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Abstract


Cold stress is an important limiting factor affecting spring tea quality. This study analyzed the effects of foliar spraying of brassinolide (BR) at concentrations of 0.05, 0.1, 0.5, and 1 mg/L on the chlorophyll index, nitrogen balance index, quality, antioxidant defense system, and secondary metabolite profiles in leaves of Camellia sinensis cv. Fuding-dabaicha grown at 4 °C for 48 h. All exogenous BR treatments significantly increased leaf nitrogen balance index, with the highest effect at 0.1 mg/L, which also significantly increased leaf chlorophyll index. BR treatments distinctly increased tea polyphenol, catechin, amino acid, and caffeine levels at cold stress, with the greatest effect at 0.1 mg BR/L. Foliar spraying of BR showed no effect on the expression of CsGOGAT at cold stress, but it differentially regulated the expression of CsHMGR, CsGDH, and CsGs, accompanied by their expression being up-regulated under 0.1 mg BR/L treatment. BR-treated plants exhibited a low level of oxidative damage at cold stress based on malondialdehyde levels, which was associated with higher glutathione levels and CsCAT and CsSOD gene expression levels under BR concentrations of 0.05 mg/L and 0.1 mg/L. Non-targeted metabolomics found a total of 26,175 metabolites, the majority of which were lipids and lipid-like molecules (8.97%) and organic heterocyclic compounds (8.97%). BR treatments with 0.05, 0.1, 0.5, and 1 mg/L triggered 1181, 1997, 2414, and 1455 differential metabolites, respectively, accompanied by more differential metabolites being up-regulated. Among them, 18 differential metabolites were associated with tea quality. The enriched pathways of differential metabolites were mainly caffeine metabolism, amino acid synthesis and metabolism, alkaloid synthesis and metabolism, and flavonoid synthesis, depending on the BR concentrations used. Caffeine metabolism was an BR-inducible differential metabolite pathway. Taken together, foliar spraying of BR (0.1 mg/L) improved leaf antioxidant capacity and quality as well as modulated secondary metabolites and their pathways in cold-stressed tea.
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1. Introduction


Tea (Camellia sinensis (L.) O. Ktze.) is a perennial evergreen industrial crop with a preference for warm climates and a fear of cold stress [1]. Hence, temperature is one of the most important environmental factors affecting the distribution range, yield, and economic benefits of tea plants [2]. With the intensification of global climate change, tea plants are more and more susceptible to cold stress, high temperatures, drought, and other environmental impacts. The cultivated regions in southern China often suffer from cold stress in spring, which has a negative impact on spring tea production and tea quality [3]. March–May is the time of spring tea harvesting, and the spring cold is easy to cause tea buds to frostbite, freeze ripening, and even become black/brown until death, resulting in a decrease in tea leaf quality [4]. As a consequence, enhancing the resistance of tea plants to cold stress is an urgent problem in spring tea production.



In addition to affecting the plant phenotype, cold stress also negatively affects plant biochemical responses, as evidenced by the excessive accumulation of reactive oxygen species, which triggers oxidative damage [5]. Under cold stress, plants have antioxidant defense systems to mitigate oxidative damage, such as glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT) [6]. In addition, cold stress heavily affects the production of secondary metabolites in plants [7]. A large number of secondary metabolites provide complex flavors and aromas with health-promoting properties in tea leaves, among which catechins, amino acids, flavonoids, caffeine, volatiles, and their derivatives are the key secondary metabolites affecting the quality of tea leaves [8].



