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We here analyzed changes in the proportion and content of chiral isomers of linalool and its derivatives in
“Hainan dayezhong” throughout its life cycle from tea tree growth and tea manufacturing to brewing. The chiral
isomers of aromatic compounds present in fresh tea leaves were found to undergo substantial diurnal and sea-
sonal changes during tea tree growth, and their proportions varied slightly across different leaf positions. The

chiral isomer content of linalool and its derivatives was consistently higher in stems than in leaves. Pest and
disease stress significantly increased the proportion and content of type-R aroma. The proportion of chiral iso-
mers underwent no considerable change during black tea manufacturing. However, their content varied
dramatically among different processes. Diversity in the proportion and content of chiral isomers was observed in
the wild tea tree. Further research should focus on breeding “Hainan dayezhong” wild resources to generate

clones with high aroma quality.

1. Introduction

Tea is among the most popular non-alcoholic beverages consumed
globally, with the aroma of a tea variety being directly linked to and
inseparable from its popularity. Aroma is also a critical quality evalua-
tion indicator for tea, making tea aroma research a crucial topic in tea
science. Tea aroma is chiefly derived from the fatty acid derivation
pathway, terpenoid synthesis pathway, and phenylalanine metabolism
pathway. Precursors such as linolenic acid and linoleic acid generate
aroma compounds such as 2-hexenal, 3-hexenol, jasmine lacton, and
methyl jasmonate through the fatty acid derivatization pathway. The
terpenoid synthesis pathway synthesizes linalool and its derivatives,
nerolidol and geraniol, and other monoterpenoids and sesquiterpenoids.
With phenylalanine as a precursor, the phenylalanine metabolic
pathway produces phenylacetaldehyde, benzyl alcohol, and phenylethyl
alcohol. These aroma compounds have varying odor and olfactory
thresholds and contribute to the aromas of grass, flowers, fruits, honey,
and so on. Detailed studies have been conducted on the tea aroma
composition (Chaturvedula & Prakash, 2011), changes in tea aroma
during processing (Chen et al., 2022), biosynthesis and regulatory
pathways of aroma compounds (Zhou et al., 2020), and function of
aroma under tea plant stress (Zhao et al., 2020).
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Some aroma compounds in tea have different chiral configurations;
their chiral isomers have the same chemical structure but are mirror
images of each other. All the three major synthesis pathways of tea
aroma produce aroma substances with a chiral structure, such as
linalool, linalool oxide, 1-octen-3-ol, and methyl jasmonate. The odor
and olfactory thresholds of different chiral isomers of these aroma
compounds exhibit considerable variations. For example, 3R-
(—)-linalool has a floral woody lavender note, with a threshold of 0.8
ppb in water, whereas 3S-(+)-linalool has a fresh, floral, and petitgrain-
like odor, with a threshold of 7.4 ppb in water. Despite the aroma
composition being a major determinant of tea flavor, the chiral isomer
proportion in the aroma also plays a major role. Therefore, an increasing
number of studies are focusing on the chiral isomers of tea aromatic
compounds. Researchers have analyzed aroma chiral isomers in the
fresh tea leaves of different varieties and in different finished tea
products. They have also examined changes in the ratio of these isomers
during tea processing and tea storage (Mu et al., 2018; Zhu et al., 2017;
Zhu et al., 2020; Zhu et al., 2021). The ratio of aroma chiral isomers in
tea varies markedly among different tea varieties. For example, the ratio
of R-linalool in some Camellia sinensis var. assamica varieties exceeds 90
%, whereas it is less than 10 % in other varieties of C. sinensis var. sinensis
(Mu et al., 2018). Raw tea leaves play a decisive role in the proportion of
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aroma isomers in finished tea (Zhu et al., 2017). However, different
processing technologies also exert a significant impact on the proportion
(Ma et al., 2021). During the storage of tea leaves, the ratio of chiral
isomers of aroma compounds changes. For example, in white tea, the
proportion of (1R, 25)-methyl epijasmonate increases as the storage time
increases (Zhu et al., 2020).

However, changes in the aroma chiral isomers of tea during the
process from fresh tea leaves to the finished cup of tea have not been
completely unveiled. For example, in the growth stage of tea plants, the
effects of season, circadian rhythm, plant diseases, and insect pests on
the ratio of aroma chiral isomers remain unclear. The effect of the tea
brewing process on aroma chiral isomers is also unknown. A compre-
hensive understanding of the influence of various factors on the chiral
isomers of tea aroma in the process from tea leaves to a cup of good tea
will aid in better utilization of environmental factors for improving tea
aroma. C. sinensis var. assamica “Hainan dayezhong” is a tea tree unique
to Hainan Province, China, and is suitable for making black tea. Our
previous study revealed that linalool and its derivatives were ubiquitous
and the main aroma components in “Hainan dayezhong” (Zhou, He, He,
et al., 2023). Therefore, in this study, the dynamic change in aroma
chiral isomers during tea plant growth, the black tea manufacturing
process, and the brewing process were analyzed in detail. A deeper
understanding of the chiral aroma of tea may be useful in producing tea
with high aroma quality.

