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Abstract: Formed by L-phenylalanine (L-phe) ammonia under the action of aromatic amino acid
aminotransferases (AAATs), volatile benzenoids (VBs) and volatile phenylpropanoids (VPs) are
essential aromatic components in oolong tea (Camellia sinensis). However, the key VB/VP components
responsible for the aromatic quality of oolong tea need to be revealed, and the formation mechanism
of VBs/VPs based on AAAT branches during the post-harvest process of oolong tea remains unclear.
Therefore, in this study, raw oolong tea and manufacturing samples were used as the test materials,
and targeted metabolomics combined with transcriptome analysis was also conducted. The results
showed that thirteen types of VBs/VPs were identified, including nine types of VPs and four types
of VBs. Based on the OAV calculation, in raw oolong tea, 2-hydroxy benzoic acid methyl ester and
phenylethyl alcohol were identified as key components of the aromatic quality of oolong tea. As
for the results from the selection of related genes, firstly, a total of sixteen candidate CsAAAT genes
were selected and divided into two sub-families (CsAAAT1 and CsAAAT2); then, six key CsAAAT
genes closely related to VB/VP formation were screened. The upregulation of the expression level of
CsAAAT2-type genes may respond to light stress during solar-withering as well as the mechanical
force of turnover. This study can help to understand the formation mechanism of aromatic compounds
during oolong tea processing and provide a theoretical reference for future research on the formation
of naturally floral and fruity aromas in oolong tea.

Keywords: oolong tea; manufacturing process; volatile phenylpropanoids/benzenoids; CsAAAT gene

1. Introduction

The six major types of tea in China are distinguished by their different manufacturing
methods, among which oolong tea has the most complicated procedure. Due to its unique
history and culture, abundant germplasm resources, and exquisite processing technology,
oolong tea is highly fragrant with a mellow taste, and it is deeply favored by consumers [1,2].
Aroma is one of the key factors determining the quality of tea [3]. The aromatic quality of
oolong tea is affected by tea varieties, growth environments, cultivation conditions, and,
more importantly, the multiple stress treatments of the fresh leaves during the post-harvest
procedure [4–6]. Most volatile organic compounds (VOCs) form and accumulate during
the post-harvest procedure of oolong tea [7]. The endogenous enzyme biochemical reaction
caused by turnover and the physical–chemical reaction caused by fermentation as well
as drying are two of the main reasons for VOC formation and accumulation during the
post-harvest process of oolong tea [8,9]. It is noteworthy that turnover is the core method
for forming the characteristic floral and fruity aroma quality of oolong tea [10].
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The formation of oolong tea’s aroma relies on four metabolic pathways: the terpene
pathway, the fatty acid pathway, the benzene ring/phenylpropane pathway, and the
carotenoid pathway [11,12]. Among these, phenylpropanoids/benzenoids, the second
most common volatile components in the plant kingdom, play a vital role in determining
the aroma of tea.

L-phe is an important product in the shikimic acid metabolism pathway. There are
three main branches that form VBs/VPs, taking L-phe as a precursor under enzymatic
reactions. Firstly, under the reaction of phenylalanine lyase (PAL), the intermediate product
trans-cinnamic acid forms, followed by VBs such as benzaldehyde, benzyl alcohol, ben-
zoic acid, and salicylic acid, which are generated through enzymatic and non-enzymatic
reactions [13]. Secondly, phenylacetaldehyde synthase (PAAS) directly reacts with L-phe
to form VPs, including phenylacetaldehyde, phenylethanol, and phenylethyl ester [14].
Thirdly, L-phe can also participate in the formation of VBs/VPs after forming phenylpyru-
vic acid (PA) under the reaction of aromatic amino acid transaminase (AAAT), which has
been confirmed in watermelon, rose, camellia, and some other horticultural crops [15–17].
Wang et al. (2019) reported that PA was obtained from L-phe under the catalysis of CsAAAT
using isotope tracer technology [18]. In addition, the CsAAAT1 and CsAAAT2 genes, with a
high catalytic efficiency for L-phe and tyrosine, were screened for the first time. Further-
more, in terms of the quality of oolong tea products, an increasing amount of research points
to the contribution of VBs/VPs in oolong tea’s flavor quality. Previous studies found that
VBs/VPs, including indole [19], benzaldehyde and benzyl alcohol [20,21], phenylethanol
and phenylacetaldehyde [22,23], and hexyl benzoate and cis-3-hexenyl benzoate [24,25],
were formed during the post-harvest process of oolong tea, which would eventually con-
tribute to the aromatic quality of oolong tea (Figure 1).

Metabolites 2023, 13, x FOR PEER REVIEW 2 of 16 
 

 

the post-harvest process of oolong tea [8,9]. It is noteworthy that turnover is the core 
method for forming the characteristic floral and fruity aroma quality of oolong tea [10]. 

The formation of oolong tea’s aroma relies on four metabolic pathways: the terpene 
pathway, the fatty acid pathway, the benzene ring/phenylpropane pathway, and the ca-
rotenoid pathway [11,12]. Among these, phenylpropanoids/benzenoids, the second most 
common volatile components in the plant kingdom, play a vital role in determining the 
aroma of tea. 

L-phe is an important product in the shikimic acid metabolism pathway. There are 
three main branches that form VBs/VPs, taking L-phe as a precursor under enzymatic re-
actions. Firstly, under the reaction of phenylalanine lyase (PAL), the intermediate product 
trans-cinnamic acid forms, followed by VBs such as benzaldehyde, benzyl alcohol, ben-
zoic acid, and salicylic acid, which are generated through enzymatic and non-enzymatic 
reactions [13]. Secondly, phenylacetaldehyde synthase (PAAS) directly reacts with L-phe 
to form VPs, including phenylacetaldehyde, phenylethanol, and phenylethyl ester [14]. 
Thirdly, L-phe can also participate in the formation of VBs/VPs after forming phenylpy-
ruvic acid (PA) under the reaction of aromatic amino acid transaminase (AAAT), which 
has been confirmed in watermelon, rose, camellia, and some other horticultural crops [15–
17]. Wang et al. (2019) reported that PA was obtained from L-phe under the catalysis of 
CsAAAT using isotope tracer technology [18]. In addition, the CsAAAT1 and CsAAAT2 
genes, with a high catalytic efficiency for L-phe and tyrosine, were screened for the first 
time. Furthermore, in terms of the quality of oolong tea products, an increasing amount 
of research points to the contribution of VBs/VPs in oolong tea’s flavor quality. Previous 
studies found that VBs/VPs, including indole [19], benzaldehyde and benzyl alcohol 
[20,21], phenylethanol and phenylacetaldehyde [22,23], and hexyl benzoate and cis-3-hex-
enyl benzoate [24,25], were formed during the post-harvest process of oolong tea, which 
would eventually contribute to the aromatic quality of oolong tea (Figure 1). 

 
Figure 1. Three pathways of VB/VP formation in tea plants [18,26–33]. Potential metabolic pathways 
for converting L-phenylalanine into VBs/VPs in plants. Solid arrows indicate proven metabolic pro-
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corresponding metabolic process are shown in the box, and the numbers in parentheses indicate the 
source of the literature. PAL: L-phenylalanine ammonia lyase; AAAT: aromatic amino acid ami-
notransferase; PPY-AT: phenylpyruvate aminotransferase; PDDC: phenylpyruvate decarboxylase; 
PAAS: phenylacetaldehyde synthase; AAS: aromatic aldehyde synthase; CYP79: cytochrome P450 
family 79 enzyme; AADC: aromatic amino acid decarboxylase; PAR: phenylacetaldehyde reductase. 

However, the specific VB/VP components that contribute to the aromatic quality of 
oolong tea remain unclear. Compared to previous studies on PAL and PAAS branches, 
the AAAT branch has received less attention. Even less is known about the transcription 

Figure 1. Three pathways of VB/VP formation in tea plants [18,26–33]. Potential metabolic pathways
for converting L-phenylalanine into VBs/VPs in plants. Solid arrows indicate proven metabolic
processes, while dashed arrows indicate unproven metabolic processes. The enzymes involved in
the corresponding metabolic process are shown in the box, and the numbers in parentheses indicate
the source of the literature. PAL: L-phenylalanine ammonia lyase; AAAT: aromatic amino acid
aminotransferase; PPY-AT: phenylpyruvate aminotransferase; PDDC: phenylpyruvate decarboxylase;
PAAS: phenylacetaldehyde synthase; AAS: aromatic aldehyde synthase; CYP79: cytochrome P450
family 79 enzyme; AADC: aromatic amino acid decarboxylase; PAR: phenylacetaldehyde reductase.

