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Abstract: Combined withering and shaking processes are key steps in the formation of characteristic
floral and fruity aromas in black teas. However, the effect of the sequencing of withering and shaking
on volatile compounds and aroma formation in black tea has not been evaluated to date. This study
used headspace solid-phase microextraction and gas chromatography-tandem mass spectrometry to
detect volatile compounds in black teas after withering-shaking and shaking-withering processing.
Five main differentially volatile components were screened out by partial least squares discriminant
analysis and odor activity value analysis, which were 3-carene, geraniol, β-myrcene, τ-cadinol, and
β-ionone. Additionally, sensory evaluation showed black tea produced by withering-shaking was
fruitier, while shaking-withering produced a more floral tea. This study provides a theoretical basis
for the discrimination of aroma characteristics of black tea processed by shaking, as well as a technical
guide for the precise production of black teas with different floral-fruity aroma biases.

Keywords: floral-fruity aroma; black tea; volatile components; shaking; withering

1. Introduction

Black tea is widely used in food or consumed directly for its unique flavor and
multiple health benefits [1,2]. The processing of black tea involves several processes,
including withering, rolling, fermenting, and drying [3]. Notably, black tea manufacturing
requires a long withering time [4], and the metabolic activities of the isolated fresh leaves
during withering are accompanied by the hydrolysis of glycosides, fatty acids, proteins,
polysaccharides, and other substances which provide the material basis for the subsequent
formation of the tea’s flavor characteristics [5,6]. Therefore, withering is the key stage in
establishing the unique flavor of black tea and changing the withering method is crucial to
changing its quality characteristics.

Aroma is one of the most important factors determining the quality of black tea.
The withering process can seriously affect aroma compounds, for example, increasing
the concentrations of (E)-2-hexenonic acid, hexyl alcohol, and nerol, as well as enhancing
benzaldehyde, (Z)-2-pentenol, (E)-2-hexenal, benzyl alcohol, salicylic acid, and other pre-
cursors of aroma compounds [7–9]. Traditional black tea is characterized mainly by a sweet
aroma and is usually processed by the traditional static withering method [4]. In recent
years, a method (which emerged from southeastern China) for imparting a floral-fruity
aroma by adding a shaking process before or after withering has been widely used in
black tea production [10–12]. Hou [13] investigated differences in volatile matter content
following dynamic and static withering and found that dynamic withering (when tea
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leaves are in motion) significantly improved this floral-fruity aroma of black tea. It has
also been demonstrated that shaking increased the accumulation of characteristic volatile
compounds due to the trauma activating key metabolic genes in the leaves [14] (a key cause
of floral-fruity aroma formation [15,16]).

Different processing steps have significant effects on volatile compounds [17], but
there is a lack of detailed descriptions of the aroma qualities of black teas using different
sequences of withering and shaking. This study assessed two methods—withering-shaking
(WS) and shaking-withering (SW)—in combination with the traditional rolling and ferment-
ing processing of black tea. Volatile compounds in processed black tea were detected by
gas chromatography-tandem mass spectrometry (GC-MS/MS), and principal component
analysis (PCA), partial least squares discriminant analysis (PLS-DA), cluster analysis, odor
activity value (OAV) analysis, and sensory evaluation were used to analyze differences and
overall aroma characteristics under the two treatments. This study provides a theoretical
basis and technical guidance for precise, directed development of a floral-fruity aroma bias
in black tea processing.