2. Material and methods
2.1. Chemicals

(&)-Linalool, R-linalool, and (4)-linalool oxide furanoid (mixture of
A and B) were purchased from Sigma (St. Louis, MO, USA). (£)-Linalool
oxide pyranoid (mixture of C and D) and (+)-2,6-dimethyl-3,7-octa-
diene-2,6-diol (diendiol I, 96 %) were procured from TCI (Tokoyo,
Japan) and BioBioPha (Yunnan China), respectively. Dichloromethane
was purchased from Aladin (Shanghai, China).

2.2. Tea samples

Tea leaves of the cultivated tea plant C. sinensis var. assamica cv.
“Hainan dayezhong” were sampled from the tea plantation of Jianfen-
gling National Forest Park, Hainan Province, China. One bud and two
leaves were harvested every 2 h from the tea plantation to study the
diurnal dynamic of aroma chiral isomers. To determine the impact of
diseases on tea aroma isomers, tender leaves with tea blister blight
(infected with Exobasidium vexans Massee) and healthy tea leaves were
harvested. To investigate aroma chiral isomers present in different tis-
sues, the harvested tea leaves were segregated into various compart-
ments including the bud, first leaf, second leaf, third leaf, fourth leaf,
and stem. To understand the effect of herbivory attack on the aroma
chiral isomer of tea, 50 tea green leafthoppers (Empoasca (Matsumur-
asca) onukii Matsuda) were reared with 10 tea shoots sampled in tea
plantation in a glass beaker. Tea plant shoots not infested with insects
were used as the control. One bud and two leaves were harvested 48 h
after infestation. To examine the effect of tea processing on the aroma
isomer, tender tea leaves were treated according to the standard black
tea manufacturing process including withering, rolling, fermentation,
and drying. The samples were collected after each process. The tender
leaves of wild tea tree (C. sinensis var. assamica cv. “Hainan dayezhong™)
were harvested in the Wuzhishan National Nature Reserve and Jian-
fengling National Forest Park in Hainan Province. All the experiments
were performed in three replicates. All samples were quickly frozen in
liquid nitrogen and stored at —80 °C for aroma analysis.

2.3. Tea leaf aroma extraction

First, finely powdered tea leaves (weighing 300 mg) were extracted

Food Chemistry: X 25 (2025) 102109

with 4 mL CHyCly containing 5 nmol ethyl decanoate as an internal
standard for 6 h at room temperature. The extracts were passed through
an anhydrous NaySO4 column and concentrated to approximately 200
pL under No. Then, 1 pL of the concentrated samples was subjected to gas
chromatography—mass spectrometry (GC-MS) analysis.

2.4. Tea infusion aroma extraction

To study the effect of brewing on aroma isomers, samples of black tea
manufactured from “Hainan dayezhong” were brewed with boiling
water. The stir bar sportive extraction (SBSE) method was adopted to
extract volatile compounds from tea infusions. After the tea was brewed,
tea infusion (10 mL) was added to a sealed container containing a stir
bar coated with polydimethylsiloxane (length: 10 mm, thick: 1.0 mm,
PDMS, Gerstel GmbH & Co. KG, Miilheim an der Ruhr, Germany).
Aroma extraction from the tea infusion was performed at 1000 rpm by
using a magnetic stirrer, and the extract was incubated at 25 °C for 1.5 h.
The absorbed aroma was desorbed using autothermal desorption TD3.5
(Gerstel GmbH & Co. KG, Miilheim an der Ruhr, Germany) and analyzed
through GC-MS. The parameter settings for the thermal desorption unit
were as follows: the initial temperature was held at 30 °C for 1 min,
increased to 240 °C at a rate of 100 °C/min, and then again held for 5
min. The cooling injection system was maintained at —30 °C (held for 1
min), and the temperature was increased to 280 °C (held for 3 min) at
the rate of 12 °C/s from —30 °C after the volatile compounds were
desorbed.

2.5. Volatile enantiomer analysis through GC-MS

The Agilent 8890 GC system, coupled with the 5977B mass spec-
trometer, was used to analyze volatile compounds in extracted samples
in the splitless injection mode. To segregate the different isomers of
linalool, linalool oxides (furanoid), and diendiol I, the Astec® CHIR-
ALDEX ™ B-DM column (30 m x 0.25 mm x 0.12 pm) was used. The
Astec® CHIRALDEX ™ B-PM column (30 m x 0.25 mm x 0.12 pm) was
used for separating the different isomers of linalool oxides (pyranoid).
The GC program was set as follows: 40 °C for 3 min, 2 °C/min to 180 °C,
and 180 °C for 30 min. The flow rate of the carrier gas helium and the ion
source temperature were 1.5 mL/min and 250 °C, respectively. The mass
scan range was 30-300 amu. Volatile compounds were identified by
comparing their retention times with those of commercial standards.
Enantiomers of the volatile compounds were determined based on pre-
vious studies (Ito et al., 2002; Mu et al., 2018; Y. Zhu et al., 2017).