Brassinolide (BR) is a highly efficient and non-toxic plant growth regulator [9]. BR improves plant resistance and plays an important role in resisting cold stress [10]. Zhou et al. [11] reported that 1.0 μmol/L BR treatment distinctly enhanced the antioxidant enzyme defense system in response to cold stress (4 °C) at an early stage of rice. In maize, exogenous BR (1.0 μmol/L) application dramatically increased plant height, glucose, starch, sucrose, and glycine betaine levels under cold stress [12]. Li et al. [13] found that spraying 2,4-epibrassinolide with 0.1 μmol/L could alleviate the inhibitory effect of cold stress on the growth of pepper plants, as evidenced by an increase in aboveground dry matter, root morphology, and antioxidant enzyme activity. Exogenous BR (0.05 mg/L) alleviated the photosynthetic inhibition and maintained the stability and integrity of the chloroplast in tung tree plants at low temperatures (8 °C) [14]. In tea plants, exogenous BR is also used to improve their low-temperature tolerance. In tea cultivar ‘Qiancha 1’, 0.01 mol/L BR treatment considerably mitigated cold stress (4 °C) damage through enhanced antioxidant enzyme activity and activated calcium signaling pathway [15]. Transcriptomics revealed that exogenous BR (0.05 mol/L) spraying affected the growth and development of tea plants mainly by regulating the biosynthesis pathways of starch, sucrose, and flavonoids [16]. These results imply that BR is able to modulate cold stress resistance in tea plants, but the intrinsic mechanism is not clear.



The physiological metabolism of tea plants is highly susceptible to external environmental conditions [17,18]. Tea metabolites are important contributors to the resistance of tea plants to biotic and abiotic stresses and the flavor quality of tea leaves [19,20]. Metabolomics, a biotechnology for studying plant metabolites, is well able to detect metabolic changes in plants due to environmental stimuli [21]. Untargeted metabolomics is a reliable and systematic qualitative and quantitative analysis of small-molecule metabolites in biological systems, which can identify differential metabolites [22,23]. Zhou et al. [24] reported a significant effect on amino acids, flavonoids, and caffeine metabolism in green tea leaves after inoculated with Aspergillus sydowii, as per metabolomic analysis. There is no information about BR-triggered changes in secondary metabolite profiles of tea plants under cold stress. Hence, the aim of this study was to analyze the effects of spraying different BR concentrations on leaf quality and quality-related gene expression levels as well as secondary metabolite profiles of tea plants under cold stress.




2. Materials and Methods


2.1. Plant Culture and Exogenous BR Treatments


The seeds of Camellia sinensis cv. Fuding-dabaicha were sterilized by a 75% alcohol solution, rinsed with distilled water, soaked in distilled water for two weeks, and then germinated in pre-autoclaved (0.11 MPa, 121 °C, 2 h) river sand at 28 °C/20 °C (day/night temperature) and 70% relative humidity in a greenhouse. On 30 May 2023, three-leaf-old tea seedlings were transplanted into plastic pots (15.2 cm × 10.5 cm × 13.5 cm) filled with the substrate of soil and sand (3:1, v/v). Each pot had four tea seedlings. After transplanting, the plants were placed at a day/night temperature of 28 °C/16 °C with a photon flux density of photosynthesis of 338–982 μmol/m2/s and a relative air humidity of 70%. Tea plants grew in such conditions until 19 August 2023. Then, a low-temperature treatment was initiated. On 19 August 2023, the day and night temperatures at which the tea seedlings were grown were changed to 4 °C, while other environmental conditions remained unchanged.



The exogenous BR treatment was also carried out at the same time as the low-temperature treatment. The BR reagent (CAS#72962-43-7; HPLC ≥ 95%) was provided by Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China), and exogenous BR was formulated to the concentration of 0, 0.05, 0.1, 0.5, and 1 mg BR/L based on the results of Sun et al. [25]. The set concentration of BR was foliar sprayed until the leaves were dripping. Exogenous BR treatment was carried out again after 24 h. The tea seedlings were subjected to such cold stress conditions for 2 days (48 h). The experiment ended on 21 August 2023, and the plants were harvested.




2.2. Experimental Design


The experiment was designed as a one-way arrangement with five treatments, including 0 mg BR/L (T0), 0.05 mg BR/L (T1), 0.1 mg BR/L (T2), 0.5 mg BR/L (T3), and 1 mg BR/L (T4). Each treatment was replicated six times for a total of 30 pots (2 seedlings/pot).




