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A B S T R A C T

Natural storage promotes raw Pu-erh tea (RaPT) aging along with chemical conversion and flavor evolution. In 
this study, quantitative descriptive analysis (QDA) and UHPLC-Orbitrap-MS/MS-based non-targeted metab-
olomics were performed to illustrate dynamic changes of taste compounds across 18 RaPT samples during the 
storage. Multivariate statistical analyses effectively classified stored RaPT into three groups based on storage 
stages, confirming that storage duration, rather than environmental conditions, primarily influences the taste 
profile and the changes in non-volatile compounds. A total of 509 characteristic metabolites (VIP > 1.0, P < 0.05, 
and FC > 1.50 or < 0.67) including multifarious flavor compounds related to tastes evolution were identified. 
Notable changes included the reduction, transformation, and condensation of flavonoids (such as catechins, 
flavonol glycosides, and anthocyanins) and amino acids, alongside an accumulation of organic acids, catechin/ 
amino acid derivatives, flavoalkaloids, and gallic acid. These transformations generated significantly (P < 0.05) 
decreased umami, bitterness, and astringency, while significantly (P < 0.05) increasing sourness and kokumi. 
Molecular docking analyses further revealed that certain compounds, notably puerins and N-ethyl-2-pyrrolidone- 
substituted flavan-3-ols (EPSFs), exhibit high binding affinities with CaSR and OTOP1, contributing to the 
kokumi and sourness taste profiles.

1. Introduction

Pu-erh tea, a unique post-fermented tea produced from large-leaf tea 
species (Camellia sinensis (Linn.) var. assamica (Masters) Kitamura) 
grown in Yunnan Province of China, is favored by consumers for its 
mellow taste (Deng et al., 2024). Generally, Pu-erh tea could be basically 
divided into raw Pu-erh tea (RaPT) and ripened Pu-erh tea (RiPT) for 
their quality and processing differences. Besides RiPT pile-fermentation 
technology that was invented in the 1970s for rapid aging, natural 
storage is used to induce chemical transformations and reduce astrin-
gency in RaPT. (Ren et al., 2022). The higher moisture content and 
temperature during pile-fermentation, along with the extensive partic-
ipation of a diverse microbial community, induce differences in taste, 
aroma, and quality ingredients between RiPT and RaPT (Wang, Qiu, 

et al., 2022; Yang et al., 2021). Appropriate natural storage is positively 
correlated with quality of RaPT, and prolonged aging is believed to 
enhance both its taste and market value (Lv et al., 2023). While bitter-
ness decreases with long-term storage, complex tastes such as thickness, 
mouthfulness, and continuity develop, potentially explained by a 
kokumi taste (Li, Zhang, & Lametsch, 2022). Nowadays metabolomics 
(Long et al., 2020), metagenomics (Xue et al., 2020), proteomics (Zhao 
et al., 2019), and their integration multi-omics have elaborated pile- 
fermentation mechanism of RiPT (Ma et al., 2024). However, the 
aging mechanism of RaPT requires further investigation, particularly 
regarding the flavor components responsible for the kokumi character-
istic taste and their dynamic changes during the storage.

Previous studies have confirmed significant decreases of most fla-
vanols, such as (− )-epigallocatechin gallate (EGCG), amino acids, and 
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flavonol O-glycosides (Xu et al., 2019), alongside the increases in gallic 
acid, and several non-ester catechins (Zhou, Ma, Wu, et al., 2020) during 
RaPT storage. In contrast, O-methylation of catechins, degradation of 
gallic acid, glycosylation of flavonoids, biosynthesis of terpenoids, and 
polysaccharides are found in the storage of dark teas including RiPT, 
Qingzhuan tea and An tea, respectively (Lv et al., 2023), which 
demonstrated a totally different variation tendency from RaPT storage. 
Enzymes secreted by microorganisms may catalyze the metabolic 
transformation of important amino acids and flavonoids during the 
storage, which further impact the taste profiles (Zhang et al., 2024).

Currently, quantitative descriptive analysis (QDA) has been devel-
oped for the objective appraisal of tea tastes and aromas, helping to 
elucidate flavor evolution during processing and identify relevant 
characteristic flavor substances (Wang et al., 2024). Additionally, ultra- 
high performance liquid chromatography-quadrupole time-of-flight 
mass spectrometry (UHPLC-Q-TOF-MS/MS) or ultra-high performance 
liquid chromatography-orbitrap tandem mass spectrometry (UHPLC- 
Orbitrap-MS/MS) approaches have been executed for non-targeted 
metabolomics analysis across various types of tea (Ma et al., 2021; 
Zhou et al., 2022). Molecular docking technology can further reveal the 
conformational changes and complex interactions between taste com-
ponents and taste receptors (Huang et al., 2025). In this study, QDA and 
UHPLC-Orbitrap-MS/MS-based non-targeted metabolomics were used 
to analyze the correlation between the characteristic taste represented 
by kokumi and non-volatile compounds during RaPT storage. Molecular 
docking technology was also applied to further advance the under-
standing of the aging process and taste formation mechanisms in Pu-erh 
tea storage.

2. Materials and methods

2.1. Materials and reagents

Eighteen RaPT samples of six series (i.e. DZ, LC, FP, YW, MZ, and SY) 
were collected (Table S1 in the supplementary material), which were 
stored in specialized tea warehouses located in Kunming (average 
annual temperature of 15 ◦C, humidity of 60 %), and Guangzhou 
(average annual temperature of 22 ◦C, humidity of 77 %), respectively. 
The natural storage conditions were carefully managed to ensure that no 
environmental off-flavors were introduced. Specifically, based on their 
storage periods and the classification standards established by Zhou 
et al. (Zhou, Ma, Wu, et al., 2020), RaPT samples stored for up to 2 years, 
including DZ-X1, LC-X2, FP-X3, YW-X4, MZ-X5, and SY-X6, were 
defined as new tea. RaPT samples with a storage period of 3 to 7 years, 
including DZ-C1, LC-C2, FP-C3, YW-C4, MZ-C5, and SY-C6, were clas-
sified as aging tea. Additionally, samples stored for over 8 years, 
including DZ-L1, LC-L2, FP-L3, YW-L4, MZ-L5, and SY-L6, were defined 
as aged tea.

Monosodium glutamate (purity ≥99 %), glutathione (≥ 99 %), citric 
acid (≥ 99 %), sucrose (≥ 99 %), caffeine (≥ 98 %), and EGCG (≥ 98 %) 
were purchased from Sigma-Aldrich Co., Ltd., (St. Louis, MO, USA). 
Ammonium acetate, methanol and acetonitrile of LC-MS grade were 
purchased from CNW Technologies GmbH (Bielefeld, North Rhine- 
Westphalia, Germany). Ethanoic acid of LC-MS grade was purchased 
from Thermo Fisher Scientific (Shanghai, China).

