides, herbicides or other Agro-chemicals in tea gardens for tea production; and that between the biosynthesis of flavors- or health benefits-determining secondary metabolites in tea plants for innate immunity defense and potential perturbation effects of these agro-chemicals for tea plant management on the production of valuable secondary metabolites in tea plant leaves. The inconvenient facts are largely due to very few options available for tea farmers, such as pest-, or disease-resistant tea plant varieties with merits in tea production and quality, low-health-risk or even risk-free but effective management measures. Therefore, extensive investigation of tea plant secondary metabolism for both enhancement of innate immunity against biotic and abiotic stresses, and achieving appropriate compositions of secondary metabolites for tea quality, is highly expected. The study will also help to develop effective measures for management of tea gardens. Currently, most studies on tea plant biology are focused on the biosynthesis of secondary metabolites for improving the nutritional quality, but a few focused on the natural roles of these specialized metabolites in tea plant innate immunity for greater tea plant resistance to insects or diseases, or tolerance to various abiotic stresses. Thus, extensive investigation and in-depth understanding of tea plant secondary metabolites and their defensive functions in tea plants against various biotic and abiotic stresses are expected to lead to eventual solutions for solving the issues in tea industry. Some fundamental outstanding questions on tea plant secondary metabolism for the purposes are particularly highlighted: 
       For examples, how and why do tea leaves specifically synthesize and accumulate the high levels of monomeric galloylated catechins, rather than PAs? Which SCPL1A-AT is actually involved in the biosynthesis of galloylated catechins and how these genes and galloylated catechins are evolutionarily selected? How do environmental cues regulate the biosynthesis of these galloylated and non-galloylated catechins? Why do tea plants selectively synthesize theanine? What are the physiological roles of theanine in tea plants? Since tea plant leaves contain so many kinds and high levels of toxic secondary metabolites, why there are still large number of microbial pathogens and herbivores attacking tea plants? How do insects or microbes are co-evolved with tea lineage and overcome these toxic metabolites? Can biocontrol systems be developed for safely serving tea production better? How are transcriptional and epigenetic regulatory machineries involved in tea quality variations under different environments, and how do farmers use them to achieve cost-effective and safe tea production? How do tea plants coordinate the biosynthesis of catechins, caffeine, volatiles, saponins, or theanine in one leaf? What strategies can be used for the genetic improvement of safer and better quality tea production? Answering these questions could help understand the these complex secondary metabolism in tea plant-environment interactions for the development of effective measures for safe and effective management for organic  tea production. Although revealing the detailed interactions of genetic and environment factors in tea plants faces many challenges, it has become more feasible to answer above questions, with powerful high-throughput genotyping and phenotyping technologies become more affordable and accessible, GWAS or QTL studies, coupled with transcriptomes and metabolomics as well as their co-expression network and correlation analysis, on large natural or artificial tea plant populations grown under various environmental conditions are emerging (Zhao et al., 2020). The details about appropriate secondary metabolite production, tea quality, and tea production in various environments, as results of genetic and environment interaction should be expectable. 
Acknowledgments:
We thank Dr. Richard Dixon for critical reading of the paper. Authors also thank Yanrui Zhang and other members in Zhao's lab for assistance in the preparation of the paper. The Key Research and Development (R&D) Program of Anhui Province (18030701155), The work is supported by the National Key Research and Development Program of China (2018YFD1000601), the Anhui Provincial Natural Science Foundation (201902a05020408), the China Postdoctoral Science Foundation (No. 2018M642508), and the funding from Anhui Agricultural University and the State Key Laboratory of Tea Plant Biology and Utilization. 
References:
1. Abd El-Aty A.M., Choi J.H., Rahman M.M., Kim S.W., Tosun A. & Shim J.H. (2014). Residues and contaminants in tea and tea infusions: a review. Food Additives & Contaminants: Part A, 31(11), 1794-1804.

2. Ahmad S., Veyrat N., Gordon-Weeks R., Zhang Y., Martin J., Smart L., Glauser G., Erb M., Flors V., Frey M. & Ton J. (2011). Benzoxazinoid metabolites regulate innate immunity against aphids and fungi in maize. Plant Physiology, 157(1), 317-327.

3. Ahmed S., Griffin T.S, Kraner D., Schaffner M.K., Sharma D., Hazel M., Leitch A.R., Orians C.M., Han W., Stepp J.R. et al. (2019). Environmental factors variably impact tea secondary metabolites in the context of climate change. Frontiers in Plant Science, 10, 939. 

4. Ahmed S., Stepp J.R., Orians C., Griffin T., Matyas C., Robbat A., Cash S., Xue D., Long C., Unachukwu U. et al. (2014). Effects of extreme climate events on tea (Camellia sinensis) functional quality validate indigenous farmer knowledge and sensory preferences in tropical China. PLoS One, 9(10), e109126. 

