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Abstract: The quality of the Dahongpao mother tree (Camellia sinensis) remains a mystery to this
day. In this study, for the first time, the differences between the Dahongpao mother tree (MD) and
Dahongpao cuttings (PD), in terms of odor characteristics and taste characteristics were analyzed
by metabomics. The results showed that MD had stronger floral, fruity, green, and woody odor
characteristics than PD, and that the contributions were mainly from dihydromyrcenol, methyl
salicylate, 2-isobutylpyrazine, 1,6-dihydrocarveol, gamma-terpineol, and linalyl acetate. Further,
fresh and brisk taste and mellowness taste characteristics of MD were significantly higher than
PD, with contributions mainly from amino acids and derivatives and organic acids. Secondly,
bitterness taste characteristics of PD were significantly higher than MD, with contributions from
phenolic acids, flavones, and flavonols. This study preliminarily unraveled the legend of the superior
quality of the Dahongpao mother tree, and also provided an important reference for the breeding of
tea-tree cuttings.

Keywords: Camellia sinensis; Dahongpao mother tree; metabolomics; odor characteristics; taste
characteristics

1. Introduction

Wuyi Mountain is a World Cultural and Natural Heritage and a World Biosphere
Reserve. At the same time, China’s Wuyi Mountain is an essential tea-producing area, as it
belongs to a typical Danxia landform, thus forming tea with a special flavor—Wuyi Rock
Tea. The Dahongpao mother tree is the tea goddess of Wuyi Mountain and, with a history of
nearly 400 years, it reflects the culture and history of Wuyi-rock-tea cultivation. Dahongpao
mother tree refers to the Dahongpao mother tree that grows in the Jiulongke Scenic Area
of Wuyi Mountain, with three trees and six plants [1]. In the 1930s, the local government
sent soldiers to guard the Dahongpao mother tree, and, since the founding of the People’s
Republic of China, relevant departments still employ farmers to look after the tree year
after year. In 2000, Wuyi Mountain was successfully declared a World Natural and Cultural
Heritage site, and the Dahongpao mother tree was listed as a key conservation target in the
Regulations for the Protection of World Cultural and Natural Heritage in Wuyi Mountain,
Fujian Province [2]. In 2003, Wuyishan Municipal Government took out a 100 million
RMB product liability insurance policy with the People’s Insurance Company of China for
the six existing Dahongpao mother trees. On 3 May 2005, 20 g of the tea from the most
recent harvest from the Dahongpao mother tree of Wuyi Mountain were officially presented
to the National Museum of China by the Wuyi Municipal People’s Government [3]. The
Wuyishan Municipal Government decided, from 2006, that Dahongpao mother tree stopped
from being harvested, only by the tea professional and technical personnel of Dahongpao
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mother tree to implement scientific management. Since then, the tea of the Dahongpao
mother tree has not been on the market.

Prior to the cessation of harvesting, the tea of the Dahongpao mother tree was sought
by tea consumers everywhere due to its scarcity and unique quality [4]. In 1998, at the
first China Wuyishan Dahongpao Tea Culture Festival, 20 g of the tea from the Dahongpao
mother tree were auctioned for as much as 156,800 RMB. In 2005, at the seventh Wuyi
Mountain Hongpao Festival, 20 g of Dahongpao mother tree tea was auctioned for as much
as 208,000 RMB. At this point, Dahongpao Mother Tree tea became the most expensive
tea in the world. Dahongpao mother tree tea is a rare and uncommon tea. In the 1980s,
tea scientists used asexual reproduction cuttings of the “Dahongpao mother tree” and
developed Dahongpao into a famous tea brand for more than 40 years. However, on
the Dahongpao mother tree and Dahongpao cuttings in the quality of whether there is
a difference, has never seen any scientific research reports, but only in the folklore there
are some legends. For example, Xiang [5] argued that only the Dahongpao mother tree
is pure, but it is hardly circulated in the market. Ng et al. [6] concluded that cuttings are
asexually propagated and the quality of Dahongpao cuttings would not change much.
DeBernardi [7] argued, from a cultural point of view, that the Dahongpao mother tree
creates a link between the present and the past, and that the modern Dahongpao cuttings
are something new, a product of scientific innovation, an icon of creativity, and a model of
consumption for the new elite. It can be seen that the scarcity of the Dahongpao mother tree
has left a large number of legends in folklore. Is there a difference between the quality of the
Dahongpao mother tree and Dahongpao cuttings? This has become an unsolved mystery in
the tea world. However, the meticulous analysis and comprehensive understanding of the
Dahongpao mother tree’s exceptional quality characteristics hold considerable historical
significance for the future progressive expansion and diversification of the Dahongpao
industry, and even for the overall development of the Wuyi-rock-tea industry.

Volatile compounds and nonvolatile metabolites present in tea leaves have a significant
impact on the formation of tea qualities [8,9]. Among them, volatile compounds are mainly
used to evaluate the odor characteristics of tea [10], while nonvolatile metabolites are
mainly used to evaluate the taste characteristics of tea [11]. Accordingly, this study, for
the first time, took the Dahongpao mother tree (MD) and the first batch of asexually
propagated Dahongpao cuttings (PD) in the same area in 1980s as materials, and used the
joint analysis of broad-targeted metabolomics and volatile metabolomics to explore the
differences in volatile compounds and nonvolatile metabolites between MD and PD, and
further screened for characteristic compounds and their contributions to the formation of
the odor and taste characteristics, so as to make the difference in the qualities of MD and
PD clear, and to preliminarily reveal the legends of the excellent qualities of the Dahongpao
mother tree, with the aim of providing references for the sustainable development of the
Wuyi-rock-tea industry.