2.2. Traditional tea sensory evaluation

Sensory evaluations were conducted by six panelists according to the 
Methodology for Sensory Evaluation of Tea (GB/T 23776–2018) estab-
lished by China National Institute of Standardization (CNIS). Those who 
have undergone the training on tea sensory evaluation, and obtained the 
certification were selected as panelists. The evaluation procedures were 
as follows: a total of 150–200 g of compressed RaPT samples were 
prepared to assess appearance; each sample (3.0 g) was infused in 150 
mL of boiling water for 2 min to evaluate liquor color, aroma, and taste. 

The samples were then infused again in 150 mL of boiling water for 5 
min to sequentially evaluate liquor color, aroma, taste, and infused 
leaves. Emphasis was placed on the second infusion, with the first 
infusion results considered for a comprehensive assessment.

No human ethics committee or formal documentation process is 
available, and ethical permission to conduct a human sensory study is 
not a requirement in the institute. The experimental protocol followed 
relevant operational standards in China. Appropriate protocols were 
employed to protect participants’ rights and privacy, including no 
coercion to participate, full disclosure of study requirements and risks, 
and informed consent obtained from all participants before the sensory 
evaluation.

2.3. QDA of tea tastes

QDA was conducted in a sensory panel room maintained at 21 ± 1 ◦C 
to digitally evaluate six taste qualities: umami, sweetness, sourness, 
bitterness, astringency, and kokumi (Li, Zhang, & Lametsch, 2022). 
After completing over 20 h of technical training based on the sensory 
evaluation criteria outlined in Table S2, six tea tasters (three males and 
three females, aged 22 to 45 years) were able to quantitatively distin-
guish sensory differences in the training solutions. Tea infusions were 
prepared as described in section 2.2, and approximately 5 mL of tea 
infusion was tasted to assess the six taste factors according to the sensory 
criteria, and overall coordination on a 10-point scale. Scoring criteria 
are as follows: 0–2: “very weak”, 2–4: “weak”, 4–6: “neutral”, 6–8: 
“strong”, 8–10: “very strong”. Each tea sample was evaluated three 
times at different tasting temperatures, with a water rinse between 
samples.

2.4. Metabolites extraction for LC-MS/MS determination

The tea samples were form ground and collected through 40 mesh 
filtration for chemical determinations. And then, 20 mg of tea powder 
was mixed with 1000 μL of extract solution (methanol, containing 
isotopically-labelled internal standard mixture) for the extraction about 
10 min in an ultrasonic ice-water bath after vortex mixing for 30 s (Zhou 
et al., 2022). After incubation for 1 h at − 40 ◦C, the extract was 
centrifuged at 13,800 ×g (4 ◦C) for 15 min to collect the supernatant via 
a fresh glass vial. Quality control (QC) samples were prepared by mixing 
an equal aliquot of the supernatants from all samples. The supernatant 
was filtered by a 0.22 μm nylon membrane before LC-MS/MS analysis.

2.5. Non-targeted metabolomics analysis through UHPLC-Orbitrap-MS/ 
MS method

The Vanquish series UHPLC system (Thermo Fisher Scientific, Wal-
tham, MA, USA) with an ACQUITY UPLC HSS T3 column (100 × 2.1 
mm, 1.8 μm; Waters Corporation, Milford, MA, USA) was developed for 
the UHPLC separation using 5 mmol/L ammonium acetate and 5 mmol/ 
L acetic acid in water (A) and acetonitrile (B) as mobile phases. The 
elution gradient with an injection volume of 2 μL and a flow rate of 0.8 
mL/min, is as follow: 0–0.5 min, 2 % B; 0.5–10.0 min, 2 %–50 % B; 
10.0–11.0 min, 50 %–95 % B; 11.0–13.0 min, 95 % B; 13.0–13.1 min, 95 
%–2 % B; 13.1–15.0 min, 2 % B. The autosampler temperature was 4 ◦C, 
and the column maintained at 40 ◦C, respectively.

The Orbitrap Exploris™ 120 high-resolution mass spectrometer 
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with an elec-
trospray inoization source was operated in positive (3.8 kV) and nega-
tive (− 3.5 kV) modes, respectively, to acquire MS/MS spectra in the 
control of the acquisition software (Xcalibur, Version 4.4, Thermo). The 
major MS parameters have been described in our previous study (Ma 
et al., 2021) as following: sheath gas flow rate as 50 Arb, Aux gas flow 
rate as 15 Arb, capillary temperature 320 ◦C, and collision energy as 10/ 
30/60. A mass scan range of m/z 70–1050 was applied for the full-scan 
MS with a resolution of 60,000 and MS/MS with a resolution of 15,000. 
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In-house R program was applied to peak detection,extraction, align-
ment, and integration. The in-house MS2 database (BiotreeDB) and 
public database were applied in metabolite annotation. The metabolites 
with a MS2 score over 0.6 were selected for non-targeted metabolomics 
analysis.

2.6. Molecular docking of aged characteristic compounds with taste 
receptors

The kokumi taste receptor, CaSR (UniProt ID: P41180) working as a 
homodimer (chain A and chain B) with a large extracellular Venus 
Flytrap (VFT) domain, which is involved in the recognition of kokumi- 
active molecules (Huang et al., 2025). The 3D-structure (PDB ID: 
5K5S, resolution: 2.6 Å) was obtained from the RCSB Protein Data Bank 
(https://www.rcsb.org/). Proteins were protonated by removing water 
and other ligands, such as PO4

+, Ca2
+ and NAG prior to docking.

The sour taste receptor, OTOP1 (UniProt ID: Q7RTM1) is a protein 
involved in the permeation of H+ through proton-selective ion channels 
to cause acidity, and homology model was performed using the Alpha-
Fold database (https://alphafold.com) to obtain the protein structure 
(Dellafiora et al., 2022).

Thirty-four compounds with significant correlations (r > 0.7, P <
0.01) to the aged characteristic tastes kokumi and sourness were 
selected as ligands, either built using ChemDraw 22 (PerkinElmer 
Informatics, Inc., Waltham, MA, USA) or downloaded from the Pub-
Chem database.

Molecular docking simulations were performed using AutoDock Vina 
1.1.2 (Scripps Research, USA). The receptor proteins and ligands were 
processed by removing water molecules, adding hydrogen atoms, and 
setting torsion bonds. A grid box was defined to enclose the entire 
protein structure. Docking simulations were run 20 times for each 
ligand-receptor pair, and the conformation with the highest binding 
score was selected as the optimal binding conformation. PyMol 2.5.5 
(DeLano Scientific LLC, USA) were used to analyze and visualize the 
docking results.