2. Materials and Methods
2.1. Processing and Sample Preparation

Fresh leaves (one bud and two leaves) of the “Jin Guanyin” black tea variety were
harvested in Longquan City (28◦13′ N, 119◦22′ E), Zhejiang Province, China. The fresh
leaves were divided equally into three treatment groups (100 kg each): withering-shaking
(WS) and shaking-withering (SW). Withering was carried out in a constant temperature
and humidity room at 22 ◦C and 70% relative humidity, withering for 15 h with fresh leaves
spread at a thickness of 1–2 cm. The shaking protocol was: shake for 3 min, rest for 60 min,
then shake for 5 min and rest for 60 min using a light shaking setting. The WS and SW
groups were then rolled and fermented at the same time. The rolling protocol (rotating at
35 rpm) was: empty rolling for 10 min (the top of the rolling lid was aligned with the top of
the rolling barrel), light rolling for 10 min (top of the rolling lid dropped by 7 cm), medium
rolling for 10 min (top of the rolling lid dropped by 15 cm), heavy rolling for 5 min (top of
the rolling lid dropped by 18 cm), and empty rolling for 5 min. Fermentation conditions
were: temperature 30 ◦C, humidity 90%, turning every 30 min, and fermentation time 0–4 h.
Drying conditions were: initial baking at 120 ◦C for 30 min, then re-baking at 90 ◦C for
60 min. Dried samples were stored in a −20 ◦C freezer for analysis. WS: WSR1F0, WSR1F1,
WSR1F2, WSR1F3, WSR1F4, WSR1F5, WSR2F0, WSR2F1, WSR2F2, WSR2F3, WSR2F4,
WSR3F0, WSR3F1, WSR3F2, WSR3F3, WSR4F0, WSR4F1, WSR4F2. SW: SWR1F0, SWR1F1,
SWR1F2, SWR1F3, SWR1F4, SWR1F5, SWR2F0, SWR2F1, SWR2F2, SWR2F3, SWR2F4,
SWR3F0, SWR3F1, SWR3F2, SWR3F3, SWR4F0, SWR4F1, SWR4F2. Explanation of sample
names: W (withering), S (shaking), R (rolling), F (fermenting), and the numbers indicate the
time in hours. After the above treatments, each group was sampled 3 times for grinding.
The ground samples were stored at −20 ◦C for subsequent testing.

2.2. Sample Pretreatment

Each ground tea sample (0.1 ± 0.003 g) was weighed into a 20 mL headspace vial
with 10 µL ethyl caprate (10 mg/L) (chromatographically pure; TCI Chemical Industry
Development Co. Ltd., Shanghai, China), then 5 mL boiling distilled water was added, the
cap immediately tightened, and a manual handle (SPME; Supelco, Bellefonte, PA, USA)
was used to insert the sample cap rubber film with a DVB/CAR/PDMS extraction head
(Supelco). The vial was placed in a 60 ◦C water bath for 60 min, after which the extraction
head was inserted into the GC-MS inlet and desorbed at 250 ◦C for 5 min. Each sample
was analyzed three times [18].

2.3. GC-MS/MS Analysis

A 7890B-7000C GC-MS (Agilent Corp., Santa Clara, CA, USA) was used to detect
volatile components. GC analysis conditions were: HP-5ms Ultra Inert capillary chromato-
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graphic column (30 m × 0.25 mm, 0.25 µm), high purity He (99.999%) carrier gas, flow rate
1 mL/min, inlet temperature 250 ◦C, with a splitless inlet. The temperature program was:
initial column temperature 50 ◦C held for 1 min, increasing to 170 ◦C at 3 ◦C/min, held for
2 min, then increasing to 250 ◦C at 5 ◦C/min and held for 2 min. MS analysis conditions
were: electron bombardment ionization source, electron energy 70 eV, transmission line
temperature 270 ◦C; ion source temperature 230 ◦C, mass scan range 33–450 amu [19].

2.4. Qualitative and Quantitative Analysis

For qualitative analysis, volatile compounds with more than 80% similarity to the
NIST11 standard library were screened using the Agilent Mass Hunter unknown analysis
program and the compounds were identified and confirmed in conjunction with relevant
literature. The linear formula for n-alkanes (C7-C40) was calculated and compared with
the theoretical retention indices, allowing the derivation of the Kovàts retention index for
each compound. For quantitative analysis, the mass concentration of volatile compounds
was calculated with reference to the internal standard:

Ci = (Cis × Ai)/Ais

where Ci is the concentration of the analyte (µg/L), Cis is the concentration of the internal
standard (µg/L), Ai is the peak area of the analyte, and Ais is the peak area of the internal
standard.

2.5. Odor Activity Value Analysis

The OAV value was calculated from the following ratio [20]:

OAV = c/OT

where c is the concentration of the analyte in the sample (µg/L) and OT is the odor threshold
of the corresponding volatile compound in water (µg/L).