However, the specific VB/VP components that contribute to the aromatic quality of
oolong tea remain unclear. Compared to previous studies on PAL and PAAS branches,
the AAAT branch has received less attention. Even less is known about the transcription
mechanism of CsAAAT genes and its influence on the dynamic changes in VBs/VPs during
the post-harvest process of oolong tea. Therefore, in this study, oolong tea manufacturing
process samples were utilized as materials. The metabolic profiles of the VBs/VPs were
constructed, and then based on a tea genome database (CSS) and transcriptome database,
the transcripts of key CsAAAT genes related to VB/VP changes were screened. The purpose
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of this study was to investigate the formation mechanism of VBs/VPs, in order to provide
a theoretical basis for the formation of aroma components during the post-harvest process
of oolong tea.

2. Materials and Methods
2.1. Plant Materials and Treatments

Tea leaves were collected from Camellia sinensis cv. Huangdan, a major tea variety in
the oolong tea production area, grown at the educational practice base (26 04′ N, 119 14′ E)
of Fujian Agriculture and Forestry University (Fuzhou, China), from 2 to 3 p.m. on 30
September 2019, under sunny conditions. Processing technology for oolong tea originating
from southern Fujian was applied to the post-harvest treatment of fresh leaves. The
standard for plucking was “one bud and three leaves”, which means one bud and three
leaves on the same tea plant branch. The treatment involved the usual methods and
stimulation that are common in the oolong tea manufacturing process, which are typical
for the process, industrially [34]. The fresh leaves (F) were solar-withered under sunlight
(26 ◦C, 120,000 Lx) for 0.5 h. Then, a portion of solar-withered leaves (SW, 500 g) was turned
over once per hour for 5 min each time, with three times in total. After that, a sample of tea
leaves was taken and marked as T3. The remaining half of the SW was used as the control
group for spreading without turnover, being sampled and marked as CK3.

Subsequently, according to the manufacturing methods of oolong tea, samples T3
and CK3 were subjected to the same treatment of enzyme inactivation (220 ◦C, 8 min),
rolling (12 min), and drying (primary drying at 125 ◦C/1.5 h, cooling for 2 h, final drying
at 85 ◦C/2.5 h). We obtained the corresponding raw oolong tea from T3 (Rt) and CK3 (Rc)
(Figure 2).
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Figure 2. Manufacturing process diagram of fresh tea leaves. The manufacturing process steps of
fresh tea leaves (F) and solar-withered leaves (SW). The upper branch of the diagram corresponds
to the experimental group, which consisted of the turnover treatment repeated three times (T3),
while the lower branch corresponds to the control group that was spread without turnover treatment
(CK3), and Rt and Rc indicate the raw oolong teas made from samples T3 and CK3, respectively.
Every sample was taken at the same time point as those in the experimental group. For the chemical
profiling of VBs/VPs, the relevant samples were F, SW, T3, CK3, Rt, and Rc; for the CsAAAT gene
expression profiling, the relevant samples were F, SW, T3, and CK3. Each sample was immediately
frozen without panning.

All the above treatments were carried out in a ventilated room with a humidity of 48%,
a temperature of 25 ◦C, and a grade of 3 to 4 on the southeast wind scale [8]. The sampling
for each treatment was repeated three times. All samples were wrapped in tin foil, fixed
via the liquid nitrogen sample-fixing method, and placed in a −70 ◦C refrigerator.
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2.2. Extraction and Detection of Volatile Compounds

In total, 2.0 g of tea power was weighed and immediately transferred to a 20 mL
headspace vial; then, the volatile compounds were extracted via the HS-SPME (headspace
solid-phase microextraction) method and detected via GC-TOF-MS (gas chromatography–
time-of-flight–tandem mass spectrometry), using ethyl decylate (Sigma, St. Louis, MO, USA)
as an internal standard. The SPME conditions were: the extraction needle PDMS/DVB9
was set with an incubation temperature of 80 ◦C, incubation time of 31 min, extraction
time of 60 min, and resolution time of 3.5 min. The chromatograph conditions were: A
30 m × 0.25 mm × 0.25 µm chromatographic column (Rxi-5silMS) was used, the tempera-
ture of the sample inlet was controlled at 250 ◦C, the temperature of the transmission line
was controlled at 275 ◦C, helium was used as the carrier gas, and the helium flow rate was
set to 1 mL/min. The programmed heating process was maintained at 50 ◦C for 5 min,
which rose to 210 ◦C at a rate of 3 ◦C/min for 3 min, and then rose again to 230 ◦C at a
rate of 15 ◦C/min with non-shunt injection. The mass spectrometry conditions were: the
solvent delay time was controlled within 300 s, the scanning range was controlled between
30 and 500 amu, the collection rate was 10 specs/s, the detector voltage was 1530 V, the EI
ionization energy was 70 eV, and the ion source temperature was 250 ◦C. The data of the
measured volatile metabolites were analyzed and processed using the instrument’s built-in
software and then compared to the mass spectrometry data found in the National Institute
of Standards and Technology (NIST) database, searching for relevant mass spectrometry
data, and analyzing the base peaks, mass-to-nucleus ratios, and relative kurtosis. Finally,
each peak based on the retention time and mass spectrometry was confirmed, VB/VP
components were identified using peak areas of more than 1% as effective observation
values, and the percentage content of aromatic compounds in each sample using the peak
area normalization method was determined [22,24].

The OAV (odor activity value) is usually applied to measure the contribution degree
of aroma compounds. Compounds with an OAV of more than 1 are considered key aroma
compounds in oolong tea production. The OAV is calculated using the following formula:

OAV =
Cx

OTx

where Cx is the concentration of each volatile compound (µg·L−1), and OTx is the aroma
threshold of the volatile compounds in water (µg·L−1) [35].

2.3. Genome and Transcriptome Data Sources and Screening

By combining the Tea Plant Information Archive (TPIA, http://tpia.teaplant.org/
accessed 28 April 2023) with a transcriptome database of oolong tea processing samples, we
found 16 transcripts of CsAAAT-related genes in metabolic pathways of aromatic compound
formation. The CsAAAT1 (MH544095) and CsAAAT2 (MH544096) gene sequences were
both sourced from the GenBank database on the NCBI website (https://www.ncbi.nlm.nih.
gov/genbank/, accessed date 20 April 2023).

2.4. Construction of Phylogenetic Evolutionary Tree

For the 16 selected members of CsAAAT and the nucleic acid sequences of CsAAAT1
and CsAAAT2, Mega 6.0 and the maximum likelihood (ML) tree method were applied to
construct the phylogenetic evolutionary tree, and further phylogenetic analysis was carried
out, which was saved as an NWK document. Finally, further visual editing was conducted
on the following website: http://itol.embl.de/, accessed date 20 April 2023.

2.5. Extraction of Total RNA and Synthesis of cDNA

According to the previous experimental methods used by our research group, the total
RNA during the processing of the tea leaves, including the fresh leaves, withered leaves,
and experimental and control groups, was extracted using the centrifugal column method
with the RNAprep Pure Plant Kit (Tiangen Biotech Co., Ltd., Beijing, China), following the

http://tpia.teaplant.org/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://itol.embl.de/
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manufacturer’s instructions. The concentration and purity of the RNA were detected using
an ultra-micro nucleic acid analyzer, and the integrity was detected via 1.2% agarose gel
electrophoresis. Finally, the cDNA was synthesized with 1000 ng of total RNA via reverse
transcription using the PrimeScript RT Reagent Kit with a gDNA Eraser (TaKaRa Biotech
Co., Ltd., Dalian, China) and stored at −20 ◦C for future use.

