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ARTICLE INFO ABSTRACT

Keywords: Aroma plays a pivotal role in the quality of black tea. However, the acceptability of black tea is greatly limited by
Green off-flavor the green off-flavor (GOF) resulting from the inappropriate processing control. In this study, the key odorants
Black tea causing GOF were investigated by volatolomics, and their dynamic changes and formation pathways were in-
ggfﬁ?se depth understood. Significant alterations in volatile metabolites were observed in the withering stage. A total
GC-MS of 14 key odorants were identified as contributors to GOF, including 2-methylpropanal, 3-methylbutanal, 1-hex-
GC-O-MS anol, nonanal, (E, E)-2,4-heptadienal, benzaldehyde, linalool, (E, E)-3,5-octadiene-2-one, -cyclocitral, phenyl-

acetaldehyde, (E, E)-2,4-nonadienal, methyl salicylate, geraniol, and p-ionone. Among them, (E, E)-2,4-
heptadienal (OAV = 3913), characterized by fatty, green, and oily aromas, was considered to be the most
important contributor causing GOF. Moreover, it was found that lipid degradation served as the primary
metabolic pathway for GOF. This study provides a theoretical foundation for off-flavor control and quality

improvement of black tea.

1. Introduction

As a fully fermented tea, black tea is the second most consumed tea
after green tea among six kinds of tea in China. It is favored by con-
sumers due to its captivating flavor and diverse health benefits such as
anti-inflammatory, anti-cancer, antioxidant, and hypoglycemic effects
(Yang, Hua, et al., 2020). Typically, the manufacturing processes of
black tea mainly include withering, rolling, fermentation, and drying,
each of which has an important effect on the flavor quality of black tea
(Yang, Wang, et al., 2024). To date, numerous studies have primarily
focused on the effect of the processing technology on charming flavor,
such as floral aroma, fruity aroma, sweet fragrance, etc. (Chen, Yang,
et al., 2022; Yang, Hua, et al., 2020). For instance, researchers have
extensively delved into the dynamic changes of volatile and non-volatile
metabolites in sweet aroma black tea throughout the processing stages
(Yang, Xie, et al., 2024). Green off-flavor (GOF), also known as greenish
odor, is described as a particularly unpleasant odor that smells like
uncooked green vegetables. And it is mainly caused by inappropriate
processing control. Nevertheless, to date, details regarding the key
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odorants responsible for the defective flavor in black tea have been
seldom investigated. Additionally, the dynamic changes and formation
mechanisms of defective flavor during processing remain poorly un-
derstood, hampering both quality enhancement and technological im-
provements in black tea production. At the same time, it is also a key
technical bottleneck restricting the high-quality development of the
black tea industry.

Aroma is one of the important factors to evaluate the quality of tea,
which greatly affects consumers’ purchase desire and acceptance. At
present, tea aroma mainly relies on the sensory evaluation of experts,
leading to subjective differences and poor repeatability. Rapid and
objective instrumental analysis is urgently needed. By mimicking the
human olfactory system, the electronic nose (e-nose) is capable of
recognizing a variety of odors for volatile profile characterization. Un-
like traditional e-nose based metal oxide sensors, which is prone to
signal drift and contamination, gas chromatography-based electronic
nose (GC-E-Nose) combines the benefits of sensor technology and fast
gas chromatography to provide more volatile information (Xie et al.,
2023; Yang, Hua, et al., 2020). Gas chromatography-mass spectrometry
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(GC-MS) has been widely used in the flavor analysis due to its excellent
qualitative and quantitative capabilities (Rong et al., 2023; Yang et al.,
2018; Yang, Zhang, et al., 2020). Nevertheless, advanced analytical
techniques for distinguishing low-concentration flavor components
from highly complex tea samples are still sought after. As a promising
analytical technique, gas chromatography-ion mobility spectrometry
(GC-IMS) can work under ambient pressure and temperature, with the
advantages of simple operation, extraordinary sensitivity (ppb level),
good selectivity and easy miniaturization (Wang et al., 2023). Moreover,
it offers the advantage of visualizing the differences between samples
with color contour images. Currently, GC-IMS has been successfully
applied to distinguish different flavors of black tea and characterize the
processing process of chestnut-like aroma green tea (Yang et al., 2022;
Yang, Qian, Deng, Yuan, & Jiang, 2022). To date, more than 700 volatile
compounds have been reported in tea. Only a small number of volatile
components have aroma activity and are responsible for the overall
aroma characteristics of tea. Gas chromatography-olfactometry-mass
spectrometry (GC-O-MS) technique is a useful tool for exploring the
key aroma-active substances and has been extensively utilized in the
flavor analysis of various tea samples (Li et al., 2023; Uselmann &
Schieberle, 2015; Zhao et al., 2022).