2.7. Statistical analyses

Data are expressed as mean values with standard deviations (SD). 
Statistical analyses, including the independent-sample t-test, one-way 
analysis of variance (ANOVA) with Tukey’s honestly significant differ-
ence (HSD) test, and bivariate correlation analysis for Pearson’s corre-
lation coefficient, were conducted using SPSS 20.0 (Armonk, NY, USA) 
to determine significance levels. Principal component analysis (PCA), 
hierarchical cluster analysis (HCA), heat map and volcano plots were 
performed by using Origin 9.0 software (Hampton, Massachusetts, 
USA). Partial least squares-discriminant analysis (PLS-DA) was per-
formed using the Metware Cloud, a free online platform for data analysis 
(https://cloud.metware.cn), while orthonormal partial least squares- 
discriminant analysis (OPLS-DA) of metabolomic data was performed 
using SIMCA-P 14.0 software (Umetrics, Umeå, Sweden).

3. Results and discussion

3.1. Sensory evaluation result and taste evolution during the storage

As shown in Table S3, the liquor color, aroma, taste and infused 
leaves demonstrated significant differences among three storage stages 
of RaPT. Along with RaPT storage, tea-leaves color transformed into 
black-brown from dark green and yellowish-brown, and the liquor color 
transformed into orange red, brownish yellow or dark red from yellow- 
green or greenish-yellow. The fresh fragrance gradually degraded, while 
herbal or woody odor appeared after long-term storage. Additionally, 
bitterness, astringency, and umami gradually degraded and transformed 
into sweetness and kokumi during the storage. Generally, traditional 
sensory evaluation helps to differentiate new and aged RaPT based on 

their quality characteristics.
QDA was performed to objectively evaluate tea taste profiles using 

six indices, providing detailed insights into flavor evolution during RaPT 
warehousing. PCA (Fig. 1A) of the first two components (PC1 = 67.4 %, 
PC2 = 20.8 %) distinguished tea samples into three groups based on 
storage stages (new tea, aging tea, and aged tea) and corroborated these 
classifications with sensory changes over storage time. One-way ANOVA 
(Table S4) showed highly significant (P < 0.01) differences in umami, 
sourness, bitterness, astringency, and kokumi strength across the three 
groups. Specifically, new tea exhibited the highest levels of umami, 
astringency, and bitterness, while aged tea had the highest sourness and 
kokumi. The radar chart (Fig. 1B) visually illustrated taste changes over 
storage: a gradual decline in umami, astringency, and bitterness, 
alongside an increase in sourness and kokumi. Notably, sweetness 
remained stable (P > 0.05) during the storage. While previous studies 
have noted declines in umami and astringency with storage (Ren et al., 
2022; Xu et al., 2019), this study is the first to confirm an increase in 
sourness and kokumi, potentially enhancing flavor quality with storage.

3.2. Metabolites profiles of RaPT in the storage

Non-targeted metabolomics were employed to explore common 
changes during the storage of six RaPT series stored at two different 
locations in this study. From 14,115 peaks detected via UHPLC- 
Orbitrap-MS/MS, approximately 1352 metabolites were identified 
with high MS1 scores and substance identification grades, classified into 
nine primary categories: flavonoids, organic acids, phenols, amino acids, 
alkaloids, sugars, lipids, phenolic acids, and terpenoids. As shown in 
Fig. 2A, 234 flavonoids including 84 flavanols, 58 flavonols, 22 flavones, 
22 flavanones, 13 anthocyanins, 25 isoflavones, and 10 chalcones, was 
dominated in the metabolite profile, followed by 216 organic acids, 140 
phenols, 133 lipids, 122 amino acids, 108 alkaloids, and 125 terpenoids. 
Additionally, 61 phenolic acids identified in RaPT, including 12 
hydroxybenzoic acids, 4 hydroxyphenylacetic acids, 16 hydrox-
yphenylpropionic acids, 16 phenolic acid esters, and 10 tannins, influ-
enced sourness changes during the storage. Among the 122 detected 
amino acids, 15 proteinogenic amino acids such as L-phenylalanine, L- 
valine, and L-arginine, along with 38 non-proteinogenic amino acids like 
L-theanine, showed strong correlations with umami levels in stored 
RaPT, while 46 amino acid derivatives and 23 peptides potentially 
enhanced kokumi taste over time.

During RaPT storage, significant dynamic changes occurred in major 
metabolite species (Fig. S1). Generally, flavonoids (primarily catechins), 
phenols, and phenolic acids (particularly hydroxybenzoic acids like 
gallic acid) are major contributors to the astringent and bitter tastes in 
tea infusions (Ye et al., 2022). During the storage, total flavonoid con-
tent significantly (P < 0.05) decreased, primarily due to reductions in 
flavanols such as catechins, di/tri-catechins, and catechin glycosides, 
while phenolic content showed only a slight decrease after more than 8 
years of storage (Table S5). The significant (P < 0.01) accumulation of 
hydroxybenzoic acids led to an increase in total phenolic acid content 
over time. In contrast to their increase during pile-fermentation (Ge 
et al., 2019), hydroxyphenylacetic acids and hydroxyphenylpropionic 
acids remained stable during the storage.

Apart from the substantial (P < 0.01) decrease in flavanols, other 
flavonoid subclasses, such as flavonols, flavanones, isoflavones, and 
anthocyanins, also declined, with flavanones showing a extremely sig-
nificant (P < 0.01) decrease after long-term storage. Flavones remained 
stable (P ≥ 0.05), whereas chalcones increased significantly (P < 0.05), 
likely due to C-ring cleavage of related flavanones. Despite the relatively 
stable total phenolic content, specific phenolic categories, including 
lignans, benzofurans, and simple phenols, significantly decreased (P <
0.05), while coumarins and methoxyphenols increased (Table S5). The 
methoxyphenols was mainly derived from the O-methylation and 
oxidative condensation of phenols. While storage conditions can be 
likened to post-fermentation, low moisture levels limited microbial 
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metabolism, preserving more flavonoids and phenols in aged RaPT than 
in RiPT.

