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Theasinensin A is an important quality chemical component in tea, but its taste characteristics and the related mechanism are still unclear. The bitterness quantification and simulated taste mechanism of theasinensin A were researched. The results showed that theasinensin A was significantly correlated with the bitterness of tea. The bitterness threshold of theasinensin A was identified as 65 μmol/L for the first time. The dose-over-threshold (DOT) value of theasinensin A was significantly higher than that of caffeine in black tea soup. The concentration-bitterness curve and time-intensity curve of theasinensin A were constructed. The bitterness contribution of theasinensin A in black tea was higher than in oolong and green tea. Theasinensin A had the highest affinity with bitterness receptor protein TAS2R16, which was compared to TAS2R13 and TAS2R14. Theasinensin A was mainly bound to a half-open cavity at the N-terminal of TAS2R13, TAS2R14, and TAS2R16. The different binding capacity, hydrogen bond, and hydrophobic accumulation effect of theasinensin A and bitterness receptor proteins might be the reason why theasinensin A presented different bitterness senses in human oral cavity.
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1. Introduction

Tea is one of the three popular non-alcoholic beverages in the world. The consumption of tea is influenced by the taste of tea soup. The overall taste of tea infusion mainly comprises bitterness, astringency, umami, and sweetness (1). The bitterness is generally accepted as a sensation felt on the tongue caused by the interaction by the interaction between polyphenols, caffeine, and bitter receptors (2, 3), which greatly influenced the taste quality of tea infusion. The bitterness was an important quality attribute of tea infusion (4, 5). Objective evaluation of the bitterness of green tea soup has been reported (6–8). However, this research was developed based on a special taste compound evaluation system, which was difficult to be applied in other cases. Quantitatively analyzing the bitterness of different tea compound soups requires further investigation.

According to the metabonomic analysis method (9), it was speculated that theasinensins were strongly positively correlated with bitterness and astringency of green tea, which were not been evaluated by sensory evaluation. Theasinensins are a special kind of tea polyphenols, which could be detected in green tea (10), black tea (11, 12), white tea (13), oolong tea (14, 15), yellow tea (16), and pu'er tea (17). They comprise theasinensin A, theasinensin B, theasinensin C, theasinensin D, theasinensin E, theasinensin F, theasinensin G, and theasinensin H (18–20). Theasinensin A is the most abundant and important compound (21, 22). Due to the difficulty of large-scale preparation of theasinensin monomer, the taste characteristics and simulated taste mechanism of theasinensin A were still not clear. We successfully prepared theasinensin A monomer in batch (23), which laid a solid foundation for the taste evaluation and simulated taste mechanism of theasinensin A. Referring to the taste evaluation methods of tea (24–26), theasinensin A monomer was evaluated by sensory evaluation and had bitterness taste in this study. However, the threshold value, dose-over-threshold (DOT), concentration intensity relationship, and time–intensity relationship of theasinensin A were not clear.

Different flavor substances had different effects on the taste of tea soup. Ca2+ reduced the bitterness of green tea soup (6). Epicatechin gallate (ECG) and caffeine enhanced the bitterness of green tea soup (7). Different concentrations of theanine did not influence the bitterness of tea soup (27, 28). Benzene acetaldehyde and β-ionone enhance the sweetness of summer green tea (8). However, the influence of different concentrations of theasinensin A on the bitterness of different kinds of teas was still not clarified.

The mainstream view was that tea polyphenols had a bitter and astringent taste, which was mainly due to the interaction between tea polyphenols and salivary proteins (29–31). Different kinds of tea polyphenols showed different binding effects with receptor proteins. However, the spatial binding effect of theasinensin A molecule and receptor proteins was still unclear. Molecular docking was a very good tool to fastly simulate the binding mechanism between small molecules and receptor proteins, which was used to analyze the process of mutual recognition between two or more molecules through geometric matching and energy matching (32). The human body's taste receptor cells (TRCs), which were localized in the oral cavity in groups of cells called taste buds, sense bitterness (33). Each taste bud can comprise from 50 to 100 TRCs (34). These cells were characterized by the expression of members of the TASTE receptor type 2 (TAS2R) gene families, which encoded bitter taste receptors (35). In humans, there are 25 taste receptors (hTAS2Rs) (36), which were G protein-coupled receptors (GPCRs). Upon binding of bitter compounds to TAS2Rs, a bitter taste transduction response was triggered by the activation of Gαβγ protein subunits that subsequently activated several receptor potential channels. TAS2R13, TAS2R14, and TAS2R16 were three important human taste receptor proteins (36–38). It was necessary to analyze the interaction between theasinensin A and TAS2R13, TAS2R14, and TAS2R16 bitter receptor proteins by molecular docking, which was helpful to explore the bitterness mechanism of theasinensin A.

Based on the current research situation, we focus on the bitterness quantification character and simulated taste mechanism of theasinensin A. The threshold, DOT value, concentration intensity, and time intensity of theasinensin A monomer were studied. The DOT of theasinensin A, catechin, caffeine, and their contribution to the bitterness of tea soup were compared. Effects of different concentrations of theasinensin A monomer on the bitterness of green tea, black tea, and oolong tea were studied. The molecular docking method was employed to analyze the binding force and binding sites between theasinensin A and human TAS2R13, TAS2R14, and TAS2R16 bitter taste receptor proteins, so as to clarify the flavor quality characteristics and simulated taste mechanism of theasinensin A. The results might be useful for the establishment of quality evaluation methods for tea products and for taste improvement of tea beverages by accurate adjustment of the concentrations of theasinensin A and other taste substances.