2.6. qRT-PCR Conditions

The SYBR @ Premix Ex TaqTM reagent kit was used to detect the expression of key
CsAAAT genes during the processing of oolong tea. The specific primers for the target
gene designed using DNAMAN are shown in Table S1, and the specificity of the qRT-PCR
amplicons was confirmed via sequencing. CsGAPDH (KA295375.1) was used as the internal
reference gene. The total volume of the reaction system was 200 µL, including 10.0 µL of
SYBR Green Master Mix, 0.4 µL each of forward and reverse primers (the concentration of
all primers was 10 µmoL/µL), 2.0 µL of cDNA template, 0.4 µL of passive reference dyes,
and 6.8 µL of sterile deionized water. The qRT-PCR conditions were 30 s at 95 ◦C, and the
amplification program conditions were as follows: 94 ◦C for 30 s, 94 ◦C for 5 s, and 60 ◦C for
30 s, performing 40 cycles, followed by 60 ◦C to 95 ◦C melting curve detection (Figure S1),
and a final step of 10 min at 72 ◦C for extension. After that, ABI QuantStudio 3 was used to
measure the expression of various target genes in the samples, and the 2-∆∆Ct method was
applied to calculate the relative expression levels of relevant genes [36]. Fresh tea leaves (F)
were used as the control tissue, where the relative expression was set to 1.0 (2ˆ0).

2.7. Data Analysis

PASW statistics 18.0 was used for the analysis, and differences in the content of
VBs/VPs and the relative expression levels of CsAAAT genes were analyzed using the
Tukey’s honest significant difference (HSD) test [10] at significance levels of p < 0.05 and
p < 0.01. Correlations between the content of VBs/VPs and the relative expression levels
of CsAAAT-related genes in the experimental and control groups were analyzed using
Spearman correlation analysis. GraphPad Prism 6.0 and TBtool were used for analysis
and drawing.

3. Results
3.1. Analysis of the Dynamic Changes in VBs/VPs during the Post-Harvest Process of Oolong Tea

A total of 12 types of VBs, including benzaldehyde, benzyl alcohol, benzyl isobutyrate,
and methyl formate, were detected in the samples. It was found that the content of
benzaldehyde significantly increased after the turnover treatment (p < 0.01) and reached
its maximum (0.02%) in T3. Although the content of benzyl alcohol increased during the
post-harvest process of oolong tea, its content in T3 was lower than that in CK3 (Figure 3).

We measured four types of VPs that showed different change patterns, namely
phenylethanol, 2-phenylethyl butyrate, methyl phenylacetate, and methyl phenylacetate.
The contents of phenylethanol and 2-phenylethyl butyrate progressively increased as the
post-harvest process moved forward, reaching the maximum value in T3, and showed
a highly significant difference when compared to CK3 (p < 0.01). Methyl phenylacetate
increased after the solar-withering treatment and decreased after the turnover treatment,
while the content of phenylethyl acetate changed in the opposite direction (Figure 4).
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Figure 3. Dynamic changes in volatile benzenoids (VBs) during the manufacturing process of
oolong tea. The dynamic change in VBs on the main process nodes during the processing of oolong
tea. The numerical value represents the peak area abundance accumulated by the compounds.
(A) Benzaldehyde, (B) benzyl alcohol, (C) benzyl isobutyrate, (D) methyl benzoate, (E) benzyl
butyrate, (F) benzyl propionate, (G) benzyl formate, (H) 2-hydroxy-, 3-hexenylester, (z)-benzoicaci,
and (I) 2-hydroxy benzoic acid methyl ester. Note: Different uppercase (A, B, C) and lowercase
letters (a, b, c) represent significant differences at p < 0.01 and p < 0.05, respectively, while ** represent
significant differences in the content at p < 0.05 and p < 0.01, respectively, between the turned-over
leaves and the spread leaves.
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The numerical value represents the peak area abundance accumulated by the compounds.
(A) Phenethyl alcohol, (B) phenethyl butyrate, (C) methyl phenylacetate, and (D) phenethyl acetate.
Note: Different uppercase (A, B, C) and lowercase letters (a, b, c) represent significant differences at
p < 0.01 and p < 0.05, respectively, while ** represent significant differences in the content at p < 0.05
and p < 0.01, respectively, between the turned-over leaves and the spread leaves.

3.2. Evaluation of Total RNA Quality

The centrifugal column method was used to purify the total RNA in the samples. The
results of the total RNA quality detection showed that the concentrations of all samples were
between 400 and 800 ng/mL, and the A260/A280 ratios ranged from 2.00 to 2.10 (Table S2).
The results of the agarose gel electrophoresis showed that the 18S bands and 28S bands of
each sample were clear, uniform, and without trailing edges (Figure S2). Overall, a good
purity and integrity were preserved during the solar-withering and turnover treatments,
although the fresh tea leaves were in an in vitro state for a period of time. This indicated
that the level of gene transcription was still present, which laid the foundation for the
following reverse transcription quantitative real-time PCR (RT-qPCR) assay, as follows.

3.3. Screening and Analysis of CsAAAT Genes during the Post-Harvest Process of Oolong Tea

Based on the transcriptome database of oolong tea processing samples generated by
the research group [10,37], a local BLAST operation was performed on the nucleic acid
sequences of the CsAAAT1 (Accession No. MH544095) and CsAAAT2 genes (Accession
No. MH544096). Nine highly similar sequences to the CsAAAT1 gene were screened
(>99%, E_value = 0), tentatively named CsAAAT1-1 to CsAAAT1-9, whose sequence lengths
ranged from 567 bp to 1422 bp. Similarly, eight highly similar sequences to CsAAAT2
were screened (>99%, E_value = 0), tentatively named CsAAAT2-1 to CsAAAT2-8, and the
sequence lengths ranged from 1053 bp to 1572 bp (Table 1). We named these two groups
the CsAAAT1-type genes and the CsAAAT2-type genes. The nucleic acid sequences of these
two groups of genes are presented in Table S3. The phylogenetic tree constructed based on
the sequence homology of the protein sequences of CsAAAT1 and CsAAAT2 found that
two types of genes could be clustered into one cluster (Figure 5).

Table 1. Local BLAST results of CsAAAT genes based on a transcriptome database.

Gene Name Transcript Number Sequence Length/bp Score/Site E Values Identity

CsAAAT1
(1266 bp)

Unigene22082_All CsAAAT1-1 1422 2486 0.0 1263/1266 (99%)
Unigene17062_All CsAAAT1-2 1266 2478 0.0 1262/1266 (99%)
Unigene13237_All CsAAAT1-3 1329 2242 0.0 1137/1139 (99%)
Unigene65900_All CsAAAT1-4 1059 1744 0.0 886/888 (99%)
Unigene71295_All CsAAAT1-5 903 1729 0.0 884/888 (99%)
Unigene65894_All CsAAAT1-6 1059 1697 0.0 880/888 (99%)
Unigene3903_All CsAAAT1-7 858 1586 0.0 818/824 (99%)

Unigene39034_All CsAAAT1-8 993 1586 0.0 818/824 (99%)
Unigene63900_All CsAAAT1-9 567 1108 0.0 565/567 (99%)

CsAAAT2
(1266 bp)

CL11783.Contig7_All CsAAAT2-1 1266 2478 0.0 1262/1266 (99%)
CL11783.Contig1_All CsAAAT2-2 1572 2478 0.0 1262/1266 (99%)
CL11783.Contig12_All CsAAAT2-3 1227 2401 0.0 1223/1227 (99%)
CL11783.Contig2_All CsAAAT2-4 1167 2244 0.0 1144/1148 (99%)
CL11783.Contig5_All CsAAAT2-5 1161 2060 0.0 1051/1055 (99%)
CL11783.Contig8_All CsAAAT2-6 1026 1748 0.0 894/898 (99%)
CL11783.Contig6_All CsAAAT2-7 1053 1628 0.0 833/837 (99%)

Nine highly similar sequences to the CsAAAT1 gene and eight highly similar sequences to CsAAAT2 were screened.
The local alignment association information between each related sequence and the CsAAAT1 and CsAAAT2
genes is shown, mainly including score/site, E values, and identity.
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Figure 5. Phylogenetic tree based on protein sequence homology of the CsAAAT1 and CsAAAT2
genes. Based on the transcriptome database of the oolong tea processing samples, a phylogenetic
tree of the CsAAAT1 and CsAAAT2 genes, registered in GenBank, was constructed with a bootstrap
value of 1000. The light-yellow- and light-green-colored blocks are used to distinguish between the
homologous genes of the CsAAAT1 and CsAAAT2 genes, respectively, and the registered genes are
labeled with red dots.