Apart from the substantial (P < 0.01) decrease in flavanols, other 
flavonoid subclasses, such as flavonols, flavanones, isoflavones, and 
anthocyanins, also declined, with flavanones showing a particularly 
significant (P < 0.01) decrease after long-term storage. Flavones 
remained stable (P ≥ 0.05), whereas chalcones increased significantly 
(P < 0.05), likely due to C-ring cleavage of related flavanones. Despite 
the relatively stable total phenolic content, specific phenolic categories, 
including lignans, benzofurans, and simple phenols, significantly 
decreased (P < 0.05), while coumarins and methoxyphenols increased 
(Table S5). The formation of methoxyphenols was promoted by O- 
methylation and oxidative condensation of phenols. While storage 
conditions can be likened to post-fermentation, low moisture levels 
limited microbial metabolism, preserving more flavonoids and phenols 
in aged RaPT than in RiPT (Bian et al., 2022). The phosphorylation 
process, driven by microbial metabolism over prolonged storage, 
transforms nucleosides into nucleotides, potentially influencing sour-
ness and umami. The continuous increase of long-chain fatty acids 
dominated by α-linolenic acid, isopalmitic acid and 10E,12Z-octadeca-
dienoic acid, should be attributed to the chlorophyll decomposition (Li 
et al., 2023), rather than the degradation of phospholipids due to the 
stabilization or enhancement of glycerophospholipids during the 
storage.

As predominant alkaloids in tea-leaves, the purine alkaloids showed 
significant (P < 0.05) decrease during the storage. The condensation 
between L-theanine and catechins including ester catechins, non-ester 
catechins and theaflavins generated multitudinous flavoalkaloids (Li, 
Zhang, Wan, et al., 2022). In this study, 16 identified flavoalkaloids 
significantly (P < 0.05) increased, which might improve kokumi taste 
during the storage. The cyclization of amino acids such as γ-amino-
butyric acid and L-theanine promoted the increase of pyrrolizidine al-
kaloids such as 2-pyrrolidinone (Koenig & Bonnen, 2019). Additionally, 
reductions in polyterpenoids degradation, such as carotenoids and lu-
teins, significantly (P < 0.05) increased mono- and sesquiterpenoids (e. 
g. α-ionone, β-ionone, and methylionone), contributing to the woody 
and herbal aromas of RaPT during the storage. Gradual accumulation of 
organic oxygen compounds, such as alcohols and aldehydes, further 
influenced fragrance during the storage.

3.3. Classification and identification of stored RaPT accord with storage 
stages

3.3.1. PCA and HCA of metabolites for the classification of stored RaPT
The quality controls (QC) samples located in the center of PCA, 

confirmed the reliability of UHPLC-Orbitrap-MS/MS method for non- 
targeted metabolomics analysis. In the PCA (Fig. 2B), the first two 
components (PC1 = 34.4 % and PC2 = 10.1 %, respectively) accounted 
for 44.5 % of the total variance and effectively classified the RaPT 
samples into three distinct groups: new tea, aging tea, and aged tea. This 
classification suggests three stages of natural storage: short-term storage 
within 2 years, medium-term storage between 3 and 7 years, and long- 
term storage exceeding 8 years. The PLS-DA model achieved effective 
classification of storage stages with relatively high prediction accuracy, 
as indicated by R2X = 0.583, R2Y = 0.967, and Q2 = 0.819 (P < 0.05, 
38/1000) (Fig. S2).

These RaPT samples were generally clustered into three groups by 
HCA (Fig. 2C) in accordance with their storage stages. Minor sample 
deviations were observed, likely due to variations in storage environ-
ments. To clarify these effects, we further analyzed the differences 
among RaPT samples stored in distinct locations.

3.3.2. Limited impact of storage environment
The storage environment profoundly affect microbial community 

structure and chemical compositions in the long-term storage (Zhou, 
Ma, Ren, et al., 2020), which further deeply affect taste and aroma of 
RaPT (Shen et al., 2023; Xu et al., 2019).

The OPLS-DA model (R2X = 0.768, R2Y = 0.975, and Q2 = 0.58, 
respectively) of RaPT samples stored for a certain period in Guangdong 
and Kunming (aging and aged stages) exhibited the impact of storage 
environment on metabolite profiles, and validated by 500 permutation 
tests (Fig. 2D, E). However, only 35 differential metabolites (P < 0.05 
and FC > 1.50 or < 0.67) were associated with the storage environment, 
which confirmed that storage time is the primary factor driving 
metabolite changes during RaPT storage (Fig. 2F). These differential 
metabolites predominantly included amino acids, flavonoids (such as 
catechin derivatives, methoxy flavonoids, and anthocyanins), methoxy 
phenols, phenolic acids (including hydroxybenzoic acids), tannins, and 
phenolic acid esters. Comparatively, the hot and humid storage envi-
ronment accelerated amino acid reduction, flavonoid glycoside hydro-
lysis, flavonoid and phenol O-methylation, and the accumulation of 
hydroxybenzoic acids, catechin derivatives, and flavoalkaloids over the 
storage period. Consistent with previous studies, storage conditions in-
fluence bacteria-fungi interactions, which affect tea metabolites through 

Fig. 1. Quantitative descriptive analysis achieved the classification of raw Pu-erh teas and demonstrated their taste differences. (A): Based on 6 taste index, principal 
component analysis (PCA) completely divided these tea samples into 3 groups, i.e. new tea, aging tea and aged tea, in accordance with their storage stages. (B): Radar 
map exhibited taste differences among 3 tea groups through analysis of variance (ANOVA). The symbol “**” indicates the levels of statically significant difference in 
P < 0.01.
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enzyme-catalyzed processes. Further research is needed to clarify the 
complex relationships between microbial communities, storage condi-
tions, and tea metabolite pathways to optimize flavor and quality 
(Zhang et al., 2024).

3.3.3. Characteristic metabolites associated with the storage stages
The OPLS-DA (Fig. S3) comparison of different storage periods 

showed that 70 up-regulated (P < 0.05 and FC >1.50) and 246 down- 
regulated (P < 0.05 and FC < 0.67) metabolites were identified in 
new tea/aging tea, whereas 89 up-regulated and 120 down-regulated 

Fig. 2. Metabolites profiling of raw Pu-erh teas with various storage periods and multivariate statistical analyses. (A): Classification and quantitative distribution of 
1352 metabolites. (B): Principal component analysis (PCA). (C): Hierarchical cluster analysis (HCA). (D):Volcano plots demonstrated the specific quantity of up- (P <
0.05 and FC >1.50) and down- (P < 0.05 and FC <0.67) regulated metabolites in storage environment (E): Orthogonal partial least squares discriminant analysis 
(OPLS-DA, D) indicated chemical differences in aged tea group caused by storage circumstance. (F): Volcano plots demonstrated the specific quantity of up- (P < 0.05 
and FC >1.50) and down- (P < 0.05 and FC <0.67) regulated metabolites in 35 storage of environmental differential metabolites.
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metabolites were identified in aging tea/aged tea, respectively (Fig. 3A). 
Correspondingly, quantity and content of metabolites tended to be sta-
ble after long-term storage. In total, 509 characteristic metabolites (VIP 
> 1.0, P < 0.05, and FC > 1.50 or < 0.67) including 210 up-regulated 
and 299 down-regulated metabolites, were identified in new/aged 
storage stage (Fig. 3A). Thereinto (Fig. 3B), the relative contents of 75 
metabolites including 22 organic acids, 14 phenolic compounds (i.e. 7 
flavonoids, 6 phenols and 1 phenolic acid), 4 amino acids, 4 sugars and 