2. Materials and methods


2.1. Materials

Epigallocatechin gallate (EGCG, ≥98%), gallocatechin gallate (GCG, ≥98%), epicatechin (EC, ≥98%), catechin (C≥98%), catechin gallate (CG, ≥98%), epicatechin gallate (ECG, ≥98%), and caffeine (≥98%) were purchased from Sigma, USA. Theasinensin A (≥98%) monomer was prepared at the Tea Research Institute of the Chinese Academy of Agricultural Sciences. Acetonitrile (chromatographically pure) and methanol (chromatographically pure) were purchased from Merck, Germany. Analytical reagents such as copper chloride, ascorbic acid, methanol, and phosphoric acid were purchased from Zhejiang Nade Scientific Instrument Co., Ltd., China. Black tea, oolong tea, and green tea samples were purchased from different areas in China. The Milli-Q ultrapure water was used.



2.2. Evaluation of bitterness threshold value and DOT of theasinensin A

The 200 μmol/mL mother liquor of theasinensin A monomer was prepared. Then the mother liquor was separately diluted to 40, 45, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 130, 135, 140, 145, and 150 μmol/L solution with pure water. The 3 mL diluted solution was then put into the evaluation cup. The sensory evaluators evaluated the taste characteristics of theasinensin A diluted solution. The minimum concentration of bitterness that could be felt by the evaluators was the bitterness threshold of theasinensin A. The ratio between the concentration of theasinensin A in tea soups and its bitterness threshold was the DOT of theasinensin A.

The theasinensin A solutions were scored at a room temperature of 25°C by 10 panelists composed of five men and five women between ages 20 and 50 years old, who were from the Tea Research Institute of the Chinese Academy of Agricultural Sciences. Ten panelists were trained to recognize and quantify bitterness using the caffeine soup with a concentration of 420 mg/L (7). Ten panelists were familiar with sensory experiments, and all of them achieved a certificate for tea-quality evaluation from the Tea Scientific Society of China. The bitterness was respectively divided into five regions, i.e., 0–2, 2–4, 4–6, 6–8, and 8–10. The 45 mL solution was put into a transparent glass cup at room temperature. Each panelist tasted 3 mL solution in their mouth and swirled it for 8–10 s before recording the bitterness score and subsequently spitting the solution. After 3–5 s, the bitterness score was recorded. The oral cavity was washed with pure water three times before the next sample was tasted. The interval between the two samples is 4 min. The evaluation process is divided into 20 sections. This method was also used in the sensory quality evaluation of the solution in the later chapters. Each panelist was given a nasal clip to prevent potential taste–odor interaction. The panelists were required to clean their palates with pure water before tasting the subsequent sample for preventing excessive sensory evaluation fatigue and delaying the effect of bitterness. The method of tasting and evaluating theasinensin A solution from low concentration to high concentration was adopted to avoid the delaying effect of bitterness. Panelists were also required to take a 45 min break every four samples to prevent sensory evaluation fatigue and adaptation.



2.3. Establishment of bitterness concentration intensity function model of theasinensin A

The 85, 110, 140, 155, 175, 350, 525, 700, 875, 1050, 1200, 1400, 1500, 1700, 1900, 2000, and 2250 μmol/L of theasinensin A were prepared. Sensory evaluators took the 3 mL sample solution each time and scored different concentrations of theasinensin A solution in turn. The reference substance was EGCG and caffeine. After that, the evaluator's mouth was cleaned with deionized water, they chewed soda biscuits, and waited for at least 30 s before tasting the next sample. The evaluation of each sample was completed within 5 min, and the maximum intensity was bitterness. Based on the sensory score and the concentration data of theasinensin A, the bitterness model of theasinensin A was established.



2.4. Establishment of time–intensity curves of the bitterness of theasinensin A

Theasinensin A solutions with concentrations of 200, 400, 600, 800, and 1000 μmol/L were prepared at 25°C. The sensory evaluators took 3 mL of the aforementioned solution, turned it in the mouth for 10 s, and then spit it out. At the same time, the bitterness intensity was recorded every 10 s, until the end of 240 s. After that, the mouth was cleaned two times with demonized water, chewed soda biscuits, and waited for at least 30 s before tasting the next sample. The time–intensity curve of the bitterness of theasinensin A was drawn.



2.5. Comparison of DOT of theasinensin A, catechins, and caffeine in tea soups

Nine tea samples (three black tea, three oolong tea, and three green tea) were chosen, including Dian black tea, Qimen black tea, Hainan black tea, Dahongpao oolong tea, Anxi oolong tea, Rougui oolong tea, Longjing green tea, Maojian green tea, and Biluochun green tea. Each tea sample (3.0 g) was brewed in boiling water (150 mL) for 5 min to obtain the soups used for chemical analyses. The brewed tea soups were naturally cooled at room temperature. Then tea soups were filtered through a 0.22 μm Millipore filter. The concentration of theasinensin A, catechins, and caffeine in tea soups was analyzed by HPLC (17). The ratio of the concentration of theasinensin A, catechins, and caffeine in tea soups and their bitterness threshold was the DOT of theasinensin A, catechins, and caffeine separately.