As a new field of metabolomics, volatolomics employs various
analytical techniques to qualitatively and quantitatively characterize
the volatile metabolites in targeted samples (Chen et al., 2023; Wang
et al., 2023; Yang, Wang, et al., 2024). In view of the variability and
complexity of volatile components in tea, it is of great significance to
comprehensively characterize the aroma characteristics by integrating
various flavor analysis techniques. The aim of this study was to inves-
tigate the dynamic changes of volatile profiles of GOF black tea during
processing by a combination of GC-E-Nose, GC-IMS, and GC-MS.
Furthermore, the key odorants responsible for the GOF were screened
using the odor activity value (OAV) and GC-O-MS. The possible for-
mation pathways of these key odor components were elucidated. The
results expand our understanding on the formation of the off-flavor and
lay a theoretical foundation for off-flavor control and enhancement in
black tea.

2. Materials and methods
2.1. Samples and chemicals

The fresh leaves (FL) were collected from Shengzhou, Zhejiang
Province, in mid-April 2021. All the samples were made from Camella
sinensis cv. ‘Jiukeng’ with one-bud-one-leaf to one-bud-two-leave. The
typical processing processes encompassed withering, rolling, fermenta-
tion, first drying, and final firing, and the specific process parameters
were shown in Fig. S1. The processed samples were freeze-dried in a
vacuum freeze-dryer and then stored at —20 °C in the refrigerator along
with the finished tea for subsequent analysis.

Ethyl decanoate was purchased from TCI Chemical Industry Devel-
opment Co., Ltd. (Shanghai, China). Purified water was obtained from
Hangzhou Wahaha Group Co., Ltd. (Hangzhou, China). The n-alkane
(C7-C40) mixtures were purchased from sigma-Aldrich (Shanghai,
China). Headspace vials (20 mL) were obtained from Agilent Technol-
ogies Inc. (Palo Alto, CA, U.S.A). The n-ketones (C4-C9) were purchased
from Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing, China).
The information of standard substances used in this study were listed in
Table S1.

2.2. Sensory evaluation

The tea samples were accessed in accordance with GB/T
23776-2018, and ethical permission was not required. The finished
black tea samples underwent evaluation by 5 experienced experts who
gave their consent to take part and use their information (2 females and
3 males, aged between 30 and 55 years old) with the title of senior tea
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assessor. To be specific, 3 g of tea samples were put into a white por-
celain cup, and 150 mL of boiling water was added and brewed for 5
min, then the infusion was strained out. A percentage system was used
for evaluation, in which appearance, liquor color, aroma, taste and
infused leaf accounted for 20%, 10%, 25%, 30% and 10%, respectively.
The results of sensory evaluation were listed in Table S2. By repeated
confirmation, the aroma of the finished black tea samples was defined as
green off-flavor.

2.3. Gas chromatography electronic nose analysis

The volatile fingerprints of GOF black tea during processing were
carried out on a Heracles II GC-E-Nose (Alpha M.O.S., Toulouse, France).
Detailed parameters for analysis were referenced from previous studies
with minor modification (Yang, Wang, et al., 2024). Briefly, tea samples
(0.5 g) and purified water (3 mL) were introduced into a 20-mL head-
space vial with an incubation temperature of 65 °C and incubation
duration of 30 min. The agitation speed was 500 rpm. A total of 5000 pL
headspace was introduced into the injection port system at an injection
rate of 250 pL/s. Volatile compounds were trapped at 40 °C for 55 s
using a Tenax TA trap, followed by thermal desorption at 240 °C for 30 s.
Two different polarity columns (MXT-5 and MXT-1701, 20 m x 0.18
mm x 0.4 pm, Restek, USA) were used to separate the volatile com-
pounds. The temperature program was as follows: maintained at 50 °C
for 2 s, then ramped to 80 °C with a rate of 0.2 °C /s, and finally
increased to 250 °C at a rate of 0.8 °C /s (holding for 96 s). The tem-
perature of two flame ionization detectors (FIDs) was set at 260 °C and
the gain factor was set to 12. The length of the entire analysis was 460 s.
All analyses were performed in triplicate.

2.4. Gas chromatography-ion mobility spectrometry analysis

A commercial GC-IMS instrument (Flavourspec®, G.A.S, Dortmund,
Germany) was used to analyze the fingerprint of GOF black tea at
different processing stages. The analysis conditions were referred to our
previous studies (Yang, Xie, et al., 2024). Specifically, accurately
weighed 1.0 g of tea samples were placed into a sealed 20-mL headspace
vial and incubated at 60 °C for 15 min with a shaking speed of 500 rpm.
After the incubation process, 500 pL of headspace was injected into the
injection port through a syringe heated at 85 °C. An MXT-5 capillary
column (15m x 0.53 mm x 1 pm, Restek, Beijing, China) was performed
for volatile component separation, and the column temperature was set
at 60 °C. High-purity nitrogen (99.999%) was employed as carrier gas.
The programmed flow rate was set as follows: 2 mL/min ranged from 0
min to 2 min and 100 mL/min ranged from 2 min to 20 min. The tem-
perature of the drift tube was set at 45 °C, and the flow rate of the drift
gas (Ng, 99.999%) in the drift tube was 150 mL/min. Each sample was
subjected to analysis in triplicate.