3. Results and discussion

3.1. Diurnal and seasonal variations in the chiral isomers of linalool and
its derivatives

Linalool and its derivatives including linalool oxide A, linalool oxide
B, linalool oxide C, linalool oxide D and diendiol I (Fig. 1) are the major
aroma component in “Hainan dayezhong” tea leaves. To analyze the
changes in their aroma isomers at different times of the day, one bud and
two leaves were collected every 2 h during the day for aroma analysis.
The proportion of isomers changed dynamically at different times of the
day (Fig. 2A). The R-linalool ratio was the highest (35 %) at approxi-
mately 12:00 and lowest (14 %) at 18:00. The proportion of R-diendiol I
was the highest (27 %) at 4:00 and the lowest (3 %) at 12:00. The
proportion of (2R, 5R)-linalool oxide A was the highest (26 %) at 6:00
and the lowest (13 %) at 2:00. The proportion of (2R, 55)-linalool oxide
B was the highest (40 %) at 24:00 and the lowest (23 %) at 14:00. The
proportion of (2R, 55)-linalool oxide C was very low in one bud and two
leaves. (2R, 5S)-Linalool oxide C was not detected from 8:00 to 12:00
and at 18:00 and 22:00, which indicated its ratio was dropped to almost
0 % at these time points. The proportion of (2R, 55)-linalool oxide C was
the highest (10 %) at 14:00. Type-(2S, 5S) was the dominant linalool
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Fig. 1. Chromatogram and Mass spectrum of commercial standards and chemical structure of chiral isomers of linalool and its derivatives.
Astec® CHIRALDEX ™ B-PM column (30 m x 0.25 mm x 0.12 pm) was used to separate chiral isomer of linalool oxide C and linalool oxide D. Others were separated
using Astec® CHIRALDEX ™ B-DM column (30 m x 0.25 mm x 0.12 pm). Enantiomers of the volatile compounds were determined based on previous studies (Ito

et al., 2002; Mu et al., 2018; Zhu et al., 2017).

oxide D configuration. Its proportion was more than 50 % at each time
point of the day.

The contents of varying chiral configurations of the same aroma
compound also varied throughout the day with no obvious rhythm
(Fig. 2B). However, their content changes roughly exhibited the same
trend. Higher diendiol I levels were detected at night. The contents of
chiral isomers of four linalool oxides all peaked at 14:00. Among the four
linalool oxides, linalool oxide B exhibited the highest content, consistent
with our previous findings (Zhou, He, He, et al., 2023; Zhou, He, & Zhu,
2023).

The chiral isomer ratios of linalool and its derivatives varied mark-
edly across different months. The R-linalool ratio ranged from 15 % to
66 % from March to October (Fig. 3A). Its proportion exceeded 50 %
only in June and August. Diendiol I, a specific volatile compound
induced by tea green leafhopper infestation, was detected from March to
October. This is consistent with the fact that Hainan has relatively high
winter temperatures, and tea green leafhoppers occur year-round. From
March to October, the proportion of R-diendiol I was 6.57 %-32.44 %,
with the proportions in July and October being significantly lower than
those in the other months. (25, 5S)-Linalool oxide A was the major
linalool oxide A, with its proportion fluctuating between 73.82 % and
91.10 % from March to October. Type-(2S, 5R) was the main linalool

oxide B, with its ratio fluctuating between 27.17 % and 49.07 % from
March to October. The ratios of the two chiral configurations of linalool
oxide B in June, July, and August were similar. Linalool oxide C was not
detected in April. Only (2S, 5R)-linalool oxide C was detected in the
samples collected in different months, possibly because all the samples
were collected at approximately 11:00 am. During the analysis of aroma
chiral isomer ratios at different time points throughout the day, only (25,
5R)-linalool oxide C was detected between 8:00 and 12:00 in the
morning. Type-(2S, 55) was the major linalool oxide D chiral configu-
ration. Except in June (43.83 %), the proportion of type-(2S, 5S) was
more than 50 % in all months, reaching the highest (87.08 %) in March.

The contents of different aroma chiral isomers also varied consid-
erably in different months (Fig. 3B). Changes in the trends of the con-
tents of the two chiral isomers of the same compound were inconsistent
in some months, which accounted for the large difference in the pro-
portion of chiral isomers between months. For example, from April to
June, the R-linalool content increased slightly, whereas the S-linalool
content decreased significantly. This increased the R-linalool propor-
tion. S-diendiol I content exhibited two obvious peaks in May and July.
Whether these peaks corresponded to the peak occurrence of tea green
leafthoppers needs to be investigated.

Limited studies have explored dynamic changes in the ratio of chiral
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Fig. 2. Diurnal fluctuation of linalool and its derivatives in one bud and two leaves of cultivated ‘Hainan dayezhong’ tea tree.

A, dynamics of chiral isomer ratio. Statistically significant difference between time point was analyzed by One-way ANOVA. linalool: F = 101.323, P < 0.001;
diendiol I: F = 143.361, P < 0.001; linalool oxide A: F = 24.311, P = 0.073; linalool oxide B: F = 79.598, P < 0.001; linalool oxide C: F = 4.428, P = 0.001; linalool
oxide D: F = 35.250, P < 0.001. B, dynamics of chiral isomer content. Statistically significant difference between time point was analyzed by One-way ANOVA. S-
linalool: F = 502.776, P < 0.001; R-linalool: F = 56.740, P < 0.001; S-diendiol I: F = 362.727, P < 0.001; R-diendiol I: F = 50.997, P < 0.001; (2S, 55)-linalool oxide
A:F =104.209, P < 0.001; (2R, 5R)-linalool oxide A: F = 127.812, P < 0.001; (2S, 5R)-linalool oxide B: F = 65.803, P < 0.001; (2R, 5S)-linalool oxide B: F = 29.612,
P < 0.001; (2S, 5R)-linalool oxide C: F = 45.993, P < 0.001; (2R, 55)-linalool oxide C: F = 21.394, P < 0.001; (2S, 55)-linalool oxide D: F = 80.769, P < 0.001; (2R,
5R)-linalool oxide D: F = 14.216, P < 0.001. All the statistical analysis were performed using SPSS 29.

isomers of plant aroma, or the so-called essential oil, over time. Changes
in the ratio of the two chiral isomers of a-pinene in different months
have been reported in Picea abies and Abies Sachalinensis (Kamaityte-
Bukelskiene et al., 2021; Satou et al., 2009). This may be related to the
temperature variations across different months. In a study, the propor-
tion of R-a-pinene in A. sachalinensis exhibited a clear positive correla-
tion with the average temperature of the sampling month (Satou et al.,
2009).