The tea soups were analyzed by HPLC (Shimadzu LC-20A; Shimadzu Corporation, Kyoto, Japan), which was equipped with a UV detector and a QDA mass spectrometry detector. The HPLC injection volume was 10 μL, and the column temperature was 30°C. The column was cosmosil 5C18-AR II (Nacalai Tesque Inc., Japan; 4.6 mm i.d. × 250 mm). Mobile phase A was 50 mmol/L phosphoric acid, and mobile phase B was 100% acetonitrile. The column temperature was maintained at 35°C. The gradient for solvent B was set as follows: 0–39 min, 4–30% B; 39–54 min, 30–75% B; 54–60 min, 75–4% B. The flow rate was 0.8 mL/min. The monitoring UV wavelength was set at 280 nm.

Mass spectrometry detection was conducted on a QDA in negative ion mode using full-scan recording in a mass range of m/z 50–950. A capillary voltage of 0.8 KV, sampling cone voltage of 15 V, source temperature of 120°C, and desolvation temperature of 600°C were used. The liquid chromatography combined with QDA mass spectrometry was used to determine the substrates and products, and quantitative analysis was performed using the internal standard method.



2.6. Effect of theasinensin A addition on the bitterness of tea soups

The 200, 1000, and 2000 μmol/L theasinensin A solutions were added to the aforementioned black tea, oolong tea, and green tea soups, respectively, as mentioned in Section 2.5. The theasinensin A solution was mixed with the tea soup solution at a volume ratio of 1:10. The sensory evaluators took 3 mL of the aforementioned solution, turned it in the mouth for 10 s, and then spat it out. The bitterness intensity score of the mixture infusion of theasinensin A and tea soups was recorded. The bitterness score of theasinensin A in tea soups was calculated by the bitterness regression equation mentioned in Section 3.2.



2.7. Molecular docking simulation of interactions between theasinensin A and human bitter receptor proteins

The small molecular structure of theasinensin A was prepared by the Autodock tool. The molecular format structure of theasinensin A was downloaded from ChemSpider software and then loaded into DS 3.5 client. Then, the structure of theasinensin A was optimized by energy. The atomic charge and atomic type were assigned by the Autodock tool 1.5.6 program. All rotatable keys of theasinensin A were set as flexible and were saved in the PDBQT format for molecular docking.

The structure of human taste receptor protein was prepared by the Autodock tool. The homologous models of TAS2R13, TAS2R14, and TAS2R16 human bitter taste receptors were constructed using C-C chemokine receptor type 5 (PDB ID 5UIW) as a template. A total of 100 independent structures of TAS2R13, TAS2R14, and TAS2R16 human bitter taste receptor protein was constructed by Modeler 9.18 soft. According to DOPE scoring, the conformation with the lowest numerical value was selected as the model conformation. Then, those were optimized by the AMBER force field, which was used as the final conformation for molecular docking. The protein file was loaded into the Autodock tool 1.5.6 program. The atomic charge and atomic type were assigned by the Autodock tool 1.5.6 program. All rotatable keys were set as flexible and were saved in PDBQT format for molecular docking.

Autodock vina1.1.2 was used for molecular docking of theasinensin A and human taste receptor protein. The ligand was set to be flexible. The receptor was set to be rigid. The docking box is located at the N-terminal of the protein. The scale of X- and Y-direction was 22 Å. The scale of the Z-direction was 24 Å. The conformation search precision was set to 32. The conformation with the highest score was selected as the molecular docking conformation for analysis.



2.8. Data processing

All results were recorded as mean ± standard deviation (three replicates). Significant differences between the means and stepwise regression were calculated by variance analysis with post-hoc analysis using SPSS version 25 (SPSS Inc., Chicago, IL, USA).




3. Results


3.1. Comparison of concentrations and DOT of taste substances in tea soups

The concentrations of taste substances in black tea, oolong tea, and green tea soups were analyzed (Table 1). The content of theasinensin A in black tea soup after 5 min extraction was significantly higher than that in oolong tea and green tea. In the black tea infusion, the leaching amount of theasinensin A was also significantly higher than that of epigallocatechin gallate (EGCG), gallocatechin gallate (GCG), epicatechin (EC), catechin (C), catechin gallate (CG), epicatechin gallate (ECG) and epigallocatechin (EGC), and gallocatechin (GC), and also significantly higher than that of theaflavin (TF), theaflavin monogallate (TFMG), and theaflavin 3,3′-digallate (TFDG), but lower than caffeine.


TABLE 1 Concentrations of taste substances in black tea, oolong tea, and green tea soups.

[image: Table 1]

The bitterness threshold of theasinensin A was 65 μmol/L, which was identified for the first time in this study. Previous studies had shown that the theasinensins, flavonoid glycosides and organic acids, catechins, and proanthocyanidins were strongly positively correlated with bitterness and astringency by metabonomics analysis methods (6, 8). These results showed that the bitterness DOT value of theasinensin A was higher than caffeine in black tea (Table 2). However, the bitterness DOT value of theasinensin A was lower than caffeine in green tea. It was of great scientific significance to clarify the character and contribution of theasinensin A bitterness, which was useful to control tea beverage quality.


TABLE 2 Dose-over-threshold (DOT) of bitterness substances in black tea, oolong tea, and green tea soups.