several lipids, increased by 5-folds, whereas the relative contents of 16 
metabolites including 5 nucleosides/nucleotides, 4 phenolics (i.e. 3 
flavonoids and 1 phenol) and 1 amino acid decreased by 5-folds after 
long-term storage over 8 years. Additionally, the relative contents of 169 
metabolites including 40 organic acids, 37 phenolics (i.e. 20 flavonoids, 
13 phenols and 4 phenolic acids), 9 sugars, 6 amino acids and 36 lipids 
increased over two times, while the relative contents of 98 metabolites 
including 21 flavonoids, 16 phenols, 4 phenolic acids, 19 amino acids, 4 

Fig. 3. Up- and down- regulated metabolites associated with the storage of raw Pu-erh tea. (A): Volcano plots demonstrated the specific quantity of up- (P < 0.05 and 
FC >1.50) and down- (P < 0.05 and FC <0.67) regulated metabolites in 507 selected metabolites. (B): Bar diagram showed the specific distributions of the up- and 
down- regulated metabolites in the 3 sets of contrastive analysis, i.e. new tea/aging tea, aging tea/aged tea, and new tea/aged tea. (C): Venn diagram indicated the 
formation of regulated metabolites during the storage. (D): Pathway analysis of regulated metabolites. (E): Heat map analysis indicated the dynamic changes of major 
regulated metabolites during the storage.

B. Ma et al.                                                                                                                                                                                                                                      Food Chemistry: X 25 (2025) 102234 

6 



sugars and 3 organic acids reduced over a half after long-term storage 
over 8 years.

As shown in Fig. 3C, 175 characteristic metabolites including 47 
phenolics (i.e. 22 flavonoids, 21 phenols and 4 phenolic acids), 15 amino 
acids, 13 sugars, 20 alkaloids, 7 nucleosides/nucleotides, 11 organic 
acids and 32 lipids (i.e. 18 glycerophospholipids, 4 glycerides and 10 
steroids) were formulated within medium-term storage between 3 and 7 
years, while 68 characteristic metabolites including 23 phenolics (i.e. 12 
flavonoids, 9 phenols and 2 phenolic acids), 13 amino acids, 2 sugars, 10 
organic acids and 6 lipids generated after long-term storage over 8 years. 
Particularly, 141 characteristic metabolites generated within medium- 
term storage including 32 phenolics (i.e. 16 flavonoids, 13 phenols 
and 3 phenolic acids), 10 amino acids, 5 sugars, 46 organic acids, 5 al-
kaloids, still showed significant changes after long-term storage over 8 
years. Through comparisons, only 125 new differential metabolites 
including 53 phenolics (i.e. 33 flavonoids, 11 phenols and 9 phenolic 
acids), 16 amino acids, 5 sugars, 12 organic acids, 5 nucleosides/nu-
cleotides, 7 alkaloids and 12 lipids, were found in new tea/aged tea. The 
metabolic pathway analysis (Fig. 3D) demonstrated the profound in-
fluence of storage process on amino acids metabolism such as phenyl-
alanine metabolism, alanine, aspartate and glutamate metabolism and 
lysine biosythesis, flavonoid biosythesis and carbohydrate metabolism 
including amino sugar and nucleotide sugar metabolism, starch and 
sucrose metabolism, pentose phosphate pathway, and fructose and 
mannose metabolism.

3.4. Dynamic changes of taste compounds during the storage

3.4.1. Flavonoids
The gradual reduction of simple catechins (particularly ester cate-

chins), catechin di- and trimers like proanthocyanidins, and catechin 
glycosides through oxidation, condensation, hydrolysis, and C-ring/B- 
ring fission (Fig. 3E) leads to reduced astringency and bitterness 
decrease during the storage. Additionally, thearubigins and thea-
brownins, resulting from ongoing oxidation and polymerization of the-
aflavins and aggregation with alkaloids, polysaccharides, proteins, and 
amino acids (Ma et al., 2024), are recognized as major contributors to 
the brownish-red color of aged teas, potentially enhancing the kokumi 
taste. Catechin derivatives, such as teadenol A, puerins, methyl- 
catechins, carboxymethyl-catechins, carboxyl-catechins, and 
methoxycarbonyl-catechins, exhibit increase relative content, which 
may influence sourness and kokumi taste. Specifically, teadenol A and 
teasperin derive from B-ring fission of catechins like (− )-epi-
gallocatechin (EGC), while puerins such as puerin B result from nucle-
ophilic reactions and condensation of non-ester catechins with organic 
and phenolic acids. Other catechin derivatives primarily originate from 
A-ring methylation, carboxylation, and methoxycarbonylation. Despite 
long-term storage exceeding 8 years, over 75 % of catechins, including 
abundant ester catechins such as EGCG, (− )-epicatechin gallate (ECG), 
and (− )-epigallocatechin 3-(3-methyl-gallate), are preserved in aged 
teas, unlike pile-fermentation, which results in the near-total loss of 
ester catechins like EGCG and ECG (Zhao et al., 2019). Correspondingly, 
the catechin di/trimers decrease by over 35 %, a comparatively higher 
reduction rate than simple catechins after long-term storage.

Among the detected 58 flavonols detected, including 41 flavonol 
glycosides, 8 simple flavonols, and 9 methoxy flavonols, these com-
pounds are second only to flavanols in dominance among flavonoids and 
remain relatively stable during the storage (Table S5). Generally, the 
hydrolysis of flavonol glycosides such as kaempferol-, quercetin-, and 
myricetin-glycosides (e.g. kaempferol-3-O-galactoside, quercitrin, 
quercetin 4′-glucoside, and myricetin 3-neohesperidoside) contributes 
to increased levels of simple flavonols, particularly quercetin, which 
shows a 1.5-fold increase after long-term storage (Fig. 3E), and leads to 
reduced astringency. Various flavonols and flavonol glycosides found in 
theabrownins (Hu et al., 2022), indicated that the flavonols also 
participate in theabrownins formation through oxidative 

polymerization in the storage. Among 22 detected flavanones (including 
12 flavanones, 4 flavanone glycosides, 4 dihydroflavonols, and 2 
methoxyflavanones), the hydrolysis of flavanone glycosides and O- 
methylation and C-ring cleavage of flavanones/flavanonols significantly 
reduces 13 flavanones, to formulate methoxyflavanones such as 3′,5- 
dihydroxy-4′,7-dimethoxyflavanone and chalcones like phloretin, 
respectively. Additionally, anthocyanin hydrolysis (e.g. cyanidin-3-O- 
rutinoside chloride, malvidin 3-(6-acetylglucoside), and delphinidin 3- 
(6-p-coumaroylgalactoside)) increases cyanidin content during the 
storage. In contrast, flavone content remains stable throughout storage 
(Table S5), with only one flavone glycoside and one methoxy flavone 
assisting in identifying storage stages.