The content of plant intrinsic aroma exhibits diurnal and seasonal
variations (Dhouioui et al., 2016). Linalool and linalool oxide contents
of the essential oils of many plants have been reported to fluctuate
during a 24-h period and different months. According to some re-
searchers, changes in luminosity and ultraviolet-B solar radiation within
a day may affect the terpene aroma content (Gil et al., 2013). Seasonal
changes in aroma are possibly related to climatic conditions such as
precipitation, humidity, and temperature at the sampling time (Karalija
et al., 2022). Similar to intrinsic aroma, the volatile aroma emitted by
plants also exhibits obvious time rhythm. For example, volatile phe-
nylpropanoids/benzenoids released by petunias and some volatile
compounds emitted by tea leaves following insect damage displayed
obvious circadian rhythms (Cai et al.,, 2013; Fenske et al., 2015).
Changes in the expression of synthetic genes are believed to be the
possible cause of changes in the aroma content (Fenske et al., 2015). The
changing trends of the R/S chiral isomer content in tea leaves over time
were inconsistent, indicating that dynamic changes in the expression
levels of their specific synthesis genes may differ.

Our results indicated that the sampling time affects the content and
proportion of aroma chiral isomers in tea. Therefore, to accurately

describe the content and proportion of aroma chiral isomers in tea tree
varieties, we need to state the specific sampling time. The essential oil
content at different time points often exerts a decisive influence on the
plant harvesting time. For example, damask roses are usually harvested
in the early morning when their essential oil content is the highest
(Kumar et al., 2013). In our results, it seemed that relatively high con-
tent of linalool and its derivatives was found in tea leaves picked in the
afternoon. Considering that linalool and its derivatives are the main
aroma substances in tea leaves of “Hainan dayezhong”, perhaps in terms
of aroma, afternoon is a more suitable time for tea picking, which may
make the aroma of tea more floral and sweet. Of course, the presentation
of tea aroma is a very complex result of the interaction of various aroma
substances, which requires our detailed evaluation.

3.2. Tissue-specific distribution of chiral isomers of linalool and its
derivatives

Tea shoots were divided into the bud, first leaf, second leaf, third
leaf, fourth leaf, and stem. Then, tissue-specific distribution of chiral
isomers of linalool and its derivatives was analyzed.

Fig. 4A showed the changes in the ratio of chiral isomers in different
tissues. The R-linalool proportion was significantly higher in the bud
than in the other leaf positions at 58.73 %, followed by that in the first
leaf. This indicated that young leaves possessed a relatively high pro-
portion of R-linalool. The R-linalool proportion in the stem was only
26.43 %. The R-diendiol I proportion was highest in the bud and fourth
leaf, followed by the stem. No obvious pattern of diendiol I distribution
was noted among various organizations. The proportion of (2R, 5R)-
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Fig. 3. Seasonal variation of linalool and its derivatives in one bud and two leaves of cultivated ‘Hainan dayezhong’ tea tree.
A, dynamics of chiral isomer ratio. Statistically significant difference between months was analyzed by One-way ANOVA. linalool: F = 517.367, P < 0.001; diendiol I:

F = 29.209, P < 0.001; linalool oxide A: F = 2.361, P = 0.073; linalool oxide B: F =

25.802, P < 0.001; linalool oxide D: F = 15.282, P < 0.001. B, dynamics of chiral

isomer content. Statistically significant difference between months was analyzed by One-way ANOVA. S-linalool: F = 8.525, P < 0.001; R-linalool: F = 18.568, P <
0.001; S-diendiol I: F = 25.592, P < 0.001; R-diendiol I: F = 8.569, P < 0.001; (2S, 55)-linalool oxide A: F = 32.921, P < 0.001; (2R, 5R)-linalool oxide A: F = 26.999,
P < 0.001; (2S, 5R)-linalool oxide B: F = 27.932, P < 0.001; (2R, 5S)-linalool oxide B: F = 6.242, P < 0.001; (2S, 5R)-linalool oxide C: F = 571.696, P < 0.001; (2R,
58)-linalool oxide C: F = 101.812, P < 0.001; (2S, 5S)-linalool oxide D: F = 145.164, P < 0.001; (2R, 5R)-linalool oxide D: F = 14.223, P < 0.001. All the statistical

analysis were performed using SPSS 29.

linalool oxide A in each leaf position was similar. However, its propor-
tion in the stem was nearly twice that in the leaf, reaching 25.29 %. The
ratio of chiral isomers of linalool oxide B exhibited no significant change
in each tissue, with type-(2S, 5R) being the main configuration. (2R, 55)-
Linalool oxide C was only detected in the stem, with the proportion
being 7.57 %. The proportion of linalool oxide D chiral isomers varied
among the tissues. The second leaf had the lowest ratio of (2R, 5R)-
linalool oxide D (8.67 %), whereas the bud had the highest ratio (37.89
%).

