& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 14 April 2022
doi: 10.3389/fnut.2022.877132

OPEN ACCESS

Edited by:

Jinkai Zheng,

Institute of Food Science and
Technology (CAAS), China

Reviewed by:

Tao Feng,

Shanghai Institute of

Technology, China

Ya-Fang Shang,

Hefei University of Technology, China

*Correspondence:
Jinjie Hua
huajinjie@tricaas.com
Haibo Yuan
192168092@tricaas.com

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Food Chemistry,

a section of the journal
Frontiers in Nutrition

Received: 16 February 2022
Accepted: 21 March 2022
Published: 14 April 2022

Citation:

Wang H, Yu'Y, OQuyang W, Jiang Y,
Wang J, Hua J and Yuan H (2022)
Assessment of Variations in Round
Green Tea Volatile Metabolites During
Manufacturing and Effect of
Second-Drying Temperature via
Nontargeted Metabolomic Analysis.
Front. Nutr. 9:877132.

doi: 10.3389/fnut.2022.877132

Check for
updates

Assessment of Variations in Round
Green Tea Volatile Metabolites
During Manufacturing and Effect of
Second-Drying Temperature via
Nontargeted Metabolomic Analysis

Huajie Wang %!, Yaya Yu'", Wen Ouyang "4, Yongwen Jiang', Jinjin Wang, Jinjie Hua ™
and Haibo Yuan™

" Key Laboratory of Tea Biology and Resources Ultilization, Ministry of Agriculture, Tea Research Institute, Chinese Academy
of Agricultural Sciences, Hangzhou, China, ? Department of Tea Science, College of Agriculture and Biotechnology, Zhejiang
University, Hangzhou, China, ° State Key Laboratory of Tea Plant Biology and Utilization, College of Tea and Food Science
and Technology, Anhui Agricultural University, Hefei, China

Round green tea (RGT) is widely distributed and presents a high yield in China.
The quality of RGT can be determined by its aroma; however, the transformation
and formation of volatile metabolites during RGT processing remain unclear. In this
study, 173 volatile compounds (nine categories) were identified totally from RGT via
gas chromatography-mass spectrometry with infrared-assisted headspace-solid phase
microextraction. These substances exhibited different changing trends during various
procedures, with the most intense transformation occurring during fixation, followed
by pan-frying and second drying; moreover, 51 substances were screened, mainly
containing fatty acid-derived volatiles (i.e., (E)-2-hexen-1-ol, Hexanal, pentanal, hexanal)
and glycoside-derived volatiles (i.e., linalool, geraniol, benzyl alcohol, benzaldehyde),
and their evolution during processing was clarified. Furthermore, the effect of the
second-drying temperature on volatile compound metabolism was clarified, and 90°C
was the best temperature for RGT aroma. This research lays a foundation for in-depth
quality control and the aroma formation mechanism of RGT.

Keywords: round green tea, volatile metabolites, second-drying temperature, fatty acid-derived volatiles,
glycoside-derived volatiles, nontargeted metabolomic analysis

INTRODUCTION

Green tea has gained immense interest among consumers worldwide due to its green leaves and
soup color, high fragrance, brisk and mellow taste, and various physiological activities such as
anticancer, antioxidant, antiradiation, and antibacterial properties (1-4). Green tea can be classified
into flat-shape, curled-shape, round (bead)-shape, needle (bud)-shape, and strip-shape, based on its
appearance type (5). Round green tea (RGT), such as Yongxi Huogqing green tea in Anhui province,
Fenghua curled tea and Pingshui Rizhu tea in Zhejiang Province, and Emerald tea in Guizhou
Province, are widely consumed in China owing to their unique quality characteristics including
tight, heavy, and sturdy round shape, green glossy color, high fragrance, and brisk and mellow taste
(6, 7). Moreover, RGT accounts for a large proportion of green tea exported from China and is
consumed by people worldwide.
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process of round green tea.