2. Materials and Methods
2.1. Materials

The main reagents utilized in the experiments, acetonitrile, formic acid, n-hexane, and
methanol, were chromatographic grade and sourced from Sigma (St. Louis, MO, USA). All
conventional reagents, except for the few mentioned specifically, were of analytical grade
and were procured from Sinopharm (Beijing, China).

The objects of this study were the Dahongpao mother tree (MD) and the first asexually
propagated Dahongpao cuttings (PD) in the same area in the 1980s. The experimental
sampling site was located in Jiulongke Scenic Area, Wuyishan City, Fujian Province, China
(117◦57′19.098′′ E, 27◦40′17.8212′′ N). Tea-tree varieties were all Dahongpao tea trees, of
which MD was about 390 years old and PD was about 40 years old. In May 2023, three
leaves and one core of MD and PD tea trees were collected and promptly preserved in
liquid nitrogen for determination of volatile compounds and nonvolatile metabolites, with
three independent replicates of each sample.
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2.2. Determination of Volatile Compounds in Tea-Tree Leaves

The collected fresh tea leaves were ground into powder using liquid nitrogen, and
vortexed and mixed separately. Then, 0.5 g of the ground sample was placed in a headspace
vial (Agilent, Palo Alto, CA, USA), 10 mL of saturated NaCl solution was added, and
volatile compounds were collected using a fully automated headspace solid-phase microex-
traction (HS-SPME) with three independent replicates per sample. HS-SPME extraction
was performed by shaking the headspace vial containing the sample at 60 ◦C for 5 min,
then immediately inserting a 120 µm extraction head (DVB/CWR/PDMS, Agilent, Palo
Alto, CA, USA) into a headspace vial and extracting for 15 min. The extraction head was
pre-treated in a Fiber Conditioning Station at a temperature of 250 ◦C for a duration of 2 h
before it was utilized.

Upon completion of volatile compound collection, volatile compounds were detected
and quantified using Agilent gas chromatography (8890B, Agilent, Santa Clara, CA, USA)
coupled with mass spectrometry (7000D, Agilent, Santa Clara, CA, USA). Before analysis
was initiated, the extraction head of the collected sample was desorbed at a temperature
of 250 ◦C for 5 min. This was done at the inlet of the gas chromatograph. The capillary
column used in the gas chromatograph was DB-5MS (30 m × 0.25 mm × 0.25 µm, Ag-
ilent, Santa Clara, CA, USA), and the experiment used a high-purity helium carrier gas
(purity > 99.999%) at a constant flow rate of 1.2 mL/min. The gas was introduced into the
GC at a temperature of 250 ◦C and a non-split injection was used, with a solvent delay of
3.5 min. The heating sequence was as follows: (I) it remained at 40 ◦C for 3.5 min; then,
(II) the temperature was raised by 10 ◦C/min until it reached 100 ◦C; (III) it was raised
by 7 ◦C/min until it reached 180 ◦C; and finally, (IV) it was raised by 25 ◦C/min until it
reached 280 ◦C, where it remained for 5 min. The conditions for the mass spectrometry
analysis included the use of electron bombardment as the ionization technique, a source
temperature of 230 ◦C, a quadrupole temperature of 150 ◦C, a temperature of 280 ◦C for
the mass spectrometry interface, an electron energy of 70 eV, and a scanning mode in the
selected ion detection mode.

For each compound, the qualitative and quantified analytical methods involved se-
lecting a specific quantitative ion, and an additional two to three qualitative ions. During
the comparison process using the NIST20 mass spectrometry database, the ions under test
were detected in time intervals according to the order of peaks, and the substance was
qualitatively determined to be the substance of interest, provided that the retention time of
the detected ions was in agreement with the standard reference value, and that the selected
ions also appeared in the mass spectra of the samples after subtraction of the background
interference [12]. After qualitative results were determined, the quantitative ions were
carefully selected for integration and correction to ensure the accuracy and precision of the
quantification process [13].

2.3. Determination of Nonvolatile Metabolites in Tea-Tree Leaves

The collected tea fresh leaves were ground into powder using liquid nitrogen, and
vortexed and mixed separately. Firstly, 50 mg of ground tea powder was taken and then
1200 µL of pre-cooled methanol solution (70%) at −20 ◦C was added. The solution was
then vortexed and shaken for 30 s at 30 min intervals for a total of 6 times. Next, it
was put in 12,000 rpm/min centrifugation, and the supernatant was transported via a
microporous filter membrane (0.22 µm) for subsequent analysis of metabolite content using
ultra performance liquid chromatography mass spectrometry (UPLC, ExionLC™AD, AB
SCIEX, BSN, Framingham, MA, USA; MS, Applied Biosystems 6500 Q TRAP, Foster City,
CA, USA) with three replicates per sample [14].

The UPLC column was SB-C18 (1.8 µm, 2.1 mm × 100 mm). The mobile phases
were composed of phase A (ultrapure water containing 0.1% formic acid) and phase B
(acetonitrile containing 0.1% formic acid). The gradient elution mode was set such that
the phase A/B ratio was 95/5 at 0 min, the phase B ratio linearly increased to 95% within
9.00 min then remained constant for 1 min. At 10~11 min, the phase B ratio decreased to 5%
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and remained constant for 3 min. A temperature of 40 ◦C was selected for the UPLC column.
The optimal injection volume of 2 µL was also established, with a flow rate of 0.35 mL/min
ensuring an efficient analysis. The experimental procedure for the MS analysis included
the following steps: (I) Using an electrospray ionization source, ions were generated at a
temperature of at 500 ◦C. (II) The MS detection was conducted in both positive and negative
ion modes. The specific voltage for positive ion mode was 5500 V while it was −4500 V
for negative ion mode. (III) For ion sources I and II, the operating pressures were set to
50 and 60 psi, respectively. The air curtain gas pressure was set to 25 psi. (IV) Tandem
quadrupole mass spectrometry was used in multiple reaction monitoring mode. (V) The
declustering potential and collision energy of each multiple reaction monitoring ion pair
were optimized. The specific multiple reaction monitoring ion pairs were then monitored
based on the eluted metabolites in each period.