The retention index (RI) of GOF black tea was calculated using n-
ketone C4-C9 mixtures as the IMS did not react to alkanes. The volatile
compounds were qualitatively analyzed based on the RI and the
normalized drift time compared with those of standards in the GC-IMS
database. The GC-IMS spectrograms were processed by using the Labo-
ratory Analytical Viewer. The topographic maps were constructed by the
Reporter plug-in while differential fingerprints were recorded by the
Gallery Plot plug-in.

2.5. Gas chromatography-mass spectrometry analysis

The volatile compounds were analyzed on an Agilent 7890B GC
coupled to a 7000C mass spectrometry system (Agilent Technologies,
Palo Alto, CA, U.S.A.). Briefly, 0.5 g of tea samples were placed into a 20-
mL headspace vial, accompanied by 5 mL of boiling water and 2 pL of
ethyl decanate (100 mg/L, internal standard). After incubation at 60 °C
for 60 min, the divinylbenzene/carboxen/polydimethylsiloxane (DVB/
CAR/PDMS, 50/30 pm; Supelco, USA) fiber was pulled out of the



Y. Yang et al.

headspace vial and then inserted into the injection port (about 250 °C)
for thermal desorption (about 5 min). The volatile components were
guided through an HP-5 ms capillary column (60 m x 250 pm x 0.25
pm; Agilent Technologies, Palo Alto, CA). High-purity helium (99.999%)
was utilized as carrier gas at a flow rate of 1.0 mL/min in a split-less
mode. The temperature program was initiated at 40 °C for 5 min,
increased to 100 °C at 6 °C/min (holding for 2 min), and finally ramped
to 270 °C at 5 °C/min (holding for 4 min). Electron ionization (EI) mode
was employed, with a scanning range of 33-550 m/z. The ion source
temperature was set at 230 °C and the transmission line temperature was
set at 270 °C.

Qualitative analysis was conducted using Agilent MassHunter
workstation software Unknowns analysis. Volatile compounds were
identified by comparison with mass spectrometry of NIST11.0 library,
standard certification and RI calculated from a homologous series of n-
alkanes (C7-C40). The volatile components were accurately quantified
by standard curves, and the qualitative and quantitative ion pairs and
standard curve information were listed in Table S3. Some volatiles
without commercially available standards were quantified by the ratio
of peak area between targeted compound and internal standard (ethyl
decanoate).

2.6. Calculation of odor activity values

Odor activity value (OAV) refers to the ratio of a compound’s content
to its threshold value, which can be calculated by the following formula:
OAV; = Ci/OT, where C signifies the volatile compound’s content, and
OT denotes its corresponding odor threshold. In general, aroma com-
pounds with OAVs greater than or equal to 1 are typically deemed po-
tential contributors to the overall aroma (Xiao et al., 2022; Zhang et al.,
2020).

2.7. Gas chromatography-olfactometry-mass spectrometry analysis

The aroma-active compounds in GOF black tea were analyzed by an
Agilent 7890A GC coupled to an Agilent 5975C mass spectrometer
(Agilent, Palo Alto, CA, USA) equipped with a sniffing detector port
(ODP4, Germany). The effluents were split between the sniffing port and
MS detector at a ratio of 1:1. A HP-Innowax column (60 m x 0.25 mm x
0.25 pm; Agilent, Palo Alto, CA, USA) was used for aroma separation.
Briefly, the program temperature was as follows: initially at 40 °C for 2
min, increased to 250 °C at a rate of 5 °C /min, holding for 20 min.

The sniffing experiment was conducted by a highly trained sensory
panel consisting of 5 professional sensory evaluators assessors (2 fe-
males and 3 males, aged between 30 and 55 years old). The sniffing
process was carried out independently by each panelist and the aroma
properties and intensity were recorded. The aroma intensity (AI) was
ranged from 1.0 to 4.0, where “1.0” represented weak, “2.0” represented
medium, “3.0” represented strong, and “4.0” represented extremely
strong.