FIGURE 2 | (A) Principal Component Analysis (PCA) score scatter plot composed of all volatile compounds in the round green tea process. (B) The dynamic
metabolic trajectory plot of volatile compounds, drawn by scatting of the Principal Component Analysis (PCA) scores t[1] vs. t[2]. (C) Variation trend chart of different
types of volatile compounds content in different processes of round green tea. (D) Variation of the proportion of different types of volatile compounds in different

Evolution of Key Different Compounds and
Their Related Compounds During

Processing

From the 51 compounds obtained in section Differential
Compound Screening and Evolution Analysis During RGT
Processing, the metabolic transformation rules of 34 key
volatile compounds with definite aroma characteristics
(9, 13) were revealed. Combined with the transformation
and metabolism-related substances, this study clarified
the evolutionary law of total 48 volatile compounds in the
process of RGT, which contained 21 fatty acid-derived volatile
substances, 18 glycoside-derived volatile substances, 7 amino
acid-derived volatile substances, and 3 carotenoid-derived
volatiles (Supplementary Figure S1).

Fatty Acid-Derived Volatiles

Lipids are important precursors for the formation of volatile
compounds in green tea. The degradation products of
unsaturated fatty acids or saturated fatty acids, such as a-
linolenic acid and linoleic acid, can form Cé6-aldehydes under
the action of heat or lipoxidase (LOX), and then further undergo
redox reaction, isomerization, and may form esters, as well
as chemical reactions to generate corresponding ketones, and
alcohols (8). Figure4A illustrates such compound changes
during processing of RGT: under the action of lipoxidase,
the hexanal, pentanal and heptanal derived from linoleic
acid showed an upward trend, whereas (E)-2-hexen-1-ol,

acetate decreased sharply. Hexanal, 1-hexanol, 1-pentanol,
1-heptanol and (E)-3-hexen-1-ol derived from linoleic acid and
a-linolenic acid decreased significantly after fixating, whereas
(E)-2-hexen-1-ol, acetate showed increased trend. During the
spreading process, under the action of hydrolases, oxidases, and
isomerases, hydrolysis of esters is increased, and the degradation
of lipids results in the formation of corresponding alcohols
and aldehydes, under the heat of fixation, the oxidation and
esterification were promoted, these results are consistent with
the existing findings (19, 29). High boiling point compounds,
such as pentanal, heptanal, hexanal, and 2-heptanone, 6-methyl-
5-hepten-2-one, and 1-penten-3-ol (Supplementary Figure S1)
increased significantly during pan-fried process (p < 0.05), likely
because the process of rolling promoted the fragmentation of
tea tissue cells, resulting in a large amount of unsaturated fatty
acids overflowing. Thus, these unsaturated fatty acids underwent
strong thermal oxidation reactions under long-term high
temperature treatment of pan-fried to form alcohols, aldehydes
with high boiling points. Furthermore, heat fixation and pan
frying increased the volatilization of low-boiling alcohols and
induce the formation of corresponding aldehydes, ketones esters
by oxidation, isomerization, esterification reactions.

Glycoside-Derived Volatiles

Glycoside-derived volatiles generally exhibit floral, sweet, and
fruity aromas and form an important component of green
tea aroma (11). During the process, monoterpene alcohols
(linalool, and geraniol) or aromatic alcohols (benzyl alcohol
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FIGURE 3 | (A) Loading diagram of Partial Least Squares Discrimination Analysis (PLS-DA) model. (B) Heat map of 51 difference volatile compounds.
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and phenylethanol) can be liberated by glycosidic enzymes or
heat reaction. In this study, the levels monoterpene alcohols,
such as linalool, geraniol markedly decreased after fixation
(Figure 4B), whereas the dehydrogenation compound (3,7-
dimethyl-1,5,7-octatrien-3-ol), isomerisation compound (nerol)
considered important components of the floral and fruity
aroma of green tea (28), remarkably increased. The levels
of methyl salicylate, alfa-copaene, cubenene, a-cadinol, etc.,
(Supplementary Figure S1) markedly decreased in FTS, whereas
those of citral, as the oxide of nerol, which is the isomer of
geraniol and linalool, were significantly increased in PF2 and
BHL, particularly in PF2 (p < 0.05). This indicates that the
isomerization of linalool, geraniol and the oxidation reaction
of nerol may generate citral under long-term high-temperature
treatment of PF2 (11). The level of aromatic compounds, such
as benzyl alcohol, benzaldehyde, styrene, phenylethyl alcohol
markedly decreased after fixation, while corresponding oxides
(benzene acetaldehyde) was increased. Benzoic acid, ethyl ester
was increased significantly after rolling process, which may relate
to the increase of cell fragmentation rate under the action of
external force and high leaching rate. The high temperature
treatment of RPL promoted the oxidation and methylation
reaction to form acetophenone, 2,5-dimethyl-benzaldehyde.
Many glycoside-derived volatiles disappeared during the fixation
process, which is consistent with the results of previous studies