2.6. Sensory Evaluation

The sensory assessment method followed Zhu et al. [21] with slight modifications. A
3.0 g tea sample was immersed in 150 mL of boiling water for 5 min, and then the extract
was poured into a tea bowl. The extracts were sniffed three times to assess the intensity and
purity of the aroma. The sensory evaluation was performed by five tea experts (two males
and three females) trained and certified by professional institutions and specialized in tea
sensory evaluation for at least five years. Aroma characteristics and quality of samples were
described according to the Chinese national standards “Tea sensory evaluation methods”
(GB/T 23776-2018) and “Tea sensory review terminology” (GB/T 14487-2017), and5 were
scored on a scale from 0 to 5 for the intensity of floral and fruity attributes. Higher scores
indicated stronger intensity: 0 = none or cannot be perceived, 1 = very weak intensity,
2 = weak intensity, 3 = medium intensity, 4 = high intensity, and 5 = very high intensity. The
final aroma quality was determined by calculating the mean of the five panelists’ scores.

2.7. Statistical Analyses

Each analysis was repeated three times and results were expressed as the mean of
three replicates. Significance analysis of volatile compound concentrations was performed
using Prism 5.01 (GraphPad Software, San Diego, CA, USA) according to different fixation
methods. R 4.0.3 (Ross Ihaka and Robert Gentleman) was used for cluster analysis and
PCA of volatile compounds under different fixation methods. PLS-DA was performed
using SIMCA 13.0 (Umetrics, Umea, Sweden). Origin 8.0 (Origin Lab Inc., Northampton,
MA, USA) was used to compare concentration differences of volatile compounds making
major contributions under different withering treatments.
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3. Results and Discussion
3.1. Analysis of Volatile Compounds

Volatile compounds were identified in 36 black tea samples processed under withering-
shaking and shaking-withering treatments, combined with various combinations of rolling
and fermentation, as well as traditionally processed black tea. Fifty-one volatile compounds
were detected (Table S1), including twelve esters, eleven alcohols, ten alkenes, seven
aldehydes, four ketones, and seven other types of compounds. Although no new volatile
compound was formed by the inclusion of the shaking process, there was variation in the
concentration of the compounds.

3.2. Principal Component Analysis

Unsupervised PCA was used to describe the volatile compound profile of black
tea based on concentration (Figure 1). Samples were clearly separated into two groups
according to WS and SW treatments (principal components 1 and 2 explained 34.6% and
20.5%, respectively; Figure 1A), indicating that the processes caused significant differences
in volatile compound concentrations (p < 0.05). Figure 1B illustrates the contribution level
of each volatile compound. Notably, some compounds with partial floral characteristics
(Table S2), such as linalool, 3,7-dimethyl-1,5,7-octatrien-3-ol, (3R,6S) -2,2,6-trimethyl-6-
vinyltetrahydro-2H-pyran-3-ol and geraniol, were more inclined to contribute to the SW
treatment, while other compounds with a fruity-biased character, such as hexanal, cis-3-
hexenyl acetate, hexyl hexanoate and trans-2-hexenal, were more inclined to contribute to
the WS treatment, suggesting that the treatments contributed to differences in the aroma
characteristics with WS enhancing fruity aromas and SW enhancing floral aromas.

Horticulturae 2022, 8, x FOR PEER REVIEW 4 of 14 
 

 

using SIMCA 13.0 (Umetrics, Umea, Sweden). Origin 8.0 (Origin Lab Inc., Northampton, 

MA, USA) was used to compare concentration differences of volatile compounds making 

major contributions under different withering treatments. 

3. Results and Discussion 

3.1. Analysis of Volatile Compounds 

Volatile compounds were identified in 36 black tea samples processed under wither-

ing−shaking and shaking−withering treatments, combined with various combinations of 

rolling and fermentation, as well as traditionally processed black tea. Fifty−one volatile 

compounds were detected (Table S1), including twelve esters, eleven alcohols, ten al-

kenes, seven aldehydes, four ketones, and seven other types of compounds. Although no 

new volatile compound was formed by the inclusion of the shaking process, there was 

variation in the concentration of the compounds. 

3.2. Principal Component Analysis 

Unsupervised PCA was used to describe the volatile compound profile of black tea 

based on concentration (Figure 1). Samples were clearly separated into two groups ac-

cording to WS and SW treatments (principal components 1 and 2 explained 34.6% and 

20.5%, respectively; Figure 1A), indicating that the processes caused significant differ-

ences in volatile compound concentrations (p < 0.05). Figure 1B illustrates the contribution 

level of each volatile compound. Notably, some compounds with partial floral character-

istics (Table S2), such as linalool, 3,7−dimethyl−1,5,7−octatrien−3−ol, (3R,6S) −2,2,6−trime-

thyl−6−vinyltetrahydro−2H−pyran−3−ol and geraniol, were more inclined to contribute to 

the SW treatment, while other compounds with a fruity−biased character, such as hexanal, 

cis−3−hexenyl acetate, hexyl hexanoate and trans−2−hexenal, were more inclined to con-

tribute to the WS treatment, suggesting that the treatments contributed to differences in 

the aroma characteristics with WS enhancing fruity aromas and SW enhancing floral aro-

mas. 

