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Glycosyltransferases (UGTs) play diverse roles in cellular metabolism by altering regulatory metabolites activities. However, the physiological roles of most members of UGTs in crops in response to abiotic stresses are unknown. We have identified a novel glycosyltransferase CsUGT78A14 in tea crops, an important economic crops, whose expression is strongly induced by cold stress. Biochemical analyses confirmed that CsUGT78A14-1 showed the highest activity toward kaempferol and is involved in the biosynthesis of kaempferol-diglucoside, whereas the product of CsUGT78A14-2, which differs from CsUGT78A14-1 by a single amino acid, was identified as 3-O-glucoside. The accumulation of kaempferol monoglucosides and diglucosides was consistent with the expression levels of CsUGT78A14 in response to cold stress, as well as in different tissues and genotypes of tea plants. Down-regulation of CsUGT78A14 resulted in reduced accumulation of flavonols, reactive oxygen species (ROS) scavenging capacity and finally reduced tea plant stress tolerance under cold stress. The antioxidant capacity of flavonols aglycon was enhanced by glucosylation catalyzed by CsUGT78A14. The results demonstrate that CsUGT78A14 plays a critical role in cold stress by increasing flavonols accumulation and ROS scavenging capacity, providing novel insights into the biological role of UGTs and flavonoids in plants.
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Introduction

Low temperatures, including chilling and/or freezing temperatures, are one of the most important environmental factors that adversely affect plant growth and agricultural productivity (Chinnusamy et al., 2007). Some plants can enhance their freezing tolerance after exposure to low but non-freezing temperatures for a period of time (Thomashow, 1999). As one of the most important economic crops, tea plant (Camellia sinensis) is widely cultivated in almost 30 countries (Chen et al., 2007). Although tea plant can be grown in various regions, low temperatures are still one of the most important factors that limit its distribution mainly in tropical and subtropical climates because of the thermophilic nature of tea plants (Wang et al., 2012). Therefore, it is essential to understand the physiological response of tea plants exposed in cold stress and explore approaches to improve tea plants cold tolerance.

Plant growth and development can be severely effected by environmental stresses, including cold stress. Exposure of plants to low temperatures can cause an accumulation of reactive oxygen species (ROS) (Manthey et al., 2009), which are recognized as a common risk from abiotic stress and highly reactive and toxic, and affect many cellular functions (Gill and Tuteja, 2010). A series of protective mechanisms are triggered when plants sense the cold temperature (Iba, 2002; Wang et al., 2013). It is well known that the induction of the antioxidant capacity for ROS scavenging is important to protect plants in stresses, including cold stress (Ning et al., 2010; You et al., 2014; Hazman et al., 2015; Li et al., 2017). The accumulation of flavonoids can be induced by biotic and abiotic environmental stresses in plants (Dixon and Paiva, 1995). Flavonoids are among the most bioactive plant secondary metabolites, and are regarded as no enzymatic defense components because of their ROS scavenging capacity (Bolwer et al., 1992). Therefore, flavonoids are important for plants to protect themselves under environmental stresses (Winkel-Shirley, 2002). Over-accumulation of antioxidant flavonoids leads to an enhancement of drought tolerance in Arabidopsis (Nakabayashi et al., 2014). However, the biological role of flavonoid glycosides is not clear as they are considered to be less effective anti-oxidants in comparison with the corresponding aglycones (Vogt and Jones, 2000; Gachon et al., 2005). Therefore, the precise role(s) of glycosylation in abiotic stresses is still very difficult to understand until now.

In tea plant, flavonoids are the predominant secondary metabolites, mainly in the form of glycosides. Glycosylation, mediated by diphosphate-dependent glycosyltransferases (UGTs), renders the flavonoids more water soluble and less toxic, and also enable their transport (Bowles et al., 2006; Song et al., 2018). Recently, 132 UGTs were identified in a transcriptome database of the tea plant. The function of most of them were unknown, except four UGTs (CsUGT78A14, CsUGT78A15, and CsUGT82A22, CsUGT73A20) which exhibited catalytic activity toward phenolic acids and flavonoid (Cui et al., 2016; Zhao et al., 2017), and three UGTs involved in the glycosylation of aroma (Ohgami et al., 2015; Jing et al., 2019; Song et al., 2018). Numerous studies have indicated that some UGTs are involved in the regulation of plant growth and development in responses to biotic and abiotic stresses (Tognetti et al., 2010; von Saint Paul et al., 2011; Liu et al., 2015; Palareti et al., 2016), and improved freezing tolerance in Arabidopsis (Schulz et al., 2016). However, little is known about the physiological roles of most members of the plant UGTs. The response mechanisms of plants to environmental changes and how these glycoconjugates can contribute to plant protection is still a major challenge.