2.3. Analysis of Variables


Chlorophyll index (CHL) and nitrogen balance index (NBI) were determined using a Dualex portable plant polyphenol chlorophyll meter (Dualex Scientific+, Force A, Orsay, France) half an hour before harvest.



Some of the collected leaf samples were frozen by liquid nitrogen and then kept at −80 °C for RNA extraction and subsequent analysis of biochemical variables. The other leaf samples were treated at 105 °C for 30 min, oven-dried at 80 °C for 48 h, and ground for the determination of tea food quality-related indexes.



Leaf tea polyphenol content was determined by the ferrous tartrate coloring reaction [26], catechin by the 1% vanillin staining method [26], free amino acids by the ninhydrin coloring method [26], and caffeine by UV spectrophotometry [26]. Glutathione content was determined by the method described by Li et al. [27]. Malondialdehyde (MDA) concentration in leaves was carried out by the method outlined by Sudhakar et al. [28].



According to the results of Cao et al. [29] and Liu et al. [30], four quality-related genes, including the 3-hydroxy-3-methylglutaryl coenzyme A reductase gene (CsHMGR), glutamate dehydrogenase (CsGDH), glutamine synthetase (CsGS), and glutamine oxoglutarate aminotransferase (CsGOGAT), and two antioxidant-related genes, catalase (CsCAT) and superoxide dismutase (CsSOD) genes, were selected, and their specific primer sequences (Supplementary Material Table S1) in qRT-PCR were designed based on the Primer Premier 5.0 software. Leaf total RNA was extracted using the TaKaRa MiniBEST Plant RNA Extraction Kit (9769, Takara, Otsu, Japan). After testing the concentration and purity of the total extracted RNA, the RNA was reverse transcribed to cDNA using the PrimeScriptTM RT Reagent Kit with the gDNA Eraser Kit (RR047A, Takara, Otsu, Japan). qRT-PCR was performed by the Real-Time PCR Detection System (CFX96, BIO-RAD, Hercules, CA, USA), where 10 μL of the SYBR GREEN PCR Master Mix Kit (Aidlab, Beijing, China), 0.4 μL of forward primer, 0.4 μL of reverse primer, 7.2 μL of ddH2O, and 2 μL of cDNA were included. The GADPH gene was used as the internal reference gene. The quantitative results were calculated with reference to the 2−ΔΔCt [31] and normalized by T0 treatment.




2.4. Non-Targeted Metabolome Assay


Fresh leaf samples (25 mg) were mixed with 500 μL of extraction solution (methanol/acetonitrile/water = 2:2:1, v/v), containing the mixture of isotopic (13C) labeling internal standard, which was grounded at 35 HZ for 4 min and then extracted by ultrasonic ice bath for 5 min. This process was repeated 3 times. The sample was left at −40 °C for 1 h and centrifuged at 13,800× g for 15 min at 4 °C. The supernatant was used for the Vanquish (Thermo Fisher Scientific, Cleveland, OH, USA) Ultra Performance Liquid Chromatograph (UPLC) detection. The target compounds were separated using a Phenomenex Kinetex C18 column (2.1 mm × 50 mm, 2.6 μm). The A phase was the aqueous phase containing 0.01% acetic acid, and the B phase was the mixture of isopropanol and acetonitrile (1:1, v/v). The sample plate temperature was 4 °C, and the injection volume was 2 μL. The Orbitrap Exploris 120 mass spectrometer was capable of primary and secondary mass spectrometry data acquisition under the control of Xcalibur software (version 4.4, Thermo, Cleveland, OH, USA). The parameters were as follows: sheath gas flow rate of 50 Arb, aux gas flow rate of 15 Arb, capillary temperature of 320 °C, full ms resolution of 60,000, MS/MS resolution of 15,000, collision energy of SNCE 20/30/40, and spray voltage of 3.8 kV (positive) or 3.4 kV (negative) [32]. The screened metabolites were classified in the HMDB database. Differential metabolites were screened from sample substances containing p values (p-value) less than 0.05 and greater than 1. They were generated and analyzed by using R software (version 1.46.0) and ggplot2 (version 3.3.5). The metabolites were classified in the HMDB database.