[image: Table 2]



3.2. Concentration–taste intensity curves and time–intensity curves of the bitterness of theasinensin A

The concentration–taste intensity curves of bitterness (Figure 1A) and liquid chromatography–mass spectrometry of theasinensin A (Figure 1C) were established. The concentration–intensity curves for the bitterness of the theasinensin A fit the cubic functions well and have R2 values >0.99. The regression functions equation for the bitterness of theasinensin A was as follows:


[image: Figure 1]
FIGURE 1
 Bitterness intensity model (A), high-performance liquid chromatogram (B), mass spectrogram of theasinensin A (C).


Theasinensin A bitterness intensity regression function (Figure 1A): y = −0.9772x2 + 6.7685x (R2 = 0.9921).

y was theasinensin A bitterness sensory score, and x was theasinensin A concentration (μmol/L).

The time-intensity curve of bitterness (Figure 2) of theasinensin A was drawn. In different concentrations of theasinensin A solution in the human oral cavity for 10 s, the bitterness feeling was the strongest, which gradually decreased (Figure 2). Low concentration of theasinensin A solution had a shorter bitterness relaxation time (5 s) in the human oral cavity. With the increase of concentration of theasinensin A solution, the bitterness relaxation time of theasinensin A solution in the human oral cavity was gradually prolonged, and the relaxation time decreased with the concentration gradient.


[image: Figure 2]
FIGURE 2
 Time-intensity curve of the bitterness of theasinensin A.


The bitterness of theasinensin A in the black tea, oolong tea, and green tea soups was calculated by the theasinensin A bitterness intensity regression functions (Table 3). The calculated bitterness score of theasinensin A in black tea soup was significantly higher than those in green tea soup and oolong tea soup. Moreover, the calculated bitterness score of theasinensin A in oolong tea soup was significantly higher than those in green tea soup. The bitterness contribution of theasinensin A in black tea, oolong tea, and green tea showed a similar trend to the calculated bitterness scores of theasinensin A. In this study, the contributions of theasinensin A to the bitterness of black tea soup was 24.04 ± 0.56 % – 83.64 ± 4.16%. The contributions of theasinensin A to the bitterness of oolong tea soup were 1.26 ± 0.05%−15.84 ± 0.87%.


TABLE 3 Bitterness score and contribution of theasinensin A(TSA) in tea soups.

[image: Table 3]



3.3. Evaluation of theasinensin A addition on the bitterness of tea soups

In order to clarify the effect of theasinensin A on the bitterness of tea soups, different amounts of theasinensin A were added to the black tea, oolong tea, and green tea soups. As shown in Figure 3, in addition to Dianhong black tea soup, a low concentration of 200 μmol/L of theasinensin A with a bitterness of score 1.0 had no significant effect on the bitterness of black tea, oolong tea, and green tea soups. With the increase of theasinensin A concentration, the intensity of theasinensin A on the increase of bitterness of black tea, green tea, and oolong tea soups also increased (Figures 3A–C). The high concentration of 2,000 μmol/L of theasinensin A with a bitterness of score 10.0 had a high significant effect on the bitterness of black tea, oolong tea, and green tea soups (Figures 3A–C), while the high concentration of 1,000 μmol/L of theasinensin A with the bitterness of score 5.0 had a high significant effect on the bitterness of oolong tea and green tea soups.


[image: Figure 3]
FIGURE 3
 Effect of theasinensin A addition on the bitterness of tea soups. TSA was added to black tea (A), oolong tea (B), and green tea (C) to study the effect on the bitterness of tea soup. [Nore: 200 μmol/L, 1,000 μmol/L, and 2,000 μmol/L of TSA concentrations correspond to 1, 5, and 10 of bitterness sensory intensity score of TSA respectively. a, b, cDifferent letters in the same column indicate significant differences between mean values (p < 0.05)].


Comparing the effect of theasinensin A addition on the bitterness of different types of tea, the enhancement effect of theasinensin A on the bitterness of oolong tea was stronger than that of black tea and green tea, especially at high concentrations. The results showed that the effect of theasinensin A on the bitterness of black tea, oolong tea, and green tea was significant, and a high concentration of theasinensin A affected bitterness of tea soup. In a word, it could be found that the scores and contribution of theasinensin A bitterness in different types of black tea, oolong tea, and green tea were different, which might be related to the complexity of the tea soup system. Due to space limitations, the interaction of various components of the tea soup needed to be further studied.



3.4. Binding capacity of theasinensin A to different human bitter taste receptor proteins

The TAS2R13, TAS2R14, and TAS2R16 bitter taste receptors were employed to bind theasinensin A for clarifying its binding ability and binding region. Theasinensin A had different binding abilities to the three human bitter receptor proteins. The binding capacity of theasinensin A to human taste receptor protein TAS2R13 was−10 kcal/mol. The binding capacity of theasinensin A to human taste receptor protein TAS2R14 was −8.6 kcal/mol. The binding capacity of theasinensin A to human taste receptor protein TAS2R16 was−10.9 kcal/mol. It could be seen that the binding ability of theasinensin A and TAS2R16 is relatively strong. TAS2R16 is a member of a family of candidate taste receptors that are members of the G protein-coupled receptor superfamily. These family members are specifically expressed by taste receptor cells of the tongue and palate epithelia. Each of these apparently intronless genes encodes a 7-transmembrane receptor protein, functioning as a bitter taste receptor. TAS2R13 and TAS2R14 also belong to the family of candidate taste receptors that are members of the G-protein-coupled receptor superfamily, which often exist in the skin cells, heart tissue, lung tissue, and airway smooth muscle cells. The cDNA gene expression band size of TAS2R16 was 419 bp, which was less than TAS2R13 (742 bp) and TAS2R14 (796 bp). The reason why theasinensin A had different binding abilities than the three human bitter receptors might be that theasinensin A more easily binds to smaller tongue and palate epithelia bitter receptor proteins.