In this study, the C. sinensis UGT gene UGT78A14 was identified as a gene involved in the regulation of plant cold stress tolerance. The expression of UGT78A14 was strongly induced by cold stress. In vitro assays showed that CsUGT78A14-1 and -2 could catalyze the glucosylation of flavonols and the main products were identified as kaempferol-diglucoside, and 3-O-glucoside, respectively. Down-regulation of UGT78A14 in the tea plant resulted in reduced accumulation of flavonol glycosides, ROS scavenging capacity and finally reduced tea plant cold stress tolerance. The antioxidant and ROS scavenging capacity of the flavonols was greatly enhanced by glucosylation catalyzed by UGT78A14-1 compared to the corresponding free aglycons. These results provide novel insights into the biological role of flavonoid glycosides in plants, and deepen our knowledge of the response mechanisms of flavonol glycoconjugates to stress in plants.



Materials and Methods


Plant Materials

Tea plant samples were collected from the tea plant cultivar and Germplasm Resource Garden of Anhui Agricultural University (Guohe Town) and were immediately frozen in liquid nitrogen. The tea plant samples from C. sinensis var. sinensis cv. ‘Shuchazao,’ ‘Mingxuan213,’ ‘Zhenghedabai,’ ‘Longjingchangye,’ ‘Mingshanbaihao,’ ‘Yingshuang,’ ‘Longjing43,’ and ‘Fuzao2’ were used for metabolites and transcripts analyses. All samples were stored at −80°C until use.



Chemicals and Reagents

All biochemicals including kaempferol, quercetin, myricetin, uridine diphosphate glucose (UDP)-glucose, UDP-galactose, and UDP-glucuronic acid were purchased from Sigma (St. Louis, MO, USA). All other chemicals and solvents were obtained from Sigma or Aladdin (Shanghai, China), unless otherwise noted.



Cold Stress Treatment

For metabolites and transcripts analysis, 1-year-old tea plants were grown at 80% relative humidity and 16 h/8 h light/dark condition. The tea plants were first treated at 4°C, and leaves were collected after 6 h short-term cold stimulus (CS) and 7 days long-term chilling acclimation (CA). Then, the plants were transferred to 0°C for an additional 7 days long-term freezing acclimation (FA). After that, the plants were moved to control conditions (25°C) for 7 days long-term de-acclimation (DA) according to a previous study (Li et al., 2019). The control plants and UGT78A14-silenced tea plants were exposed to −5°C for 3 h for cold stress treatment. At least three experimental replicates were conducted for the treatment and control. Young tissues with one bud and two leaves were harvest and were used to determine of antioxidant activity and ROS content.



Ribonucleic Acid Isolation and Complementary Deoxyribonucleic Acid Synthesis

Total RNA from leaves of Shuchazao was isolated using RNAiso-matefor Plant Tissue (Takara, Dalian, China) and RNAiso Plus (Takara, Dalian, China). The cDNA was synthesized by reverse transcription from total RNA using PrimeScriptRT Master Mix (Takara, Dalian, China).



Quantitative Real-Time Polymerase Chain Reaction Analysis

Real-time PCR was performed according to our published protocols (Song et al., 2015b; Jing et al., 2018) with gene-specific primers (Table S1). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an internal reference gene. The relative expression was calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001). All qRT-PCR in this study were performed in three biological replicates, and each of which consisted of three technical replicates.



Expression Vector pGEX-4T1-UGTs

The full-length UGTs were amplified by PCR from the cDNA of tea plants leaves (primers as shown in Table S1). The full-length coding sequences were amplified using proofreading Phusion DNA polymerase according to a published protocol (Jing et al., 2019). The amplified full-length sequences were digested with BamHI and SalI, the resulting gene fragments were cloned into pGEX-4T1 vector, and the recombinant plasmids were subsequently transformed into Trans1T1-competent cells.



Heterologous Protein Expression and Purification

Expression constructs harboring the pGEX-4T1-UGTs and control plasmids were all transformed into Escherichia coli strain BL21 (DE3) pLysS cells (Jing et al., 2019). Protein expression was induced by adding 1 mM (final concentration) isopropyl-ß-D-thio-galactopyranoside. The culture was incubated at 16°C overnight. The next day, the proteins were purified by GST bind resin (Jing et al., 2019). Protein concentration was determined by a photometric method (Bradford, 1976).