2.5. Data Analysis


SAS software (v8.1; SAS Institute Inc., Cary, NC, USA) was used to analyze the analysis of variance (ANOVA) and significant differences between treatments with Duncan’s multiple range test (p = 0.05). Sigmaplot (v10.0; Systat Software, Inc., Chicago, IL, USA) software was used for graphing. Differential metabolites were screened from samples containing p-values less than 0.05 and greater than 1. R software (version 1.46.0) and ggplot2 (version 3.3.5) were used to generate and analyze volume maps for differential metabolite classification and differential metabolite screening volcano maps and bubble maps for differential metabolites.





3. Results


3.1. Changes in Leaf Physiological Indexes


Foliar spraying of BR under cold stress conditions increased leaf NBI and CHL to some extent, with the most significant effect in T2 (Figure 1). T1, T2, T3, and T4 treatments significantly increased NBI by 92.42%, 129.26%, 40.40%, and 43.37%, respectively, compared with T0 treatment. However, none of the BR treatments significantly affected CHL, except for T2, which significantly improved CHL (74.75%), compared with T0 treatment.




3.2. Changes in Leaf Quality


Spraying BR under cold stress conditions showed positive effects on leaf polyphenol, catechin, free amino acid, catechin, and GSH levels in tea plants (Figure 2a,b). Compared with T0 treatment, T1, T2, T3, and T4 treatments significantly increased tea polyphenol levels by 66.74%, 118.67%, 50.27%, and 73.94%, and also boosted caffeine levels by 59.60%, 112.12%, 50%, and 44.45%, respectively. Among the four BR treatments, tea polyphenol and caffeine levels were significantly higher under T2 treatment than under the other three BR treatments, whereas there were no significant differences among the other three BR treatments. In addition, T1, T2, and T3 treatments significantly increased catechin levels by 31.63%, 39.10%, and 24.78% and free amino acid levels by 75.47%, 113.2%, and 53.77%, respectively, compared with T0 treatment, but T4 treatment did not present a significant effect on catechin and free amino acid levels.




3.3. Changes in Leaf Quality-Associated Gene Expression


Compared with T0 treatment, T1 treatment significantly down-regulated the expression of CsHMGR gene, but T2 and T3 treatments up-regulated the expression of CsHMGR gene by 1.61- and 1.31-fold, respectively, followed by no significant effect between T4 and T0 treatments (Figure 3). Compared with T0 treatment, only T2 and T3 treatments significantly up-regulated the expression of CsGDH gene by 10.00- and 1.02-fold, respectively; T1, T2, and T4 treatments significantly increased the expression of CsGs gene by 1.10-, 2.30-, and 1.61-fold, respectively; and only T2 treatment significantly up-regulated the expression of CsGOGAT gene (0.37-fold).




3.4. Changes in Leaf Antioxidant Defense Systems


Exogenous BR treatments also elevated GSH levels, as evidenced by a significant increase of 32.81% and 57.18% after T1 and T2 treatments, compared with T0 treatment (Figure 4a). Foliar spraying of BR also strongly affected CsCAT and CsSOD gene expression in leaves. In contrast to T0, T1 and T4 treatments, not T2 and T3 treatments, significantly up-regulated CsCAT gene expression by 2.24- and 1.22-fold, respectively (Figure 4b). Similarly, T3 and T4 treatments also significantly down-regulated CsSOD gene expression by 0.49-fold and 0.72-fold, respectively, while T1 up-regulated it by 0.42-fold compared to T0 treatment, along with no significant change between T0 and T2 treatments. All BR applications reduced leaf MDA content to varying degrees compared to T0 treatment, whereas only T2 and T3 treatments led to significantly lower MDA levels by 29.95% and 19.08%, respectively (Figure 4c).