According to the secondary mass spectrometry information, the NIST20 mass spec-
trometry database was provided for comparison and qualitative analysis of nonvolatile
metabolites. The comparison process systematically eliminated isotopic signals, repetitive
signals for K+, Na+, and NH4

+, and repetitive signals from fragment ions that themselves
represent larger molecular weight substances [15]. After qualitative analysis was com-
pleted, characteristic ions for each metabolite were screened by tandem quadrupole mass
spectrometry. In the detector, the signal intensities of the characteristic ions were obtained.
The downstream mass spectrometry files of the samples were opened with MultiQuant
software (Version 3.0.3). After performing integration and correction work on the chro-
matographic peaks, each chromatographic peak area represented the relative content of the
corresponding metabolite. Finally, all the chromatographic peak area integration data were
exported and saved [16]. The key step in the analysis was comparison of the content of all
metabolites detected in different samples. For this purpose, the chromatographic peaks of
each metabolite, detected in various samples, were corrected based on the retention time
versus peak shape information. This laborious process ensured that the obtained results
were both precise and accurate, thus enabling the accurate identification and quantification
of the different metabolites present in each sample.

2.4. Statistical Analysis

Microsoft Excel 2020 was used to perform preliminary statistical analysis of raw data.
Rstudio software (version 4.2.3) was utilized for graphic production of the post-statistical
data. The R package used for the box plot was gghalves 0.1.4. The R package used for
principal component analysis (PCA) was ggbiplot 0.55. The R packages used for the
scatter radar map were ggradar 0.2, readxl 1.4.3, ggplot2 3.5.0, tidyverse 2.0.0, scales 1.3.0,
and cowplot 1.1.3. The R package used for the volcano map was ggplot2 3.5.0. The
R package utilized for technique for order of preference by similarity to ideal solution
(TOPSIS) analysis was dplyr 1.1.4. The R packages used to construct the orthogonal partial
least squares discrimination analysis (OPLS-DA) model were ropls and mixOmics. The R
package used for the bubble feature map was ggplot2 3.4.4. The R packages used for the
odor and taste wheels were complexHeatmap version 2.16.0, vegan version 2.6.4, circlize
version 0.4.15, and RColorBrewer version 1.1.3. The R packages used for the petal plot were
ggplot2 3.5.0, ggprism 1.0.4, and ggthemes 5.1.0.

3. Results and Discussion
3.1. Volatile Metabolomics Analysis of Tea-Tree Leaves

The content and composition of volatile compounds play a significant role in the
development of tea’s aroma characteristics. By accurately analyzing these compounds,
the strength of the odor characteristics of tea can be accurately determined, subsequently
enabling deeper analysis and understanding of tea’s aroma characteristics [17,18]. This
study used volatile metabolomics techniques to determine volatile compounds in leaves of
the Dahongpao mother tree (MD) and Dahongpao cuttings (PD), and showed (Figure 1A,
Table S1) that a total of 602 volatile compounds were identified in MD and PD, and there
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was no significant difference in the total number of volatile compounds between MD and
PD (p > 0.05). Principal component analysis of the contents of 602 volatile compounds
revealed (Figure 1B) that there was a clear distinction between MD and PD, and the two
principal components effectively distinguished MD from PD, with a total contribution of
90.90%. It can be seen that although the difference between MD and PD was not significant
in the total amount of volatile compounds, they were significantly different in the content
of different volatile compounds. Therefore, the detected volatile compounds were further
classified into 16 categories. Of these, six categories were more relevant to MD, namely
aldehyde, nitrogen compounds, heterocyclic compounds, terpenoids, aromatics, and others,
while three categories were more relevant to PD, namely sulfur compounds, hydrocarbons,
and ester (Figure 1C). Analysis on the content of 16 categories of volatile compounds
found (Figure 1D) that sulfur compounds, aromatics, terpenoids, heterocyclic compounds,
nitrogen compounds, and others had significant differences between MD and PD. It was
evident that a significant difference existed between MD and PD in the content of different
categories of volatile compounds, and these differences may lead to a difference in aroma
intensity and odor characteristics of the tea.