Enzymatic Activity Assay

Each reaction mixture (5 μl in total) contained 50 mM Tris-HCl buffer (pH 7.5, 10% glycerol, and 10 mM 2-mercaptoethanol), 250 mM UDP-glucose, alcohol substrates, and purified protein (0.5–1 μg per reaction) was used for the initial screening according to Jing et al., (2019) with some motifications. The reaction mixture was incubated for 30 min at 30°C, the reaction was stopped by adding reaction solution of UDP-Glo™ assay reagent (Sheikh et al., 2017). Three biological replicates were carried out. The best reaction temperature and pH was tested according to Jing et al., (2019). For the determination of the kinetic parameters of CsUGT78A14, the sugar donor was fixed at 100 μM, and at least seven different substrate concentrations covering the range from 1 to 500 μM were used at the optimized conditions.



Identification of Products by Liquid Chromatography–Mass Spectrometry

Reaction mixtures contained 5 mM UDP-glucose, 200 μM substrate, and the purified protein (1 to 2 μg) were incubated at 30°C for 2–3 h, the reaction were extracted with 200 μl ethyl acetate for two times. Ethyl acetate was vaporized and the residue was dissolved in 50 μl methanol/water (1:1, v/v) for products identification by liquid chromatography–mass spectrometry (LC–MS) (Jing et al., 2019). Products were identified by comparison of their retention time and MS spectra with those from literature or reference material.



Gene Suppression of CsUGT78A14 in Tea Using Candidate Antisense Oligonucleotides

Candidate antisense oligonucleotides (AsODN) with complementarity to the segment of the target gene were selected using Soligo software (Ding and Lawrence, 2003) with CsUGT78A14 as input sequence (Table S1). AsODNs were synthesized by General Biosystems Company. To silence the genes, tea leaves were grown in Eppendorf tubes (2 ml) containing 40 μM AsODN-CsUGT78A14 solution for 24 h, the sense oligonucleotides (sODN) were used as control. To silence CsUGT78A14 in the tea leaves attached to the whole tea plant, 1 ml 20 μM AsODN-CsUGT78A14 solution were injected into the tea seeding. Five experimental replicates were conducted for the treatment and control. After 12, 24, and 48 h incubation, the leaves were exposed to −5°C for 3 h, and then harvested and kept at −80°C prior to analysis (Liu et al., 2018).



Metabolite Analysis

The materials collected in this study were ground and kept at −80°C prior to analysis. For metabolites analysis, 50 mg samples were extracted with 1 ml 75% (v/v) methanol for two time; 3 μg ml−1 chlorophenylalanine solution was added as internal standard. The metabolites were extracted and sonicated for 20 min at 4°C. After that, the mixture was centrifuged at 12,000 rpm for 10 min under 4°C. The supernatants were used for glycoside analysis by LC–MS. Five experimental replicates were conducted metabolites analysis.



Determination of Fv/Fm

Twenty four hours after the CsUGT78A14 was silenced in tea in the seeding or tea leaves using AsODNs, and tea leaves or seedings were kept in −5°C temperature for 3 h and then recover for 3 h in 25°C conditions. Net photosynthetic rate and maximum photochemical efficiency and of PSII (Fv/Fm) were measured (Li et al., 2018c). Tea plants without cold treatment were used as controls. All Fv/Fm determination were performed at least in three biological replicates, and each of which consisted of five technical replicates.



Diaminobenzidine and Nitrobluetetrazolium Staining

The superoxide radical and H2O2 were detected using histochemical staining with nitrotetrazolium blue chloride (NBT) and diaminobenzidine (DAB) as described (Romero-puertas et al., 2004). For both staining methods, the seedlings were decolorized in 90% ethanol, followed by 100% ethanol, and then take photographs (Li et al., 2018a). Three biological replicates were carried out.



Determination of Antioxidant Activity and Reactive Oxygen Species Content

The total antioxidant activity was determined using the ferric reducing ability of plasma (FRAP) method with a FRAP reagent kit (Beyotime, Shanghai, China), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) method (Beyotime, Shanghai, China), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) as described previously (Tohge et al., 2005b). At least three biological replicates were carried out.