5. Albert N.W., Davies K.M., Lewis D.H., Huaibi Z., Mirco M., Cyril B., Boase M.R., Hanh N., Jameson P.E. & Schwinn K.E. (2014). A conserved network of transcriptional activators and repressors regulates anthocyanin pigmentation in eudicots. Plant Cell, 26, 962-980.

6. Ashihara, H.; Mizuno, K.; Yokota, T.; Crozier, A. (2017) Xanthine alkaloids: Occurrence, biosynthesis, and function in plants. Prog. Chem. Org. Nat. Prod. 2017, 105, 1-88..

7. Bai P., Wei K., Wang L., Zhang F., Ruan L., Li H., Wu L. & Cheng H. (2019). Identification of a novel gene encoding the specialized alanine decarboxylase in tea (Camellia sinensis) Plants. Molecules, 24, 540.
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Figure legends:
Fig.1. Shikimate pathway and phenylpropanoid pathway towards biosynthesis of polyphenols and hydrolyzable tannins in tea plants.  
Shikimate pathway taking place in the plastid provides plants with essential substances, such as aromatic amino acids, phenolics such as gallic acid (GA), and precursors for the biosynthesis of large biomolecules in support of life activities. Shikimate-derived phenylalanine is the starting precursor for the phenylpropanoid pathway leading to biosynthesis of flavonoids, such as flavonones, flavonols, catechins, and anthocyanins in flavonoid pathway, or to lignin. Shikimate pathway-derived gallic acid (GA) and galloyl glucose ester β-glucogallin is the essential substrate for the syntheses of polygalloylated glucose derivatives (hydrolyzable tannins, HTs), such as ellagitannins or gallotannins and galloylated catechins, such as EGCG and ECG, which have strong antimicrobial and anti-insect activities. LARs, ANRs, ANSs, and LDOXs may be involved in polymerization of catechins into PAs presented in seed coat and roots for defense. SCPLs may be involved in galloylation of catechins or β-glucogallin by using β-glucogallin to form these HTs, which can be hydrolized by microbial or plant tannases. HTs make major contribution to tea astringency and bitterness. The bitterness of mature tea plant leaves is additionally attributable to flavonol glycosides, which accumulate to higher levels in mature leaves. While apical buds and young leaves mainly produce monomeric galloylated catechins, roots and seed coats accumulate more polymerized catechins PAs. Some purple-leaf tea plant varieties accumulate significant levels of delphinidin-type anthocyanins. As a woody crop, tea plants also accumulate extensive lignins in stems, and lignans and coumarins, which are also involved in plant defense against abiotic and biotic stresses such as UV-light radiation.  
Abbreviations: E4P, Erythrose 4-phosphate; PEP, Phosphoenolpyruvate; DAHP, 3-Deoxy-D-arabino-heptulosonate 7-phosphate; DHQ, 3-Dehydroquinate; DHS, 3-Dehydroshikimate; S3P, Shikimate 3-phosphate; EPSP, 5-Enolpyruvyl shikimate-3-phosphate; DAHPS, 3-Deoxy-d-arabinoheptulosonate 7-phosphate synthase; DHQS, 3-Dehydroquinate synthase; DHD, 3-Dehydroquinate dehydratase; SDH, Shikimate 5-dehydrogenase; SK, Shikimate kinase; EPSPS, 5-Enolpyruvylshikimate 3-phosphate synthase; CS, Chorismate synthase; DSDG, Dehydroshikimate dehydrogenase; PAL, Phenylalanine ammonia-lyase; C4H, Cinnamate 4-hydroxylase; 4CL, 4-Coumarate:CoA ligase; HCT, Hydroxycinnamoyl-CoA: shikimate hydroxycinnamoyl transferase1; CCR, Cinnamoyl CoA reductase; CHS, Chalcone synthase; CHI, Chalcone isomerase; F3H, flavonoid 3-hydroxylase; F3'H, Flavonoid 3'-hydroxylase; F3'5'H, Flavonoid 3'5'-hydroxylase; FNS, Flavone synthase; FLS, Flavonol synthase; DFR, Dihydroflavonol reductase; ANS, Anthocyanin synthase; ANR, Anthocyanidin reductase; LAR, Leuacoanthocyanidin reductase; LDOX, Leucoanthocyanidin dioxygenase; SCPL-1A, Serine carboxypeptidase-like Clade 1A; TT10, Transparent testa 10; PPO, Polyphenol oxidase; UGT, UDP-Glycose glucosyltransferase; OMT, O-Methyltransferase
Fig. 2. Theanine and caffeine biosynthesis in tea plants in relation to defense