As shown in Figure 4, theasinensin A mainly bound to the N-terminal cavity of human taste receptor protein TAS2R13, TAS2R14, and TAS2R16 (Figures 4A–C). The N-terminal cavity had large hydrophobicity. The interaction between theasinensin A and the three bitter receptor proteins was mainly hydrophobic.


[image: Figure 4]
FIGURE 4
 Overall binding of theasinensin A to human taste receptor protein TAS2R13 (A), TAS2R14 (B), and TAS2R16 (C).




3.5. Binding action of theasinensin A to different human bitter taste receptor proteins

As shown in Figure 5, the binding action of theasinensin A to different human bitter taste receptor proteins was different. The molecular structure of theasinensin A had multiple hydroxyl groups, which could bind with TAS2R13, TAS2R14, and TAS2R16 bitter receptor proteins by 11, 7, and 11 hydrogen bonds, respectively. In addition, the molecular structure of theasinensin A had multiple hydrophobic benzene rings, which could have different hydrophobic accumulation with the binding N-terminal cavities of TAS2R13, TAS2R14, and TAS2R16 bitter receptor proteins. The difference in hydrogen bond binding and hydrophobic stacking between different bitter receptor proteins and theasinensin A was closely related to the difference in the recognition ability of theasinensin A by different bitter receptor proteins. The TAS2R16 bitter receptor protein binding N-terminal cavity that could hydrophobically accumulate with theasinensin A includes amino acids such as VAL166, TYR71, PHE72, LEU258, PHE178, ILE243, and ILE247. The TAS2R13 bitter receptor protein binding N-terminal cavity that could hydrophobically accumulate with theasinensin A includes amino acids such as VAL248, PHE181, ILE167, and TYR263. The TAS2R14 bitter receptor protein binding N-terminal cavity that could hydrophobically accumulate with theasinensin A includes amino acids such as ILE263, VAL251, PHE247, PHE71, VAL180, and TRP89. The number of amino acid residues in the TAS2R16 binding N-terminal cavity that could hydrophobically accumulate with theasinensin A was more than that in TAS2R13 and TAS2R14. The types of amino acid residues were also different. In a word, the aforementioned results suggested that a stronger interaction existed between theasinensin A and TAS2R16 bitter receptor protein.


[image: Figure 5]
FIGURE 5
 Binding sites of theasinensin A and human taste receptor protein TAS2R13 (A), TAS2R14 (B), and TAS2R16 (C).


According to the aforementioned molecular dynamics simulation results, it could be predicted that the theasinensin A would have hydrogen bonding and hydrophobic accumulation with bitter receptor proteins such as TAS2R16 in human oral cells, conjugates of which would be deposited on the human oral mucosa and tongue, thus made people perceive the bitter taste of theasinensin A. This might be the bitter taste presentation mechanism of TSA based on the binding of bitter receptor proteins.




4. Conclusion

Theasinensin A was a very important tea taste substance, which has different effects on different kinds of tea flavors. It was necessary to study the taste characteristics and simulated taste mechanisms. In this study, the bitterness threshold of theasinensin A was 65 μmol/L. The dose-over-threshold (DOT) value of theasinensin A was significantly higher than that of catechins and theaflavins in black tea soup. The model of the intensity of bitterness of theasinensin A was established, and the correlation coefficient was 0.9921. The bitterness time-intensity curve of theasinensin A was established. The taste contribution of theasinensin A in black tea was higher than in oolong tea and green tea. Theasinensin A had the highest affinity with taste receptor protein TAS2R16, which was−10.9. Theasinensin A was mainly bound to a half-open cavity at the N-terminal of TAS2R13, TAS2R14, and TAS2R16. There were multiple hydrophobic benzene rings of theasinensin A, which could form a hydrophobic effect and facilitate the binding of molecules. The bitterness characteristics analysis and effect of theasinensin A on the taste of different kinds of tea soup would help to enrich the theoretical basis of the bitterness chemistry of tea soup.

Bitterness is a basic flavor of tea, which was usually assessed by sensory analysis. Future studies should be focused on the change mechanism of bitterness taste characteristics of theasinensin A during human oral processing. In addition, the transmission regularity of theasinensin A bitter taste in tea and tea food processing was another key scientific problem. According to the formation mechanism of theasinensin A bitterness taste, it was also worth paying attention to the bitterness taste masking techniques such as the regulation of complex reaction of polyphony-protein, addition of flavoring agents, and blocking of trigeminal nerve conduction pathway.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

J-yZ: conceptualization and methodology. J-yZ, YZ, J-fY, Y-lD, and H-yJ: resources and funding acquisition. J-yZ, H-cC, and Z-hF: data curation. J-yZ and H-cC: writing—original draft preparation. J-yZ, W-wW, and UE: writing—review and editing. J-fY: supervision. All authors have read and agreed to the published version of the manuscript.