Fig. 4B showed the differences in content of chiral isomers in
different tissues. The stem contained a considerably higher content of S-
linalool than the leaves, whereas the R-linalool content was higher in the
bud than in the other tissues. From the first leaf to fourth leaf, the
content of two linalool enantiomers did not fluctuate much. The R or S-
diendiol I content was higher in tender leaves (the bud and first leaf) and
stem. From the second leaf to fourth leaf, the content of diendiol I
decreased gradually. The content of each linalool oxide chiral isomer
was significantly higher in the stems than in the leaves. For linalool
oxide A and linalool oxide B, the contents in old leaves (the fourth leaf)
were higher than those in young leaves.

Differences in the proportions of aroma chiral isomers in various
tissues have been reported in many plants (Dangol et al., 2023; Poudel
et al., 2021). For example, obvious ratio differences between the aroma
chiral isomers of the rhizome, flowers, leaves, and fruits were observed
in Hedychium coronarium and Zingiber roseum (Pragadheesh et al., 2013;
Shanmugam et al., 2015). A study conducted using Jasminum grandi-
florum revealed that the primary configuration of linalool varied in
different flower stages (Pragadheesh et al., 2017). In the bud stage, R-
linalool was the dominant configuration, whereas in the mature flower,
S-linalool was the dominant configuration (Pragadheesh et al., 2017).
The authors believed that the change in the expression level of the R-
linalool synthase gene at different stages may have led to variations in

the configurations. Whether the difference in the ratios of aroma chiral
isomers among tea tissues is related to the expression level of synthesis
genes requires to be further explored.

The great contribution of stem to tea aroma was found in our study.
Expect for diendiol I, the other aroma substances were most abundant in
stem, especially the four linalool oxides. Raw materials with stems
obviously could help to enhance tea aroma. This is consistent with the
previously reported results, which revealed a higher linalool oxide
content in the stems than in the leaves (Zeng et al., 2017). In a previous
study, the linalool oxides (furanoid) content in the fresh Longjing of one
bud and three leaves or one bud and four leaves was higher than that in
the tender buds (Shao et al., 2022). This was possibly related to the high
content of these aroma compounds in the stems. The high content of
diendiol I in tender leaves is possibly because that tea green leafhoppers
preferably cause damage to young leaves (Zhao et al., 2019). The high
content of diendiol I in stem may be a result of the damage caused by the
laying of eggs by the tea green leafthoppers in the young stems (Wang
et al., 2023).

3.3. Change in the chiral isomers of linalool and its derivatives under
biotic stress

Changes in the aroma chiral configuration of tea leaves after tea
green leafthopper (E. (Matsumurasca) onukii Matsuda) infestation were
investigated (Fig. 5A and B). The proportions of R-linalool and type-R of
linalool oxides increased to varying degrees after pest infestation
(Fig. 5A). The ratio of chiral isomers of linalool oxide C and linalool
oxide D changed most significantly. The proportion of (2R, 55)-linalool
oxide C increased from 0 % to 7.54 % and that of (2R, 5R)-linalool oxide
D increased from 12.43 % to 48.62 % (Fig. 5A). On the other hand, tea
green leafhopper infestation had no effect on the ratio of diendiol I chiral
isomers (Fig. 5A).
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Fig. 4. Tissue specific of linalool and its derivatives in cultivated ‘Hainan dayezhong’ tea tree.

A, tissue specific of chiral isomer ratio. Statistically significant difference between tissues was analyzed by One-way ANOVA. linalool: F = 70.922, P < 0.001; diendiol
I: F = 14.257, P < 0.001; linalool oxide A: F = 28.431, P < 0.001; linalool oxide B: F = 4.659, P = 0.013; linalool oxide C: F = 194.508, P < 0.001; linalool oxide D: F
=17.315, P < 0.001. B, tissue specific of chiral isomer content. Statistically significant difference between tissues was analyzed by One-way ANOVA. S-linalool: F =
22.846, P < 0.001; R-linalool: F = 36.127, P < 0.001; S-diendiol I: F = 12.835, P < 0.001; R-diendiol I: F = 64.213, P < 0.001; (2S, 55)-linalool oxide A: F = 232.124,
P < 0.001; (2R, 5R)-linalool oxide A: F = 274.154, P < 0.001; (2S, 5R)-linalool oxide B: F = 109.947, P < 0.001; (2R, 5S)-linalool oxide B: F = 177.071, P < 0.001;
(2S, 5R)-linalool oxide C: F = 114.350, P < 0.001; (2S, 55)-linalool oxide D: F = 145.164, P < 0.001; (2R, 5R)-linalool oxide D: F = 672.331, P < 0.001. L1, the first
leaf; L2, the second leaf; L3, the third leaf; L4, the fourth leaf. All the statistical analysis were performed using SPSS 29.