In tea plants that prefer to use ammonium over nitrate fertilizers, the glutamine synthetase (GS)-glutamate synthase (GOGAT) cycle plays an important role in nitrogen assimilation for synthesis of other amino acids. Of them, arginine could play a role in nitrogen storage, involving polyamine metabolism, and connecting γ -aminobutyrate (GABA) synthesis and metabolism in the GABA shunt pathway. GABA is a well known signaling molecule involved in plant defense against various abiotic stresses. L-Alanine-derived ethylamine can be used as a donor for GS (TS) to use glutamate to create theanine, which remains a hypothesis since lacking enough molecular and genetic evidence.  Alternatively, glutamine in excess could be converted into theanine by γ-glutamyltranspeptidase (GGT) using ethylamine as a donor. As a major free amino acid, theanine contributes significantly to the sweetness and umami tastes of teas. Theanine may  play an important role in plant nitrogen metabolism and defense to  abiotic stresses.. Glutamine and other amino acids contribute N for the biosynthesis of nucleotides, which are the precursors for caffeine synthesis. Several independent primary metabolites could provide initial precursors for caffeine biosynthesis in primary metabolic pathways, till xanthosine. Catalyzed by N-methyltransferases from a large gene family, xanthosine was methylated to produce 7-methylxanthosine, which then hydrolyzed into 7-methylxanthine. 7-methylxanthine can be successively methylated into theobromine and caffeine by different N-methyltransferases. Reversibly, caffeine, theobromine, 7-methylxanthine can be demethylated by P450 1-, 3-, 7-N-demethylases into theophylline, theobromine or 7-methylxanthine, which mainly found in microbes. Caffeine can also be oxidized into 1,3,7-trimethyluric acid and further methylated at the 9-N position to generate the major purine alkaloid theacrine in Kucha. 
Abbreviations: GDH, Glutamate dehydrogenase; GOGAT, Glutamate synthase; GS, Glutamine synthetase; OGD, 2-Oxoglutarate decarboxylase; ADC, Argininedecarboxylase; DAO, Diamine oxidase; GAD, Glutamate decarboxylase; GABA-T, GABA transaminase; SSADH, Succinic semialdehyde dehydrogenase; ALDA, Alanine decarboxylase; TS, Theanine synthetase; GGT, γ-Glutamyltranspeptidase; ALT: Alanine aminotransferase; AMP, Adenosine monophosphate; IMP, Inosine monophosphate; XMP, Xanthosine monophosphate; GMP, Guanosine; SAM, S-Adenosyl methionine; SAH, S-Adenosyl-L-homocysteine; 1,3,8-TMA,1,3,8-Trimethylallantoin; Anase, Adenosine nucleosidase; ADK, Adenosine kinase; APRT, Adenine phosphoribosyltransferase; AMPD, AMP deaminase; IMPDH, IMP dehydrogenase; 5′-Nase, 5′-Nucleotidase; GDA, Guanosine deaminase; 7-NMT, 7-Methylxanthosine synthase; N-MeNase, N-Methylnucleotidase; MXMT, Theobromine synthase; TCS, Tea caffeine synthase; 9-NMT, 9N-methyltransferase; 1-NDM, 1N-demethylase ; 3-NDM, 3N-demethylase ; 7-NDM, 7N-demethylase; XO, Xanthine oxidase; XDH, Xanthine dehydrogenase; ALN, Allantoinase; ALLC, Allantoicase.
Fig. 3. Metabolic pathways leading to biosynthesis of diverse terpenoids for tea plant defenses. 
Both cytosolic mavalonate (MVA) pathway and plastidic methylerythritol phosphate (MEP) pathway contribute to the universal precursors of terpenoids, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). Various combinations in different manners or numbers of DMAPP and IPP are condensed to generate geranyl pyrophosphate(GPP), farnesyl pyrophosphate(FPP), and geranylgeranyl pyrophosphate(GGPP) precursors by GPP synthase (GPS), FPP synthase (FPS), or GGPP synthase (GGPS), respectively. Isoprenoisd, such as volatile hemiterpenes, monoterpenes, and sesquiterpenes significantly contribute to tea plants for interaction with environments. Some particular volatiles play diverse roles in local and system defense as signaling molecules among  stresses. While diterpenes, triterpenes, and longer-chain poly-isoprenoids, and their derivatives, are also eminent products in tea plants, whose structures extensively modified by P450s and UGTs. Phytosterols, such as β-sitosterol, campesterol, and stigmasterol, and hormone brassinolides, GAs, or their derivatives ABA and strigolactone, are also not well understood. However, they are involved in membrane remodeling or hormone signaling in plant defense. Triterpenoid saponins at high levels in roots and young leaves of tea plants are also involved in the interaction with environments.