The fragments per kilobase per million (FPKM) of 16 candidate CsAAAT genes was
analyzed using a cluster heatmap. The results showed that the expression values of the
CsAAAT genes could be divided into three groups: group A, group B, and group C. Group A
contained seven genes. As for the FPKM in this group, the values of CsAAAT1-1, CsAAAT1-
3, and CsAAAT1-9 in T3 were significantly higher than those in CK3 (p < 0.01), while the
value of CsAAAT2-3 in T3 was significantly higher than that in CK3 (p < 0.05). There were
three genes in group B, and the FPKM of this group generally decreased after the solar-
withering treatment, but CsAAAT2-5 and CsAAAT2-1 were upregulated after the turnover
treatment, and the difference in the FPKM between T3 and CK3 was highly significant
(p < 0.01). The overall expression value trends of six genes in group C were similar to those
in group A, but the expression abundance was lower (Figure 6).
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Figure 6. FPKM of CsAAAT gene transcripts during the manufacturing process of oolong tea based on
transcriptome data. Based on the transcriptome data of the oolong tea processing samples, the figure
shows the heatmap and the maximum likelihood tree cluster analysis of the FPKM values of the fresh
leaves (F), solar-withered leaves (SW), turnover treatment repeated three times (T3), and the control
group without turnover treatment repeated three times (CK3). According to the clustering results,
three groups were preliminarily established: A, B, and C. Light-red and light-yellow dots are used to
mark the different expression genes of CsAAAT1 and CsAAAT2 in groups A and B, respectively.
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We used qRT-PCR to verify the expression level of six CsAAAT genes. The results
are shown in Figure 7, where the CsAAAT genes present a convergent expression pattern.
In other words, as the manufacturing progressed, the CsAAAT gene expression level
was significantly upregulated, reaching its maximum in T3, and there was a significant
difference between T3 and CK3. It is worth noting that the solar-withering treatment
significantly promoted the expression level of the CsAAAT2-type genes, while in the
CsAAAT1-type genes, the change in the expression level of fresh leaves after solar-withering
was not significant. Correlation analysis showed that there was a significant positive
correlation between the relative expression of the CsAAAT genes and the FPKM values
(r > 0.70) (Table 2), which confirmed that the key CsAAAT genes regulated the formation of
VBs/VPs during the post-harvest process of oolong tea.

Metabolites 2023, 13, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 6. FPKM of CsAAAT gene transcripts during the manufacturing process of oolong tea based 
on transcriptome data. Based on the transcriptome data of the oolong tea processing samples, the 
figure shows the heatmap and the maximum likelihood tree cluster analysis of the FPKM values of 
the fresh leaves (F), solar-withered leaves (SW), turnover treatment repeated three times (T3), and 
the control group without turnover treatment repeated three times (CK3). According to the 
clustering results, three groups were preliminarily established: A, B, and C. Light-red and light-
yellow dots are used to mark the different expression genes of CsAAAT1 and CsAAAT2 in groups 
A and B, respectively. 

We used qRT-PCR to verify the expression level of six CsAAAT genes. The results are 
shown in Figure 7, where the CsAAAT genes present a convergent expression pattern. In 
other words, as the manufacturing progressed, the CsAAAT gene expression level was 
significantly upregulated, reaching its maximum in T3, and there was a significant 
difference between T3 and CK3. It is worth noting that the solar-withering treatment 
significantly promoted the expression level of the CsAAAT2-type genes, while in the 
CsAAAT1-type genes, the change in the expression level of fresh leaves after solar-
withering was not significant. Correlation analysis showed that there was a significant 
positive correlation between the relative expression of the CsAAAT genes and the FPKM 
values (r > 0.70) (Table 2), which confirmed that the key CsAAAT genes regulated the 
formation of VBs/VPs during the post-harvest process of oolong tea. 

 
Figure 7. RT-qPCR verification of key CsAAAT genes during the post-harvest process of oolong
tea. The relative expression levels of key CsAAAT genes obtained through screening in the fresh tea
leaves (F), solar-withered leaves (SW), turnover treatment repeated three times (T3), control group
without turnover treatment (CK3), and fresh leaves were used as control tissue, where the relative
expression was set to 1.0 (2ˆ0). (A) CsAAAT1-1 gene, (B) CsAAAT1-3 gene, (C) CsAAAT1-6 gene,
(D) CsAAAT1-1 gene, (E) CsAAAT1-3 gene, and (F) CsAAAT1-6 gene. Note: Different uppercase (A, B,
C) and lowercase letters (a, b, c) represent significant differences at p < 0.01 and p < 0.05, respectively.

Table 2. Analysis of the correlation coefficient between the relative expression levels and FPKM
values of key gene transcripts of CsAAAT during the post-harvest process of oolong tea.

CsAAAT Type Gene Name Transcript Correlation
Coefficient Significance

CsAAAT1
CsAAAT1-1 Unigene22082_All 0.824 **
CsAAAT1-3 Unigene13237_All 0.948 **
CsAAAT1-9 Unigene63900_All 0.786 **

CsAAAT2
CsAAAT2-1 CL11783.Contig7_All 0.830 **
CsAAAT2-3 CL11783.Contig12_All 0.851 **
CsAAAT2-6 CL11783.Contig8_All 0.796 **

Evaluation of the correlation between the relative expression level of screened genes and transcriptome data.
The larger the absolute value of the correlation coefficient, the higher the degree of correlation between the two.
** Indicates a highly significant positive correlation between the two.
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3.4. Correlation Analysis between Dynamic Changes in VB/VP Content and CsAAAT Gene
Expression during the Post-Harvest Process of Oolong Tea

Through heatmap analysis of the correlation between the VB/VP content and the
CsAAAT gene expression level during the post-harvest process of oolong tea, we found
that the correlation between the VB/VP content and the CsAAAT gene expression level
was mainly positive (142 pairs, 68.27%), with 80 pairs (56.34%) achieving a significant
positive correlation, while the negative correlation reached a significant level, with only
4 pairs (6.06%) (Figure 8A). Statistically, there were significant (p < 0.05) or extremely
significant (p < 0.01) positive correlations between benzyl alcohol and phenylethanol and
the CsAAAT gene, with 12 and 14, respectively. Among the CsAAAT1-type genes, the
number of significant and above correlations between the CsAAAT1-3 and CsAAAT1-5
genes and VBs/VPs was nine; among the CsAAAT2-type genes, there was a significant or
extremely significant positive correlation between the CsAAAT2-3 gene and 10 VBs/VPs
(Figure 8B). In combination with the cluster analysis of the FPKM of the genes, it was found
that there were three CsAAAT1-type genes and three CsAAAT2-type genes closely related
to VB/VP formation, namely, CsAAAT1-1, CsAAAT1-3, and CsAAAT1-9, and CsAAAT2-1,
CsAAAT2-3, and CsAAAT2-6, respectively. To sum up, the upregulation of the expression
of key CsAAAT genes had significant synergy with the accumulation of VB/VP content.
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Figure 8. Correlation analysis between FPKM of CsAAAT genes and VB/VP content. (A) Heatmap
of the correlation coefficient between the FPKM of CsAAAT genes and VB/VP content during
the manufacturing process of oolong tea. Positive correlations are represented by red dots. The
stronger the correlation, the larger the area and the darker the color of the red dots. Conversely,
blue represents weaker correlations. The arrows below the genes indicate candidate genes with a
significant correlation with VBs/VPs, where those consistent with the results of the cluster screening
are indicated by a solid arrow; otherwise, a hollow arrow is used. (B) Based on the results of the
correlation coefficient heatmap, the figure shows a statistical analysis of VBs/VPs with a correlation
with CsAAAT genes during the manufacturing process of oolong tea. The yellow and blue columns
represent the number of extremely significant (p < 0.01) and significant (p < 0.05) correlations between
the CsAAAT genes and the VBs/VPs, respectively.