 

Figure 1. (A) Principal component analysis (PCA) scores plot and (B) contribution plot of volatile 

compounds in processed black teas. Groups: withering−shaking (WS) and shaking−withering (SW). 

  

Figure 1. (A) Principal component analysis (PCA) scores plot and (B) contribution plot of volatile
compounds in processed black teas. Groups: withering-shaking (WS) and shaking-withering (SW).

3.3. Multiple Experiment Viewer

Heat map clustering was used to analyze the concentrations of the 51 volatile com-
pounds (Table S1) in black tea following the two treatments. As shown in Figure 2, SW sam-
ples were initially clustered into one category (right), while WS samples were divided into
two categories according to their rolling times (3 h and 4 h on the left and 1 h and 2 h in the
middle). This further indicated that the aroma of samples treated with WS and SW differed
significantly. In addition, although the overall number of volatile compound species did not
change by merely changing the order of withering and shaking, the concentrations of the
compounds changed significantly. The heat map divided the fifty-one aroma compounds
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into two categories, the first including four alcohols, two aldehydes, six esters, two ketones,
six alkenes and five others, which correlated more highly with the SW-treated floral aroma.
The second category included seven alcohols, five aldehydes, six esters, two ketones, four
alkenes and two others, which correlated more highly with the WS-treated fruity aroma. On
one hand, withering is the initial stage of characteristic aroma formation in black tea. Along
with the gradual loss of water from cells, the activities of endogenous β-sakuranosidase,
β-glucosidase, galactosidase hydrolases, and oxidoreductase enzymes such as polyphenol
oxidase are changed. Glycoside hydrolases hydrolyze the aroma fractions of glycosidic
elements such as monoterpenes (linalool, geraniol), sesquiterpenes (nerolidol), and hypers-
esquiterpenes (violetone) that exist in monoglycoside or double glycoside combinations
with strong and elegant floral, sweet and woody aromas. The resulting free aroma fractions
further form the characteristic aromas of black tea [22–24]. On the other hand, shaking is a
key step in the formation of floral and fruity aromas in tea products and is accompanied
by a series of chemical reactions including degradation of lipids, generation of coupled
oxidation products, hydrolysis and transformation of glycosidic substances via gradual
damage to cellular tissues at the edges of the leaves caused by accelerated water dissipa-
tion, resulting in the transformation of the aroma from grassy to floral and fruity [25–27].
Changing the order of withering and shaking has a large influence on the release of volatile
substances from fresh leaves.
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Figure 2. Clustering heat map of volatile compounds in black teas processed by withering-shaking
and shaking-withering. The numbers in the row names of the heat map represent compounds, and
the correspondence between numbers and compounds is shown in Table S1 of the Supplementary
Materials.

3.4. Partial Least Squares Discriminant Analysis

PLS-DA is a supervised discriminant analysis method that is widely used in food
research because it allows better selection of characteristic variables that distinguish groups
and determine relationships between samples [28–30]. PLS-DA modeling was used to
analyze the effects of WS and SW treatments on the volatile components. As shown in
Figure 3A, black tea samples were effectively separated into two groups, with WS treatment
on the left and SW treatment on the right. This separation was consistent with the PCA
results (Figure 1). The model was cross-validated for the two main components, giving a fit
index of R2X (cum) = 0.626 for the independent variable, R2Y (cum) = 0.968 for the depen-
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dent variable, and Q2 (cum) = 0.959 for the predicted fit index, showing that the model had
good cumulative explanatory and predictive power. The PLS-DA loading plot (Figure 3B)
clearly shows the two treatments’ differences through volatile compound concentrations.
Under the WS treatment, 2-methylbutanal, trans-2-hexenal, n-valeric acid cis-3-hexenyl
ester, cis-3-hexenyl cis-hexanoate, hexyl hexanoate, and 2,2,6-trimethylcyclohexanone con-
centrations were significantly higher (p < 0.05); while under the SW treatment, 3-carene,
α-calacorene, o-(diphenylmethyl)-hydroxylamine, geraniol, cis-5-ethenyltetrahydro-α, α-5-
trimethyl-2-furanmethanol, and ethyl 2-(5-methyl-5-vinyltetrahydrofuran-2-yl) prop-2-yl
carbonate concentrations were significantly higher (p < 0.05). Interestingly, among these dif-
ferential compounds, there was a predominance of fruity characteristic compounds in the
WS treatment, while the SW treatment was dominated by floral and woody characteristic
compounds (Table S2).
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Figure 3. (A) Partial least squares discriminant analysis (PLS-DA) scores plot, (B) loading plot,
and (C) variable importance prediction (VIP) plot of volatile compounds in black teas processed by
withering-shaking and shaking-withering. (B,C): The numbers on the abscissa represent compounds,
and the corresponding relationship between numbers and compounds is shown in Table S1 of the
Supplementary Materials.