Results


Expression Patterns of CsUGT78A14 During Cold Acclimation and Deacclimation

Multi-omics data deposited on the Tea Plant Information Archive (TPIA) showed that TEA007509 was strongly responsive to low temperatures (Li et al., 2019 and Wang et al., 2013). To validate this, 1-year old tea plants were grown under the cold stress condition and transcript levels were measured by real-time qRT-PCR (Figure 1A). When the plant were treated with cold stress, the expression levels of TEA007509 in the leaves were increased by approximately 40-fold and 180-fold after 6 h (CS) and 7 days (CA), respectively, when compared with the control (Figure 1A). The expression levels continue induced when plants were transferred to 7-day FA treatment at 0°C. It should be noted that the mRNA expression level of TEA007509 was significantly down-regulated when the plants was de-acclimated for 7 days (Figure 1A). The gene was assigned to CsUGT78A14 by the UGT Nomenclature Committee (Mackenzie et al., 1997). This observation suggest that CsUGT78A14 clearly responded to cold stress and thus investigated its relevance in cold stress resistance of tea plant.




Figure 1 | CsUGT78A14 expression during cold stress and enzymatic analysis of its encoded protein. Expression patterns of CsUGT78A14 during cold acclimation and de-acclimation (A). Enzymatic analysis of the recombinant UGT proteins encoded by CsUGT78A14-1, and CsUGT78A14-2 with kaempferol, quercetin, and myricetin as substrates (B). Liquid chromatography–mass spectrometry analysis of enzymatically formed products by CsUGT78A14-1, CsUGT78A14-2, and empty vector control (C). Mass spectra of formed products by CsUGT78A14-1, CsUGT78A14-2 (D). Data are presented as mean ± SE of at least three biological replicates.NA: tea plants were grown at room temperature. CS, cold stimulus, tea plants were grown at 4°C for 6 h. CA, chilling acclimation, tea plants were grown at 4°C for 7 days. FA, freezing acclimation, tea plants were first treated at 4°C for 7 days, and then treated at 0°C for an additional 7 days. DA, de-acclimation, tea plants were first treated at 4°C for 7 days, then at 0°C for additional 7 days, and moved to normal condition 25°C for 7 days. K3G, kaempferol-3-O-glucoside; K5G, kaempferol-5-O-glucoside; K7G, kaempferol-7-O-glucoside; KDG, kaempferol-diglucoside.





UGT78A14-1/-2 Specifically Catalyze the Glucosylation of Kaempferol

To verify the function of CsUGT78A14, we first characterized the enzymatic activities of its encoded proteins. Two alleles of CsUGT78A14 (assigned to CsUGT78A14-1 and -2) were obtained from C. sinensis var. sinensis cv. Shuchazao. These UGTs were expressed in E. coli BL21 and the purified protein was verified by SDS–PAGE (Figure S1).

The enzymatic activities of these two proteins were tested with kaempferol, quercetin, and myricetin as selected substrates. Both CsUGT78A14-1 and -2 could use kaempferol and quercetin as a substrate (Figure 1B) when UDP-glucose was used as donor substrate. The enzymatic activities of CsUGT78A14-1 and -2 were further tested with 53 substrates selected from a wide range of chemical classes (Figure S3) and three donor sugars (Figure S4). Both CsUGT78A14-1 and CsUGT78A14-2 showed a similar substrate tolerance and preferred kaempferol and UDP-glucose as acceptor and donor substrates, respectively (Figure 1B). Low but detectable activity was measured toward quercetin (40% of that of kaempferol). However, the activity toward plant metabolites such as, myricetin, vanillic acid, vanillin, ferulic acid, gallic acid was negligible (Figure S3).



A Diglucoside is the Main Product of UGT78A14-1 but -2 Only Forms Monoglucosides

The formation of glycosides was confirmed by LC-MS of enzyme assays containing UDP-glucose, acceptor substrate, and purified CsUGT78A14 protein. Interestingly, at least two product peaks were detected when using kaempferol and quercetin as acceptor substrates, indicated that CsUGT78A14 performed multiposition glycosylation on flavonols. The above-mentioned products were identified by retention time, parent ions (H adducts), and daughter ion spectra (MS/MS) in comparison with standards (Zhao et al., 2017). The main products of CsUGT78A14-1 was identified as a diglucoside by comparison of its parent and daughter ion spectra with a reference compound (Figure 1D) (Zhao et al., 2017), in addition to two monoglucoside products, identified as kaempferol-3-glucoside, and -7-glucoside (Figure 1C), when kaempferol was used as substrate. However, CsUGT78A14-2 only formed a trace amount of the diglucoside (Figure 1C) and one monoglucoside, which was identified as kaempferol-3-glucoside. Glucosides formed by CsUGT78A14-1 and -2 from quercetin was lower but the product profiles were identical to that of kaempferol (Figure S5). The kinetic parameters of recombinant CsUGT78A14-1 and CsUGT78A14-2 were also compared (Figures S6–S8 and Table 1). These data indicated that the main product of UGT78A14-1 was a diglucoside, whereas the major product of UGT78A14-2, which differs from UGT78A14-1 in a single amino acid, was identified as 3-O-glucoside.