3.5. Detection and Analysis of VBs/VPs in Raw Oolong Tea

Sensory evaluation was employed for Rt and Rc, which were produced from T3 and
CK3 under a uniform manufacturing process. The results showed that the aroma of Rt
was fragrant and lasting, with a floral character, basically conforming to the main quality
characteristics of oolong tea; meanwhile, the aroma of Rc exhibited clean and refreshing
sensory characteristics, but with a less gentle, flowery character (Table S4). Targeted
analysis of VB and VP components in raw oolong tea revealed that five types of VBs and
three types of VPs were detected in Rt and Rc. Among them, benzoic acid, 2-hydroxy-,
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pentyl ester was only detected in Rt, and this component was not detected in T3 and R3
(Figure 9A). Through differential analysis, it was found that the content of VBs/VPs in
Rt was significantly higher than that in Rc, except for methyl phenacylacetate (Figure 9B).
Based on the calculation of the OAVs of the VBs/VPs in raw oolong tea, combined with
Table 3, 2-hydroxy benzoic acid methyl ester and phenol alcohol both had OAVs greater
than 1.0 in Rt and Rc. However, the OAV of 2-hydroxy benzoic acid methyl ester in Rt was
more than two times that in Rc, while the OAV of benzyl alcohol was greater than 1.0 in Rt.
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Figure 9. Comparative analysis of volatile benzenoids and volatile phenylpropanoids in raw oolong
tea. (A) Peak area abundance of volatile benzenoids (VBs) in raw oolong tea under different treat-
ments. (B) Peak area abundance of volatile phenylpropanoids (VPs) in raw oolong tea under different
treatments. Black dashed lines are used to distinguish between different VBs/VPs in raw tea. Rt
denotes raw oolong tea from T3 in the experimental group, and Rc denotes raw oolong tea from CK3
in the control group. *, ** Represent significant differences between the relative expression levels and
FPKM values of key transcripts at p < 0.05 and p < 0.01, respectively.

Table 3. The aroma character, concentration, OAV, and threshold of related VBs/VPs in raw oolong tea.

Types Component CAS Character
Concentration

(µg/g) OAV Threshold
(ug/kg)

Rt Rc Rt Rc -

VBs

Benzaldehyde 100-52-7 Bitter almond
odor 10.74 ± 0.44 4.25 ± 0.45 0.68 0.27 350

Benzyl alcohol 100-51-6 Rose flavor 27.38 ± 0.40 8.58 ± 3.28 1.51 0.47 400
2-Hydroxy-,

3-hexenylester,
(z)-benzoicaci

65405-77-8 Fresh fragrance 12.41 ± 0.65 3.92 ± 0.85 - - -

2-hydroxy benzoic acid
methyl ester 119-36-8 Fragrance of holly

oil 22.80 ± 3.67 9.98 ± 3.80 12.56 5.50 40

Benzoic acid,
2-hydroxy-, pentyl

ester
2050-08-0 Orchid fragrance 1.55 ± 0.10 0.00 - - -
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Table 3. Cont.

Types Component CAS Character
Concentration

(µg/g) OAV Threshold
(ug/kg)

Rt Rc Rt Rc -

VPs

Phenylethyl alcohol 60-12-8 Rose-like 197.89 ± 6.10 64.71 ± 6.80 5.81 1.90 750

Methyl phenylacetate 101-41-7 Sweet floral
fragrance 23.59 ± 4.17 24.05 ± 3.37 0.52 0.53 1000

Phenethyl acetate 103-45-7 Rose-like 10.69 ± 0.15 3.45 ± 0.07 - - -

Comparative analysis of the concentrations and aroma contributions of 5 VBs and 3 VPs detected in raw tea.
VBs: volatile benzenoids; VPs: volatile phenylpropanoids; CAS: Chemical Abstracts Service; Rt: raw oolong tea
from T3 in the experimental group; Rc: raw oolong tea from CK3 in the control group; OVA: odor activity value.
Threshold values are mainly taken from http://www.odour.org.uk/lriindex.html, accessed 20 May 2023. “-”
Indicates that the threshold of the substance is still unknown.

4. Discussion
4.1. Dynamic Changes in VBs/VPs in Oolong Tea Products

VBs/VPs play an important role in the formation of oolong tea’s natural floral and
fruity aroma [12]. Benzaldehyde, a key intermediate of VBs, gradually decreased in
content during the solar-withering stage, but after the turnover treatment, its content
significantly increased (p < 0.01), indicating that the accumulation of benzaldehyde had
no significant effect under light or heat stress during the solar-withering process but
significantly responded to mechanical stress during turnover. However, the dynamic
change in the benzyl alcohol content during the solar-withering stage was exactly the
opposite of that in the benzaldehyde content, which conformed to the transformation rule
of trans-cinnamic acid (PAL branch) and indirectly indicated that the solar-withering and
turnover treatments were effective measures for gradually promoting the formation of
VBs in oolong tea. However, Chen S et al. (2020) and Liu PP et al. (2018) pointed out that
the content of benzaldehyde and benzyl alcohol did not significantly change during the
manufacturing process of Tieguanyin oolong tea [24,38]. This result was different from
our results, which might be due to the differences in tea varieties and the intensity of
the turnover treatment. Oolong tea made from the ‘Huangdan’ variety is famous for its
strong aroma, while the ‘Tieguanyin’ variety has a more peaceful aroma. Wang Z Q et al.
(2015) found that the content of benzyl alcohol, phenylethanol, and phenylacetaldehyde
in Huangdan black tea was higher than that in Tieguanyin black tea [39]. These studies
suggest that the quality characteristics of the strong aroma of Huangdan oolong tea are
related to the accumulation of VBs/VPs during manufacturing. More importantly, the
content of benzyl alcohol in T3 was higher than that in CK3, indicating that the spreading
treatment was an effective way to facilitate the accumulation of benzyl alcohol. On the
contrary, in terms of VBs, there was generally a significant increase in T3, and a significant
difference compared to CK3. Cho et al. (2007) found that the content of benzaldehyde
in tea leaves treated with turnover treatments with 5 repetitions increased by 236 times,
and the content of benzyl alcohol and phenethyl alcohol also increased by 38 times and
41 times, respectively [40], in line with our results. Therefore, it is speculated that further
aggravation of the mechanical stress of turnover is an effective measure for promoting the
generation and accumulation of VBs/VPs.

4.2. Expression Analysis and Regulation of Key CsAAAT Genes during the Post-Harvest Process of
Oolong Tea

Upregulation of key structural genes in metabolic pathways is a prerequisite for the
formation and accumulation of VBs/VPs [41]. We found that both the CsAAAT1 and
CsAAAT2 genes had a significantly upregulated expression during the post-harvest process
of oolong tea, and there was an obvious stress response to the exogenous abiotic stress of the
mechanical force of turnover. Combined with the phylogenetic tree of the CsAAAT genes,
the result showed that there is a highly conservative type in the sequence of the aromatic
amino acid aminotransferase gene family in tea plants [42], along with a convergence effect
on the expression patterns. It is important to highlight that methyl phenylacetate was

http://www.odour.org.uk/lriindex.html
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the only VP that was not significantly correlated with all CsAAAT genes, which might
indicate a relationship between the formation of this substance and the PAAS branch, rather
than the AAAT branch. There was a generally strong positive correlation between VBs
and key CsAAAT genes, suggesting a convergence effect in the formation of VBs both in
the PAL and AAAT branches during the post-harvest process of oolong tea. This result
agrees well with previous studies. For example, Wang et al. (2018) reported the expression
patterns of CsAAAT genes under pre-harvest treatment of fresh tea leaves. There was no
significant change in the expression level of CsAAAT1-type genes during solar-withering,
but the expression levels of three CsAAAT2-type genes in SW were significantly higher than
those in F, indicating that the CsAAAT1 gene might be dominant in response to mechanical
stress caused by turnover, while the CsAAAT2 gene may respond to not only mechanical
stress but also light and heat stress caused by solar-withering treatment. This is basically
consistent with the viewpoint proposed by Yu XL (2021) that “yellow light treatment could
promote the metabolism of VBs/VPs during the spreading treatment, a process similar to
solar-withering, which enhanced the formation of high aroma quality of green tea” [43].
Furthermore, our results are similar to those reported by Hirata H et al. (2016), who found
that “the petals of roses activate AAAT to catalyze L-phe synthesis of phenylpyruvate
under high temperature stress in summer” [44]. The low sensitivity of CsAAAT1-type genes
to temperature might be related to the spatial expression differences in this type of gene.
Therefore, we speculated that the expression abundance of CsAAAT1-type genes might be
lower than that of CsAAAT2-type genes under heat stress during the post-harvest process
of oolong tea.