3.2. Screening for Characteristic Volatile Compounds and Their Odor Characteristics

Odor characteristics of different volatile compounds are different; therefore, screening
to obtain characteristic volatile compounds with significant differences among different
samples is important for further analyzing the differences in odor characteristics and their
aroma intensities among different samples [13,19]. On the basis of the above analysis,
a volcano diagram was used in this study to further screen volatile compounds that
had significant differences in MD and PD, and the results showed (Figure 2A) that a
total of 192 volatile compounds that had differences were screened, of which 136 were
significantly increased and 56 significantly decreased in MD compared with PD. The
192 volatile compounds were further classified into 14 categories. TOPSIS analysis showed
(Figure 2B) that only 7 of the 14 categories had a weighting of 10% or more in distinguishing
MD and PD, namely ester (77.95%), terpenoids (62.58%), heterocyclic compound (18.57%),
ketone (14.65%), alcohol (14.40%), hydrocarbons (12.16%), and aldehyde (11.75%). The
OPLS-DA model of MD and PD was further constructed to screen key differential volatile
compounds, and the results showed (Figure 2C) that the fit (R2Y = 0.999, p < 0.005) and
predictability (Q2 = 0.999, p < 0.005) of the OPLS-DA model reached a significant level,
and the model was able to effectively differentiate MD from PD, with the total score of
97.96%. A total of 116 key differential volatile compounds were screened by the OPLS-DA
model. Then, a bubble feature map further screened characteristic volatile compounds with
significant differences, and a total of 57 characteristic volatile compounds were obtained
(Figure 2D).
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Figure 2. Screening for characteristic volatile compounds. Note: MD: Dahongpao mother tree and
PD: Dahongpao cuttings. (A) Screening for volatile compounds that were significantly different
between MD and PD by volcano diagram, (B) weighting analysis of different categories of volatile
compounds in the process of distinguishing MD and PD, (C) screening for volatile compounds
with key differences by OPLS-DA model, (D) screening for characteristic volatile compounds by
bubble feature map, and (E) weight analysis of characteristic volatile compounds in the process of
distinguishing MD and PD.
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On the above analysis, this study used TOPSIS to analyze the importance of 57 char-
acteristic volatile compounds in the process of distinguishing MD from PD and found
that (Figure 2E), only 8 characteristic volatile compounds had a weight of 10% or more,
namely methyl salicylate (61.32%), (E)-3-hexen-1-ol acetate (49.79%), (Z)-3-hexen-1-ol ac-
etate (49.79%), 1,6-dihydrocarveol (17.27%), gamma-terpineol (17.27%), dihydromyrcenol
(16.16%), linalyl acetate (13.80%), and 2-isobutylpyrazine (10.93%). Of eight characteristic
volatile compounds that are considered essential to odor characteristics of tea, methyl salicy-
late, (E)-3-hexen-1-ol acetate, (Z)-3-hexen-1-ol acetate, and 2-isobutylpyrazine mainly have
a fruity odor characteristic [20–23], dihydromyrcenol has a floral odor characteristic [24],
1,6-dihydrocarveol has a green odor characteristic [25], and gamma-terpineol and linalyl
acetate have a woody odor characteristic [26,27]. It can be seen that MD and PD dif-
fered mainly in fruity, floral, green, and woody odor characteristics, while the difference
in the content of volatile compounds of different odor characteristics may lead to the
difference in the intensity of different odor characteristics between MD and PD. Accord-
ingly, in-depth analysis of the intensity of odor characteristics of the eight characteristic
volatile compounds found (Figure 3A) that the content of dihydromyrcenol, methyl sali-
cylate, 2-isobutylpyrazine, 1,6-dihydrocarveol, gamma-terpineol, and linalyl acetate was
significantly greater in MD than in PD, while the content of (E)-3-hexen-1-ol acetate and
(Z)-3-hexen-1-ol acetate was significantly lower in MD than in PD. The combined analysis
of odor characteristics showed (Figure 3B) that floral, fruity, green, and woody were signifi-
cantly greater in MD than in PD. It was evident that although the difference between MD
and PD was not significant in the total amount of volatile compounds, different volatile
compounds had significant differences in the content, especially the eight characteristic
volatile compounds, which contributed to the stronger odor characteristics of floral, fruity,
green, and woody for MD than for PD.

Foods 2024, 13, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 3. Odor characteristics analysis of characteristic volatile compounds. Note: MD: Dahongpao 
mother tree and PD: Dahongpao cuttings. (A) Content of characteristic volatile compounds and their 
odor characteristics and (B) odor characteristic intensity analysis of characteristic volatile com-
pounds in MD and PD. 

3.3. Broad-Target Metabolomics Analysis of Tea-Tree Leaves 
Nonvolatile metabolites in tea are the main compounds that make up the special taste 

of tea, and the content of different metabolites directly affects taste characteristics of tea 
[28,29]. Therefore, analyzing the content of nonvolatile metabolites in tea is important for 
determining the taste characteristics of tea. In this study, we determined the nonvolatile 
metabolites in the leaves of the Dahongpao mother tree (MD) and Dahongpao cuttings 
(PD) using broad-targeted metabolomics, and the results showed (Figure 4A, Table S2) 
that a total of 1971 metabolites were identified in MD and PD, while there was no signifi-
cant difference in the total amount of each between MD and PD (p > 0.05). Principal com-
ponent analysis with the contents of 1971 metabolites revealed (Figure 4B) that there was 
a clear distinction between MD and PD, and that two principal components effectively 
distinguished MD from PD with a total contribution of 71.20%. The detected metabolites 
were further classified into 13 categories. Of these, six categories were more relevant to 
MD, namely tannins, nucleotides and derivatives, lipids, amino acids and derivatives, al-
kaloids, and others, while seven categories were more relevant to PD, namely phenolic 
acids, quinones, organic acids, flavonoids, lignans and coumarins, steroids, and terpe-
noids (Figure 4C). The content analysis of the 13 categories of metabolites showed (Figure 
4D) that flavonoids, lipids, lignans and coumarins, steroids, organic acids, and others 
were significantly different between MD and PD. It can be seen that although the differ-
ence between MD and PD was not significant in terms of the total amount of metabolites, 
a significant difference existed in the composition and content of different metabolites. 
This phenomenon may also cause MD and PD to show some differences in taste charac-
teristics.

Figure 3. Odor characteristics analysis of characteristic volatile compounds. Note: MD: Dahongpao
mother tree and PD: Dahongpao cuttings. (A) Content of characteristic volatile compounds and their
odor characteristics and (B) odor characteristic intensity analysis of characteristic volatile compounds
in MD and PD.