(11). It is speculated that in a high-temperature environment,
some volatiles are lost and recombine with glycosides to form
nonvolatile compounds; furthermore, they undergo oxidation,
isomerization, and other reactions (8).

Amino Acid-Derived Volatiles

Amino acid-derived volatiles are generally derived from the
Strecker reaction of amino acids and the Maillard reaction
of amino acids with sugars (9). Acid-derived volatiles were
identified in this study (Figure 4C). Among these, 2-methyl-
butanal and 3-methyl-butanal increased significantly after
spreading (p < 0.05), which is related to the reaction of
leucine and isoleucine with glutamine under the action of
transaminase and decarboxylase. After fixation, the levels of 3-
methyl-butanal, 2-methyl-butanal, and 2-methyl-butanol were
significantly reduced (p < 0.05), whereas those of 3-methyl-
butanol significantly increased (p < 0.05). Moreover, at high
temperatures, oxidation reaction was triggered, and strong
reduction reaction and isomerization reaction also occurred (10);
however, their contents in PF3 and BHL have rebounded, which
is related to the high temperature and long-term treatment
at this stage to promote the Strecker reaction of amino acids
and oxidation and isomerization. 2-methoxy-furan, cis-2-(2-
pentenyl) furan, and 2-propyl-furan are the Maillard reaction
products; the levels of 2-methoxy-furan increased in FTS, PF2,
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FIGURE 5 | (A) Histogram of different types of volatile compounds of round green tea by different second-drying temperature. (B) Partial Least Squares Discrimination
Analysis (PLS-DA) score. (C) Loading diagram for volatile compounds of round green tea by different second-drying temperature. (D) Heat map of 117 difference
volatile compounds. Different letters indicate the significance of the difference of the same type substance at different temperatures through LSD test (p < 0.05).
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BHL, particularly in BHL, which is consistent with the results
of the existing research (9), and 2-propyl-furan exhibited an
upward trend in most processes but decreased in DTL and BHL.
Moreover, cis-2-(2-pentenyl) furan increased in STL, FTS, and
RPL, whereas it decreased in BHL significantly (p < 0.05), which
contradicts the existing research that high temperature and long-
term drying is conducive to the Maillard reaction (30), and may
be related to the further transformation of these two substances
at high temperatures.

Carotenoid-Derived Volatiles

Carotenoids can generate ionone, 2,6,10,10-tetramethyl-1-
oxaspiro [4.5] dec-6-en-8-one, and other floral and fruity
substances under enzymatic oxidation and heat, and are
important precursors of the formation of green tea aroma (9).
The evolution of B-ionone, a-ionone and isophorone is depicted
in Figure 4D; B-ionone, a-ionone increased during FLS and RPL,

and the decrease was most obvious at BHL (29). Isophorone
is another carotenoid-derived volatile (31), which exhibited
decreased trend before PF2, but increased mostly in PF2 and
further decreased. The rebound in PF1 and PF2 is related to
the increase in cell disruption and the overflow of its precursor
substances, which further promotes its synthesis under the action
of high temperature (32).

