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Tonoplast-Localized Theanine Transporter CsCAT2 May Mediate Theanine Storage in the Root of Tea Plants (Camellia sinensis L.)
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Theanine is the component endowing tea infusion with “umami” taste and antidepression benefits. Theanine is primarily synthesized and stored in root in winter and is transported via vascular tissues to the new shoot in spring. However, the mechanism underlying theanine storage in the root of tea plants remains largely unknown. Cationic amino acid transporter 2 (CsCAT2) in tea plants is homologous to glutamine permease 1 (GNP1), the specific glutamine transporter in yeast. In this study, we identified CsCAT2 as an H+-dependent theanine transporter with medium affinity for theanine. The result of subcellular localization showed that CsCAT2 was a tonoplast-localized transporter. Importantly, CsCAT2 highly expressed in the root in winter during theanine storage and reduced its expression in the root during theanine transport from root-to-shoot in spring. In addition, CsCAT2 expression in the roots of 5 varieties at four time points during December and April was significant negatively correlated with the capacity of theanine root-to-shoot movement. Taken together, these results suggested that CsCAT2 may mediate theanine storage in the vacuole of root cells and may negatively modulate theanine transport from root to shoot.
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INTRODUCTION

Tea plant (Camellia sinensis L.) is a perennial and commercially valuable crop; its buds and one or two leaves below the bud are harvested for green tea manufacturing. The composition and content of amino acids in the tender shoot leaves are the critical components that endow tea with its flavor and health benefits (Wan, 2003; Hunt et al., 2010; Wan and Xia, 2015). Most amino acids contribute to the umami taste and alleviate the bitterness and astringency of tea infusions. The ratio of amino acids to polyphenols determines the quality and suitability of tea (Wan, 2003).

In the tender tea leaves, theanine accounts for more than 50% of the free amino acid content, which significantly correlates with the quality and price of green teas (Yamaguchi and Ninomiya, 2000; Wan, 2003; Feng et al., 2014). Theanine-derived metabolites produced during manufacturing contribute a roasted peanut flavor to oolong teas (Guo et al., 2018) and a roasted and caramel flavor to yellow tea (Guo et al., 2019). Theanine also contributes to the colors of tea infusion (Yao et al., 2006), given that the colored compounds containing theanine-carbohydrate conjugates (Tanaka et al., 2005). Theanine also has many health benefits including promoting relaxation, concentration, and learning efficiency (Sharma et al., 2018).

Theanine is mainly synthesized, stored in the roots in late autumn and winter, and transported to the new shoots in spring (Ruan et al., 2012; Ashihara, 2015). However, theanine metabolism and transport processes are weak in summer and fall (Gong et al., 2020). Therefore, generally, green teas produced in spring contain higher level of theanine than those produced summer and fall (Xu et al., 2012; Jiang et al., 2018). That is the main reason why green teas produced in spring are of high quality and price (Xu et al., 2012).

In tea plant roots, theanine is mainly synthesized from ethylamine and glutamate by theanine synthetase (CsTSI) (Wei et al., 2018; Fu et al., 2021; Zhu et al., 2021). CsTSI is highly and specifically expressed in roots and encodes an enzyme localized in cytoplasm, suggesting that theanine is synthesized in cytoplasm of root cells (Fu et al., 2021). Fu et al. (2021) examined the subcellular distribution of theanine and found almost all the theanine (~99%) was in the cytoplasm of root cells in March. However, in shoot, theanine was shown to be distributed in chloroplast, vacuole, cytoplasm, and mitochondria; the distribution was also dynamically changed within March, May, and November, and in response to shading treatment. Given that theanine is stored in root cells in winter and is transported to new shoots in spring, its subcellular distribution in root cells is also supposed to be dynamic. However, the dynamic subcellular distribution of theanine in roots in winter and spring has not been revealed.