Table 1 | Kinetic parameters of recombinant CsUGT78A14-1 and CsUGT78A14-2 proteins.





Accumulation of Flavonol Glycosides and UGT78A14 Transcripts in Different Tissues, Genotypes, and in Response to Cold Stress

We also assessed the relative levels of kaempferol and quercetin glycosides in leaves of eight different genotypes of the tea plant. Kaempferol glycosides were more abundant in C. sinensis var. sinensis cv. ‘Mingxuan213’ (MX213), cv. ‘Zhenghedabai’ (ZHDB), and cv. ‘Longjingchangye’ (LJCY) than in cv. ‘Yingshaung’ (YS) and cv. ‘Fuzao2’ (FZ2) (Figure 2B), consistent with the UGT78A14 transcript levels in these genotypes. The relatively higher abundance of kaempferol glycosides and UGT78A14 transcripts in different tea plant genotypes agreed with the UGT products observed in the in vitro assays. Further, consistent with the higher abundance of kaempferol in the first leaves, UGT78A14 transcripts were also more abundant in the first leaves (Figure 2C). In contract, first leaves showed a very low content of quercetin glycosides. This analysis also indicated that kaempferol is more likely an in planta substrate of UGT78A14 than quercetin.




Figure 2 | Flavonol glycosides accumulation and CsUGT78A14 transcripts in response to cold stress, and in different tissues and genotypes of tea plant.The biosynthesis pathway of kaempferol and quercetin glycosides in the tea plant (A). Relative expression levels of CsUGT78A14 and accumulation of flavonoid glycosides in response to cold stress (B) in three different genotypes of tea plant (C), as well as in different leaves (FL first; SL second; TL third) and one bud of the tea plant (D). For cold stress conditions please refer to Figure 1. Data are presented as mean ± SE of at least three biological replicates.



It should be noted that the amount of a putative kaempferol diglucoside (m/z 611 in positive mode) increased gradually at 4°C, and was strongly induced by five-fold when plants were transferred to 0°C for 7 more days. The concentration of this putative kaempferol diglucoside was lowered to the level of control when the plant was brought to room temperature for 7 days (Figure 2D). The correlation of CsUGT78A14 transcript accumulation with the accumulation of flavonol glycosides, especially kaempferol glycosides (Figure 2D), showed that CsUGT78A14 plays a role in the production of the flavonol glycosides in response to cold stress in tea plant.



Suppression of UGT78A14 Reduces Flavonols Accumulation in Tea Plant

To obtain insight into the physiological roles of CsUGT78A14 in the tea plant, the expression level of CsUGT78A14 was transiently suppressed in C. sinensis leaves by gene-specific antisense oligodeoxynucleotide suppression according to Zhao et al. (2019). Tea plants treated with sense oligodeoxynucleotide were used as control. The expression level of CsUGT78A14 in tea leaves treated with AsODN_CsUGT78A14 was significantly reduced compared with the control (Figure 3A), which indicated that the AsODN method is effective for this gene in the tea plant.




Figure 3 | Suppression of CsUGT78A14 reduces flavonols accumulation and flavonoid-related genes expression in tea plant under normal and cold stress conditions. Quantitative PCR analysis of CsUGT78A14 expression in the control and CsUGT78A14-silenced tea leaves (A). Liquid chromatography–mass spectrometry analyses of kaempferol glucosides in the control and CsUGT78A14–silenced tea leaves (B). Flavonoid accumulation (C) and flavonoid-related genes expression (D) in the control and CsUGT78A14–silenced tea leaves. For all extractions and evaluations, at least three biological replicates were performed. Asterisks indicate significant differences relative to the control (Student’s t-test:*P < 0.05; **P < 0.01).



The content of flavonol glycosides in CsUGT78A14-silenced tea leaves with or without a cold stress was determined and compared to study the hypothesis that CsUGT78A14 could affect cold tolerance by glycosylation of flavonoids. As expected, the content of glycosides in CsUGT78A14-silenced tea plants was reduced (Figure 4B). LC-MS analysis confirmed that CsUGT78A14-silenced tea leaves produced significantly (P < 0.05) lower levels of kaempferol monoglucosides (3-glucoside and 7-glucoside) and diglucoside when compared with that in the controls (Figure 4B).