3.4.2. Phenols and phenolic acids
The 140 detected phenols fall into several sub-classes such as cou-

marins, lignans, benzofurans, xanthones, chromones, and simple phe-
nols. O-glycosylation and hydrolysis help stabilize phenolic glycoside 
content throughout storage, as seen in the catalytic action of UDP glu-
curonosyltransferase, which may transform epinephrine into epineph-
rine glucuronide via O-glycosylation. Coumarin and chromone 
accumulation during the storage is linked to B-ring fission and flavonoid 
isomerization. O-methylation promote simple phenols, such as 
epinephrine and para-trifluoromethylphenol, into methoxyphenols, 
such as (4E)-1-(4-hydroxy-3-methoxyphenyl) dec-4-en-3-one, 5,6-dihy-
dro-11-methoxyyangonin, and gingerol (Fig. 3E), which contribute to 
fragrance changes during the storage.

The total content of phenolic acids show significant (P < 0.05) in-
crease during the storage. The hydroxybenzoic acids (e.g. gallic acid, 
2,3-dihydroxybenzoic acid and 3,4-dihydroxybenzoic acid), and 
phenolic acid esters (e.g. theogallin, chlorogenic acid and 3-O-p-cou-
maroylquinic acid) dominated in the content of phenolic acids, and their 
mutual transformation enhanced sourness intensity during the storage 
(Table S5). Hydroxyphenylpropionic acids such as 4-hydroxyphenylpyr-
uvic acid showed a slight increase during a medium-term storage, while 
the hydroxyphenylacetic acids contents decreased obviously during the 
storage. The hydrolysis of phenolic acid esters such as theogallin and 
chlorogenic acid, and ester catechins (i.e. ECG and EGCG) promoted the 
accumulation of gallic acid and caffeic acid, which could be further 
transformed into vanillic acid and 4-hydroxyphenylpyruvic acid 
through oxidation and O-methylation (Fig. 3E). Additionally, tannins 
content such as ellagic acid and chesnatin showed significant (P < 0.05) 
increase through the condensation and polymerization of gallic acid for 
the improvement of sourness intensity during the storage.

3.4.3. Amino acids and nucleotides
Compared with the new teas, the content of proteinogenic amino 

acids decreases by about 19.8 % and 40.1 %, and non-proteinogenic 
amino acids by 32.2 % and 55.3 % after medium- and long-term stor-
age, respectively (Table S5), leading to reduced umami intensity. 
Approximately 41.45 % of L-theanine remains in aged tea after long- 
term storage (over 8 years), a stark contrast to pile-fermentation, 
which degrades L-theanine by 94.58 % (Wang, Shi, et al., 2022). 
While L-theanine has been reported to enhance kokumi taste in green tea 
infusions, its reduction during the storage confirms the generation and 
accumulation of kokumi-tasting compounds (Lu et al., 2022). Amino 
acid derivatives including N-acyl amino acids, N-methyl amino acids, 
hydroxy amino acids and amino acid degradation products, emerge 
through N-acylation, methylation, oxidation, and cyclization. In 
particular, several N-acyl amino acids, such as folic acid, oleoyl glycine, 
and N-acetyl-L-tyrosine (derived from N-acylation of glutamic acid, 
glycine, phenylalanine, and L-tyrosine), as well as peptides like 
phenylalanyl-threonine, likely contribute to kokumi taste in tea infu-
sion. Among the 12 detected purine nucleotides, 7, such as uridine 5′- 
monophosphate, adenosine monophosphate, 3’-AMP, and guanosine 
monophosphate, significantly (P < 0.05) increase during the storage, 
potentially offsetting the umami reduction caused by amino acid 
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decreases (Chen et al., 2020). Notably, 5′-methylthioadenosine declines 
over 100-fold during the storage (Fig. 3E), degrading into adenosine and 
subsequently converting to adenosine monophosphate.

3.4.4. Organic acids, sugars and purine alkaloids
Short-chain fatty acids enhance sourness in foods (Khademi et al., 

2022). However, their direct impact on tea sourness is unclear. Among 
44 detected short-chain fatty acids, only 13 including 7 up-regulated and 

Fig. 4. Characteristic flavor compounds associated with tastes variation during the storage. (A): Correlation analysis between QDA scores and characteristic 
compounds in the storage. (B): Flavor wheel revealed the characteristic compounds with tastes variation during the storage.
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6 down-regulated showed significant (P < 0.05) variations in the stor-
age. Conversely, pile-fermentation rapidly increases short-chain fatty 
acids as TCA cycle intermediates (Bian et al., 2022). Significant (P <
0.05) increases in medium-chain fatty acids, notably 9,10-epoxyoctade-
canoic acid, azelaic acid, and sebacic acid (Fig. 3E), may also influence 
taste during the storage.

Maltotriose, D-(+)-mannose, trehalose, sucrose, trehalose, and koji-
biose dominated in RaPT, and showed significant (P < 0.05) differences 
among various series. These sugars kept relatively stable such as mal-
totriose, or showed an obvious decline such as sucrose during the stor-
age. Significant (P < 0.05) increases in monosaccharides like D-sorbitol, 
(+)-perseitol, and L-gulonic gamma-lactone, alongside significant (P <
0.05) decreases in trehalose and L-arabinose (Fig. 3E), are observed 
during the storage. Additionally, terpene glycoside hydrolysis (e.g. 
oleuropein, perilloside C, lippioside II, and nepetariaside) produces 
α-terpineol, linalool, and linalool oxides, enhancing herbal or woody 
fragrances (Table S3). Beyond catechins, flavonol glycosides, and an-
thocyanins, purine alkaloids, such as caffeine, theobromine, and 
theophylline, significantly contribute to tea’s bitterness (Ye et al., 2022). 
Apart from complexation and polymerization to form theabrownins and 
tea polysaccharides, oxidation and N-demethylation also decrease 
caffeine content during the storage, with up-regulated 1,3,7-trimethylu-
ric acid and theophylline associated with reduced bitterness intensity.