Amino acid transporters (AATs) are membrane-localized proteins that mediate intercellular, intracellular, and long-distance amino acid transport (Tegeder et al., 2007; Dinkeloo et al., 2018). Recently, we identified amino acid permease (AAP) family members as theanine transporters in tea plants (Dong et al., 2020). Our results revealed that six CsAAPs exhibited theanine transport activity and are mainly expressed in the leaves, vascular bundles, and roots. Furthermore, CsAAP1 is crucial in mediating the long-distance root-to-shoot transport of theanine (Dong et al., 2020). However, there is no clue implying that CsAAPs play a role in theanine storage in root.

In the abovementioned study, we found that glutamine permease 1 (GNP1) in yeast can also transport theanine. We searched for GNP1 homolog in tea plant by high sequence similarity. But there was no highly conserved GNP1 homolog found. The most closed protein in tea plant is CsCAT2 (Tea025016.1), which has 26.2% sequence identity to GNP1. Interestingly, in another study, we found CsCAT2 expression in roots of tea plants was significantly induced by theanine feeding and was also induced by cold stress (Feng et al., 2018). These clues led us to ask whether CsCAT2 has theanine transport activity and plays a role in theanine transport in tea plants.

In this study, the substrate specificity and pH-dependence of CsCAT2 theanine transport were analyzed in yeast mutant 22Δ10α. The seasonal regulation of CsCAT2 expression in tea plants was analyzed, and correlation analysis was also conducted to elucidate whether CsCAT2 is involved in theanine storage and long-distance transport. Our findings indicated that CsCAT2 is a tonoplast-localized theanine transporter and its expression in the root was highly and negatively correlated with theanine accumulation in the leaf buds. These results elucidate CsCAT2's putative function in theanine storage in the root of in tea plants.



MATERIALS AND METHODS


Transient Expression in Protoplasts

The full cDNA sequence of CsCAT2 without the stop codon was cloned into a pK7WGF 7.0 vector carrying the 35S promoter and green fluorescent protein. The plasmids encoding the fusion protein CsCAT2 were transiently transformed using chemical shock into protoplasts derived from an Arabidopsis cell suspension culture. Two days after the polyethylene glycol-mediated plasmid transformation, these protoplasts were analyzed using confocal microscopy (FV1000, Olympus, Japan).



Total RNA Extraction and Quantitative RT-PCR

Tea plants used were planted in Guohe Tea Plantation (Lujiang, Anhui, China). For season-dependent CsCAT2 expression analysis, total RNA was extracted from the roots of five tea plant varieties (Zhenong 113, Yingshuang, Zhonghuang 302, Longjing 43, and Shuchazao) collected on December 12, 2017 and March 1, March 23, and April 13, 2018. The real-time reverse transcription quantitative PCR procedures and analysis were conducted following the method of Feng et al. (2018). Gene-specific primers were designed using Primer Premier 5 and was listed in Supplementary Table 1. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene (Song et al., 2016) was used as an internal control. Data were analyzed following the threshold cycle (Ct), and relative expression was quantified using 2−ΔCt (Schmittgen and Zakrajsek, 2000).



Cloning of CsCAT2 and Yeast Complementation Assay

The sequences of CsCAT2 were amplified using the polymerase chain reaction (PCR) from Shuchazao leaves cDNA libraries and cloned with XbaI in a pYES2 yeast expression vector. The primers used in the study were presented in Supplementary Table 1. Recombinant plasmid or pYES2 were transferred into the 22Δ10α yeast strain (this yeast strain does not have 10 AATs and cannot grow on medium with amino acid as the sole nitrogen, except arginine) (Besnard et al., 2016), generating strains designated as 22Δ10α-CsCAT2 and 22Δ10α-pYES2. Recombinant strains were selected on the yeast nitrogen base lacking uracil and were supplied with 2 mM ammonium sulfate. After the PCR verification, positive colonies were selected for further transport analysis.