3.5. Changes in Leaf Secondary Metabolite Profiles


In this non-targeted metabolomics, the identified secondary metabolites were categorized according to the chemical classification attribution information. The secondary metabolites in this case were categorized into 14 classes, including lipids and lipid-like molecules (8.97%), organic heterocyclic compounds (8.97%), organic acids and derivatives (2.56%), phenylpropanoids and polyketides (2.56%), organic oxygen compounds (2.56%), and others (74.36%) (Figure 5). A total of 26,175 differential metabolites were identified in the leaves based on VIP > 1 and p < 0.05 from the leaf sample substance list. A total of 1181 differential metabolites were detected in T0 treatment versus T1 treatment (Figure 6a), with 605 up-regulated and 576 down-regulated. Similarly, there was a total of 1997 differential metabolites in T0 versus T2, with 1251 up-regulated and 746 down-regulated (Figure 6b). T3 treatment triggered a total of 2414 differential metabolites (1346 up-regulated and 1066 down-regulated) (Figure 6c), and T4 treatment resulted in a total of 1455 differential metabolites (1139 up-regulated and 316 down-regulated) (Figure 6d). In the T1 treatment versus T2 treatment, 638 differential metabolites were detected, 324 up-regulated and 314 down-regulated (Figure 6e). Similarly, in the T2 treatment versus T3 treatment, 1468 differential metabolites were detected, of which 636 were up-regulated and 832 were down-regulated (Figure 6f). In the T2 treatment versus T4 treatment, 1397 differential metabolites were detected, with 963 up-regulated and 434 down-regulated species (Figure 6g).



Among the differential metabolites, 18 substances were associated with tea quality (Table 1), namely L-glutamine, rutin, 7-methylxanthine, 3-methylxanthine, chlorogenic acid, catechin, epicatechin, 7-methyluric acid, 1-methyluric acid, baclofen, N-acetyl-L-glutamate, 5-semialdehyde, N-acetylglutamic acid, kaempferol, phloretin, astragalin, eriodictyol, γ-glutamylmethionine, and N-methyl-D-aspartic acid. Among them, T1 treatment down-regulated L-glutamine and rutin concentrations, T2 treatment up-regulated caffeine and caffeine degradation products (7-methylxanthine and 3-methylxanthine), T3 treatment increased chlorogenic acid and down-regulated L-glutamine and rutin concentrations, and T4 boosted catechin and epicatechin levels and down-regulated L-glutamine concentrations, as compared with T0 treatment.




3.6. Changes in Differential Metabolite Pathways


The metabolic pathways of the differential metabolites were analyzed. A total of 260 differential metabolic pathways were found in T1 versus T0 treatment (Figure 7a), which were mainly enriched in caffeine metabolism, alanine, aspartate and glutamate metabolism, nitrogen metabolism, etc. A total of 66 differential metabolic pathways were identified in T2 versus T0 treatment (Figure 7b), mainly enriched in pantothenate and CoA biosynthesis, caffeine metabolism, vitamin B6 metabolism, etc. A total of 232 differential metabolic pathways were observed in the T3 versus T0 treatment (Figure 7c), primarily enriched in β-alanine metabolism, flavone and flavonol biosynthesis, etc. There were a total of 584 differential metabolic pathways in T4 versus T0 treatment (Figure 7d), mainly enriched in caffeine metabolism, amino sugar and nucleotide sugar metabolism, fructose and mannose metabolism, etc. In addition, a total of 40 differential metabolic pathways were detected in T1 versus T2 treatment (Figure 7e), mainly enriched in caffeine metabolism and glycine, serine, and threonine metabolism. A total of 161 differential metabolic pathways were detected in T2 versus T3 treatment (Figure 7f), mainly enriched in arginine and proline metabolism; 114 differential metabolic pathways were detected in T2 versus T4 treatment (Figure 7g), mainly enriched in flavone and flavonol biosynthesis and caffeine metabolism.