Foods 2024, 13, 1548 9 of 15

3.3. Broad-Target Metabolomics Analysis of Tea-Tree Leaves

Nonvolatile metabolites in tea are the main compounds that make up the special
taste of tea, and the content of different metabolites directly affects taste characteristics of
tea [28,29]. Therefore, analyzing the content of nonvolatile metabolites in tea is important
for determining the taste characteristics of tea. In this study, we determined the nonvolatile
metabolites in the leaves of the Dahongpao mother tree (MD) and Dahongpao cuttings (PD)
using broad-targeted metabolomics, and the results showed (Figure 4A, Table S2) that a total
of 1971 metabolites were identified in MD and PD, while there was no significant difference
in the total amount of each between MD and PD (p > 0.05). Principal component analysis
with the contents of 1971 metabolites revealed (Figure 4B) that there was a clear distinction
between MD and PD, and that two principal components effectively distinguished MD from
PD with a total contribution of 71.20%. The detected metabolites were further classified
into 13 categories. Of these, six categories were more relevant to MD, namely tannins,
nucleotides and derivatives, lipids, amino acids and derivatives, alkaloids, and others,
while seven categories were more relevant to PD, namely phenolic acids, quinones, organic
acids, flavonoids, lignans and coumarins, steroids, and terpenoids (Figure 4C). The content
analysis of the 13 categories of metabolites showed (Figure 4D) that flavonoids, lipids,
lignans and coumarins, steroids, organic acids, and others were significantly different
between MD and PD. It can be seen that although the difference between MD and PD was
not significant in terms of the total amount of metabolites, a significant difference existed
in the composition and content of different metabolites. This phenomenon may also cause
MD and PD to show some differences in taste characteristics.

3.4. Screening for Characteristic Metabolites and Their Taste Characteristics

Different nonvolatile metabolites in tea have different taste characteristics, and screen-
ing for characteristic metabolites with significant differences in different samples is helpful
for further determining the differences in taste characteristics of the samples [30,31]. In the
above analysis, a volcano diagram was used to further screen nonvolatile metabolites with
significant differences between MD and PD, and the results showed (Figure 5A) that a total
of 420 differential metabolites were identified, of which 178 were significantly increased
and 242 significantly decreased in MD compared with PD. The 420 metabolites were fur-
ther classified into 12 categories. TOPSIS analysis showed (Figure 5B) that only 6 of the
12 categories had a weight of 10% or more in distinguishing between MD and PD, namely
flavonoids (93.23%), phenolic acids (82.03%), others (18.51%), amino acids and derivatives
(17.08%), tannins (16.08%) and organic acids (14.81%).
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Dahongpao cuttings. (A) Screening for metabolites was significantly different between MD and
PD by volcano diagram, (B) weighting analysis of different categories of metabolites in the process
of distinguishing MD and PD, (C) screening for metabolites with key differences by OPLS-DA
model, (D) screening for characteristic metabolites by bubble feature map, and (E) weight analysis of
characteristic metabolites in the process of distinguishing MD and PD.
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The OPLS-DA model of MD and PD was further screened for key differential metabo-
lites, and the results showed (Figure 5C) that the fit (R2Y = 1, p < 0.005) and predictability
(Q2 = 1, p < 0.005) of the model reached the significance level, and the model was able to
effectively discriminate between MD and PD with an overall score of 95.77%. A total of
233 key differential metabolites were obtained by the constructed OPLS-DA model. Then,
a bubble feature map was further screened for characteristic metabolites with significant
differences, and a total of 112 characteristic metabolites were obtained, which could be sub-
divided into 16 categories (Figure 5D). Based on the above analysis, further analysis of the
importance of 16 categories of characteristic metabolites in the process of distinguishing MD
from PD using TOPSIS revealed (Figure 5E) that 8 categories had a weight of 10% or more
in the process of distinguishing MD from PD, namely phenolic acids (100%), amino acids
and derivatives (35.31%), flavones (33.98%), tannin (31.08%), flavonols (31.06%), flavanols
(31.02%), organic acids (30.88%), and others (28.06%). The main taste characteristic reported
for phenolic acids and tannin is bitterness [32,33]. Flavones, flavonols, and flavanols are
also characterized by bitterness [34,35]. Amino acids and derivatives are characterized
by fresh and brisk taste [36]. And organic acids are characterized by mellowness [37]. It
can be seen that the differences in characteristic metabolites between MD and PD may
lead to some differences in taste characteristics, especially in taste characteristics such
as bitterness, fresh and brisk taste, and mellowness. This study analyzed characteristic
metabolite contents of MD and PD as well as their taste characteristic intensities, and the
results showed (Figure 6A) that the content of tannin, flavanols, amino acids and deriva-
tives, and organic acids in MD was significantly greater than that of PD, while the content
of phenolic acids, flavones, and flavonols was significantly lower than that of PD. The
combined analysis of taste characteristics showed (Figure 6B) that the intensity of fresh and
brisk taste and mellowness was significantly greater in MD than in PD, while the intensity
of bitterness was significantly lower than in PD. It was evident that although the difference
between MD and PD was not significant in the total amount of nonvolatile metabolites, the
content of different categories of metabolites was significantly different, especially amino
acids and derivatives, phenolic acids, flavones, tannin, flavonols, flavanols, and organic
acids, which, in turn, enhanced the fresh and brisk taste and mellowness and reduced the
bitterness of MD.
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and PD: Dahongpao cuttings. (A) Content of characteristic metabolites and analysis of their taste
characteristics and (B) analysis of taste characteristics intensity of characteristic metabolites in MD
and PD.
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4. Conclusions

The quality characteristics of the Dahongpao mother tree have long been a legend
of Wuyi rock tea, and it remains a mystery as to what exactly the difference in quality
is between it and Dahongpao cuttings. In this study, metabolomics techniques were
used to analyze the differences in odor characteristics and taste characteristics between the
Dahongpao mother tree (MD) and Dahongpao cuttings (PD) in terms of volatile compounds
and nonvolatile metabolites. This study found (Figure 7) that MD had stronger odor
characteristics, such as floral, fruity, green, and woody, and stronger taste characteristics,
such as fresh and brisk taste and mellowness, than PD. Secondly, the bitterness of MD
was significantly lower than that of PD. It can be seen that the composition of volatile
compounds and non-volatile metabolites of asexual PD was similar to that of MD, but there
was a significant difference in their content, so that MD was significantly superior to PD in
both odor characteristics and taste characteristics. This study analyzed, for the first time,
the difference in quality between the Dahongpao mother tree and Dahongpao cuttings,
and unveiled the legend of the superior quality of the Dahongpao mother tree. Meanwhile,
the study also illustrated that although tea-tree cuttings are asexually propagated, they
may have some differences in the leaf quality. The results of this study also provide an
important reference for tea-tree cultivation and breeding.