Growth Assays of CsCAT2 on Amino Acid as the Sole Nitrogen Source

Growth assays were conducted in uracil-free YNB medium containing 2 mM of theanine, glutamine, aspartic acid, asparagine, glutamic acid, proline, γ-aminobutyric acid, or citrulline as sole nitrogen source and 2% d-galactose as the carbon source. Yeast cultured to an OD600 of 0.6 was diluted to 100, 10−1, 10−2, 10−3, or 10−4 solutions. However, 2 μl diluted solutions were spotted onto the YNB media. The yeast growth was observed after 3 days of incubation at 30°C and was photographed with a digital camera. All experiments were performed for three independent replicates.

For growth assays in a liquid medium, 0.2 and 2 mM of theanine were used to analyze the growth of yeast, and the OD600 values were measured daily over 7 days.



Measurement of Theanine Transport

For kinetic analysis, cells of the wild-type yeast strains 23344c, 22Δ10α-pYES2, and 22Δ10α-CsCAT2 were grown on the YNB and 2 mM ammonium sulfate medium to OD600 = 0.8. Yeast cells were collected, washed three times, and then cultured in the YNB medium without nitrogen for 2 h of starvation. Theanine was added to varied concentrations of 0.09375, 0.1875, 0.375, 0.75, 2.25, and 8 mM. Yeast cells were centrifuged and collected at 0, 2, 5, 10, and 20 min after theanine was added. For the substrate specificity analysis, 200 μM of theanine was added to the respective solutions along with 2 mM of the each of the following competitors: valine, aspartic acid, alanine, glutamate (Glu), and glutamine (Gln). Yeast cells were collected and centrifuged for 10 min. To analyze the pH-dependence of theanine uptake after the nitrogen starvation treatment, the pH of the medium was adjusted to 4, 5, 6, 7, and 8 using hydrochloric acid or sodium hydroxide before the addition of 200 μM. Yeast cells were collected and centrifuged for 10 min. The pretreatment procedures for the H+ pump inhibitor treatment before and after theanine feeding were identical to those of the kinetic analysis; 200 μM of theanine was added along with 0.01 mM carbonylcyanide m-chlorophenylhydrazone (CCCP), 0.1 mM 2, 4-dinitrophenol (DNP), and 1 mM diethylpyrocarbonate (DEPC). Yeast cells were collected and centrifuged for 10 min.

The yeast cultivation and sample processing procedures of (a), (b), (c), and (d) were identical. Following the collection of the sediment, (a), (b), (c), and (d) were each collected and washed four times with pH 4.5 buffer, containing 0.6 M sorbitol and 50 mM potassium phosphate. After the addition of 1 ml of deionized water to the resuspended cells, the mix was bathed in 98°C water for 1 h for theanine extract.

Theanine was detected with a Waters HPLC system, equipped with a 2489 ultraviolet (UV)-visible detector and a reverse-phase C18 column (5 μm, 250 mm × 4.6 mm, Phenomenex, Los Angeles, USA). The column temperature and the detection wavelength were set to 28°C and 210 nm, respectively. The mobile phase consisted of HPLC H2O (A), acetonitrile (B), and the gradient elution was as follows: B 0% (v/v) to 80% at 12 min, to 0% at 22 min. The flow rate is 1 ml/min, and the injection volume is 10 μl. Then, theanine concertation was calculated according to the theanine standard.



Statistical Analysis

Data were presented as mean ± standard deviation (SD) of three independent biological replicates. Statistical significance was evaluated through the one-way analysis of variance, followed by a Tukey's test using SPSS Statistics 19.0 (IBM, Chicago, USA). The correlation coefficient analysis was elucidated using the Pearson's correlation coefficient, with p < 0.05 was considered as statistical significance.