2.8. Statistical analysis

All experimental samples were analyzed three times, and the data
were expressed as mean value + standard deviation. SPSS statistics 20.0
(SPSS Inc., Chicago, IL, USA) was used for one-way analysis of variance
(ANOVA) followed by Duncan’s multiple comparison tests. Partial least
squares discriminant analysis (PLS-DA) and orthogonal PLS-DA (OPLS-
DA) were conducted utilizing SIMCA 14.1 (Umetrics, Sweden). The bar
chart was plotted with Origin 9.1 (Origin Lab Corporation, North-
ampton, USA). The heat map was constructed with the MultiExperiment
Viewer 4.9.0 (Oracle Corporation, Redwood Shores, USA).
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3. Results and discussion

3.1. Volatile fingerprints of GOF black tea during processing by GC-E-
Nose

In recent years, food flavor is developing towards non-destructive
direction. In contrast to the conventional sensor-array electronic
noses, the GC-E-Nose, which amalgamates the advantages of electronic
nose technology with gas chromatography, has drawn attention for its
streamlined operation, rapid analysis, and real-time monitoring (Chen,
Yang, et al., 2022; Wei, Dan, Zhao, & Wang, 2023). Moreover, the built-
in data processing system enables swift and diverse characterization of
volatile fingerprints. In this study, the volatile fingerprints of finished
black tea with GOF were depicted in Fig. S2[A]), accompanied by the
corresponding radar map in Fig. S2[B]). Generally, the peak responses
from the MXT-5 column surpassed those from the MXT-1701 column.

To comprehend the dynamic alterations of volatile fingerprints
during processing, OPLS-DA was employed. As a supervised statistical
method of discriminant analysis, OPLS-DA utilizes partial least squares
regression to establish a model linking metabolite expression with
sample classification. This approach integrates orthogonal signal
correction (OSC) and PLS-DA technique to sift out differential variables
by eliminating irrelevant discrepancies. As two important parameters
(R%Y and Q?) of OPLS-DA model, the closer the value of R?Y is to 1, the
higher the interpretation rate of the Y matrices. Typically, Q% around 0.5
serves as a benchmark to assess the performance of model. In this study,
the OPLS-DA model exhibited robust parameters, indicating a strong fit
(R%Y = 0.987) and high predictive power (Q2 = 0.91) (Fig. 1[A]D). The
score plots of OPLS-DA model delineated dynamic changes in volatile
fingerprints of GOF throughout the entire processing, distinctly
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Fig. 1. The results of OPLS-DA obtained from GC-E-Nose. (A) The score plots of
OPLS-DA (R%Y = 0.987, Q% = 0.91); (B) Cross-validation by a 200-times per-
mutation test (R? = 0.548, Q2 = —0.854).
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distinguishing them at each stage. Notably, the volatile metabolites
showcased significant changes during the withering and final firing
stages. As a pivotal processing step of black tea, withering has a pro-
found effect on the volatile substances through hydrolysis, oxidation,
condensation and polymerization catalyzed by related endogenous en-
zymes (Fang, Liu, Xiao, Ma, & Huang, 2023). In addition, withering is
not only a process of water loss, but also leads to changes in leaf tissue
morphology and membrane permeability, thus augmenting the avail-
ability of enzymes required for subsequent processing (Liu, Chen, Sun, &
Ni, 2022). As the key process of black tea, drying under high tempera-
ture instigates the Maillard reaction between sugars and amino acids,
which in turn promotes the aroma formation (Yang, Hua, et al., 2020).
In order to assess the reliability of model, a permutation test with 200
times was carried out. The parameters (R%=0.548, Q%= —0.854) (Fig. 1
[B]) indicated that the model was robust, and no overfitting was
observed. In summary, GC-E-Nose combined with multivariate statisti-
cal analysis could quickly characterize the alterations of volatile fin-
gerprints during the processing of black tea.

3.2. Volatile fingerprints of GOF black tea during processing analyzed by
GC-IMS

3.2.1. GC-IMS topographic plots of GOF black tea during processing

To unravel the change pattern of GOF black tea during processing,
GC-IMS was employed to capture the comprehensive volatile profiles.
The three-dimensional topographic maps of GOF black tea throughout
the processing stages were illustrated in Fig. S3[A], allowing visual
observation of the similarities and discrepancies in volatiles across
different processing stages. The volatile profiles of GOF black tea in
topographic maps were depicted in Fig. S3[B], where the ordinate sig-
nifies gas chromatographic retention time and the abscissa represents
ion migration time. The red vertical line at an abscissa of 1.0 signifies the
normalized reactive ion peak (RIP). The color of the topographic map
generally denotes the signal intensity of volatile compounds, with red
indicating higher concentration and white representing lower concen-
tration. For better comparison, the spectral diagram of fresh leaves
served as a reference, with the spectra of subsequent processing stage
deducted from this reference. The deducted white background indicated
equivalent content, while red and blue signified higher and lower con-
centrations compared to the reference, respectively. As shown in Fig. S3
[C], the retention time of most peak signals fell within the range of 100
to 400 s, with corresponding drift times spanning 1.0 to 1.8. Notably, as
processing advanced, the distribution pattern of peak signals in GOF
black tea remained consistent across different processing stages. How-
ever, varying signal intensities among samples suggested content vari-
ations in volatile substances. We postulate that the disparity during
processing may derive from the complex biochemical reactions such as
Maillard reaction, lipid degradation, and glycoside hydrolysis.