Variable importance prediction (VIP) plots were also constructed to identify the com-
pounds responsible for the differences in aroma characteristics under the two treatments,
with VIP > 1 indicating an important discriminating compound [31–33]. As shown in
Figure 3C, 26 volatile compounds with VIP > 1 were obtained and could be used as poten-
tial markers to distinguish black teas processed by SW or WS.
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3.5. Validation of Differential Compounds between SW and WS Processes

OAV (ratio of a volatile compound concentration to its odor threshold value) is an
objective indicator of the odor contribution of volatile compounds and has been widely
used to evaluate aroma components in tea [34,35]. An OAV > 1 indicates a contribution
to the aroma, while OAV > 10 indicates a significant contribution [36,37]. OAV analysis
was performed on the 26 volatile compounds identified by PLS-DA to determine the
compounds that are the primary contributors to the characteristic aromas of the two
treatment groups. The OAV and odor characteristics of 13 of the 26 compounds were
obtained from known threshold information (Table S2), from which 6 compounds with
OAV > 1 under either WS or SW treatment were selected (Table 1). Of these, β-ionone
had OAV values > 10 in both treatment groups, indicating that it contributed significantly
to the aroma characteristics in both groups. Hexanal, β-myrcene, 3-carene, geraniol and
τ-cadinol (OAV > 1), however, were important components for discriminating the two
groups. Notably, after WS treatment, the aroma contribution of these compounds was in
the order β-ionone > 3-carene > τ-cadinol > geraniol when shaken for 1 h or 2 h, but in
the order β-ionone > 3-carene > geraniol > τ-cadinol when shaken for 3 h or 4 h. After SW
treatment, all samples showed the order β-ionone > 3-carene > geraniol > β-myrcene. This
was consistent with the cluster analysis results (Figure 3), indicating that β-ionone, 3-carene,
geraniol, β-myrcene, and τ-cadinol can be used to distinguish the aroma quality of the two
black teas. In addition, these volatile compounds were all terpenes, and their release may
have been due to damage to the leaf marginal cells caused by the shaking process, resulting
in rapid water loss, an increase in the concentration and activity of enzymes involved
in aroma synthesis, and conversion of more aroma precursors into volatile components.
Reversing the withering and shaking had a significant impact on the concentrations of
these components [13].

Thus, PCA, clustering, PLS-DA and OAV analyses identified five major volatile com-
pounds that could distinguish the aroma characteristics of the WS and SW treatments:
β-ionone, 3-carene, geraniol, β-myrcene, and τ-cadinol.
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Table 1. Principal volatile compounds responsible for aroma of the black tea samples and their odor activity values (OAVs).

NO. Name Odor
Characteristics A

OTs
(µg/L) B

OAVs

WSR1F0 WSR1F1 WSR1F2 WSR1F3 WSR1F4 WSR1F5 WSR2F0 WSR2F1 WSR2F2 WSR2F3 WSR2F4 WSR3F0 WSR3F1 WSR3F2 WSR3F3 WSR4F0 WSR4F1 WSR4F2

2 Hexanal Fresh, green,
fruity 4.5 1.066 1.371 1.465 1.595 1.845 1.822 0.818 1.085 1.474 1.850 2.037 1.115 1.244 1.176 2.108 2.817 2.091 1.335

9 β-Myrcene Sweet, citrus 13.5 1.582 1.597 1.478 1.490 0.980 0.997 1.190 1.477 1.179 1.165 1.374 0.628 0.996 1.622 0.924 1.400 0.883 1.279