RESULTS


CsCAT2 Localizes in the Tonoplast

Our previous study characterized that GNP1 in yeast has theanine transport activity (Dong et al., 2020). We tried to identify GNP1 homolog in tea plants, but we failed to find highly conserved homolog in tea plants. However, we found that a protein (TEA025016.1) in tea plant has weak conservation with GNP1 (Figure 1A). TEA025016.1 is highly homologous to AtCAT2 (Figure 1B), a tonoplast-localized AAT in Arabidopsis. Therefore, we named TEA025016.1 as CsCAT2. CsCAT2 is conserved in plants including Arabidopsis thaliana, Vitis vinifera, Theobroma cacao, Actinidia spp., Populus tremula, and Coffea canephora (Feng et al., 2018). CsCAT2 has also classic transmembrane domains based on the prediction using TMHMM online program (Figure 1C).


[image: Figure 1]
FIGURE 1. The sequence, transmembrane structure, and subcellular localization of CsCAT2. (A) The similarity of amino acid sequences of proteins in tea plant with the yeast theanine transporter GNP1 (YDR508C). (B) Sequence alignment of CsCAT2 and AtCAT2. (C) CsCAT2 transmembrane domain prediction. (D) Subcellular localization of CsCAT2. PK7WGF2.0-GFP and CsCAT2-GFP fusion proteins were expressed in Arabidopsis protoplasts. Bar = 5 μm.


To verify the subcellular localization of CsCAT2, cauliflower mosaic virus 35S promoter-driven CsCAT2-GFP and VAMP711-mCherry were cotransferred into Arabidopsis protoplast. VAMP711 is a tonoplast-localized protein (Bassil et al., 2011) and was used as the tonoplast marker in this study. The fluorescence of CsCAT2-GFP overlapped with that of VAMP711-mCherry (Figure 1D), indicating that CsCAT2 also localized in the tonoplast.



CsCAT2 Expression Is Seasonally Regulated

Theanine is mainly synthesized and stored in roots in winter and is then transported to new shoots in early spring (Ruan et al., 2012; Ashihara, 2015). To explore the role of CsCAT2 in theanine storage and root-to-shoot transport, we examined CsCAT2 expression in roots at four time points including December 12, March 1, March 23, and April 13. CsCAT2 expression was high at the December 12 time point, continuously decreased from December 12 to March 1 and March 23, and subsequently increased at April 13 (Figure 2). In contrast, theanine contents in new shoots continuously increased from December 1 to March 1 and March 23 and subsequently increased at April 13 (Dong et al., 2020). Additionally, theanine transport is strongest in March and then decreases in April (Fang et al., 2017; Dong et al., 2020). The consistency of CsCAT2 expression with theanine storage in the roots suggested a role of CsCAT2 in theanine storage; the opposite change patterns between CsCAT2 expression and theanine root-to-shoot transport suggested that CsCAT2 may negatively modulate theanine root-to-shoot transport.


[image: Figure 2]
FIGURE 2. Seasonal expression of CsCAT2 in the root of tea plant cultivar “Shuchazao” tea cultivar. The expression of CsCAT2 in the root at four time points, December 12 (Dec 12), March 1 (Mar 1), March 23 (Mar 23), and April 13, was examined by qRT-PCR. The data were calculated using the 2−Δct method and represented as mean ± SD (n = 3) with CsGAPDH as the internal control.




CsCAT2 Transports Theanine and Has a Medium Affinity for Theanine

To explore the possibility that CsCAT2 regulates theanine storage and root-to-shoot transport, we asked whether CsCAT2 can directly transport theanine. We cloned the CsCAT2 into a pYES2 vector and transformed it into a yeast mutant strain 22Δ10α. This mutant carries mutations of 10 genes encoding AATs and cannot grow on the medium with amino acid (except arginine) as the sole nitrogen source (Besnard et al., 2016). As shown in Figure 3, the wild-type strain 23344c grew well on the medium supplied with 5 mM theanine as the sole nitrogen source, whereas 22Δ10α strain and 22Δ10α that transferred with vector pYES2 could not grow. However, the expression of CsCAT2 in 22Δ10α conferred the growth of this mutant (Figure 3A). We further cultured these yeast strain 22Δ10α/pYES2 in liquid medium with 2 mM theanine, and 22Δ10α/CsCAT2 in liquid medium with 0.2 or 2 mM of theanine as the sole nitrogen source, to observe the growth. In this assay, we also observed 22Δ10α/CsCAT2 gradually grew during 10 days culture. But 22Δ10α/pYES2 did not grow (Figure 3B). These results indicated that CsCAT2 transported theanine into the yeast cells.