4. Discussion


Cold stress is one of the important environmental stresses negatively affecting the growth, yield, and quality of tea [2]. BR is thought to improve plant tolerance to cold stress [10,11,12,13,14,15]. This study assessed the effect of foliar spraying BR on physiological response and second metabolite profile in tea leaves exposed to cold stress only. Leaf chlorophyll content can directly affect the photosynthetic capacity of plants, which in turn affects the quality of tea leaves [33]. NBI is an indicator of crop growth as well as N availability [34]. The present study showed that at cold stress, spraying BR treatments increased NBI, with 0.1 mg/L BR having the highest effect, and 0.1 mg/L BR treatment also significantly increased CHL. This is consistent with the study of Li et al. [35] that spraying 0.10 mg/L EBR significantly increased the chlorophyll content of tomato leaves. In fact, exogenous BR can effectively improve the relative structural integrity of chloroplasts at cold stress, so that the bilayer is obvious, the plasma membrane and the matrix are tightly attached, and the matrix area is significantly increased [36].



Tea quality can be negatively affected by cold stress [37]. In this study, under cold stress, BR increased tea polyphenols, free amino acids, caffeine, and catechin levels in tea leaves in a concentration-dependent way, with 0.1 mg/L having the most significant effect. While a BR concentration of 1 mg/L only significantly increased the levels of tea polyphenol and caffeine. This suggests that a BR concentration of 0.1 mg/L can be used to improve the tea quality under cold stress. These changes are related to the fact that BR modulates the expression levels of quality-related genes. Amino acids are the main chemical constituents of tea leaves that regulate and balance the bitterness and viscosity in tea [38], and GS, GOGAT, and GDH are key enzymes in the amino acid biosynthesis pathway [29]. HMGR catalyzes the conversion of 3-hydroxy-3-methylglutaryl coenzyme A into mevalonate, which has a significant impact on the level of terpenoids in plants [39]. In the present study, at cold stress, both 0.1 mg/L and 0.5 mg/L BR treatments up-regulated the expression of GsGDH and CsGDH, with 0.1 mg/L being the most significant, suggesting that spraying BR at cold stress modulated the expression of CsHMGR and CsGDH to promote terpenoid levels [29]. The BR concentrations of 0.05 mg/L, 0.1 mg/L, and 1 mg/L up-regulated the expression of CsGS, suggesting that glutamate was converted more into amides such as glutamine and theanine by glutamine synthetase after BR spraying [40]. These implied that BR treatment promoted amino acid formation in relation to its induced expression of CsGDH and CsGs at cold stress, independent of CsGOGAT.



When plants are exposed to cold stress, there is a burst of reactive oxygen species (ROS), resulting in oxidative damage to plant cells [41]. In the present study, the reduction in MDA shows that BR spraying within a concentration range of 0.1–0.5 mg/L clearly reduces the oxidative damage in cold-stressed tea plants. This is in line with the results of Kumar and Manish [42] on Brassica species sprayed with 24-epibrassinolide at 4 °C and Sun et al. [25] on Zea mays sprayed with brassinolide at chilling stress. The change in MDA levels is correlated with changes in BR-induced GSH levels and CsCAT and CsSOD gene expression levels. In this study, leaf GSH levels were significantly increased after foliar spraying 0.05 and 0.1 mg/L BR, and leaf CsCAT and CsSOD gene expression levels were up-regulated after foliar spraying 0.05 mg/L BR. Pre-treatment with 28-homobrassinolide (1 nmol/L) significantly up-regulated SOD and CAT expression in Brassica juncea at 4 °C [43]. Therefore, this concluded that BR-treated tea plants activate antioxidant defense systems (GSH, SOD, and CAT) to remove more reactive oxygen species against cold stress, resulting in low oxidative damage, where a BR concentration of 0.05 mg/L mainly induced CsCAT and CsSOD gene expression levels and GSH levels, and a BR concentration of 0.1 mg/L mainly increased GSH levels. However, it is not known whether the effects of BR on the antioxidant systems of tea plants are also present at normal temperature.