12 3-Carene Lemon, resin 0.4 16.954 18.910 16.853 15.248 11.936 12.574 13.142 13.539 14.215 16.190 16.833 8.380 13.781 16.658 10.567 14.364 10.946 15.024

25 Geraniol Mild, sweet
rose fragrance 40 6.568 6.012 6.478 5.180 5.707 5.784 5.387 5.121 6.657 6.171 6.357 6.542 6.283 4.216 5.401 6.985 3.416 3.251

28 τ-Cadinol Tar, camphor
and greasy 0.44 10.677 9.021 10.616 9.455 11.282 10.840 11.294 10.373 12.341 12.067 10.459 0.179 0.293 0.180 0.349 0.315 0.232 0.232

44 β-Ionone Woody and
fruity 0.007 1074.313 1453.406 1645.816 1307.892 2022.196 1743.251 1381.336 1446.323 1572.640 2112.980 684.361 31.739 108.926 94.072 90.944 72.800 76.150 77.878

NO. Name Odor
Characteristics A

OTs
(µg/L) B

OAVs

SWR1F0 SWR1F1 SWR1F2 SWR1F3 SWR1F4 SWR1F5 SWR2F0 SWR2F1 SWR2F2 SWR2F3 SWR2F4 SWR3F0 SWR3F1 SWR3F2 SWR3F3 SWR4F0 SWR4F1 SWR4F2

2 Hexanal Fresh, green,
fruity 4.5 0.199 0.416 0.461 0.719 0.403 0.439 0.643 0.207 0.631 0.654 0.933 0.428 0.687 0.528 1.264 0.911 0.456 1.416

9 β-Myrcene Sweet, citrus 13.5 1.591 1.486 1.539 1.431 1.198 1.775 1.478 1.451 1.601 1.608 1.825 1.409 1.822 1.909 2.316 1.820 1.688 1.921

12 3-Carene Lemon, resin 0.4 19.004 17.995 17.348 18.418 18.231 18.856 17.862 17.487 22.132 20.875 24.349 22.676 26.002 28.023 32.444 23.104 20.421 18.372

25 Geraniol Mild, sweet
rose fragrance 40 6.948 8.199 6.571 7.540 7.293 7.524 6.994 7.176 9.087 7.576 8.890 8.956 9.309 7.610 8.968 8.419 7.147 10.470

28 τ-Cadinol Tar, camphor
and greasy 0.44 0.219 0.245 0.194 0.298 0.257 0.272 0.295 0.252 0.270 0.272 0.333 0.248 0.317 0.282 0.138 0.284 0.742 0.293

44 β-Ionone Woody and
fruity 0.007 205.981 114.297 109.283 123.315 158.397 136.819 123.968 157.210 231.167 177.036 226.629 201.362 160.768 120.050 107.086 166.519 193.382 87.750

Note: OTs: Odor thresholds in water. The values were according to the reported references. A: http://www.thegoodscentscompany.com/search3.php?qOdor (accessed on 6 June 2021),
B: [35,37–43]. NO. is an abbreviation for number order.

http://www.thegoodscentscompany.com/search3.php?qOdor
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3.6. Analysis of Main Volatile Compounds

Figure 4 illustrates the differences in concentration of the five volatile compounds
distinguishing black tea prepared using the WS and SW processes. The concentrations
of 3-carene, geraniol and β-myrcene were generally higher after SW treatment than WS
treatment (p < 0.05), but some differences were not significant. The concentrations of
β-ionone and τ-cadinol were always lower after SW treatment, and were significantly
higher after WS treatment with 1–2 h of rolling (p < 0.05). Geraniol, which has a rosy aroma,
was the most abundant volatile compound after traditional processing of black tea [44].
Previous studies found that the static withering process promoted the accumulation of
geraniol [45], while the shaking process decreased it [46]. Our results suggest that shaking
followed by withering is more favorable for the retention of geraniol. β-myrcene, an
important volatile compound in the formation of floral and fruity aroma characteristics of
tea, can be significantly increased during shaking along with the metabolism of terpenoids
and the cleavage of long-chain fatty acids [15]. Shaking followed by withering was also
more favorable for the retention of β-myrcene. β-ionone is described as having a complex
woody, fruity aroma, and both mechanical damage and low temperatures enhance its
accumulation during withering [47]. The intense respiration of fresh leaves in the early
postharvest period leads to relatively high internal temperatures, which may result in low
levels of β-ionone under the SW process.
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The withering process is accompanied by water loss and respiration, causing increased
cell permeability and different enzymatic reactions that are important for the release of
aroma substances [48]. The addition of shaking before or after withering may significantly
disrupt the balance of aroma substance production. For example, adding shaking (which
promotes respiration and high surface temperature in the fresh leaves) before withering is
not conducive to the accumulation of β-ionone or τ-cadinol, which are readily produced
at low temperatures, but it favors the accumulation of 3-carene, geraniol, and β-myrcene.
Adding the mechanical damage caused by shaking after withering, when respiration is
weakened and leaf surface temperatures are lower, favors the accumulation of β-ionone
and τ-cadinol, while it is less favorable to 3-carene, geraniol, and β-myrcene release. These
influences result in the differences observed in volatile compound concentrations [47–49].