[image: Figure 3]
FIGURE 3. CsCAT2-mediated theanine uptake into yeast cells. (A) Dot assays showed the growth phenotype of yeast lines 23344c (wild-type line), mutants 22Δ10α, 22Δ10α/pYES2 (pYES2), and 22Δ10α/pYES2-CsCAT2 (CsCAT2), on medium with 2 mM (NH4)2SO4 or 2 mM theanine (Thea) as nitrogen source. (B) The growth curve of yeast in liquid medium at different theanine concentrations as nitrogen source. The OD600 value was identified as a parameter for measuring yeast growth. 23344c and the empty vector pYES2 were the positive and negative controls, respectively. The result was expressed as mean ± SD (n = 3).


To further assess the affinity of CsCAT2 for theanine, we next analyzed the transport kinetics of CsCAT2. The kinetic parameters calculated through theanine transport assays indicated that the Km and Vmax for CsCAT2 were 0.45 mM and 31.43 μmol min−1 mg−1, respectively (Figure 4A). This suggested that CsCAT2 was a medium-affinity theanine transporter.


[image: Figure 4]
FIGURE 4. The uptake kinetic properties and substrate selectivity analysis of theanine transport by CsCAT2. (A) Measurement of Km and Vmax values of CsCAT2 for theanine in yeast. The ordinate represents the amount of theanine absorbed by per milligram protein per minute. Prot represents protein. (B) Substrate specificity of CsCAT2. Theanine uptake was determined with 10-dose excess glutamine (Gln), asparate (Asp), glutamate (Glu), alanine (Ala), and valine (Val), as the competitor, respectively. The group of uptake without competitive amino acid was served as 100%. The result was expressed as mean ± SD (n = 3).




CsCAT2 Has Broad Substrate Specificity

We next asked whether CsCAT2 can transport other amino acids. We cultured the above yeast strains in medium with Glu, glutamine (Gln), γ-aminobutyric acid (GABA), valine (Val), alanine (Ala), or aspartate (Asp), at a concentration of 2 mM, respectively, as the sole nitrogen source. The result demonstrated that CsCAT2 can also transport these amino acids (Supplementary Figure 1) and also demonstrated that CsCAT2 had broad substrate specificity, which was consistent with other AATs (Dong et al., 2020; Li et al., 2020, 2021).

To further investigate the substrate specificity of CsCAT2, a 10-fold dose of Val, Ala, Gln, Asp, and Glu, the dominant amino acids being transported in vascular system of tea plants (Ruan et al., 2012), was added to the medium to compete with theanine for transport. The results showed that CsCAT2's capacity to transport theanine was significantly suppressed by these amino acids (Figure 4B), further demonstrating that CsCAT2 can transport Glu, Gln, Ala, Asp, and Val. These results are consistent with other reports that CATs have broad substrate specificities and affinities for Glu, Ala, Gln, Asp, and Val in Arabidopsis (Su et al., 2004; Hammes et al., 2006; Yang et al., 2010, 2015).



CsCAT2 Transports Theanine in a pH-Dependent Manner

The transport capacity of theanine greatly decreased when the value of pH was increased from 4 to 8 in the medium (Figure 5A). At pH 7.0 and pH 8.0, theanine transport by CsCAT2 was almost completely inhibited. To further verify the pH or H+-dependant CsCAT2 activity, we added protonophores 2, 4-dinitrophenol (DNP) and carbonylcyanide m-chlorophenylhydrazone (CCCP), and an H+-coupled amino acid transport system inhibitor (DEPC), to the theanine transport system. The result showed that theanine transport activity of CsCAT2 was essentially inhibited by these reagents (Figure 5B). Therefore, CsCAT2 transport theanine is pH-dependant and functions as an H+-coupled theanine transport system.