Effect of Box Hot Air Second-Drying

Temperature on Volatile Compounds

In section Analysis of Volatile Compounds During the
Processing of Green Tea discussion, it was found that the hot
air drying process is crucial in the formation of aroma during
RGT processing. Therefore, this study will further discuss the
influence of different second-drying temperatures on the volatile
compounds of RGT.
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Volatile Profile of Green Tea Under Different Box Hot
Air Second-Drying Temperature

In total, 247 volatile compounds were obtained in different
second-drying temperature samples (Supplementary Table S2).
The comparison of different temperature samples revealed that
alcohols and furans were significantly higher in BHL70 (p <
0.05), whereas alkanes, terpenes, aromatic hydrocarbons, and
pyrazines were higher in BHL110 than in other samples, and
the contents of various compounds (such as alkanes, terpenes,
aromatic hydrocarbons, alcohols, and furans) were moderate
in BHL90 (Figure 5A). Substances with green aroma, such as
(E)-3-hexen-1-ol, 1-hexanol, 1-decanol, hexanal, (E)-2-hexenal,
and (E)-4-heptenal were higher in BHL70; naphthalene, 2-
methoxy-furan, (E)-2-pentenal, 3-octen-2-one, and 2,6,10,10-
tetramethyl-1-oxaspiro [4.5] dec-6-ene were higher in BHL90;
whereas 3-ethyl-1H-pyrrole, 2-ethyl-6-methyl-pyrazine, 3-ethyl-
2,5-dimethyl-pyrazine, and roast aroma were higher in BHL110
than BHL90 and BHL70 (Supplementary Table S2).

PLS-DA
To further clarify the effect of the second-drying temperature
on volatile compounds and obtain key differential compounds,
PLS-DA analysis (33) was conducted in this study based on 247
volatile compounds. The score map is illustrated in Figure 5B,
and three groups of samples were distinguished. While detecting
t [1], BHL70 and BHL90 were on the right side of the figure, and
BHL110 was on the left side of the figure. The model parameters
were RZX = 0.941, R?Y = 0.998, and Q? = 0.988, indicating that
the model is stable and reliable and has strong predictive ability.
To obtain the key volatile compounds that distinguish
samples at different second-drying temperatures, variable
importance of projection (VIP) and difference significance
analysis were used to screen differential substances. In total, 117
substances (load diagram, Figure 5C), such as benzaldehyde,
octanal, D-Limonene, naphthalene, hexanal, 3-ethyl-1H-Pyrrole,
(E)-3-Hexen-1-ol, 2,5-dimethyl-pyrazine, and trans-B-ionone,
were obtained. Supplementary Figure S2 illustrates the
changes in 117 substances under different second-drying
temperatures. The heatmap (Figure 5D) showed the changes
of 117 differential compounds under different second-drying
treatments clearly. Octanal, (E, E)-2,4-heptadienal, 1-Octanol,
nonanal, and (E)-4-heptenal, with a grassy aroma, were higher
in BHL70; 2-methoxy-furan, (E)-2-pentenal, 3-octen-2-one,
and 2,6,10,10-tetramethyl-1-oxaspiro [4.5] dec-6-ene were
higher in BHL90; and 3-ethyl-1H-pyrrole, 2-ethyl-6-methyl-
pyrazine, and 3-ethyl-2,5-dimethyl-pyrazine were higher in
BHL110. This result follows the previous studies reporting
that significantly lower temperatures lead to greater retention
of grass-flavored substances and insufficient formation of
high-boiling aromatic substances (p < 0.05), whereas higher
temperature can significantly promote the Maillard reaction of
amino acids and sugars to produce too many pyrazines, which
imparts a baking flavor to the tea (34).

OAV
OAV analysis is frequently applied to evaluate the contribution
of volatile compounds in aroma (27, 35). Odor thresholds