3.2.2. Volatile fingerprints of GOF black tea during processing

A total of 121 signal peaks were detected, among which 79 typical
targeted compounds were identified (corresponding to 105 signal peaks)
(listed in Table S4). These volatiles comprised 16 alcohols, 2 aromatic
hydrocarbons, 3 sulfides, 23 aldehydes, 4 acids, 2 terpenes, 12 ketones,
7 heterocyclic groups, and 10 esters. Generally speaking, volatiles with
heightened proton affinity or concentration exhibited a tendency to
form dimers or polymers (Wan et al., 2023). Notably, 26 volatile com-
pounds were found to be coexisted as monomers and dimers.

To identify subtle trends and differences of volatile compounds
throughout the processing, the Gallery Plot plug-in was used to generate
a visual fingerprint. Each row signifies the volatile compounds within
the sample, while each column denotes the signal strength of volatile
compounds across different samples. As shown in Fig. 2, the entire
processing sequence was delineated into distinct regions—A, B, C, D, E,
and F—for detailed analysis based on the fluctuation trends of volatile
compounds. Noteworthy findings emerged at various processing stages:
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As for A region, thiophene, o-xylene, ethanol, 1-propanol monomer and
dimer, pentanal, hexanal monomer and dimer, and cis-3-hexenyl acetate
monomer and dimer exhibited higher contents in the fresh leaves
compared to other stages. In B region, the contents of volatile com-
pounds such as 1-heptanol, (Z)-3-hexenyl propanoate, 1-octen-3-one, 2-
octanone, y-terpinene, (Z)-2-pentenal dimer, and 4-methyl-3-penten-2-
one monomer and dimer were higher in the withering stage than in
other stages. As far as C region is concerned, significant enhancement
was observed in the contents of 2-butanol monomer and dimer, tetra-
hydrofuran monomer and dimer, propyl acetate monomer and dimer,
and 6-methyl-5-hepten-2-one in the rolling stage. In D region, aldehydes
(such as (E, E)-2,4-octadienal, citronellal, phenylacetaldehyde, benzal-
dehyde monomer and dimer, octanal, heptanal monomer and dimer,
(E)-2-octenal monomer and dimer, (E)-2-hexenal monomer and dimer,
and (Z)-4-heptenal) and alcohols (such as linalool, linalool oxide, 1-
octen-3-ol, (Z)-3-hexenol monomer and dimer, 1-hexanol monomer
and dimer, and 3-pentanol) reached higher contents in the fermentation
stage than other stages. It was reported that 1-octen-3-ol was formed
from linoleic acid while heptanal originated from the oxidation degra-
dation of oleic acid and palmitoleic acid. Monoterpene alcohols such as
linalool and linalool oxide were liberated by hydrolyzing glycosidic
bonds during the manufacturing process (Ho, Zheng, & Li, 2015). For
the E region, the contents of 3-ethylpyridine, 3-methyl-2-butenal, 3-
methylbutanal, butanal, and (E)-2-pentenal were found to be higher in
the first firing stage than those in other stages. In regard to F region,
representative compounds such as 2-pentylfuran, 2-ethylfuran, 2-buta-
none, 2-heptanone monomer and dimer, 3-methyl-2-pentanone, cis-2-
penten-1-ol attained their peak levels in the final firing stage. The for-
mation of 2-pentylfuran and 2-ethylfuran was potentially attributed to
the Maillard reaction under high temperatures.

3.2.3. Multivariate statistical analysis

To better differentiate the variations of GOF black tea at distinct
processing stages, an OPLS-DA was conducted on the volatile finger-
prints. As shown in Fig. S4[Al, satisfactory model parameters (R%Y =
0.986, Q% = 0.968) were obtained. The score plots of OPLS-DA indicated
that GOF black tea at different processing stages could be well distin-
guished. Notably, prominent separations were observed between “fresh
leaves” and “withering” as well as “fermentation” and “first drying”.
This underscored that the most substantial alterations in volatile com-
ponents occurred during the withering and first drying processes
compared to other stages. In addition, the reliability of model was
confirmed via a permutation test of 200 iterations, displaying R? and Q>
intercept values of (0, 0.17) and (0, —0.848), respectively. The Q2
regression line was <0 at the ordinate intersection, indicating that the
OPLS-DA model had strong robustness (Fig. S4[B]). These findings
strongly resonate with the outcomes from GC-E-Nose analysis.