[image: Figure 5]
FIGURE 5. The pH dependence of CsCAT2 uptake of theanine in 22Δ10α. (A) Theanine uptake by CsCAT2 at different pH values; uptake at pH 4 serve as 100%. (B) Theanine uptake by CsCAT2 in the presence of CCCP, DNP, and DEPC. The result was expressed as mean ± SD (n = 3).




CsCAT2 Expression in the Roots Probably Correlates With the Efficiency of Theanine Root-to-Shoot Transport

The efficiency of transport of theanine from root to shoot is critical for theanine accumulation in new shoots which are the materials for tea processing. As described (Figure 2), CsCAT2 expression in the root showed an opposite trend with the process of theanine transport from root to shoot, at four time points (December 1, March 1, March 23, and April 13), in a tea plant cultivar “Shuchazao.” To further illustrate that CsCAT2 plays a role in theanine transport from root to shoot seasonally, we examined CsCAT2 expression in the roots of five cultivars and analyzed the correlation between CsCAT2 expression and the efficiency of theanine root-to-shoot transport.

Because theanine is primarily synthesized in the root in winter and then transported to the shoot, the ratio of theanine contents in the shoot and that in the root was used as a parameter for illustrating the efficiency of theanine transport from root to shoot (Dong et al., 2020). Moreover, theanine contents in the different tissues of shoot vary greatly and are highest in the leaf bud. Therefore, we used the sum of ratios of theanine contents in the roots and in the leaf buds at the four time points to quantify the efficiency of theanine root-to-shoot transport (Dong et al., 2020).

Here, the sum of CsCAT2 expression level in the root at different time points was calculated (Figure 6A). We observed that the sum was lowest in cultivar Zhenong 113 (ZN113) and gradually increased in Yingshuang (YS), Zhongcha 302 (ZC302), and Longjing 43 (LJ43). In contrast, the efficiency of theanine root-to-shoot transport was highest in ZN113 and gradually decreased in YS, ZC302, and LJ43 (Figure 6B) (Dong et al., 2020). More importantly, the sum of CsCAT2 expression in the root was significant negatively correlated with the efficiency of theanine root-to-shoot transport, with a correlation coefficient of −0.897 (p < 0.05; Figure 6C). These results further supported the notion that CsCAT2 plays a negative role in theanine root-to-shoot transport.


[image: Figure 6]
FIGURE 6. Correlation between CsCAT2 expression in the roots and the efficiency of theanine root-to-shoot transport. (A) CsCAT2 expression in the roots of 5 tea plant cultivars at the four time points. CsGAPDH was used as an internal control. (B) The ratios of theanine in the bud to that in the root in different tea plant cultivars. The data are from Dong et al. (2020). (C) Correlation between the summation of CsCAT2 expression (B) and the ratios (C) was analyzed using Pearson's correlation. ZN113, Zhenong 113; YS, Yingshuang; SCZ, Shuchazao; ZC302, Zhongcha 302; LJ43, Longjing 43. Data were analyzed using one-way ANOVA, * p < 0.05.





DISCUSSION


CsCAT2 Is a Tonoplast-Localized Theanine Transporter

In tea plants, theanine is primarily synthesized and stored in root cells, in late autumn and winter, and is transported to the new shoot, in spring (Gong et al., 2020). However, the molecular mechanism of theanine storage in root cells is still unknown. We hypothesized that theanine is stored in the vacuole and the storage is mediated and seasonally regulated by tonoplast-localized theanine transporters (Figure 7).


[image: Figure 7]
FIGURE 7. Proposed model for theanine storage and root-to-shoot transport in tea plants. In winter, theanine is transported into vacuole for storage; in spring, theanine is exported from vacuole into cytoplasm and is then transported out of the storage cells for root-to-shoot transport. CsCAT2 likely mediates theanine transport into the vacuole. High expression of CsCAT2 in winter confers efficient transport of theanine into vacuole; however, high expression of CsCAT2 in spring reduces the efficiency of theanine root-to-shoot transport.