and characteristics of the 41 patients (Supplementary Table S3)
consuming the 117 substances were obtained based on previous
studies (8, 36-39). Of these, 21 substances (Table 1), with
important contributions to aroma, were screened out according
to the principle of OAV > 1. In particular, the OAV of trans-
B-ionone is >9,000, and 1-octanol is >450, both of which
are important components of aroma composition (8, 38).
From the perspective of different second-drying temperature
treatments, the OAVs of 1-hexanol, (E)-4-heptenal, octanal,
1-octanol, nerolidol 2, benzaldehyde with green, and flower
aroma were higher in BHL70 than in the other treatments,
whereas naphthalene, 2,6,10,10-tetramethyl-1-oxaspiro [4.5]
dec-6-ene and decanal significantly contributed to BHL90 (p <
0.05). These compounds, such as 3,7-dimethyl-1,5,7-octatrien-
3-ol, 2,5-dimethyl-pyrazine, ethyl-pyrazine, 2-ethyl-6-methyl-
pyrazine, and 3-ethyl-2,5-dimethyl-pyrazine with roasted aroma
are only present in BHL110; however, due to the high threshold
of these substances, their OAV <1, but the relatively low OAV
values of other substances highlight the baking flavor.

DISCUSSION

Processing technology and second-drying temperature are key
factors in the formation of RGT aroma (8, 39). In this study,
the concentration of all the identified volatile compounds
have undergone substantial changes during tea processing,
particularly during the fixation process, followed by pan-frying
and second-drying, which is consistent with previous reports
(7, 8). Under the high-temperature fixation treatment, many
low-boiling point alcohols, aldehydes, and esters are lost and
transformed, and violent degradation, isomerization, redox, and
other reactions occur, consequently forming high-boiling point
compounds. During the pan-fried process, the tea leaves and
pot wall are repeatedly rubbed. Therefore, the cell fragmentation
rate increases, and the volatile compounds and their precursors
are further released from the cells. Moreover, high temperature
increases thermochemical reactions and promotes the formation
of furans, aldehydes, and aromatic hydrocarbons with high-
boiling point. During the box hot air second-drying, few low-
boiling volatile compounds were further lost. This could be
related to the large consumption of precursor compounds
in fixation and pan-frying process. The levels of fatty acid-
derived volatiles and glycoside-derived volatiles have undergone
considerable changes during RGT processing, especially during
the fixation process. Under high temperature condition during
the fixation process, the temperature of tea leaves changes
from 20 ~ 25°C to 70 ~ 80°C, the moisture content of tea
leaves changes from 70 to 30% ~ 40%, the state of enzymes
changes from active to inactive, and a series of enzymatic
chemical reactions and thermochemical reactions take place in
the tea leaves in 2 ~ 5min. High temperature can promote the
degradation of lipids to generate free fatty acids, which generate
alcohols and aldehydes volatiles under the effect of heat-induced
oxidation. The increase in glycoside-derived volatiles in fixation
process may be due to the simultaneous enzymatic hydrolysis
and thermochemical degradation of glycosides. This result is
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TABLE 1 | Aroma characteristics and OAV values of 21 different volatile compounds (OAV > 1) in different second-drying temperature samples.