The content measurement results revealed that pest infestation
increased the content of internal R-linalool but reduced the content of
internal S-linalool (Fig. 5B). Although insect damage simultaneously
increased the expression of R-linalool synthase and S-linalool synthase
genes (Zhou et al., 2020), the massive release of S-linalool after insect
damage possibly reduced the intrinsic content (Mei et al., 2017). Tea
green leafhopper infestation simultaneously increased the content of R-
diendiol I significantly (Fig. 5B). The (2R, 5R)-linalool oxide A content
increased due to pest damage, whereas the type-(2S, 5S) content
exhibited no significant elevation (Fig. 5B). The contents of both isomers
of linalool oxide B were inhibited by the pest, with a more dramatic
decrease noted in the content of the S form (Fig. 5B). The pest simul-
taneously triggered an increase in the content of both chiral isomers of
linalool oxide C (Fig. 5B). The changes in the content of the two chiral
isomers of linalool oxide D were opposite. The (2R, 5R)-linalool oxide D
content increased after insect infestation, whereas the (2S, 55)-linalool
oxide D content decreased significantly (Fig. 5B).

Tea blister blight is an epidemic disease of “Hainan dayezhong” in
the Jiangfenling National Forest Park. Although tea blister blight and tea
green leafhopper are both biotic stresses, their effects on the chiral
isomers of linalool and its derivatives were not exactly the same. The
ratios of R-linalool and (2R, 5S5)-linalool oxide B significantly increased
in the diseased leaves (Fig. 5C), which was the same as the changes
caused by the pests. Different from the impact of pests, disease incidence
increased the R-diendiol ratio in the leaves but did not significantly
affect the chiral isomer ratios of other linalool oxides (Fig. 5C).

Similar to the effect of pests, disease incidence increased the R-
linalool content significantly in the leaves but decreased the S-linalool
content (Fig. 5D). The change in the diendiol I chiral isomer content of
the diseased leaves was similar as the trend observed in linalool content

(Fig. 5D). The contents of each chiral isomer of linalool oxides A and B
increased in the diseased leaves (Fig. 5D). The content of linalool oxide C
chiral isomers did not change considerably after pathogen infection.
Like the changes caused by the pests, the (2R, 5R)-linalool oxide D
content increased in the diseased leaves, whereas the (25, 55)-linalool
oxide D content decreased (Fig. 5D).

In a previous study, changes in aroma isomers affected the ability of
plants to repel pests (Allmann & Baldwin, 2010). Insect attack could
change the ratio of emitted R/S 1-phenylethanol in tea flowers (Zhou,
Zeng, Liao, et al., 2017). Studies are needed to understand whether pests
affect the proportion and content of aroma chiral isomers released by tea
leaves and to explore the ecological significance of changes in these
isomers in the interaction between tea plant and pests. Moreover, plant
aroma exerts a certain inhibitory effect on plant pathogen, and different
chiral isomers may exert varying effects. For example, (S)-limonene, but
not (R)-limonene, inhibited the growth of Xanthomonas oryzae pv. oryzae
(Lee et al., 2016). In tea leaves, changes in the ratio and content of
aroma chiral isomers may be a mechanism to defend against tea blister
blight disease.

Changes in the ratio of plant aroma configuration under biotic stress
may be a mechanism used by plants to adapt to environmental stress. In
our study, under pest and disease stresses, the proportion of R-type
aroma compounds did not decrease, whereas that of some compounds
increased significantly. Moreover, the contents of most R-type aroma
chiral isomers increased under the disease stress and pest infestation.
The role of R-type tea aroma in plant defense to biotic stress needs to be
further explored.
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Fig. 5. Impact of tea green leafhopper infestation and tea blister blight on chiral configuration of linalool and its derivatives.
A, change in chiral isomer ratio upon pest infestation; B, change in chiral isomer content upon pest infestation. C, change in chiral isomer ratio upon plant disease; D,
change in chiral isomer content upon plant disease. Statistically significant difference was analyzed by student's t-test. *, P < 0.05; **, P < 0.01. All the statistical

analysis were performed using SPSS 29.

3.4. Change in the chiral isomers of linalool and its derivatives in black
tea manufacturing and tea brewing

The black tea manufacturing process includes five stages: picking,
withering, rolling, fermentation, and drying. The chiral isomer ratio of
linalool and its derivatives exhibited no dramatic change at different
stages of black tea processing (Fig. 6A). The proportion of R-diendiol and
(2R, 5R)-linalool oxide A increased significantly during withering. The
proportion of (2R, 5S)-linalool oxide C gradually increased with the
manufacturing process.

From picking to drying, the aroma chiral isomer content changed
significantly (Fig. 6B). The content change trends of the two chiral iso-
mers of the same compound were relatively consistent. During with-
ering, the contents of both chiral isomers of linalool steadily increased.
S-diendiol I contents decreased dramatically during withering (—71.1
%), whereas R-diendiol I contents remained stable. Withering aided in
increasing the contents of linalool oxides A and B, but exerted no sig-
nificant effect on the contents of linalool oxides C and D. During the
processing stage after withering, the contents of the two linalool isomers
displayed a significant decreasing trend. Except for linalool, the contents
of the other five aromas increased to varying degrees during rolling and
fermentation. Although drying caused no significant change in the
proportion of aroma chiral isomers, the content of free aroma in black
tea reduced significantly.