Several CAT families of AATs in plants have been shown to localize in the tonoplast and play important roles in amino acid homeostasis (Yang et al., 2013, 2014; Snowden et al., 2014). In Arabidopsis, AtCAT2 was shown to localize in the tonoplast and regulate amino acid levels in the leaves (Yang et al., 2014). SlCAT2, the homolog of CAT2 in tomato, was demonstrated to localize in the tonoplast of stamen cells and play a significant role in tomato flower and fruit development (Yang et al., 2013). SlCAT9, a relatively specific Glu/Asp/GABA transporter, regulates the accumulation of amino acids during fruit development and the flavor profile of the tomato fruit and has also been demonstrated to localize in the tonoplast (Snowden et al., 2014). In this study, we showed that CsCAT2 is a tonoplast-localized AAT (Figure 1).

Generally, CATs display board substrate specificity for neutral and acidic amino acids in plants (Su et al., 2004; Hammes et al., 2006; Yang et al., 2010, 2013, 2014, 2015; Snowden et al., 2014; Yoneda, 2017). In this study, we revealed that CsCAT2 is a theanine transporter and also has affinities for Glu, Gln, GABA, and Ala (Figures 3, 4). It is noteworthy that theanine contents in root cells are very high and could reach 60 mg/g dry weight (Li et al., 2019), whereas the contents of Glu, Gln, GABA, and Ala are much lower in root cells of tea plants (Yang et al., 2020). Therefore, CsCAT2 may mainly transport theanine even though it has affinities for other amino acids.

Interestingly, CsCAT2 expression is high in winter, decreases in early spring, and then increases in late spring (Figure 6). This expression pattern is consistent with theanine storage and is opposite to theanine root-to-shoot transport. We further showed that CsCAT2 expression was significantly correlated with the efficiency of theanine root-to-shoot transport (Figure 7). These findings supported the notion that CsCAT2 mediates theanine storage in vacuole in the root cells. In addition, theanine was shown to mainly distribute in the cytoplasm in March (Fu et al., 2021), which is possibly caused by greatly reduced level of CsCAT2 in the tonoplast (Figure 7). The cytoplasm distributed theanine in root cells is probably ready for root-to-shoot transport (Figure 7).



CsCAT2 May Coordinate Seasonal Theanine Allocation Between Root and Shoot

Amino acids seasonally store in the roots and transport to shoots are economically efficient for adjusting plant growth according to the environment and nutrition requirement (Zeng et al., 2020; Fu et al., 2021). In early spring, the soil temperature is low, so that the absorption capacity of nitrogen from the soil is weak and insufficient to meet the nitrogen demand for the growth of new shoots. The transport of amino acids stored in root cells to the new shoot could be the effective safeguard of nitrogen requirement for the growth of new shoots (Zeng et al., 2020). Theanine is the dominant form of nitrogen storage in roots of tea plants (Ruan et al., 2012). Seasonally regulated CsCAT2 expression likely contributes to theanine allocation between root and shoot to support new shoot growth.

In most tea plant-growing area, the shoots of tea plants have several rounds of growth-dormancy cycles, except the winter dormancy, in a year (Hao et al., 2017). We speculated that the downregulation of CsCAT2 in the early spring might contribute to theanine transport to shoots to support the first round of shoot growth, whereas the upregulation at the late spring is conducive to reduce theanine transport to the shoots and promote bud dormancy, thereby store nitrogen sources for the next round of shoot growth in summer. Given that high-quality green teas are generally processed from the first round of new shoot of tea plants, the new shoots grown in summer are rarely harvested for green tea processing, which causes a great waste of tea resources. It will be intriguing to breed tea plant cultivars with strong growth in spring and weak growth in summer, using CsCAT2 as a molecular marker.
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