Figure 4 | Suppression of CsUGT78A14 reduces cold tolerance in tea plant. Pseudo color image (A), radar plot (B), and statistical analysis (C) of Fv/Fm in the control and CsUGT78A14–silenced tea leaves under normal and cold stress conditions. Each data point presents the mean of at least three biological replicates, each of which consisted of five technical replicates. Rseudo color image in the control and CsUGT78A14–silenced tea leaves under normal and cold stress conditions (D). Nitrotetrazolium blue chloride and diaminobenzidine staining of the control and CsUGT78A14–silenced tea leaves under normal and cold stress conditions (E). Antioxidant activity analysis of flavonoids extracted from the control and CsUGT78A14–silenced tea leaves measured by 2,2-diphenyl-1-picrylhydrazyl (F) and ferric reducing ability of plasma method (G).



The concentration of total flavonols was also reduced in CsUGT78A14-silenced tea leaves (Figure 4C). To explore why the concentration of flavonoids was reduced we examined the expression levels of flavonoid synthesis-related genes CHS, CHI, F3H, and FLS in controls and UGT78A14-silenced tea leaves. Interestingly, the transcription of all these genes in UGT78A14-silenced tea plants was obviously reduced, especially under cold stress condition (Figure 4D). This suggested that the down-regulation of UGT78A14 can lead to decreased expression levels of flavonoid-related genes via feedback inhibition of the structural genes (Yin et al., 2012), which is consistent with the observed reduction of the flavonoid content mentioned above. Therefore, UGT78A14 appears to play a key role in modulating the formation of flavonoids and their glycosides in the tea plant.



Suppression of UGT78A14 Reduces Cold Tolerance in the Tea Plant

To further explore the role of CsUGT78A14-1 for cold tolerance in the tea plant, Fv/Fm value was measured after to analyze the status of the photosystem II (Li et al., 2015). Purple-blue color (Figure 4A), together with quantitative analysis of Fv/Fm values revealed that exposure to cold stress led to the significantly damage of photosystem II (Figures 4B, C). Fv/Fm values in CsUGT78A14-1-silenced tea leaves (AsODN) in both cut leaves (Figures 4B, C) and leaves attached to the whole plant (Figure 4D) were all significantly reduced compared to the values measured for the control leaves under cold stress. The concentration of flavonoid glycosides was negatively correlated with the stress-induced damage in the tea plant, which indicated that CsUGT78A14-1 responds to low temperatures by glycosylation of flavonoid.



CsUGT78A14 Involved in the Regulation of Flavonoid Biosynthesis and Reactive Oxygen Species Scavenging Activity in the Tea Plant

Flavonoids can act as a potent scavenger of free radicals and superoxide radicals (Del et al., 2008). Thus, the ROS levels were determined when the expression of CsUGT78A14 was suppressed. The control plants and UGT78A14-silenced tea plants were exposed to −5°C for 3 h. DAB and NBT staining was performed for detecting H2O2 and superoxide, respectively (Figure 4E). The CsUGT78A14-silenced leaves exhibited deeper and broader staining than the control leaves.

In addition, total flavonoids were extracted and subjected to FRAP and DPPH assays to test the antioxidant activity in UGT78A14-silenced plants and compared with that in the control plants (Figures 4F, H). The results showed that the CsUGT78A14-silenced plants have significantly lower antioxidant capacities than those of the control, suggesting that CsUGT78A14 is involved in ROS scavenging.



CsUGT78A14 Regulates the Reactive Oxygen Species Scavenging Capacity of Flavonoid

As kaempferol can act as a potent scavenger of free radicals and superoxide radicals (Del et al., 2008), we inferred that the glycosylation process of kaempferol probably plays a key role in response to cold stress rather than only change the accumulation of flavonoids. To test our hypothesis, we compared the antioxidant and ROS scavenging activity of glycosides and their aglycones. As the products of our enzyme is too complex, to compared the antioxidant and ROS scavenger activity of glycosides formed by the enzymes and its aglycone, here, the CsUGT78A14-1 protein and empty vector protein were incubated with kaempferol and quercetin. Both kaempferol and quercetin glycosides were formed from the reaction with CsUGT78A14-1, whereas glycosides were not present in the reaction with the control protein. The ROS scavenging activity of both reaction products from CsUGT78A14-1 and control protein was compared. The ROS scavenging capacity of kaempferol and quercetin incubated with CsUGT78A14-1 was significantly enhanced compared to the control when analyzed by the DPPH, FRAP, and ABTS method (Figure 5). These results demonstrate that the glucosylation process catalyzed by CsUGT78A14 significantly promoted the ROS scavenging activity of the substrates compared to their corresponding free aglycons.