After the turnover treatment, VBs/VPs changed and volatilized under green-killing
and rolling treatments, and finally, only four types of VBs and three types of VPs were
left in the raw oolong tea. Interestingly, benzoic acid, 2-hydroxy-, pentyl ester was only
identified in Rt, indicating that after drying, the VB components in the tea leaves were
still changing and forming through non-enzymatic conversion, which would eventually
contribute to the aromatic quality of oolong tea, to some extent. These results are in line
with those of a previous study [45], wherein short-term solar-withering facilitated the
accumulation and release of volatile components. As for benzyl alcohol, phenyl ethanol,
and methyl salicylate, these components all contributed to a long-lasting floral fragrance in
Rt, similar to previous studies.

5. Conclusions

In this research, the relative content of VBs/VPs was quantitatively analyzed using
GC-TOF-MS technology, and the key VB/VP components contributing to the aromatic
quality of oolong tea were identified based on the OAV calculation. Furthermore, the key
CsAAAT genes were screened by combining a tea genome database and a transcriptome
database of oolong tea processing samples. The following conclusions were drawn:

(1) A total of 13 types of VBs/VPs were measured in the samples, including 9 types of
VPs and 4 types of VBs, and the mechanical force of turnover was the key exogenous
stress inducing VBs/VPs (excluding methyl phenylacetate).

(2) The OAVs of 2-hydroxy benzoic acid methyl ester and phenylethyl alcohol were
greater than 1.0; therefore, these specific VB/VP components could be considered key
components contributing to the aromatic quality of oolong tea.

(3) Six key CsAAAT genes closely related to VB/VP formation were screened, namely,
CsAAAT1-1, CsAAAT1-3, CsAAAT1-9, CsAAAT2-1, CsAAAT2-3, and CsAAAT2-6.

(4) The upregulation of the expression level of CsAAAT2-type genes may respond to light
stress during solar-withering, in addition to the induction of the mechanical force
of turnover.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo13070868/s1, Figure S1: The melting curve plot of key
CsAAAT genes during the post-harvest process of oolong tea. Figure S2: The electrophoretogram
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of total RNA of tea leaf samples during the post-harvest processing steps. Table S1: The specific
primers for qRT-PCR. Table S2: The concentration and A260/A280 ratios of the total RNA of samples.
Table S3: The nucleic acid sequence of 16 candidate CsAAAT genes. Table S4: Sensory evaluation
results of raw oolong tea.

Author Contributions: Conceptualization, Y.S.; software, S.Z.; validation, L.C.; resources, H.R.;
writing—original draft and reviewing, Z.Z.; writing—original draft and reviewing, Q.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Fujian, China (2021J05271),
the China Agriculture Research System of MOF and MARA (CARS-19), and the Scientific Research
Foundation of Ningde Normal University (2022Y05).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article or the Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, Z.H.; Gan, S.; Sun, W.J.; Chen, Z.D. Widely Targeted Metabolomics Analysis Reveals the Differences of Nonvolatile

Compounds in Oolong Tea in Different Production Areas. Foods 2022, 11, 1057. [CrossRef] [PubMed]
2. Zhang, S.; Duangjan, C.; Tencomnao, T.; Liu, J.; Lin, J.; Wink, M. Neuroprotective effects of oolong tea extracts against glutamate-

induced toxicity in cultured neuronal cells and β-amyloid-induced toxicity in Caenorhabditis elegans. Food Funct. 2020, 11,
8179–8192. [CrossRef] [PubMed]

3. Wang, M.Q.; Ma, W.J.; Shi, J.; Zhu, Y.; Lin, Z.; Lv, H.P. Characterization of the key aroma compounds in Longjing tea using stir bar
sorptive extraction (SBSE) combined with gas chromatography-mass spectrometry (GC-MS), gas chromatography-olfactometry
(GC-O), odor activity value (OAV), and aroma recombination. Food Res. Int. 2020, 130, 108908. [CrossRef] [PubMed]

4. Zheng, Y.C.; Hu, Q.C.; Wu, Z.J.; Bi, W.J.; Chen, B.; Hao, Z.L.; Wu, L.Y.; Ye, N.X.; 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]

5. Zhang, C.; Zhou, C.Z.; Xu, K.; Tian, C.Y.; Zhang, M.C.; Lu, L.; Zhu, C.; Lai, Z.X.; Guo, Y.Q. A Comprehensive Investigation of
Macro-Composition and Volatile Compounds in Spring-Picked and Autumn-Picked White Tea. Foods 2022, 11, 3628. [CrossRef]

6. Zeng, L.T.; Zhou, X.C.; Su, X.G.; Yang, Z.Y. Chinese oolong tea: An aromatic beverage produced under multiple stresses. Trends
Food Sci. Tech. 2020, 106, 242–253. [CrossRef]

7. Zhou, Z.W.; Wu, Q.Y.; Yao, Z.L.; Deng, H.L.; Liu, B.B.; Yue, C.; Deng, T.T.; Lai, Z.X.; Sun, Y. Dynamics of ADH and related genes
responsible for the transformation of C6-aldehydes to C6-alcohols during the postharvest process of oolong tea. Food Sci. Nutr.
2020, 8, 104–113. [CrossRef]

8. Zhou, Z.W.; Deng, H.L.; Wu, Q.Y.; Liu, B.B.; Yue, C.; Deng, T.T.; Lai, Z.X.; Sun, Y. Validation of reference genes for gene expression
studies in post-harvest leaves of tea plant (Camellia sinensis). PeerJ 2019, 7, e6385. [CrossRef] [PubMed]

9. Zeng, L.T.; Watanabe, N.; Yang, Z.Y. Understanding the Biosyntheses and Stress Response Mechanisms of Aroma Compounds in
Tea (Camellia sinensis) to Safely and Effectively Improve Tea Aroma. Crit. Rev. Food Sci. 2019, 59, 2321–2334. [CrossRef]

10. Zhou, Z.W.; Wu, Q.Y.; Ni, Z.X.; Hu, Q.C.; Yang, Y.; Zheng, Y.C.; Bi, W.J.; Deng, H.L.; Liu, Z.Z.; Ye, N.X.; et al. Metabolic Flow of C6
Volatile Compounds from LOX-HPL Pathway Based on Airflow during the Post-harvest Process of Oolong Tea. Front. Plant Sci.
2021, 12, 738445. [CrossRef]

11. Fu, X.M.; Chen, Y.Y.; Mei, X.; Katsuno, T.; Kobayashi, E.; Dong, F.; Watanabe, N.; Yang, Z.Y. Regulation of Formation of Volatile
Compounds of Tea (Camellia sinensis) Leaves by Single Light Wavelength. Sci. Rep. 2017, 5, 16858. [CrossRef] [PubMed]

12. Yang, Z.Y.; Baldermann, S.; Watanabe, N. Recent Studies of the Volatile Compounds in Tea. Food Res. Int. 2013, 53, 585–599.
[CrossRef]

13. Khakdan, F.; Alizadeh, H.; Ranjbar, M. Molecular Cloning, Functional Characterization and Expression of a Drought Inducible
Phenylalanine Ammonia-Lyase Gene (ObPAL) from Ocimum basilicum L. Plant Physiol. Bioch. 2018, 130, 464–472. [CrossRef]
[PubMed]

14. Günther, J.; Schmidt, A.; Gershenzon, J.; Köllner, T.G. Phenylacetaldehyde Synthase 2 Does Not Contribute to the Constitutive
Formation of 2-phenylethyl-β-D-glucopyranoside in Poplar. Plant Signal. Behav. 2019, 14, 1668233. [CrossRef] [PubMed]