Funding

This study was funded by the China National Key Research and Development Program (2021YFD1601105), the China Zhejiang Key Research and Development Program (2022C02033), the China Hangzhou Agricultural and Social Development Scientific Research Key Project (202203A06), the China Agriculture Research System of MOF and MARA (CARS-19), and the Innovation Project for Chinese Academy of Agricultural Sciences.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1138023/full#supplementary-material



References

 1. Zhang YN, Yin JF, Chen JX, Wang F, Du QZ, Jiang YW, Xu YQ. Improving the sweet aftertaste of green tea infusion with tannase. Food Chem. (2016) 192:470. doi: 10.1016/j.foodchem.2015.07.046

 2. Zhang L, Cao QQ, Daniel G, Xu YQ, Ho CT. Association between chemistry and taste of tea: a review. Trends Food Sci Tech. (2020) 101:139–49. doi: 10.1016/j.tifs.2020.05.015 

 3. Zhang JY, Cui HC, Jiang HY, Fang L, Wang WW, Su W, et al. Rapid determination of theaflavins by HPLC with a new monolithic column. Czech J Food Sci. (2019) 37:1–8. doi: 10.17221/213/2018-CJFS 

 4. Engelhardt UH. Tea chemistry - What do and what don't we know? – A micro review. Food Res Int. (2020) 132:109–20. doi: 10.1016/j.foodres.2020.109120

 5. Tanaka T, Matsuo Y, Kouno I, A. novel black tea pigment and two new oxidation products of epigallocatechin-3-O-gallate. J Agri Food Chem. (2005) 53:7571–8. doi: 10.1021/jf0512656

 6. Yin JF, Zhang YN, Du QZ, Chen JX, Yuan HB, Xu YQ. Effect of Ca2+ concentration on the tastes from the main chemicals in green tea infusions. Food Res Int. (2014) 62:941–6. doi: 10.1016/j.foodres.2014.05.016 

 7. Yu P, Yeo AS, Low MY, Zhou WB. Identifying key non-volatile compounds in ready-to-drink green tea and their impact on taste profile. Food Chem. (2014) 155:9–16. doi: 10.1016/j.foodchem.2014.01.046

 8. Xu YQ, Zhang YN, Chen JX, Wang F, Du QZ, Yin JF. Quantitative analyses of the bitterness and astringency of catechins from green tea. Food Chem. (2018) 258:16–24. doi: 10.1016/j.foodchem.2018.03.042

 9. Chen QC, Shi J, Mu B, Chen Z, Dai WD, Lin Z. Metabolomics combined with proteomics provides a novel interpretation of the changes in nonvolatile compounds during white tea processing. Food Chem. (2020) 332:127412–511. doi: 10.1016/j.foodchem.2020.127412

 10. Chen QS, Zhao JW, Vittayapadung S. Identification of the green tea grade level using electronic tongue and pattern recognition. Food Res Int. (2008) 41:500–4. doi: 10.1016/j.foodres.2008.03.005 

 11. Tanaka T, Inoue K, Betsumiya Y, Mine C, Kouno I. Two types of oxidative dimerization of the black tea polyphenol theaflavin. J Agri Food Chem. (2001) 49:5785–9. doi: 10.1021/jf010842x

 12. Hashimoto F, Nonaka G, Nishioka I. Tannins and related compounds. CXIV Structures of novel fermentation products, theogallinin, theaflavonin and desgalloyl theaflavonin from black tea, and changes of tea leaf polyphenols during fermentation. Chem Pharm Bull. (1992) 40:1383–9. doi: 10.1248/cpb.40.1383 

 13. Chen Y, Hu ZY, Lu ML Li PL, Tan JF, Chen M, Lv HP, et al. Application of metabolomics profiling in the analysis of metabolites and taste quality in different subtypes of white tea. Food Res Int. (2018) 106:909–19. doi: 10.1016/j.foodres.2018.01.069

 14. Weerawatanakorn M, Hung WL, Pan MH, Li SM, Li DX, Wan XC, et al. Chemistry and health beneficial effects of oolong tea and theasinensins. Food Sci Hum Well. (2015) 4:133–46. doi: 10.1016/j.fshw.2015.10.002

 15. Hashimoto F, Nonaka G, Nishioka I. Tannins and related compoundsLXIX Isolation and structure elucidation of B, B'-Linked bisflavanoids, theasinensin D-G and Oolongtheanin from Oolong tea. Chem Pharm Bull. (1988) 36:1676–84. doi: 10.1248/cpb.36.1676 

 16. Xu LJ, Xia GB, Luo ZS, Liu SB. UHPLC analysis of major functional components in six types of Chinese teas: constituent profile and origin consideration. LWT-Food Sci Technol. (2019) 102:52–7. doi: 10.1016/j.lwt.2018.12.008 

 17. Alfke J, Kampermann U, Esselen M. HPLC-MS/MS quantification of flavan-3-ols, xanthines, and epigallocatechin-3-gallate oxidation products in tea samples and new insights into their cytotoxicity. Food Sci Technol. (2022) 2:925–35. doi: 10.1021/acsfoodscitech.2c00065 