Figure 5 | CsUGT78A14 confer flavonoids enhanced reactive oxygen species (ROS) scavenging capacity. ROS scavenging activity of reaction products formed by CsUGT78A14-1 and control was compared. Kaempferol (A, C, E) and quercetin (B, D, F) were used as substrates. ROS scavenger capacity of kaempferol and quercetin incubated with CsUGT78A14-1 was significantly enhanced compared to the control by 2,2-diphenyl-1-picrylhydrazyl (A, B), ferric reducing ability of plasma (C, D), and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) method (E, F). Three experimental replicates were conducted for the ROS scavenging capacity analysis. NS, P=0.05141.






Discussion


Products Comparison Formed by CsUGT78A14-1 and -2

Recent analysis showed that CsUGT78A14-2 is responsible for the biosynthesis of flavonol 3-O-glucoside in vitro (Cui et al., 2016) but its physiological role in the tea plant remained unknown. CsUGT78A14-1 differs from CsUGT78A14-2 in only one amino acid and can produce both kaempferol 3- and 7-O-glucoside.

Interestingly, CsUGT78A14-1 was also able to form kaempferol 3,7-diglucoside, which was identified by its retention index, MS and MS2 data in comparison with an authentic reference (Zhao et al., 2017). The amount of diglucoside produced by CsUGT78A14-1 was higher than that of the monoglucosides. The data indicated that Ala at 438 position of CsUGT78A14-1 plays a key role for the formation of the diglucoside in vitro and is located near the GSS motif, which was recently postulated as an important differentiation criterion between mono- and disaccharide-forming GTs (Huang et al., 2018; Figure S3).

The in vitro activity of UGTs can not fully reflect the in planta function of the enzyme, as the products formation will be affected by substrate availability (Song et al., 2015a). In this study, the in vivo activity of CsUGT78A14 was further studied by AsODNs-mediated silencing in the tea plant. Down-regulation of CsUGT78A14 in the tea plant resulted in a reduced accumulation of kaempferol and quercetin monoglucosides and di-glucosides under cold stress (Figure 3B). Both in vitro and in vivo data confirmed that CsUGT78A14 was responsible for the biosynthesis of both flavonol monoglucosides and diglucosides in the tea plant, which have been rarely reported in plants until now.



CsUGT78A14 Affects Cold Stress Tolerance in the Tea Plant

As cold stress affects both yield and quality of tea (Wang et al., 2017), it is urgent to develop strategies to improve cold tolerance of the tea plants (Wang et al., 2013; Yin et al., 2016). Flavonoids are a representative group of secondary metabolites and can be induced by both biotic and abiotic environmental stresses (Dixon and Paiva, 1995). Ectopic expression of UGT76E11 enhances abiotic stress tolerance in Arabidopsis by increasing flavonoid accumulation (Li et al., 2018a). The Arabidopsis UGT79B2 and UGT79B3, identified as anthocyanin rhamnosyltransferases, contribute to cold, salt, and drought stress tolerance via modulating anthocyanin accumulation (Li et al., 2017). In this study, CsUGT78A14 was strongly induced in response to cold stress, promoter analysis also confirmed CsUGT78A14 contain lots of stress-responsive element (Table S2 and Figure S9). The amount of flavonoid glycosides were increased when the plants were treated at cold stress and the amount of flavonoid glycosides decreased when the plants were de-acclimated (Figure 1). This suggested that flavonoids and their glycosides also play a key role for cold stress tolerance in the tea plant.

Photosynthesis is sensitive to temperature fluctuations (Mondal et al., 2004; Wang et al., 2012). As an essential chlorophyll fluorescence parameter, Fv/Fm is sensitive to cold stress (Liang et al., 2007). Fv/Fm was significantly decreased in cold stress in this study (Figure 6), consistent with previous reports which showed that cold stress reduces Fv/Fm but promotes oxidative stress in tomato plants (Zhou et al., 2012). Fv/Fm values was significantly decreased by about 50% when exposed to cold stress (Figures 4B, C). Fv/Fm values in CsUGT78A14-silenced tea leaves were significantly reduced compared to the control leaves under cold stress. DAB and NBT staining showed that CsUGT78A14-silenced leaves exhibited deeper and broader staining than the wild-type leaves (Figure 4D). Taken together, our data showed that CsUGT78A14 plays a role in the regulation of hydrogen peroxide (H2O2) and superoxide accumulation. The reduction in Fv/Fm values might be due to the excessive accumulation of ROS under cold stress, which led to the induction of lipid peroxidation (Augspurger, 2013; Li et al., 2018b). The data presented here demonstrate that CsUGT78A14 plays a key role in the regulation of ROS scavenging capacity of flavonoids in C. sinensis.