The increase in the ratio of R-diendiol I during withering is due to the
sharp decrease in the content of S-diendiol. Of the six compounds we

studied, diendiol I was the only one whose content decreased signifi-
cantly during withering stage. It is possible that its biosynthesis is
inhibited or many free diendiol I is transformed into glycoside during
withering. Different enantiomers of linalool oxide C has completely
different odor. (2R, 5S)-Linalool oxide C has an earthy odor, while (2S,
5R)-linalool oxide C exhibits a sweet, floral, creamy odor (Zhou, He, &
Zhu, 2023). The increasing proportion of (2R, 5S)-linalool oxide C
during tea manufacturing process definitely affect tea aroma. However,
whether these differences are perceptible to humans requires further
research.

Our results showed that withering helped increase the content of
both chiral isomers of linalool, linalool oxide A and linalool oxide B.
Similar to our results, another study reported that the content of the two
chiral isomers of linalool increased significantly during the spreading
stage of green tea processing (Shao et al., 2022). It has been confirmed
that picking-induced injury leads to the increase in linalool content
during withering. Genes corresponding to R-linalool and S-linalool
biosynthesis are known to be induced by mechanical damage (Zhou
et al., 2020). It is possible that P450 genes responsible for the synthesis
of linalool oxides (furanoid) also be induced by mechanical injury. The
decrease in the content of two linalool chiral isomers after withering
stage may be related to the large emission of free linalool during rolling,
fermentation, and drying. Our results suggested that rolling and
fermentation may contribute greatly to the improvement of the aroma
quality of black tea, as the content of the four linalool derivatives all
increased sharply. Cell disruption-induced hydrolysis of aroma
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Fig. 6. Dynamic change of chiral configuration of linalool and its derivatives in black tea manufacturing process and brewing.

A, change in chiral isomer ratio in manufacture processing. Statistically significant difference between processes was analyzed by One-way ANOVA. linalool: F =
2.708, P = 0.073; diendiol I: F = 18.306, P < 0.001; linalool oxide A: F = 20.447, P < 0.001; linalool oxide B: F = 8.068, P = 0.002; linalool oxide C: F = 3.866, P =
0.026; linalool oxide D: F = 19.083, P < 0.001. B, change in chiral isomer content in manufacture processing. Statistically significant difference between processes

was analyzed by One-way ANOVA. S-linalool: F = 8.296, P = 0.001; R-linalool: F =

7.966, P = 0.002; S-diendiol I: F = 22.379, P < 0.001; R-diendiol I: F = 10.787, P

< 0.001; (2S, 5S)-linalool oxide A: F = 8.528, P = 0.001; (2R, 5R)-linalool oxide A: F = 14.650, P < 0.001; (2S, 5R)-linalool oxide B: F = 13.679, P < 0.001; (2R, 55)-
linalool oxide B: F = 40.576, P < 0.001; (2S, 5R)-linalool oxide C: F = 178.898, P < 0.001; (2R, 5S)-linalool oxide C: F = 141.296, P < 0.001; (2S, 5S)-linalool oxide
D: F = 271.872, P < 0.001; (2R, 5R)-linalool oxide D: F = 98.613, P < 0.001. C, impact of brewing on chiral isomer ratio. Statistically significant difference was
analyzed by student's t-test. P, picking; W14, withering for 14 h; W25, withering for 25 h; R, rolling; F, fermentation; D, drying; TF, tea infusion. All the statistical

analysis were performed using SPSS 29.

glycosides may be responsible for the increase in the content of linalool
derivatives during rolling and fermentation. A large number of aroma
glycosides are stored in the vacuole (Chen & Quek, 2023). Because of
rolling, glycosides in the vacuole come in contact with glycoside hy-
drolase distributed outside the vacuole. Fermentation provides suitable
conditions for this glycoside hydrolase-catalyzed hydrolysis to produce a
large amount of free aroma (Zhou, Zeng, Gui, et al., 2017). Drying
causes a dramatically drop in the content of aroma substances. Consis-
tent with our results, pan-frying and drying significantly reduced the
free aroma content of green tea leaves (Flaig et al., 2020). The loss of
aroma during pan-frying and drying may be related to the high tem-
perature that causes volatilization of a large amount of free aroma.
Therefore, optimizing drying conditions may help improve the aroma
quality of black tea.

Brewing significantly reduced the R-diendiol proportion from 9.08 %
to 2.47 % (Fig. 6C). The (2R, 5R)-linalool oxide A proportion decreased
from 23.47 % to 13.94 %. No significant change was observed in the
ratio of chiral isomers of linalool and its other derivatives. Based on
these results, we concluded that hot water brewing has a certain impact
on the ratio of aroma chiral isomers. If we want to accurately determine
the distribution of these isomers in dry tea, we should avoid using tea

soup brewed with hot water for the measurement. In addition, because
the aroma extraction efficiency may differ between organic reagent
extraction and the SBSE method, we did not compare the effect of
brewing on the aroma chiral isomer content.

3.5. Chiral isomers of linalool and its derivatives in wild tea tree leaves

“Hainan dayezhong” has abundant wild tea tree resources. These
wild tea trees exhibit enormous diversity in terms of the appearance of
their leaves. Samples of multiple wild tea plants were collected from
Wuzhishan and Jianfengling districts, the main areas of the distribution
of wild tea trees, and differences in their aromas were analyzed.