Foods 2024, 13, x FOR PEER REVIEW 14 of 16 
 

 

 
Figure 7. Mechanism of quality change of Dahongpao mother tree and Dahongpao cuttings. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1. Table S1: Raw data of volatile compounds. Table S2: Raw data for non-vol-
atile metabolites. 

Author Contributions: J.Y., Q.Z., and M.L., methodology, validation, investigation, formal analysis, 
data curation, and writing—original draft; Y.W., M.J., and L.H., formal analysis, data curation, and 
writing—original draft; Y.C. and X.P., validation, formal analysis, and data curation; X.J., and H.W., 
methodology, validation, resources, conceptualization, formal analysis, writing—review and edit-
ing, supervision, and project administration. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This work was supported by Natural Science Foundation of Fujian Province (2021J011137 
and 2020J01369), the Fujian Outstanding Research Talent Cultivation Project, the Construction of 
first-class undergraduate specialty (tea science) in Fujian Province (SJZY2019004), the Nanping City 
Science and Technology Plan Project (NP2021KTS06, NP2021KTS05, and N2021Z012, 2019J02), the 
Innovation and Entrepreneurship Training Program for College Students (S202210397033, 
202310397003, and 202310397013, and the faculty and students co-creation team of Wuyi University 
(2021-SSTD-01 and 2021-SSTD-05). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The original contributions presented in the study are included in the 
article/Supplementary Materials, further inquiries can be directed to the corresponding author. 

Figure 7. Mechanism of quality change of Dahongpao mother tree and Dahongpao cuttings.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods13101548/s1. Table S1: Raw data of volatile compounds. Table S2:
Raw data for non-volatile metabolites.

https://www.mdpi.com/article/10.3390/foods13101548/s1
https://www.mdpi.com/article/10.3390/foods13101548/s1


Foods 2024, 13, 1548 14 of 15

Author Contributions: J.Y., Q.Z. and M.L., methodology, validation, investigation, formal analysis,
data curation, and writing—original draft; Y.W., M.J. and L.H., formal analysis, data curation, and
writing—original draft; Y.C. and X.P., validation, formal analysis, and data curation; X.J. and H.W.,
methodology, validation, resources, conceptualization, formal analysis, writing—review and editing,
supervision, and project administration. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by Natural Science Foundation of Fujian Province (2021J011137
and 2020J01369), the Fujian Outstanding Research Talent Cultivation Project, the Construction of first-
class undergraduate specialty (tea science) in Fujian Province (SJZY2019004), the Nanping City Science
and Technology Plan Project (NP2021KTS06, NP2021KTS05, and N2021Z012, 2019J02), the Innovation
and Entrepreneurship Training Program for College Students (S202210397033, 202310397003, and
202310397013, and the faculty and students co-creation team of Wuyi University (2021-SSTD-01 and
2021-SSTD-05).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. Chen, D.H. Study on Wuyi Rock Tea (Dahongpao); China Science and Technology Press: Beijing, China, 2015.
2. Li, L.Q.; Xie, X.Y. On the protection and development of the cultural heritage of Fujian tea geographical indications-Taking

Wuyishan Dahongpao as a case. J. Fujian Agric. For. Univ. 2014, 17, 86–91. [CrossRef]
3. Yu, W.Q. Fujian Tea Annals; Fujian Science and Technology Press: Fuzhou, China, 2023.
4. Brunt, L. A Cup of Tea and a Nice Sit Down. In China from the Inside; Palgrave Macmillan: Cham, Switzerland, 2017; pp. 87–122.

[CrossRef]
5. Xiang, R. When rock tea meets ANT: An experimental reading. Food Cult. Soc. 2023, 26, 964–980. [CrossRef]
6. Ng, K.W.; Cao, Z.J.; Chen, H.B.; Zhao, Z.Z.; Zhu, L.; Yi, T. Oolong tea: A critical review of processing methods, chemical

composition, health effects, and risk. Crit. Rev. Food Sci. 2018, 58, 2957–2980. [CrossRef] [PubMed]
7. DeBernardi, J. The modern invention of big red robe tea: History, science, story, and performance. In Understanding Authenticity in

Chinese Cultural Heritage; Routledge: Abingdon, UK, 2023; pp. 186–201.
8. Shi, Y.; Zhu, Y.; Ma, W.; Shi, J.; Peng, Q.; Lin, Z.; Lv, H. Comprehensive investigation on non-volatile and volatile metabolites

in four types of green teas obtained from the same tea cultivar of Longjing 43 (Camellia sinensis var. sinensis) using the widely
targeted metabolomics. Food Chem. 2022, 394, 133501. [CrossRef] [PubMed]

9. Wang, H.; Hua, J.; Yu, Q.; Li, J.; Wang, J.; Deng, Y.; Yuan, H.; Jiang, Y. Widely targeted metabolomic analysis reveals dynamic
changes in non-volatile and volatile metabolites during green tea processing. Food Chem. 2021, 363, 130131. [CrossRef] [PubMed]

10. Zheng, X.; Hong, X.; Jin, Y.; Chao, W.; Liu, Z.; Huang, J.; Li, Q. Characterization of key aroma compounds and relationship
between aroma compounds and sensory attributes in different aroma types of Fu brick tea. Food Chem. X 2022, 13, 100248.
[CrossRef] [PubMed]

11. Shan, X.; Deng, Y.; Niu, L.; Chen, L.; Zhang, S.; Jiang, Y.; Yuan, H.; Wang, Y.; Li, J. The influence of fixation temperature on
Longjing tea taste profile and the underlying non-volatile metabolites changes unraveled by combined analyses of metabolomics
and E-tongue. LWT 2024, 191, 115560. [CrossRef]