Figure 6 | Working model of UGT78A14 involved in cold stress response in tea plant. The line thickness represents contribution ability. Different from most of the previous studies, it should be highlighted that the antioxidant capacity of flavonols aglycon was greatly enhanced by glucosylation catalyzed by CsUGT78A14-1, indicating the glycosylated products play a critical role in abiotic stresses rather than a storage forms.





CsUGT78A14 Regulates Both Flavonols Accumulation and Reactive Oxygen Species Scavenging in Tea Plants

Plant glycosyltransferases play diverse roles in the activity modification of metabolites which might involved in the regulation of ROS homeostasis (Mittler et al., 2004). Recently, flavonols were demonstrated can act as antioxidants and reduce the production of ROS (Watkins et al., 2014). Some reports have discussed the relationship between flavonoid and abiotic stresses, but the function of flavonoids and their glycosides remained unclear.

ROS scavengers ability of flavonoids are related to the number and arrangement of their hydroxyl groups (Del et al., 2008). The hydroxyl group(s) on the aglycone is important for scavenging DPPH, and the sugar moieties do not necessary (Tohge et al., 2005a; Seyoum et al., 2006). The flavonoid aglycones have been suggested as a stronger antioxidants compared with that of their glycosides because the free hydroxyl groups play an important role in ROS scavenging (Rice-Evans et al., 1996). For instance, loss of function of UGT73B1/B2/B3, which was confirmed involved in flavonoids glycosylation, led to improvement of oxidative stress tolerance whereas UGT73B2 un-regulation increased the plants sensitivity to ROS (Chae et al., 2006). Water stress led to the accumulation of quercetin 3-O-glucosides and decreased antioxidant enzyme activities, suggested that the glycosides could act as ROS scavengers (Fini et al., 2012). Glycosyltransferases ugt73b3 and ugt73b5 mutants exhibited an accumulation of ROS in Arabidopsis thaliana (Simon et al., 2014). The biological role of the flavonoid glycosides is far away to be understand as they are less effective antioxidants than the corresponding aglycones (Vogt and Jones, 2000; Gachon et al., 2005) but they are accumulate during cold stress.

In the current study, the DPPH and FRAP assays showed that kaempferol glycosides exhibit a much higher antioxidant capacity compared to the control, suggesting that the modified flavonoid glycosides detected in this system have radical scavenging activities, and the glucosylation catalyzed by CsUGT78A14-1 play an important role in redox homeostasis. A very recent study showed that the antioxidative progress flavonoids can be altered by the environments, in solution quercetin glucosides showed a higher antioxidant activity than quercetin (Zheng et al., 2017), which is consistent with our current study. Therefore, the enhancement of ROS scavenging capacity of flavonoids catalyzed by CsUGT78A14 contributes at least in part the mechanism which increases cold stress resistance in the tea plant (Figure 6).

The antioxidant and ROS scavenging activity was further examined in CsUGT78A14-1-silenced tea leaves and we found that they showed a lower antioxidant capacity and reduced total flavonols compared to the control tea leaves (Figures 4E, F), consistent with the down-regulation of flavonoid synthesis-related genes CHS, CHI, F3H, and FLS. It is believed that when CsUGT78A14 was silenced, less substrates will be consumed by CsUGT78A14, which in turn inhibit the expression of the upstream enzyme genes and reduce the biosynthesis of flavonols. This result is consistent with our observation that down-regulation of CsUGT78A14 also alters the transcript levels of the upstream enzyme genes. Taken together, our results confirmed CsUGT78A14 could regulate both flavonols accumulation and ROS scavenging in response to cold stress in tea plants.




Conclusion

CsUGT78A14 plays a critical role in cold stress by increasing flavonols accumulation and ROS scavenging capacity. These results not only enable the use of CsUGT78A14 in tea plant improvement, both to enhance cold stress tolerance and to increase flavonoid accumulation, but also provide novel insights to the underlying mechanism of the interaction of UGTs with cold stress tolerance in plant.
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