15. Gonda, I.; Bar, E.; Portnoy, V.; Lev, S.; Burger, J.; Schaffer, A.A.; Tadmor, Y.; Gepstein, S.; Giovannoni, J.J.; Katzir, N.; et al.
Branched-Chain and Aromatic Amino Acid Catabolism into Aroma Volatiles in Cucumis Melo L. Fruit. J. Exp. Bot. 2010, 61,
1111–1123. [CrossRef]

16. Dong, F.; Yang, Z.Y.; Baldermann, S.; Kajitani, Y.; Ota, S.; Kasuga, H.; Imazeki, Y.; Ohnishi, T.; Watanabe, N. Characterization
of L-Phenylalanine Metabolism to Acetophenone and L-Phenylethanol in the Flowers of Camellia sinensis Using Stable Isotope
Labeling. J. Plant Physiol. 2011, 169, 217–225. [CrossRef] [PubMed]

https://doi.org/10.3390/foods11071057
https://www.ncbi.nlm.nih.gov/pubmed/35407144
https://doi.org/10.1039/D0FO01072C
https://www.ncbi.nlm.nih.gov/pubmed/32966472
https://doi.org/10.1016/j.foodres.2019.108908
https://www.ncbi.nlm.nih.gov/pubmed/32156355
https://doi.org/10.1016/j.lwt.2022.113666
https://doi.org/10.3390/foods11223628
https://doi.org/10.1016/j.tifs.2020.10.001
https://doi.org/10.1002/fsn3.1272
https://doi.org/10.7717/peerj.6385
https://www.ncbi.nlm.nih.gov/pubmed/30723635
https://doi.org/10.1080/10408398.2018.1506907
https://doi.org/10.3389/fpls.2021.738445
https://doi.org/10.1038/srep16858
https://www.ncbi.nlm.nih.gov/pubmed/26567525
https://doi.org/10.1016/j.foodres.2013.02.011
https://doi.org/10.1016/j.plaphy.2018.07.026
https://www.ncbi.nlm.nih.gov/pubmed/30077922
https://doi.org/10.1080/15592324.2019.1668233
https://www.ncbi.nlm.nih.gov/pubmed/31532355
https://doi.org/10.1093/jxb/erp390
https://doi.org/10.1016/j.jplph.2011.12.003
https://www.ncbi.nlm.nih.gov/pubmed/22209218


Metabolites 2023, 13, 868 15 of 16

17. Hiroshi, H.; Toshiyuki, O.; Haruka, I.; Kensuke, T.; Miwa, S.; Masakazu, H.; Naoharu, W. Functional Characterization of Aromatic
Amino Acid Aminotransferase Involved in 2-phenylethanol Biosynthesis in Isolated Rose Petal Protoplasts. J. Plant Physiol. 2012,
169, 444–451. [CrossRef]

18. Wang, X.Q.; Zeng, L.T.; Liao, Y.Y.; Zhou, Y.; Xu, X.L.; Dong, F.; Yang, Z.Y. An Alternative Pathway for the Formation of Aromatic
Aroma Compounds Derived from L-Phenylalanine Via Phenylpyruvic Acid in Tea (Camellia sinensis (L.) O. Kuntze) leaves. Food
Chem. 2019, 270, 17–24. [CrossRef]

19. Zhu, J.C.; Chen, F.; Wang, L.Y.; Niu, Y.W.; Yu, D.; Shu, C.; Chen, H.X.; Wang, H.L.; Xiao, Z.B. Comparison of Aroma-Active
Volatiles in Oolong Tea Infusions Using GC-Olfactometry, GC-FPD, and GC-MS. J. Agric. Food Chem. 2015, 63, 7499–7510.
[CrossRef]

20. Shi, J.; Xie, D.C.; Qi, D.D.; Peng, Q.H.; Chen, Z.M.; Schreiner, M.; Lin, Z.; Baldermann, S. Methyl Jasmonate-Induced Changes of
Flavor Profiles During the Processing of Green, Oolong, and Black Tea. Front. Plant Sci. 2019, 10, 781. [CrossRef]

21. Zhou, C.J.; Guo, S.J.; Zhuang, D.H.; Ma, R.J.; Zhu, H.; Wu, Q.H.; Li, M.Q.; Chen, X.D. Comparison of Simultaneous Distillation
Extraction (SDE) with Purge and Trap Thermal Desorption (P&T-TD) for the Analysis of Aroma Compounds in Tea Made
from Two Cultivars of Fenghuang Dancong by Gas Chromatpraphy-Mass Spectrometry (GC-MS). Food Sci. 2015, 36, 137–142.
(In Chinese) [CrossRef]

22. Zhou, Z.W.; Wei, Y.Y.; Wu, Q.Y.; Fan, L.J.; Rao, H.T.; Chen, Y.Y.; Wu, L.Z.; Dai, B.B.; Cai, L.W.; Zheng, S.Z.; et al. Effects of
Differential Green-Making by Airflow Factors on the Aroma Quality of Oolong Tea. Trans. Chin. Soc. Agr. Eng. 2022, 38, 240–248.
(In Chinese) [CrossRef]

23. Liang, S.; Wang, F.; Granato, D.; Zhong, X.; Xiao, A.-F.; Ye, Q.; Li, L.; Zou, C.; Yin, J.-F.; Xu, Y.-Q. Effect of β-Glucosidase on the
Aroma of Liquid-fermented Black Tea Juice as An Ingredient for Tea-Based Beverages. Food Chem. 2023, 402, 134201. [CrossRef]
[PubMed]

24. Chen, S.; Liu, H.H.; Zhao, X.M.; Li, X.L.; Shan, W.N.; Wang, X.X.; Wang, S.S.; Yu, W.Q.; Yang, Z.B.; Yu, X.M. Non-targeted
Metabolomics Analysis Reveals Dynamic Changes of Volatile and Non-volatile Metabolites during Oolong Tea Manufacture.
Food Res. Int. 2020, 128, 108778. [CrossRef]

25. Wu, L.Y.; Wang, Y.H.; Liu, S.H.; Sun, Y.; Li, C.X.; Lin, J.K.; Wei, S. The Stress-induced Metabolites Changes in the Flavor Formation
of Oolong Tea during Enzymatic-catalyzed Process: A Case Study of Zhangping Shuixian Tea. Food Chem. 2022, 391, 13319.
[CrossRef] [PubMed]

26. Sas, C.; Müller, F.; Kappel, C.; Kent, T.V.; Wright, S.I.; Hilker, M.; Lenhard, M. Repeated Inactivation of the First Committed
Enzyme Underlies the Loss of Benzaldehyde Emission after the Selfing Transition in Capsella. Curr. Biol. 2016, 26, 3313–3319.
[CrossRef] [PubMed]

27. Klempien, A.; Kaminaga, Y.; Qualley, A.; Nagegowda, D.A.; Widhalm, J.R.; Orlova, I.; Shasany, A.K.; Taguchi, G.; Kish, C.M.;
Cooper, B.R.; et al. Contribution of CoA Ligases to Benzenoid Biosynthesis in Petunia Flowers. Plant Cell. 2012, 24, 2015–2030.
[CrossRef]

28. Kapteyn, J.; Qualley, A.V.; Xie, Z.Z.; Fridman, E.; Dudareva, N.; Gang, D.R. Evolution of Cinnamate/p-Coumarate Carboxyl
Methyltransferases and Their Role in the Biosynthesis of Methylcinnamate. Plant Cell. 2007, 19, 3212–3229. [CrossRef]

29. Adebesin, F.; Widhalm, J.R.; Lynch, J.H.; McCoy, R.M.; Dudareva, N.A. Peroxisomal Thioesterase Plays Auxiliary Roles in Plant
β-Oxidative Benzoic Acid Metabolism. Plant J. 2018, 93, 905–916. [CrossRef]

30. Widhalm, J.R.; Gutensohn, M.; Yoo, H.; Adebesin, F.; Qian, Y.C.; Guo, L.Y.; Jaini, R.; Lynch, J.H.; McCoy, R.M.; Shreve, J.T.; et al.
Identification of A Plastidial Phenylalanine Exporter that Influences Flux Distribution Through the Phenylalanine Biosynthetic
Network. Nat. Commun. 2015, 6, 8142. [CrossRef]