12. Yuan, H.; Cao, G.; Hou, X.; Huang, M.; Du, P.; Tan, T.; Zhang, Y.; Zhou, H.; Liu, X.; Liu, L.; et al. Development of a widely targeted
volatilomics method for profiling volatilomes in plants. Mol. Plant 2022, 15, 189–202. [CrossRef] [PubMed]

13. Ye, J.; Zhang, Q.; Cheng, P.; Wang, Y.; Zou, J.; Lin, S.; Li, M.; Jia, M.; Chen, Y.; Jia, X.; et al. Aviation mutagenesis alters the content
of volatile compounds in Dahongpao (Camellia sinensis) leaves and improves tea quality. Foods 2024, 13, 946. [CrossRef]

14. Farag, M.A.; Elmetwally, F.; Elghanam, R.; Kamal, N.; Hellal, K.; Hamezah, H.S.; Zhao, C.; Mediani, A. Metabolomics in tea
products; a compile of applications for enhancing agricultural traits and quality control analysis of Camellia sinensis. Food Chem.
2023, 404, 134628. [CrossRef]

15. Fraga, C.G.; Clowers, B.H.; Moore, R.J.; Zink, E.M. Signature-discovery approach for sample matching of a nerve-agent precursor
using liquid chromatography–mass spectrometry, XCMS, and chemometrics. Anal. Chem. 2010, 82, 4165–4173. [CrossRef]

16. Qian, Q.H.; Song, Y.P.; Zhang, Y.; Xue, H.; Zhang, W.W.; Han, Y.; Wang, Y.; Xu, D.X. Gestational α-ketoglutarate supplementation
ameliorates arsenic-induced hepatic lipid deposition via epigenetic reprogramming of β-oxidation process in female offspring.
Environ. Int. 2024, 185, 108488. [CrossRef]

https://doi.org/10.13322/j.cnki.fjsk.2014.03.008
https://doi.org/10.1007/978-3-319-65672-4_10
https://doi.org/10.1080/15528014.2023.2172648
https://doi.org/10.1080/10408398.2017.1347556
https://www.ncbi.nlm.nih.gov/pubmed/28678527
https://doi.org/10.1016/j.foodchem.2022.133501
https://www.ncbi.nlm.nih.gov/pubmed/35728471
https://doi.org/10.1016/j.foodchem.2021.130131
https://www.ncbi.nlm.nih.gov/pubmed/34120048
https://doi.org/10.1016/j.fochx.2022.100248
https://www.ncbi.nlm.nih.gov/pubmed/35499020
https://doi.org/10.1016/j.lwt.2023.115560
https://doi.org/10.1016/j.molp.2021.09.003
https://www.ncbi.nlm.nih.gov/pubmed/34509640
https://doi.org/10.3390/foods13060946
https://doi.org/10.1016/j.foodchem.2022.134628
https://doi.org/10.1021/ac1003568
https://doi.org/10.1016/j.envint.2024.108488


Foods 2024, 13, 1548 15 of 15

17. Wang, C.; Li, J.; Wu, X.; Zhang, Y.; He, Z.; Zhang, Y.; Zhang, X.; Li, Q.; Huang, J.; Liu, Z. Pu-erh tea unique aroma: Volatile
components, evaluation methods and metabolic mechanism of key odor-active compounds. Trends Food Sci. Technol. 2022, 124,
25–37. [CrossRef]

18. Zheng, Y.; Hu, Q.; Wu, Z.; Bi, W.; Chen, B.; Hao, Z.; Wu, L.; Ye, N.; Sun, Y. Volatile metabolomics and coexpression network
analyses provide insight into the formation of the characteristic cultivar aroma of oolong tea (Camellia sinensis). LWT 2022,
164, 113666. [CrossRef]

19. Zhang, C.; Zhou, C.; Tian, C.; Xu, K.; Lai, Z.; Lin, Y.; Guo, Y. Volatilomics analysis of jasmine tea during multiple rounds of
scenting processes. Foods 2023, 12, 812. [CrossRef]

20. Cherniienko, A.; Pawełczyk, A.; Zaprutko, L. Antimicrobial and odour qualities of alkylpyrazines occurring in chocolate and
cocoa products. Appl. Sci. 2020, 12, 11361. [CrossRef]

21. Ouyang, W.; Yu, Y.; Wang, H.; Jiang, Y.; Hua, J.; Ning, J.; Yuan, H. Analysis of volatile metabolite variations in strip green tea
during processing and effect of rubbing degree using untargeted and targeted metabolomics. Food Res. Int. 2022, 162, 112099.
[CrossRef]

22. Gao, T.; Shao, S.; Hou, B.; Hong, Y.; Ren, W.; Jin, S.; Gao, S.; Wang, P.; Ye, N. Characteristic volatile components and transcriptional
regulation of seven major tea cultivars (Camellia sinensis) in China. Beverage Plant Res. 2023, 3, 17. [CrossRef]

23. Parveen, A.; Qin, C.Y.; Zhou, F.; Lai, G.; Long, P.; Zhu, M.; Ke, J.; Zhang, L. The Chemistry, Sensory Properties and Health Benefits
of Aroma Compounds of Black Tea Produced by Camellia sinensis and Camellia assamica. Horticulturae 2023, 9, 1253. [CrossRef]

24. Elterlein, F.; Bugdahn, N.; Kraft, P. Sniffing out the sustainable future: The renewability revolution in fragrance chemistry. Chem.
Eur. J. 2024, 30, e202400006. [CrossRef]

25. Zhang, J.; Van Mullem, J.; Dias, D.R.; Schwan, R.F. The chemistry and sensory characteristics of new herbal tea-based kombuchas.
J. Food Sci. 2021, 86, 740–748. [CrossRef]