 18. Wang WX, Ohland C, Jobin C, Sang S. Gut microbiota as a novel tool to dissect the complex structures of black tea polymers. J Agric Food Chem. (2022) 70:5005–14. doi: 10.1021/acs.jafc.2c00995

 19. Hashimoto F, Nonaka G, Nishioka I. Tannins and related compounds. LXXVII Novel chalcan-flavan dimers, assamicains A, B and C, and a new flavan-3-ol and proanthocyanidins from the fresh leaves of Camellia sinensin L var assamoca kitamura. Chem Pharm Bull. (1989) 37:77–85. doi: 10.1248/cpb.37.77 

 20. Tanaka T, Watarumi S, Matsuo Y, Kamei M, Kouno I. Production of theasinensins A and D, epigallocatechin gallate dimers of black tea, by oxidation–reduction dismutation of dehydrotheasinensin A. Tetrahedron. (2003) 59:7939–47. doi: 10.1016/j.tet.2003.08.025 

 21. Shii T, Miyamoto M, Matsuo Y, Tanaka T, Kouno I. Biomimetic one-pot preparation of a black tea polyphenol theasinensin A from epigallocatechin gallate by treatment with copper (II) chloride and ascorbic acid. Chem Pharm Bull. (2011) 59:1183–5. doi: 10.1248/cpb.59.1183

 22. Cao QQ, Zou C, Zhang YH, Du QZ, Yin JF, Shi J, et al. Improving the taste of autumn green tea with tannase. Food Chem. (2019) 277:413–37. doi: 10.1016/j.foodchem.2018.10.146

 23. Zhang JY, Chen L, Cui HC, Wang WW, Xue JJ, Xiong CH, Jiang HY. Optimization of technical parameters for chemical synthesis of theasinensin A by PBD and RSM. J. Tea Sci. (2020) 40:51–62. doi: 10.13305/j.cnki.jts.20200117.002 

 24. Zhuang JH Dai XL, Zhu MQ, Zhang SX Da QY, Jiang XL, Liu YJ, Gao LP, et al. Evaluation of astringent taste of green tea through mass spectrometry-based targeted metabolic profiling of polyphenols. Food Chem. (2020) 305:1–8. doi: 10.1016/j.foodchem.2019.125507

 25. Zhang J, Chen LF, Zhu YX, Zhang Y. Study on the molecular interactions of hydroxylated polycyclic aromatic hydrocarbons with catalase using multi-spectral methods combined with molecular docking. Food Chem. (2020) 309:125743–51. doi: 10.1016/j.foodchem.2019.125743

 26. Obreque-Slíer E, Peña-Neira A, López-Solís R. Enhancement of both salivary protein- enological tannin interactions and astringency perception by ethanol. J Agri Food Chem. (2010) 58:3729–35. doi: 10.1021/jf903659t

 27. Scharbert S, Holzmann N, Hofmann T. Identification of the astringent taste compounds in black tea infusions by combining instrumental analysis and human bioresponse. J Agri Food Chem. (2004) 52:3498–508. doi: 10.1021/jf049802u

 28. Scharbert S, Jezussek M, Hofmann T. Evaluation of the taste contribution of theaflavins in black tea infusions using the taste activity concept. Eur Food Res and Technol. (2004) 218:442–7. doi: 10.1007/s00217-004-0888-3 

 29. He W, Hu XS, Zhao L, Liao XJ, Zhang Y, Zhang MW, et al. Evaluation of Chinese tea by the electronic tongue: correlation with sensory properties and classification according to geographical or igin and grade level. Food Res Int. (2009) 42:1462–7. doi: 10.1016/j.foodres.2009.08.008 

 30. Xue JJ, Liu PP, Guo GY, Wang WW, Zhang JY, Wang W, et al. Profiling of dynamic changes in non-volatile metabolites of shaken black tea during the manufacturing process using targeted and non-targeted metabolomics analysis. LWT-Food Sci Technol. (2021) 156:113110–9. doi: 10.1016/j.lwt.2021.113010 

 31. Chen QS, Zhao JW, Guo ZM, Wang XY. Determination of caffeine content and main catechins contents in green tea (Camellia sinensis L) using taste sensor technique and multivariate calibration. J Food Compos Anal. (2010) 23:353–8. doi: 10.1016/j.jfca.2009.12.010 

 32. Soares S, Brandao E, Guerreiro C, Soares S, Mateus N, Freitas V. Tannins in food: insights into the molecular perception of astringency and bitter taste. Molecules. (2020) 25:2590. doi: 10.3390/molecules25112590

 33. Cala O, Pinaud N, Simon C, Fouquet E, Laguerre M, Dufourc EJ, et al. and molecular modeling of wine tannins binding to saliva proteins: revisiting astringency from molecular and colloidal prospects. FASEB J. (2010) 24:4281–90. doi: 10.1096/fj.10-158741

 34. Montmayeur JP, Matsunami H. Receptors for bitter and sweet taste. Curr Opin in Neurobiol. (2002) 12:366–71. doi: 10.1016/S0959-4388(02)00345-8

 35. Chandrashekar J, Mueller KL, Hoon MA, Adler E, Feng LX, Guo W, et al. T2Rs function as bitter taste receptors. Cell. (2000) 100:703–11. doi: 10.1016/S0092-8674(00)80706-0

 36. Keast RS, Breslin PA. An overview of binary taste-taste interactions. Food Qual Pref. (2003) 14:111–24. doi: 10.1016/S0950-3293(02)00110-6 