31. Tieman, D.; Taylor, M.; Schauer, N.; Fernie, A.R.; Hanson, A.D.; Klee, H.J. Tomato Aromatic Amino Acid Decarboxylases
Participate in Synthesis of the Favor Volatiles 2-Phenylethanol and 2-Phenylacetaldehyde. Proc. Natl. Acad. Sci. USA 2006, 103,
8287–8292. [CrossRef] [PubMed]

32. Roccia, A.; Oyan, H.L.; Cavel, E.; Caissard, J.; Machenaud, J.; Thouroude, T.; Jeauffre, J.; Bony, A.; Dubois, A.; Vergne, P.; et al.
Biosynthesis of 2-Phenylethanol in Rose Petals is Linked to the Expression of One Allele of RhPAAS. Plant Physiol. 2019, 3,
1064–1079. [CrossRef] [PubMed]

33. Makino, Y.; Itoh, N. Development of an Improved Phenylacetaldehyde Reductase Mutant by An Efficient Selection Procedure.
Appl. Microbiol. Biot. 2014, 98, 4437–4443. [CrossRef] [PubMed]

34. Gui, J.; Fu, X.; Zhou, Y.; Katsuno, T.; Mei, X.; Deng, R.; Xu, X.; Zhang, L.; Dong, F.; Watanabe, N.; et al. Does Enzymatic Hydrolysis
of Glycosidically Bound Volatile Compounds Really Contribute to the Formation of Volatile Compounds during the Oolong Tea
Manufacturing Process? J. Agric. Food Chem. 2015, 63, 6905–6914. [CrossRef]

35. Wu, Q.; Zhou, Z.; Zhang, Y.; Huang, H.; Ou, X.; Sun, Y. Identification of Key Components Responsible for the Aromatic Quality of
Jinmudan Black Tea by Means of Molecular Sensory Science. Foods 2023, 12, 1794. [CrossRef]

36. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef]
37. Zhou, Z.W.; Liu, B.S.; Wu, Q.Y.; Bi, W.J.; Ni, Z.X.; Lai, Z.X.; Sun, Y. Formation and Regulation of Aroma Related Volatiles during

the Manufacturing Process of Wuyi Rougui Tea via LOX-HPL Pathway. J. Food Sci. Biotechnol. 2021, 40, 100–111. (In Chinese)
38. Liu, P.P.; Yin, J.F.; Chen, G.S.; Wang, F.; Xu, Y.Q. Flavor Characteristics and Chemical Compositions of Oolong Tea Processed

Using Different Semi-Fermentation times. J. Food Sci. Technol. 2018, 55, 1185–1195. [CrossRef]

https://doi.org/10.1016/j.jplph.2011.12.005
https://doi.org/10.1016/j.foodchem.2018.07.056
https://doi.org/10.1021/acs.jafc.5b02358
https://doi.org/10.3389/fpls.2019.00781
https://doi.org/10.7506/spkx1002-6630-201518025
https://doi.org/10.11975/j.issn.1002-6819.2022.21.028
https://doi.org/10.1016/j.foodchem.2022.134201
https://www.ncbi.nlm.nih.gov/pubmed/36122474
https://doi.org/10.1016/j.foodres.2019.108778
https://doi.org/10.1016/j.foodchem.2022.133192
https://www.ncbi.nlm.nih.gov/pubmed/35597038
https://doi.org/10.1016/j.cub.2016.10.026
https://www.ncbi.nlm.nih.gov/pubmed/27916528
https://doi.org/10.1105/tpc.112.097519
https://doi.org/10.1105/tpc.107.054155
https://doi.org/10.1111/tpj.13818
https://doi.org/10.1038/ncomms9142
https://doi.org/10.1073/pnas.0602469103
https://www.ncbi.nlm.nih.gov/pubmed/16698923
https://doi.org/10.1104/pp.18.01468
https://www.ncbi.nlm.nih.gov/pubmed/30622153
https://doi.org/10.1007/s00253-013-5406-8
https://www.ncbi.nlm.nih.gov/pubmed/24352730
https://doi.org/10.1021/acs.jafc.5b02741
https://doi.org/10.3390/foods12091794
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1007/s13197-018-3034-0


Metabolites 2023, 13, 868 16 of 16

39. Wang, Z.Q.; Tang, Q.; Chen, J.L.; Guo, X.; Xu, Y. Analysis of the Suitability for Making Black Tea and Aroma Components of Black
Tea Produced by Mingke1,Tieguanyin, and Huangyan Introduced to Sichuan. Food Ferment. Ind. 2015, 41, 192–197. (In Chinese)

40. Cho, J.Y.; Mizutani, M.; Shimizu, B.; Kinoshita, T.; Ogura, M.; Tokoro, K.; Lin, M.L.; Sakata, K. Chemical Profiling and Gene
Expression Profiling during the Manufacturing Process of Taiwan Oolong Tea “Oriental Beauty”. Biosci. Biotech. Bioch. 2007, 71,
1476–1486. [CrossRef]

41. Qiao, Z.L.; Hu, H.Z.; Yan, B.; Chen, L.Q. Advances of Researches on Biosynthesis and Regulation of Floral Volatile Ben-
zenoids/Phenylpropanoids. Acta Hortic. Sin. 2021, 48, 1815–1826. (In Chinese)

42. Cong, X.Z.; Li, X.L.; Li, S.T. Crystal Structure of the Aromatic-amino-acid Aminotransferase from Streptococcus mutans. Acta
Crystallogr. F 2019, 75, 141–146. [CrossRef] [PubMed]

43. Yu, X.L. Effects of Different Withering Methods on Components Metabolism Related to Color, Aroma and Taste Quality in Green
Tea. Ph.D. Thesis, Huangzhong Agricultural University, Wuhan, China, 2020; pp. 97–102. (In Chinese).

44. Hirata, H.; Ohnishi, T.; Tomida, K.; Ishida, H.; Kanda, M.; Sakai, M.; Yoshimura, J.; Suzuki, H.; Ishikawa, T.; Dohra, H.; et al.
Seasonal Induction of Alternative Principal Pathway for Rose Flower Scent. Sci. Rep. 2016, 6, 20234. [CrossRef] [PubMed]

45. Deng, H.L.; Chen, S.S.; Zhou, Z.Z.; Li, X.L.; Chen, S.; Hu, J.; Lai, Z.X.; Sun, Y. Transcriptome Analysis Reveals the Effect of
Short-Term Sunlight on Aroma Metabolism in Postharvest Leaves of Oolong Tea(Camellia sinensis). Food Res. Int. 2020, 137, 109347.
[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/10.1271/bbb.60708
https://doi.org/10.1107/S2053230X18018472
https://www.ncbi.nlm.nih.gov/pubmed/30713166
https://doi.org/10.1038/srep20234
https://www.ncbi.nlm.nih.gov/pubmed/26831950
https://doi.org/10.1016/j.foodres.2020.109347

	Introduction 
	Materials and Methods 
	Plant Materials and Treatments 
	Extraction and Detection of Volatile Compounds 
	Genome and Transcriptome Data Sources and Screening 
	Construction of Phylogenetic Evolutionary Tree 
	Extraction of Total RNA and Synthesis of cDNA 
	qRT-PCR Conditions 
	Data Analysis 

	Results 
	Analysis of the Dynamic Changes in VBs/VPs during the Post-Harvest Process of Oolong Tea 
	Evaluation of Total RNA Quality 
	Screening and Analysis of CsAAAT Genes during the Post-Harvest Process of Oolong Tea 
	Correlation Analysis between Dynamic Changes in VB/VP Content and CsAAAT Gene Expression during the Post-Harvest Process of Oolong Tea 
	Detection and Analysis of VBs/VPs in Raw Oolong Tea 

	Discussion 
	Dynamic Changes in VBs/VPs in Oolong Tea Products 
	Expression Analysis and Regulation of Key CsAAAT Genes during the Post-Harvest Process of Oolong Tea 

	Conclusions 
	References