26. Zhang, J.; Li, J.; Wang, J.; Sun, B.; Liu, Y.; Huang, M. Characterization of aroma-active compounds in Jasminum sambac concrete
by aroma extract dilution analysis and odour activity value. Flavour Frag. J. 2021, 36, 197–206. [CrossRef]

27. Shao, Y.; Liu, X.; Zhang, Z.; Wang, P.; Li, K.; Li, C. Comparison and discrimination of the terpenoids in 48 species of huajiao
according to variety and geographical origin by E-nose coupled with HS-SPME-GC-MS. Food Res. Int. 2023, 167, 112629.
[CrossRef]

28. Chen, S.; Liu, H.; Zhao, X.; Li, X.; Shan, W.; Wang, X.; Wang, S.; Yu, W.; Yang, Z.; Yu, X. Non-targeted metabolomics analysis
reveals dynamic changes of volatile and non-volatile metabolites during oolong tea manufacture. Food Res. Int. 2020, 128, 108778.
[CrossRef]

29. Wu, L.; Huang, X.; Liu, S.; Liu, J.; Guo, Y.; Sun, Y.; Lin, J.; Guo, Y.; Wei, S. Understanding the formation mechanism of oolong tea
characteristic non-volatile chemical constitutes during manufacturing processes by using integrated widely-targeted metabolome
and DIA proteome analysis. Food Chem. 2020, 310, 125941. [CrossRef]

30. Li, M.; Zhang, Y.; Yan, J.; Ding, F.; Chen, C.; Zhong, S.; Li, M.; Zhu, Y.; Yue, P.; Li, P.; et al. Comparative metabolomic analysis
reveals the differences in nonvolatile and volatile metabolites and their quality characteristics in beauty tea with different extents
of punctured leaves by tea green leafhopper. J. Agric. Food Chem. 2023, 71, 16233–16247. [CrossRef]

31. Huang, D.; Chen, X.; Tan, R.; Wang, H.; Jiao, L.; Tang, H.; Zong, Q.; Mao, Y. A comprehensive metabolomics analysis of volatile
and non-volatile compounds in matcha processed from different tea varieties. Food Chem. X 2024, 21, 101234. [CrossRef]

32. Zhang, L.; Cao, Q.Q.; Granato, D.; Xu, Y.Q.; Ho, C.T. Association between chemistry and taste of tea: A review. Trends Food Sci.
Technol. 2020, 101, 139–149. [CrossRef]

33. Fan, F.Y.; Zhou, S.J.; Qian, H.; Zong, B.Z.; Huang, C.S.; Zhu, R.L.; Guo, H.; Gong, S. Effect of Yellowing duration on the chemical
profile of yellow tea and the associations with sensory traits. Molecules 2022, 27, 940. [CrossRef]

34. Li, Y.; Zhang, J.; Jia, H.; Pan, Y.; Xu, Y.Q.; Wang, Y.; Deng, W.W. Metabolite analysis and sensory evaluation reveal the effect of
roasting on the characteristic flavor of large-leaf yellow tea. Food Chem. 2023, 427, 136711. [CrossRef]

35. Wang, X.; Xiong, H.; Wang, S.; Zhang, Y.; Song, Z.; Zhang, X. Physicochemical analysis, sensorial evaluation, astringent
component identification and aroma-active compounds of herbaceous Peony (Paeonia lactiflora Pall) black tea. Ind. Crops Prod.
2023, 193, 116159. [CrossRef]

36. Huang, D.; Wang, Y.; Chen, X.; Wu, J.; Wang, H.; Tan, R.; Jia, L.; Miao, Y. Application of tea-specific fertilizer combined with
organic fertilizer improves aroma of green tea. Horticulturae 2022, 8, 950. [CrossRef]

37. Zhang, X.; Du, X.; Li, Y.Z.; Nie, C.N.; Wang, C.M.; Bian, J.L.; Luo, F. Are organic acids really related to the sour taste difference
between Chinese black tea and green tea? Food Sci. Nutr. 2022, 10, 2071–2081. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.tifs.2022.03.031
https://doi.org/10.1016/j.lwt.2022.113666
https://doi.org/10.3390/foods12040812
https://doi.org/10.3390/app122211361
https://doi.org/10.1016/j.foodres.2022.112099
https://doi.org/10.48130/BPR-2023-0017
https://doi.org/10.3390/horticulturae9121253
https://doi.org/10.1002/chem.202400006
https://doi.org/10.1111/1750-3841.15613
https://doi.org/10.1002/ffj.3631
https://doi.org/10.1016/j.foodres.2023.112629
https://doi.org/10.1016/j.foodres.2019.108778
https://doi.org/10.1016/j.foodchem.2019.125941
https://doi.org/10.1021/acs.jafc.3c01380
https://doi.org/10.1016/j.fochx.2024.101234
https://doi.org/10.1016/j.tifs.2020.05.015
https://doi.org/10.3390/molecules27030940
https://doi.org/10.1016/j.foodchem.2023.136711
https://doi.org/10.1016/j.indcrop.2022.116159
https://doi.org/10.3390/horticulturae8100950
https://doi.org/10.1002/fsn3.2823

	Introduction 
	Materials and Methods 
	Materials 
	Determination of Volatile Compounds in Tea-Tree Leaves 
	Determination of Nonvolatile Metabolites in Tea-Tree Leaves 
	Statistical Analysis 

	Results and Discussion 
	Volatile Metabolomics Analysis of Tea-Tree Leaves 
	Screening for Characteristic Volatile Compounds and Their Odor Characteristics 
	Broad-Target Metabolomics Analysis of Tea-Tree Leaves 
	Screening for Characteristic Metabolites and Their Taste Characteristics 

	Conclusions 
	References