Non-targeted metabolomics allow for the analysis of the overall pattern in changes of all metabolites in an organism, which in turn leads to the discovery of new metabolites and metabolic pathways following abiotic stress [44,45]. Moreover, we used non-targeted metabolomics to identify 33 differential compounds in different tea cultivars, including epicatechin, theanine, theobromine, chlorogenic acid, adenine, and chrysin. In this study, non-targeted metabolomic analysis was performed on Fuding-Dabaicha leaves, and a total of 26,175 differential metabolites were identified. Among the differential metabolites, there were 18 substances associated with the tea leaf quality, including caffeine, flavonoids, amino acids, and so on [46]. Meanwhile, the differential metabolites appeared more under 0.1 mg/L BR treatment versus 0 mg/L BR treatment, where 1997 differential metabolites (1251 up-regulated and 746 down-regulated) were identified after foliar spraying 0.1 mg/L BR. All of the obtained differential metabolites were more up-regulated after the 0.1 mg/L BR treatment, which showed a boosting benefit of BR. This is consistent with the result that leaf quality variables were the highest after a BR concentration of 0.1 mg/L. In addition, the enriched pathways for differential metabolites were variable after foliar spraying BR, showing that this was BR concentration-dependent. Moreover, the enriched pathways of the differential metabolites were also different when 0.1 mg/L BR was compared to the other BR concentrations, but various amino acid metabolisms were evident, e.g., glycine, serine, and threonine metabolism after 0.1 mg/L BR versus 0.05 mg/L BR and arginine and proline metabolism after 0.1 mg/L BR versus 0.5 mg/L BR. Further analysis of the enriched pathways of differential metabolites revealed that they were mainly amino acid synthesis and metabolism, alkaloid synthesis and metabolism, and nutrient metabolism. BR improved the photosynthetic efficiency of the plant by increasing the Calvin cycle and acting as a regulator of the secondary metabolites [47]. However, caffeine metabolism was found after BR concentrations of 0.05 mg/L, 0.1 mg/L, and 1 mg/L as well as 0.1 mg/L BR versus 0.05 mg/L BR and 0.1 mg/L BR versus 1 mg/L BR, showing that caffeine synthesis and degradation are a differential metabolic pathway susceptible to BR induction. Caffeine is a typical purine alkaloid found in more than 60 different plants, including coffee and tea [48]. Its synthesis and degradation pathways have been well characterized and are susceptible to various environmental factors [49]. This is consistent with the significant increase in leaf caffeine levels after BR spraying. Additional in-depth studies on the differential metabolites obtained and their enriching pathways are needed to support BR regulation of tea quality at cold stress.