Abbreviations: HMG-CoA, 3-Hydroxy-3-methylglutaryl-CoA; MVA, Mevalonate; MVAP; Mevalonate phosphate; MVAPP; Mevalonate diphosphate; DXP, 1-Deoxy-D-xylulose-5-phosphate; MEP, Methylerythritol phosphate; CDP-ME, 4-Diphosphocytidyl-2-C-methyl-Derythritol; CDP-ME2P, 4-Diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate; MEcPP, 2C-Methyl-D- erythritol 2, 4-cyclodiphosphate; HMBPP, 1-Hydroxy-2-methyl-2-(E)- butenyl-4-diphosphate; GGPP, Geranylgeranyl diphosphate; AACT, Acetyl-coA-acetyltransferase; HMGS, 3-Hydroxy-3- methylglutaryl-CoA synthase; HMGR, 3-Hydroxy-3-methylglutaryl-CoA reductase; MVK, Mevalonate kinase; PMK, 5-Phosphomevalonate kinase; PMD, Diphosphomevalonate kinase; DXS, 1-Deoxy-D-xylulose-5-phosphate synthase; DXR, 1-Deoxy-D-xylulose 5-phosphate reductoisomerase; CMS, 2-C-Methyl-D-erythritol 4-phosphate cytidyltransferase; CMK, 4-(Cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase; MCS, 2-C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, (E)-4-Hydroxy-3-methylbut-2-enyl-diphosphate synthase; HDR, 4-Hydroxy-3- methylbut-2-enyl diphosphate reductase; IDI, IPP isomerase; SS, Squalene synthase SE, Squalene epoxidase; β-AS, β-Amyrin synthase; CYS, Cycloartenol synthase; SMT1, Sterol-C24- methyltransferase 1; DS, Dammarenediol II synthase; UGT, UDP-Glycosyltransferase 
Fig. 4. Roles of secondary metabolites in tea plants-environment interactions  
Tea plants are often encountered various abiotic stresses or attached by a wide range of microbial pathogens and herbivores. They respond to these stresses by enhancing the biosynthesis of various types of secondary metabolites to fortify their innate immunities and tolerance. These secondary metabolites act as defense chemicals against rivals, or as signaling molecules to attract herbivores' enemy predators for preying, or to warn their neighboring tea plants to evoke necessary defense responses. Some metabolites also induce systematic defense response in distal leaves, or even could act as allelopathic signals to inhibit their neighboring plants or microorganisms. Different parts of tea plants accumulate various combinations of secondary metabolites, such as buds and young leaves with the highest levels of caffeine, volatiles, EGCG, and saponins. Roots accumulate high levels of saponins, catechins, PAs, and theanine, for protection and communications with root microbiomes in rhizospheres Most of the activation of metabolic pathways for enhanced defensive metabolite accumulation is mediated by both various stress hormones such as SA, JA, and ABA, or through complex transcription factors and epigenetic regulatory mechanisms. Such regulatory machinery can either efficiently amplify the defense effects, or properly feedback fine-tunes the defense scale inappropriate levels.     
Fig. 5. Tea plant secondary metabolites involved in Al resistance of tea plants in acidic soil.
Tea plants are well-known fluoride (F) and aluminum (Al) hyperaccumulators, thus they can grow on as high as 1000 μm Al in acidic soils (H/Al stress) without showing any rhizotoxicity symptoms. While the mechanisms by which tea plant grows tolerant to H/Al stresses remain elusive, several secondary metabolites are thought to be involved in Al resistance. As well-known Al-detoxification machinery, Al-induced activation of NRAMP (OsNrat1), Aquaporin (NIP1,2), ABC transporters (ALS1, ALS3, STAR1, STAR2) are involved in the transport of Al or Al-organic acid (OA) complexes and long-distance transport of them to pass through symplasts via plasmodesmata or reparation of cell walls. MATEs and ALMTs, which are involved in the release of citric acid and malic acid, respectively, to the apoplasts to chelate Al. Theanine may be intriguingly connected to Al binding to Al. Cell wall-bond PA polymers and free catechins are well-known to be able to chelate Al in tea leaves for transport or storage. Besides as a stress signaling molecule, GABA generated by the Al stress can participate in regulating ALMT activity to protect plant cells. These secondary metabolites may also act as anti-oxidant agents to scavenge the excessive reactive oxygen species (ROS), to protect cells from damages. Secondary cell wall modifications, such as pectin demethylation by PETs and cellulose degradation by XGTs, as well as callose biosynthesis by β-1,3-glucan synthases, are activated by high H+/Al3+ stress. These modifications either reduce Al attack on cell walls or facilitate defense responses, such as open or close of plasmodesmata for symplasmatical connections between cells. The activation of the majority of Al-defensive genes are mediated by Al-induced STOPs
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