3.3. Dynamic changes of GOF black tea during processing analyzed via
GC-MS

3.3.1. Characterization of volatile compounds in GOF black tea during
processing

The volatile profiles of GOF black tea during processing were
explored thoroughly via GC-MS analysis. As listed in Table S5, a total of
77 volatile compounds were identified through database search, reten-
tion index and standard certification. These volatiles were categorized
into ten subclasses based on their chemical structures: 13 alcohols, 2
aromatic hydrocarbons, 2 phenols, 20 aldehydes, 1 acid, 10 ketones,
lalkane, 8 alkenes, 3 heterocyclic compounds, and 17 esters. Among
them, the primary category was aldehydes, accounting for the highest
proportion (25.97%), followed by esters (22.08%), alcohols (16.88%),
and ketones (12.99%) (Fig. 3[A]). Distinctive variations were observed
among the different categories of volatiles across the processing stages
(Fig. 3[B]). Alcohols were presented at the highest level across all cat-
egories, ranging from 7978.52 pg/L (withering) to 13,623.32 pg/L
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Fig. 3. Volatile components in GOF black tea during the entire manufacturing
process obtained from GC-MS. (A) Percentages of different volatile categories;
(B) Dynamic changes of different volatile categories during processing.

(fermentation). The results were partially consistent with previous
studies (Liu et al., 2023). As for the aldehydes, the highest content was
found in the fermentation stage (3729.30 pg/L), contrasting with the
lowest content found in fresh leaves (1773.08 pg/L). Esters reached the
highest content in the first drying stage (3230.58 pg/L) and exhibited
their lowest level in the fermentation stage (2066.15 pg/L).

3.3.2. Volatile variations in GOF black tea during processing

For discovering the rule of dynamic change during processing, a PLS-
DA model was constructed using 77 volatile components. The estab-
lished model exhibited impressive parameters with R%Y = 0.98 and Q?
= 0.915, underscoring its exceptional explanatory and predictive ca-
pabilities (Fig. 4[A]). The score plots of PLS-DA visibly delineated sep-
arations between “fresh leaves” and “withering” as well as “withering”
and “rolling”, indicating substantial variations in volatile compounds at
withering and rolling stages. To assess the potential overfitting, 200
permutation tests were conducted, yielding the intercepts of R? and Q2
at 0.533 and —0.763, respectively (Fig. 4[B]). These values affirmed the
reliability and robustness of model. Mirroring the findings from GC-E-
Nose and GC-IMS, withering is emerged as a pivotal process significantly
influencing the volatile compounds.

Furthermore, an exploration into the pivotal differential components
in GOF black tea during processing were explored by variable impor-
tance in the projection (VIP). Typically, when the VIP value surpasses 1,
it signifies a significant role in differentiation. In total, 34 differential
metabolites were selected based on VIP > 1.0 (Fig. 4[C]). Additionally,
employing VIP > 1.0 and one-way ANOVA (p < 0.05) as the threshold,
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30 key differentiating components were screened out. Subsequently,
heat map was constructed to visualize how these compounds changed
throughout the processing stages. As depicted in Fig. 4[D], 6-methyl-5-
heptene-2-one reached the maximum in fresh leaves. Some volatile
components such as 2-heptanone, (Z)-3-hexen-1-yl (Z)-3-hexenoate,
a-cyclocitral, methyl salicylate, decanal, (E, E)-2,4-decadienal, 2-
methyl-2-butenal, cis-3-hexenyl isobutyrate, and hexanoic acid, hexyl
ester reached higher levels at the withering stage compared to other
processes. After the rolling stage, significant increase was observed in
the content of 2-methylpropanal. As for the fermentation processing is
concerned, the contents of f-cyclocitral, benzaldehyde, and 2-methoxy-
phenol were found to be higher than other processes. Compared with
other stages, the first drying process was seen to be higher in the con-
tents of geraniol, benzoic acid, ethyl ester, (E)-2-pentenal, and 1-penten-
3-ol. The final firing contributed to the accumulations of $-ionone and
nerolidol.