The proportions of aroma chiral isomers in different individual
plants of wild tea trees varied. Fig. 7A presents the R/S ratio of each
aroma compound. Type-S was possibly the primary chiral configuration
of linalool and its derivatives. Among the 17 wild tea trees collected
from Jianfengling, the lowest proportion of R-linalool was 6.15 %,
whereas the highest proportion was 78.61 %. Among the 30 wild tea
leaves collected from Wuzhishan, the lowest proportion of R-linalool
was 16.58 %, whereas the highest proportion was 67.72 %. Among the
samples collected from Jianfengling, the R-diendiol I proportion was
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Fig. 7. Diversity of linalool and its derivatives in individual wild tea tree.
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A, diversity in the ratio of chiral isomers of linalool and its derivatives; B, diversity in the content of chiral isomers of linalool and its derivatives. To better display the
differences, the raw data were treated with log, transformation. JFL, tea tree grown in Jianfengling National Park; WZS, tea tree grown in Wuzhishan National

Nature Reserve.

<50 %, with the highest being 39.46 %. Among the samples collected
from Wuzhishan, the R-diendiol I proportion in four tea plants was
approximately 70 % (70.19 %, 80.53 %, 70.80 %, and 68.71 %) and that
in the other plants was <50 %. The proportion of (2S, 55)-linalool oxide
A was between 49.55 % and 91.37 %. Only one wild tea tree in Wuz-
hishan had a (2S, 5R)-linalool oxide B ratio of <50 % (38.85 %). The (2S,
5R)-linalool oxide B ratio in other trees was between 51.19 % and 79.78
%. Interestingly, tea trees with a lower (2R, 5R)-linalool oxide A pro-
portion often had a higher (2R, 5S)-linalool oxide B proportion. For
example, JFL16 from Jianfengling and WZS24 from Wuzhishan had the
lowest (2R, 5R)-linalool oxide A proportions, respectively, but they
contained the highest (2R, 55)-linalool oxide B proportions. (2R, 55)-
Linalool oxide C could be detected in all wild tea leaves, but its pro-
portion was low in most leaves. Only in two samples from Wuzhishan, its
proportion reached approximately 50 % (WZS6 and WZS24, 53.44 %
and 46.04 %, respectively). (2S, 5S)-Linalool oxide D was the primary
linalool oxide D configuration in wild tea trees. Its proportion in all
samples was >50 %.

Regarding aroma content, great differences were observed among
wild tea trees (Fig. 7B). In general, the content of aroma chiral isomers of
tea leaves was slightly higher in the Jianfengling area than in the
Wuzhishan area. The content of each chiral isomer of linalool and
linalool oxide B was significantly higher than that of the other aroma
substances. Leaves with a higher linalool content also had a higher
content of its derivatives, such as JFL6.

The aroma differences in individual wild tea trees completely illus-
trate the rich genetic diversity of “Hainan dayezhong.” According to
previous studies, the linalool chiral configuration of C. sinensis var.
assamica is predominantly type-R (Zhou et al., 2020; Zhu et al., 2017).
Notably, in “Hainan dayezhong,” the linalool configuration is primarily
type-S, unlike the proportion of linalool chiral configuration reported in
other C. sinensis var. assamica cultivars. This may be because “Hainan
dayezhong” evolved independently in Hainan Island and has a genetic
background different from that of traditional cultivated tea (Guo et al.,
2024). Metabolite differences among individual plants of wild tea trees
have been reported in Jianghua Kucha (Wu et al., 2022). Significant
differences were observed in the contents of various catechins, thea-
crine, theobromine, and other metabolites in 11 individual Jianghua
Kucha tea plants. A rich genetic diversity of wild tea trees may explain

individual differences in specialized metabolites (Li et al., 2024). Next,
the content of nonvolatile, quality-related metabolites can be analyzed
in individuals of “Hainan dayezhong.” By selecting individual plants
with optimal metabolite contents and through clonal breeding, the
quality of tea aroma can be optimized, and “Hainan dayezhong” wild
resources can be more effectively used.

4. Conclusion
This study analyzed dynamic changes in the chiral isomers of linalool

and its derivatives in “Hainan dayezhong” tea leaves. Diurnal and sea-
sonal changes in these isomers, their tissue-specific distribution, impact
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Fig. 8. Conclusion of dynamics of chiral isomers of linalool and its derivatives.
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of pest infestation and disease, and their change during tea
manufacturing processes were studied in detail (Fig. 8). In general, type-
S was the dominant chiral configuration of linalool and its derivatives in
“Hainan dayezhong” tree leaves. The proportions and contents of these
chiral isomers fluctuated considerably throughout the day and across
different months. This offered us a reference for deciding the tea har-
vesting time. Except for diendiol I, the content of most aroma chiral
isomers was higher in the stem than in the leaves. Pest infestation and
disease incidence increased the type-R aroma proportion. Although the
proportion of different chiral isomers of linalool and its derivatives did
not exhibit considerable variations during black tea manufacturing,
their contents dramatically fluctuated. The R-diendiol I proportion
reduced significantly after tea brewing, whereas the proportion of other
aroma chiral isomers was slightly affected. Chiral isomers of linalool and
its derivatives in the wild tea tree “Hainan dayezhong” presented a rich
diversity in their proportion and content. Selecting superior clones from
these wild tea tree resources for molecular breeding can be a promising
approach for improving aroma quality of “Hainan dayezhong.”
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