3.5. Characteristic flavor compounds related to tastes evolution during the 
storage

The correlation analysis between QDA scores and metabolites was 
conducted to identify flavor compounds that characterize taste evolu-
tion during the storage (Table S6 and Fig. 4A). Based on their Pearson’s 
correlation coefficients, 15 amino acids, 10 catechins, 3 flavonol gly-
cosides, 3 sugars, 3 simple phenols and 1 phenolic acid ester were 
regarded as characteristic umami compounds with highly significant 
positive (r > 0.7 and P < 0.01) correlations, which leaded to the umami 
reduction for their decreases during the storage. Furthermore, the fla-
vonoids including catechins, flavonol glycosides and anthocyanins, and 
amino acids such as L-tryptophan and L-threonine showed significantly 
positive (r > 0.7 and P < 0.01) correlations with bitterness and astrin-
gency tastes. Thereinto, 7 catechins, 1 flavonol glycoside (quercetin 3- 
coumaroyl-triglucoside), and 3 amino acids were linked to a decrease 
in astringency, with 3 catechins (ECG, 7-galloylcatechin, and (− )-epi-
afzelechin) and 1 flavonol glycoside also associated with bitterness. In 
summary, the decomposition of amino acids, the oxidative polymeri-
zation, hydrolysis, ring fission, and degradation of catechins, hydrolysis 
of flavonol/flavanone glycosides and anthocyanins, O-methylation and 
C-ring cleavage of flavanones, and caffeine reduction led to decreased 
umami, bitterness, and astringency over storage.

Organic acids, phenolic acids, catechin derivatives, amino acid de-
rivatives, flavoalkaloids, and nucleotides showed highly significant 
positive correlations (r > 0.7, P < 0.01) with sourness intensity 
(Fig. 4A). Characteristic sourness compounds, including 7 organic acids 
(e.g. mesaconic acid), 2 phenolic acids (i.e. coffeic acid and gallic acid), 
3 catechin derivatives, 7 amino acid derivatives, 3 flavoalkaloids, and 
adenosine monophosphate (AMP), contributed to the increase in sour-
ness intensity through their accumulation during the storage (Fig. 4B). 
We speculate that the degradation of carbohydrates, the hydrolysis of 
ester catechins and phenolic acid esters, the methylation and N-acyla-
tion of amino acids, the phosphorylation of nucleosides, and the B-ring 
fission and condensation of catechins contribute to the enhanced sour-
ness during storage. These metabolic changes have been demonstrated 
to play a key role in the increased acidity observed in black tea after 
prolonged storage (Zhang et al., 2023). Notably, 3 catechin derivatives 
(i.e. puerin B, teasperin, and theagalloflavic acid), 2 amino acid de-
rivatives (i.e. methyl 2-aminobenzoate, and oleoyl glycine), 2 fla-
voalkaloids (i.e. S-GC-cThea and S-ECG-cThea) and 2 sugars (i.e. D- 
Glycero-D-galacto-heptitol and D-sorbitol) showed highly significantly 

positive (r > 0.7 and P < 0.01) correlations with kokumi taste of RaPT 
(Fig. 4B), which indicated that the condensation of catechins with 
organic acid, phenolic acids and amino acids for the generation of 
puerins, and flavoalkaloids enhanced the kokumi taste in the storage. 
Despite several kokumi-tasting compounds identified in the storage, 
particularly puerins, flavoalkaloids, and amino acid derivatives, the 
formation mechanism of kokumi taste deserves further investigation.

3.6. Kokumi and sourness taste characteristic components in aged tea by 
molecular docking verification

Molecular simulation technology was applied to investigate the 
characteristic taste compounds in aged tea associated with kokumi and 
sourness (Fig. 5), using 34 compounds as ligands in molecular docking 
studies with taste receptor proteins CaSR and OTOP1. As indicated in 
Table S7, the absolute docking score reflects the stability and binding 
strength between the ligand and receptor, with higher absolute values 
suggesting stronger interactions (Lao et al., 2024). All of the molecules 
demonstrated high affinity for both taste receptors, with binding en-
ergies below − 5.0 kcal/mol (Table S7), suggesting that these com-
pounds are likely to contribute to taste perception.

Most of the identified kokumi characteristic compounds (9/14) 
exhibit binding energies below − 7.0 kcal/mol, indicating their strong 
binding affinity to CaSR receptors, which likely contributes to kokumi 
taste production. Surprisingly, while some studies have indicated that 
certain sugars and organic acids can contribute to kokumi and sourness 
tastes (Deng et al., 2024; Khademi et al., 2022), the binding energies 
from our molecular docking analysis were all above − 7.0 kcal/mol, 
suggesting a weaker affinity. Although docking scores may not fully 
reflect taste intensity (Zhu et al., 2024), these results nonetheless suggest 
that sugars and organic acids may not be the primary compounds 
responsible for kokumi and sour tastes in RaPT. Additionally, we found 
that certain compounds demonstrated high binding affinity for both 
receptors. Notably, the top four compounds with binding energy to the 
CaSR receptor were also those identified through Pearson’s correlation 
analysis as strongly correlated with both kokumi and sour tastes, 
aligning with previous findings. Interestingly, many compounds 
contributing to kokumi flavor are also associated with sourness taste (Li, 
Zhang, & Lametsch, 2022).

The binding energy of S-EC-cThea (Puerin III) to the CaSR receptor is 
below − 9.0 kcal/mol, similar to that of S-GC-cThea (Puerin V) and S- 
EGC-cThea (Puerin VIII). These compounds are derivatives formed by 
the combination of theanine and catechins, namely 8-C N-ethyl-2-pyr-
rolidone-substituted flavan-3-ols (EPSFs), and their levels increase over 
storage time, potentially serving as markers of tea aging and reflecting 
microbial influences (Wang et al., 2014; Xie et al., 2019). Notably, these 
compounds share an S-type configuration, and existing research sug-
gests that chirality may influence taste perception, although the precise 
mechanism remains unclear (Di Pizio et al., 2019). The formation of 
EPSFs has been shown to significantly reduce the bitterness and 
astringency of tea, and this study suggests that these compounds may 
also contribute to kokumi and sourness taste profiles (Jiang et al., 2022).

We conducted stress analysis on the 9 ligands with the highest 
binding affinity to receptors (Table 1). Among them, γ-glutaminyl-4- 
hydroxybenzene (GHB) is an active fungal component (Sommer et al., 
2009), while teasperin and teadenol A are characteristic compounds of 
post-fermented tea (Geng et al., 2016; Kanegae et al., 2013). The strong 
binding affinity of these compounds to CaSR suggests their potential to 
contributions to kokumi taste, possibly influenced by microbial activity 
during post-fermentation in RaPT storage. However, these four com-
pounds showed limited correlation with kokumi, which could be 
attributed to the diverse RaPT sampling and varying storage 
environments.