3.3.3. Identification of the key odorants in finished GOF black tea by OAV
and GC-O-MS analysis

The aroma profiles of tea are the comprehensive effects of aroma
components according to different proportions and concentrations, and
the contribution degree of identified aroma-active substances to the
overall aroma mainly depends on their content and corresponding odor
threshold. Typically, volatiles with OAV > 1 are considered to be the
most potent contributors responsible for the overall aroma profile (Yin
etal., 2023). As listed in Table S6, a total of 28 active-aroma compounds
in finished GOF black tea were identified by OAV analysis. Specifically,
the representative compounds mainly encompassed 15 aldehydes (2-
methylpropanal, 3-methylbutanal, heptanal, benzaldehyde, (E, E)-2,4-
heptadienal, phenylacetaldehyde, nonanal, a-cyclocitral, (E, Z)-2,6-
nonadienal, (E)-2-nonenal, decanal, #-cyclocitral, (E, E)-2,4-nonadienal,
citral, and (E, E)-2,4-decadienal), 7 alcohols (1-penten-3-ol, 1-hexanol,
1-octen-3-ol, 1-octanol, linalool, phenylethyl alcohol, and geraniol), 5
ketones (1-octen-3-one, (E, E)-3,5-octadien-2-one, p-damascone, cis-
jasmone and p-ionone) and lester (methyl salicylate). Notably, (E, E)-
2,4-heptadienal (OAV = 3913) emerged as the foremost important
odorant, followed by g-ionone (OAV = 1873) and (E, Z)-2,6-nonadienal
(OAV = 1223).

In addition, GC-O-MS analysis was used to characterize the active-
aroma components in GOF black tea. A total of 30 active-aroma com-
pounds were identified, belonging to 7 chemical classes: aldehydes (17),
ketones (6), alcohols (3), phenol (1), alkene (1), heterocyclic compound
(1) and ester (1) (listed in Table S7). Aldehydes accounted for the largest
proportion, up to 56.67%, and these aldehydes are typically recognized
for exhibiting fresh, greenish and fatty odors (Guo, Schwab, Ho, Song, &
Wan, 2022). The representative aldehydes mainly encompassed 2-meth-
ylpropanal, 2-methylbutanal, 3-methylbutanal, pentanal, hexanal, 2-
methyl-2-butenal, (E)-2-pentenal, (E)-2-hexenal, (E)-2-heptenal, nona-
nal, (E)-2-octenal, (E, E)-2,4-heptadienal, benzaldehyde, $-cyclocitral,
phenylacetaldehyde, (E, E)-2,4-nonadienal, and geranial. Ketones,
associated with floral, sweet, and fruity flavors, included volatiles like 3-
hexanone, 3-methyl-2-pentanone, 3-nonen-2-one, (E, E)-3,5-octadiene-
2-one, f-ionone, and y-nonalactone. Alcohols such as linalool and ge-
raniol exhibited rose-like and sweet flavors while hexanol was linked to
green and fat odors. Additionally, eugenol, f-ocimene, 2-ethylfuran, and
methyl salicylate were also sniffed, suggesting potential contributions to
the GOF.

As mentioned above, the aroma-active components identified by
OAV calculation and GC-O-MS revealed inconsistencies, potentially
attributed to the variations in odor thresholds reported in different
literature sources and the subjective factors inherent in the GC-O-MS
sniffing process. By integrating both methods, the identification of
aroma-active components could mitigate these respective limitations.
Consequently, based on the common components identified by these
two methods, 14 key volatiles, including 2-methylpropanal, 3-methyl-
butanal, 1-hexanol, nonanal, (E, E)-2,4-heptadienal, benzaldehyde,
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visualization constructed with the differential volatiles (VIP > 1.0 and p < 0.05).

linalool, (E, E)-3,5-octadiene-2-one, f-cyclocitral, phenylacetaldehyde,
(E, E)-2,4-nonadienal, methyl salicylate, geraniol, and p-ionone were
selected to be the most definitive odorants responsible for GOF (Fig. 5).

3.3.4. Analysis of the formation pathways of key odorants in GOF black tea

Drawing upon the classical metabolic pathways of volatile com-
pounds in tea, the degradation or transformation pathways of key
odorants were elucidated. According to the types of volatile precursor

substances, it could be correspondingly divided into four categories: 5
fatty acid-derived volatiles (FADVs), 4 glycoside-derived volatiles
(GDVs), 3 amino acid-derived volatiles (AADVs), and 2 carotenoid-
derived volatiles (CDVs) (Chen, Zhu, et al., 2022; Zhou, He, & Zhu,
2023). Notably, the FADVs appeared to be the most abundant, implying
that lipid degradation played a pivotal role in the formation of GOF.
Among these pathways, p-cyclocitral and p-ionone were represen-
tative odorants derived from p-carotene degradation. It is worth
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Fig. 5. The key odorants in GOF black tea identified by OAV > 1 and GC-O-MS analysis.

mentioning that f-ionone was produced either by enzymatic reactions
during fermentation or thermal degradation during the manufacturing
process. p-Cyclocitral reached the maximum during the fermentation
stage while p-ionone showed minimal changes throughout processing.
These compounds were generally responsible for the characteristic floral
and fruity aromas (Guo et al., 2021) (Fig. 6[A] and Fig. 6[B]).