5. Conclusions


The antioxidant defense system of tea seedlings at 4 °C was improved by exogenous BR treatments, resulting in low oxidative burst, especially under 0.05 mg/L and 0.1 mg/L BR spraying. Spraying BR also increased leaf quality of tea plants under cold stress, especially most pronounced in the 0.1 mg/L BR spraying, which was associated with the up-regulation of the expression levels of quality-related genes. Non-targeted metabolomics also revealed a large number of secondary metabolites involved in the BR treatment, among which 18 quality-related differential metabolites were identified. The enriched pathways of differential metabolites were focused on amino acid synthesis and metabolism, flavonoid synthesis, and caffeine metabolism, suggesting that exogenous BR improves the tea quality at cold stress. These results clearly indicate that 0.1 mg BR/L can enhance leaf resistance and quality of tea plants under cold stress. In the future, it also needs to be clear whether 0.1 mg BR/L can also have such an effect on tea plants at normal temperature.
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Figure 1. Effects of foliar spraying of BR on leaf NBI and CHL at cold stress. Different letters above the bars indicate significant (p ≤ 0.05) differences. Abbreviation: BR, brassinolide; CHL, chlorophyll index; NBI, nitrogen balance index; T0, 0 mg BR/L; T1, 0.05 mg BR/L; T2, 0.1 mg BR/L; T3, 0.5 mg BR/L; T4, 1 mg BR/L. 
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Figure 2. Effects of foliar spraying of BR on leaf tea polyphenol (a), catechin (a), amino acid (b), and caffeine (b) levels at cold stress. Different letters above the bars indicate significant (p ≤ 0.05) differences. Abbreviation: BR, brassinolide; T0, 0 mg BR/L; T1, 0.05 mg BR/L; T2, 0.1 mg BR/L; T3, 0.5 mg BR/L; T4, 1 mg BR/L. 
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Figure 3. Effects of foliar spraying of BR on leaf CsHMGR, CsGDH, CsGs, and CsGOGAT gene expression levels at cold stress. Different letters indicate significant (p ≤ 0.05) differences. Abbreviation: BR, brassinolide; T0, 0 mg BR/L; T1, 0.05 mg BR/L; T2, 0.1 mg BR/L; T3, 0.5 mg BR/L; T4, 1 mg BR/L. 
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Figure 4. Effects of foliar spraying of BR on leaf tea glutathione levels (a), CsCAT and CsSOD gene expression at cold stress (b), and malondiadehyde levels (c). Different letters indicate significant (p ≤ 0.05) differences. Abbreviation: BR, brassinolide; T0, 0 mg BR/L; T1, 0.05 mg BR/L; T2, 0.1 mg BR/L; T3, 0.5 mg BR/L; T4, 1 mg BR/L. 
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Figure 5. Metabolite classification and their proportion. 
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Figure 6. Changes of differential metabolites of tea after spraying BR at low temperature. Abbreviation: BR, brassinolide; T0, 0 mg BR/L; T1, 0.05 mg BR/L; T2, 0.1 mg BR/L; T3, 0.5 mg BR/L; T4, 1 mg BR/L. 
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Figure 7. Changes in differential metabolite pathways in tea leaves at cold stress after foliar spraying of BR. Abbreviation: BR, brassinolide; T0, 0 mg BR/L; T1, 0.05 mg BR/L; T2, 0.1 mg BR/L; T3, 0.5 mg BR/L; T4, 1 mg BR/L. 
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Table 1. Differential metabolites associated with tea quality in tea leaves at cold stress after foliar spraying of BR.
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	Comparison of Treatments
	Metabolite Name
	Category
	KEGG ID
	VIP
	p-Value
	Fold Change





	T0 vs. T1
	L-Glutamine
	Amino acid
	C00064
	2.089
	0.0107
	0.32 ↓



	
	Rutin
	Flavonoid
	C05625
	1.982
	0.0110
	0.26 ↓



	T0 vs. T2
	7-Methylxanthine
	Caffeine
	C16353
	1.760
	0.0123
	1.57 ↑



	
	3-Methylxanthine
	
	C16357
	1.760
	0.0123
	1.57 ↑



	T0 vs. T3
	L-Glutamine
	Amino acid
	C00064
	1.194
	0.0164
	0.30 ↓



	
	Chlorogenic acid
	Flavonoid
	C00852
	1.997
	0.0233
	2.93 ↑



	
	Rutin
	Flavone
	C05625
	2.000
	0.0005
	0.13 ↓



	T0 vs. T4
	Catechin
	Flavonoid
	C06562
	1.951
	0.0023
	2.75 ↑



	
	Epicatechin
	
	C09727
	1.779
	0.0050
	2.44 ↑



	
	L-Glutamine
	Amino acid
	C00064
	2.057
	0.0104
	0.30 ↓



	T1 vs. T2
	7-Methyluric acid
	Caffeine
	C16355
	2.034
	0.0483
	0.38 ↓



	
	1-Methyluric acid
	
	C16359
	2.034
	0.0483
	0.38 ↓



	
	Baclofen
	Amino acid
	
	1.990
	0.0436
	0.58 ↓



	T2 vs. T3
	N-Acetyl-L-glutamate 5-semialdehyde
	Amino acid
	C01250
	1.805
	0.0334
	1.77 ↑



	T2 vs. T4
	Quercetin
	Flavone
	C00389
	1.919
	0.0264
	1.43 ↑







Here, ↑ and ↓ indicate that the variable is increased or decreased, respectively. Abbreviation: BR, brassinolide; T0, 0 mg BR/L; T1, 0.05 mg BR/L; T2, 0.1 mg BR/L; T3, 0.5 mg BR/L; T4, 1 mg BR/L. These differential metabolites were screened based on p-value < 0.05 and VIP > 1.
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