 37. Pérez CA, Huang L, Rong M, Kozak JA, Preuss AK, Zhang HL, et al. transient receptor potential channel expressed in taste receptor cells. Nat Neurosci. (2002) 5:1169–76. doi: 10.1038/nn952

 38. Condurache NN, Aprodu L, Grigore-Gurgu L, Petre BA, Enachi E, Râpeanu G, et al. Fluorescence spectroscopy and molecular modeling of anthocyanins binding to bovine lactoferrin peptides. Food Chem. (2020) 318:26508–126517. doi: 10.1016/j.foodchem.2020.126508





OPS/images/fnut-10-1138023-g005.gif





OPS/images/fnut-10-1138023-t001.jpg
Tastant Black tea soup Oolong tea soup Green tea soup

Qimen Hainan Dahongpao Anxi Rougui Longjing Maojian Biluochun
TSA 187.30 £ 334 95.36 +0.31 b 6424£036c | 5401+ 143d 545+0.19¢ 463 £0.15f ND ND ND
c 263£0.11f 1.70£0.01g 0.77 £0.00h 7.35£0.03¢ 396003 ¢ 501+027d 14.17 £ 005b 16.12 £ 0.00a 1610+0.09a
EC 437£027g 545 0.04f 3.54£0.16h 170 £0.02i 9.40+0.03d 730001 e 41.61£0.19¢ 82.04£0.25a 72.97 £0.30b
EGCG 10.77 £ 0.21£ 891£0.13h 9.87£0.18g | 43.160.05¢ 1619004 ¢ 2156 +0.22d 201.86 0.152 12022 £0.13b 12167 £029b
GCG 1.15£005¢ 123£001¢ 0.68£0.02¢ 091£001d 0.08£0.00g 033 £0.01f 64.85%0.13a 13.63 008 b 12.734£0.09b
ECG 1039+ 0.03d 2.67£0.02h 580£005¢ | 1070£0.03d 440 £ 0.00f 3.7240.10g 84.02%0.15¢ 93.01£0.04b 10228 £ 0.56 2
G 120 £0.02¢ 223:£0.02a 1.46 £0.01 b 1.39£0.02b 027:£0.00g 059 0.06 ¢ 0.63£0.01 ¢ 070 £ 0.01 d 043 £0.01 f
Caffeine 197.08 £ 8.69 b 143.68 £ 045 ¢ 11947 £032f | 92.87+051g 2509+ 0.33h 2934£0.161 238.31 £ 0.462 173.86 £ 026 d 18228 £0.10 ¢

The unit of concentration is pmol/L. Different letters in the same column indicate significant differences between mean values (p < 0.05).
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Tastant Threshold (rmol/L) Black tea soup Oolong tea soup Green tea soup

Qimen Hainan Dahongpao Anxi Rougui Longjing Maojian Biluochun
TSA 65 2.88:+£0.09a 147 £0.05b 0.99 £0.05¢ 0.83£0.00d 0.08£0.00 ¢ 0.07£0.00¢ ND ND ND
c 860 ND ND ND 0.01:£0.00¢ ND 0.010.00¢ 0.02£0.00b 0.02£0.00b 0.03£0.00a
EC 930 ND 0.010.00d ND ND 0.010.00d 0.010.00d 0.08£0.00b 0.09 £ 0.00a 0.04£0.00 ¢
EGCG 190 0.06+0.00f 0.05+0.00g 0.05£0.00g 023:£0.01¢ 0.09£0.00 ¢ 0.11£0.00d 0.64£0.03b 0.68£0.00b 1.06 £ 0.00
GCG 390 ND ND ND ND ND ND 0.03£0.00b 0.03£0.00b 0.17 £0.00a
ECG 180 006 0.00d 0.01£0.00g 0.03£0.00e 0.06 % 0.00 d 002 0.00f 0.02£0.00f 057 £0.02a 052£0.00b 047 £0.00 ¢
G 170 0.01£0.00a 0.01£0.00a 0.010.00a 0.01£0.00a ND ND ND ND ND
Caffeine 500 039:£0.01b 029:£001¢ 026£0.01¢ 0.19£0.00d 0.06£0.00 ¢ 0.06£0.00 ¢ 0.36£0.01b 035£0.00b 0.48 £0.00a

Different letters in the same column indicate significant differences between mean values (p < 0.05). ND means that the substance is not detected. The bitterness threshold of C, EC, EGCG, GCG, ECG, CG, and caffeine was cited from Xu et al. (8).
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Black tea soup Oolong tea soup Green tea soup

Dian Hainan Dahongpao Rougui Biluochun Maojian

Bitterness score of TSA 0.64£0.01b 092 £0.04a 0.43£0.01¢ 0.00£0.00e | 0.36 £0.02d 0.02 0.00f 0.00 £0.00g 0.00 £0.00g 0.00 £0.00 g

Bitterness score ratio of TSA 42.62£1.32b 83.64 £4.16a 24.04 £0.56 ¢ 1.85+0.12e
to tea soup (%)

15.84 £0.87d 1.26 £0.05f 0.00 £0.00g 0.00 £0.00g 0.00 £0.00 g

Score of TSA in tea soups was calculated by the TSA bitterness regression equation of section 3.2. Different letters in the same row indicate significant differences between mean values (p < 0.05).
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