The force analysis showed that 26 and 13 amino acid sites were 
involved in the hydrogen bond formation of CaSR and OTOP1, respec-
tively, which are important modes of action for the compounds to 
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produce taste (Table 1). Consistent with previous study (Lao et al., 
2024), the Arg66 was considered as a crucial binding site on the CaSR on 
kokumi taste compounds among these interactions. In addition, hydro-
phobic forces formed by hydrophobic bonds between most of molecules 
and the receptors, enhance the stability of the complex, assisting in the 
formation of taste. Certain compounds form salt bridges with the HIS 
and LYS residues in OTOP1, supporting the protein’s 3D structure 
through electrostatic interactions. This mechanism may explain why S- 
EC-cThea and theagalloflavic acid can achieve stable binding despite 
having with few hydrogen or hydrophobic bonds.

4. Conclusions

Storage duration was the primary factor influencing taste evolution 
and chemical variation, classifying stored RaPT into three distinct 
stages: new tea (≤2 years), aging tea (3–7 years), and aged tea (>8 
years). A total of 509 characteristic metabolites, including flavonoids, 
organic acids, amino acids, phenols, and phenolic acids, were identified. 
These metabolites were associated with reduced umami, bitterness, and 
astringency, while increasing sourness and kokumi, serving as markers 
for the respective storage stages.

During storage, catechins (including simple catechins, catechin 

Fig. 5. Key kokumi and sourness tastes compounds interacting with taste receptors (A): Interaction of S-GC-cThea and S-EGC-cThea with the kokumi taste receptor 
CaSR. (B): Interaction of S-GC-cThea and S-EGC-cThea with the sour taste receptor OTOP1.
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dimers/trimers, theaflavins, and catechin glycosides), amino acids, 
flavonol/flavanone glycosides, and anthocyanins underwent trans-
formations into derivatives like puerins, flavoalkaloids, N-acetyl amino 
acids, and peptides via oxidation, hydrolysis, condensation, and ring 
fission. Hydrolysis of esterified catechins and phenolic acid esters 
increased gallic acid levels, while O-methylation of phenols and flava-
nones promoted the formation of methoxyphenols and methoxy-
flavanones. Correlation analysis revealed that the significant decline in 
catechins, flavonol glycosides, anthocyanins, and free amino acids 
correlated with reduced umami, bitterness, and astringency. In contrast, 
the accumulation of organic acids, phenolic acids, flavoalkaloids, and 
catechin/amino acid derivatives, such as puerins and EPSFs, enhanced 
sourness and kokumi in aged tea.

Molecular docking further indicated that catechin/amino acid de-
rivatives, especially EPSFs, demonstrated strong binding affinities to 
CaSR and OTOP1 receptors, contributing to kokumi and sourness. This 
study delineated the non-volatile variations and taste evolution during 
storage, along with their underlying relationships, thereby contributing 
to a deeper understanding of the aging mechanisms of RaPT. However, 
as kokumi is a characteristic taste of aged RaPT, requires further vali-
dation regarding its key flavor compounds and taste characteristics. 
Additionally, the influence of microbial metabolism during the storage 
on the formation of kokumi-active components remains unclear. 
Therefore, the role of storage microorganisms in the development of tea 
flavor warrants further investigation.
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Table 1 
Summary of the binding energy, hydrogen and hydrophobic bound amino acid between taste receptors and ligands.

Taste Receptor Ligandsa Docking score 
(kcal/mol)

Hydrogen bondsb Hydrophobic interactionsc/Salt Bridgesd

Kokumi, 
Sour

CASR S-ECG-cThea − 10.5 ASN64, SER170, GLN245, SER272 PRO39, PHE42, TRP70, ALA298

Kokumi, 
Sour CASR Puerin B − 9.9 SER170, GLN245, SER272

PRO39, TRP70, ASN102, TYR218, 
ALA298

Kokumi, 
Sour

CASR S-GC-cThea − 9.5
ASN64, ARG66, SER147, GLY148, ASP217, TYR218, GLU 
297

TYR218, ALA298, ILE416

Kokumi, 
Sour

CASR Theagalloflavic 
acid

− 9.5 ASN64, ARG66, ASN102, SER272, GLY273, SER303 PHE42, THR145, ALA298

Sour CASR S-EC-cThea − 9.3 ARG66, SER301, ARG415, ILE503 PRO407, THR412, PHE505

Sour CASR AMP − 8.9
ARG66, ARG69, TRP70, ALA306, THR412, HIS413, ARG415, 
ILE416, SER417, ILE503 /

Kokumi, 
Sour CASR Teasperin − 8.8 SER147, GLU 297, ALA298 TYR218, ILE416

Sour CASR GHB − 8.1 ARG66, THR145, SER147, SER170, SER272 THR145, ALA168, TYR218, ALA298, 
ILE416

Sour CASR Teadenol A − 8 ASN64, SER303, LEU304 PHE44, PRO274
Kokumi, 

Sour OTOP1 S-ECG-cThea − 8.3 /
LEU78, ALA81, LYS223, LEU226, 
ILE585, LEU589

Kokumi, 
Sour OTOP1 Puerin B − 8.2 LYS89, TYR271

PHE155, LEU162, GLU166, HIS248, 
TYR271

Kokumi, 
Sour

OTOP1 S-GC-cThea − 7.3 VAL244
VAL82, LEU226, ILE584, ILE585. 
HIS83d, LYS230d

Kokumi, 
Sour

OTOP1 Theagalloflavic 
acid

− 9 LYS89, GLU166, SER264, TYR271 /, LYS89d

Sour OTOP1 S-EC-cThea − 8.6 LEU74, SER222
LEU78, LEU219, LEU226, ILE585, 
ASN588, LEU589

Kokumi, 
Sour OTOP1 AMP − 7.8 LYS89, LYS151, GLU166, ASN216, ASN220, HIS248, TYR268 TYR154

Kokumi, 
Sour

OTOP1 Teasperin − 7.6 ASN220, TYR271
LYS151, TYR154, PHE155, LEU162, 
GLU166, PRO170

Sour OTOP1 GHB − 7.1 LYS89, LYS151, ASN220, SER264, TYR268, TYR271 LYS151, TYR154, TYR268
Sour OTOP1 Teadenol A − 9.1 LYS89, LYS151, TYR154, HIS248 LYS151, TYR154

a Nine kokumi and sourness characteristic compounds with binding energies less than − 7.0 kcal/mol are shown.
b Key residues of OR that form hydrogen bonds, “/” No force is formed in the table.
c Key residues of the OR that form hydrophobic interactions, “/” No force is formed in the table.
d Key residues of the OR that form Salt Bridges.
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