Figure 4 and Table S2 show that the combination of a high concentration of geraniol
with its floral aroma and 3-carene and β-myrcene with their sweet aromas was conducive to
the formation of floral-leaning characteristics, while a high concentration of τ-cadinol with
its tarry odor and β-ionone with its fruity or woody aroma contributed to the formation of
fruity-leaning characteristics.

3.7. Sensory Characteristics of Black Tea Following SW and WS

Floral and fruity aromas are the main aroma characteristics of black tea processed
with a shaking process. The floral and fruity aroma characteristics of black teas in the two
treatment groups were evaluated (Figure 5). The overall intensity of the fruity aroma of
the WS-treated black teas was greater than the floral aroma. The intensity of the floral
aroma gradually decreased as the fermentation time was extended with a fixed rolling
time, while the intensity of the fruity aroma tended to increase and then decrease with a
longer fermentation time during the first two hours of rolling, and gradually decreased
with longer fermentation in the second two hours of rolling. The overall characteristics
of the SW-treated samples were the opposite of the WS treatment, with the intensity of
floral aroma being greater than the fruity aroma. At a fixed rolling time, the floral intensity
tended to decrease as fermentation time lengthened, while changes in the fruity aroma
were similar to the WS treatment. Sensory evaluation showed that black tea produced
by the WS method favored a fruity aroma, while the SW method favored a floral aroma.
Interestingly, the intensity of floral aroma in both treatments was greatest at the start of
fermentation then gradually decreased, while the fruity aroma tended to increase and then
decrease with longer fermentation during the first two hours of rolling, indicating that
fermentation was not conducive to the formation of a floral aroma but enhanced a fruity
aroma. Furthermore, the intensity of the floral aroma was the same for the samples rolled
for 1 h or 2 h without fermentation. It is speculated that this was due to the leaves being
continuously turned during the rolling process, thus maintaining a low temperature inside
the leaves (~22 ◦C) and facilitating greater enzymatic activity; whereas the leaves remained
stationary during fermentation, resulting in a higher internal temperature (~30 ◦C) that led
to decreased enzymatic activity and less accumulation of volatile compounds with floral
aroma characteristics [49].
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Figure 5. Sensory evaluation scores of the aroma of black teas processed under various conditions.
Purple is the color that appears when red and blue are stacked, indicating that this sample has both
floral and fruity aromas.

4. Conclusions

Different sequences of withering and shaking had significant effects on the formation
of aroma characteristics of black tea. Five volatile compounds affecting the aroma quality
of black tea were identified using PCA, MEV, PLS-DA and OAV analyses. The contribution
of volatile compounds in black tea prepared by the WS process was β-ionone > 3-carene
> τ-cadinol > geraniol; while the contribution of compounds after the SW process was
β-ionone > 3-carene > geraniol > β-myrcene (Figure 6). Sensory evaluation showed that
the fruitiness of black tea was stronger under the WS treatment and the floral aroma was
stronger under the SW treatment.
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The effects of the sequencing of withering and shaking on the formation of aroma char-
acteristics and the contributions of major volatile compounds in black tea were elucidated,
providing technical guidance for the precise and targeted production of black teas with
floral and fruity aromas. However, this study only examined the effects of two processing
treatments. Further exploration is required to determine the optimal combination of pro-
cesses for the release of major volatile compounds in order to optimize the production of
black teas with desired floral and fruity aromas.
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https://www.mdpi.com/article/10.3390/horticulturae8060549/s1, Table S1: All volatile compounds
detected by GC-MS/MS in the black teas processed under various conditions; Table S2: Volatile
compounds responsible for aroma of the black teas and their odor activity values (OAVs) and odor
characteristics.
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