AADVs such as 2-methylpropanal, 3-methylbutanal and phenyl-
acetaldehyde are classified as Strecker aldehydes. The precursors of
these three volatiles were valine, leucine, and phenylalanine, respec-
tively (Ho et al., 2015). They were primarily formed via the Maillard
reaction during heating processes, especially the reaction of free amino
acids with a-dicarbonyls (Yin et al., 2022). 2-Methylpropanal and 3-

methylbutanal were reported to have a malty flavor while phenyl-
acetaldehyde exhibited floral, rose, and cherry-like flavors (Zhu, Niu, &
Xiao, 2021). 3-Methylbutanal steadily increased throughout the pro-
cessing stages, while 2-methylpropanal and phenylacetaldehyde
reached their highest contents during the fermentation stage.

Linalool and geraniol, recognized for their floral and fruity aromas,
originated from the geranyl pyrophosphate (geranyl-PP) precursor
catalyzed by linalool synthase and geraniol synthase, respectively (Ni
et al., 2021). In the whole process, linalool reached the maximum in the
withering stage but gradually decreased thereafter, while geraniol
exhibited an overall increasing trend from fresh leaves to the first drying
stage followed by a decline. In addition, some non-alcoholic odorants
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such as benzaldehyde and methyl salicylate were also typically in their
glycosidically bound state, and their release necessitated intricate pro-
cesses. For instance, the liberation of benzaldehyde from prunasin
typically involved the mandelonitrile intermediate and subsequent
isomerization from acid to aldehyde (Ho et al., 2015). Benzaldehyde
showed a significant upward trend after fermentation, and was linked to
almond-like, fruity, cherry-like, and nutty flavors. Methyl salicylate,
renowned for its minty and wintergreen-like odors, was released from
p-primeveroside. Its content attained the maximum during the fermen-
tation stage and subsequently declined precipitously.

The key odorants derived from the lipid degradation pathway pri-
marily comprised some short-chain C6 ~ C9 aliphatic aldehydes (such as
nonanal, (E, E)-2,4-heptadienal, and (E, E)-2,4-nonadienal), ketone
(such as (E, E)-3,5-octadiene-2-one), and alcohol (such as 1-hexanol).
For example, 1-hexanol was derived from the oxidation of linoleic
acid, facilitated by lipoxygenase. The specific formation pathway was as
follows: linoleic acid was converted into lipid hydroperoxide under the
influence of lipoxygenase, subsequently broken down by hydroperoxide
lyase (HPLs) to hexanal, and then reduced to 1-hexanol by alcohol de-
hydrogenase (ADHs). The formation pathway of (E, E)-2,4-nonadienal
was similar to that of hexanal. 1-Hexanol, giving a green odor to tea,
displayed an increasing trend from withering to fermentation and then
decreased. (E, E)-2,4-Nonadienal, known for its fatty odor, reached the
highest content at the fermentation stage (Zhai, Zhang, Granvogl, Ho, &
Wan, 2022). It was reported that (E, E)-3,5-octadiene-2-one and (E, E)-
2,4-heptadienal were formed from a-linolenic acid while nonanal was
formed from oleic acid (Bhowmik et al., 2023). (E, E)-3,5-Octadiene-2-
one was associated with creamy and fruity flavors, which showed a
consistent decline throughout processing. Nonanal and (E, E)-2,4-hep-
tadienal were known for their fatty, green, and oily aromas (Flaig, Qi,
Wei, Yang, & Schieberle, 2020). Their contents reached the highest at
the withering and first firing stages, respectively.

4. Conclusions

In this study, the key odorants causing GOF in black tea were sought
to gain by combining GC-E-Nose, GC-IMS, GC-O-MS and GC-MS, and the
dynamic changes and formation pathways of volatile profiles were in-
depth understood. A total of 79 and 77 volatile components were
identified through GC-IMS and GC-MS, respectively. The volatile me-
tabolites of GOF black tea exhibited substantial changes throughout the
processing, notably during the withering stage. The analyses of OAV and
GC-O-MS confirmed that 14 key odorants including 2-methylpropanal,
3-methylbutanal, 1-hexanol, nonanal, (E, E)-2,4-heptadienal, benzal-
dehyde, linalool, (E, E)-3,5-octadiene-2-one, pg-cyclocitral, phenyl-
acetaldehyde, (E, E)-2,4-nonadienal, methyl salicylate, geraniol, and
p-ionone were responsible for GOF. Notably, (E, E)-2,4-heptadienal
(OAV = 3913), renowned for its fatty, green, and oily aromas, was
considered as the most crucial odorant causing GOF. In addition, this
investigation unveiled lipid degradation as the primary metabolic
pathway underlying the GOF of black tea. To some extent, this study
provides theoretical support for improving the quality of black tea. In
future, the interaction of these key odorants and pivotal regulatory
factors will be further studied, aiming to provide technical reserve for
the high-quality development of the black tea industry.
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