Name OT pg/L)A Aroma characteristics® BHL70 BHL90 BHL110

1-Hexanol 0.7 Green, cut grass 10.14 +1.89a 2.37 £ 0.259b 4.13 £ 0.40b
2-Heptanone 1 pieplant, musty 2.156+0.61a 0.00 £ 0.00c 1.34 £ 0.16b
(E)-4-Heptenal 0.02 Green 67.08 + 15.33a 0.00 =+ 0.00c 28.55 + 2.95b
Heptanal 3 Heavy, planty green odor 594 +1.25a 3.98 + 0.62b 0.71 + 0.05¢
Benzaldehyde 3 almond-like smell 2.27 £ 0.29a 1.04 £ 0.09b 1.24 £ 0.03b
Octanal 0.7 Green, fatty, citruse 5.88 + 1.49a 3.96 + 0.54b 0.00 + 0.00c
1-Octanol 0.022 Green, citrus, fatty, coconut-like 533.65 + 89.58a 450.99 + 37.79b 0.00 + 0.00c
Nonanal 1 candle-like, sweet orange-like, fatty and floral 29.97 + 4.34a 29.62 £+ 1.38a 0.00 + 0.00b
Decanal 0.1 Aldehyde-like, candle-like, fatty and citrus-like aroma 18.96 + 2.78b 27.89 + 2.26a 16.44 £ 0.34b
1-Decanol 0.023 Orange, floral 25.13 +7.39%a 0.00 + 0.00b 0.00 + 0.00b
Nerolidol 2 0.25 Floral, green, citrus, woody, waxy 11.08 £ 0.74a 6.98 + 0.67b 0.00 + 0.00c
tau-Cadinol 0.44 Tar, camphor, and greasy 5.42 + 0.56a 5.49 + 0.44a 0.00 £ 0.00b
Naphthalene 0.44 Pungent, dry, tarry odor 0.00 + 0.00b 4.57 £+ 0.09a 0.00 + 0.00b
2,6,10,10-tetramethyl-1-Oxaspiro [4.5] dec-6-ene 0.2 Fruity, woody, slightly camphor-like 0.00 + 0.00b 6.25 +0.11a 0.00 + 0.00b
3,7-dimethyl-1,5,7-Octatrien-3-ol 110 Moldy 0.00 £ 0.00b 0.00 £ 0.00b 0.63 £ 0.03a
2,5-dimethyl-Pyrazine 1,750 Roasted 0.00 + 0.00b 0.00 £ 0.00b 0.001 + 0.00a
ethyl-Pyrazine 4,000 Nutty coffee, cocoa-like 0.00 + 0.00b 0.00 + 0.00b 0.00 + 0.00a
5-methyl-2-Furancarboxaldehyde 500 Caramel, bready, coffee-like 0.00 + 0.00b 0.00 £ 0.00b 0.01 £ 0.00a
2-ethyl-6-methyl-Pyrazine 40 Roasted 0.00 £ 0.00b 0.00 £ 0.00b 0.11 £ 0.00a
3-ethyl-2,5-dimethyl-Pyrazine 8.6 Roasted potato, cocoa-like, nutty 0.00 + 0.00b 0.00 + 0.00b 0.41 £ 0.01a
trans-beta-lonone 0.007 Violet-like, floral, and raspberry-like 9,676.94 9,260.63 10,176.88

+1,134.50a + 769.57a + 592.00a

Different letters (a, b, c) represent the significance of the difference between the same substance at different second drying temperatures through LSD test (o < 0.05).
OTs: Odor thresholds in water. The values were calculated according to reported references.

A(8, 24, 25, 27, 31-34).

Bhttp://www.thegoodscentscompany.com/search3.php?qOdor=20126- 765&submit. x=9&submit.y=9.
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consistent with the previous reports that lipids and glycosides
undergo drastic changes during fixation (11, 29, 40).

The second-drying temperature also had a great effect on the
levels of volatile compounds. When the temperature was too
low (70°C), the dry-heat reaction was insufficient and several
green grass-flavor alcohols and aldehydes were retained (11).
Therefore, the tea sample exhibited a faint scent. However,
when the temperature was too high (110°C), the dry-heat
reactions (Maillard reaction, Caramelization reaction, etc.) were
too intense and several baking-flavor volatiles were generated
(34). At the appropriate temperature (90°C), the content of each
compound was moderate and the proportion of various types of
volatile compounds was coordinated. In brief, the temperature
at which biochemical reactions occur at a moderate rate to
avoid overfired flavor is the best temperature to produce high-
quality RGT.

CONCLUSIONS

In this study, the evolution of volatile compounds during
the processing of RGT was investigated using IR-HS-SPME
technology combined with GC-MS, and the effects of different
second-drying temperatures on the formation of volatile
compounds were clarified. Fixation is considered the most drastic
process of volatile metabolite conversion, followed by pan-
fried and box hot air second-drying. Moreover, 51 key volatile
substances were screened out, and fatty acid-derived volatiles and
glycoside-derived volatiles changed most dramatically during
processing. Substances with excellent aroma flavor, such as
nonanal, decanal, tau-cadinol, naphthalene, and 2,6,10,10-
tetramethyl-1-oxaspiro [4.5] dec-6-ene were significantly higher
under BHLI0 treatment (p < 0.05) and 90°C was the most
suitable temperature for the second-drying processing of RGT.
This study provides a theoretical basis and technical guidance
for the processing of high-quality RGT and lays a foundation
for in-depth exploration of the aroma formation mechanism
during green tea processing. As only the precursors of part
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