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A B S T R A C T   

Aroma is an important factor affecting the quality of tea. Fatty acids are one of precursors and their derived 
contributes to tea aroma considerably. In this study, we analyzed the fatty acids of Jinmudan fresh tea leaves in 
different stalk position. It was found that with shoot maturity increased, the content of PUFAs (Polyunsaturated 
fatty acids) was increased while the content of SFAs (Saturated fatty acids) and MUFAs (Monounsaturated fatty 
acids) gradually decreased. During the processing period, totally 704 kinds of compounds were identified, among 
them, 27 kinds of fatty acid-derived volatile compounds were selected including 6 kinds of aldehydes, 8 kinds of 
alcohols, 13 kinds of esters and their dynamic change were revealed. Finally, the character of aroma during main 
processing stages and processed tea was concluded by using a flavor wheel. This study results provide a theo-
retical basis for the improvement of processing and quality in Jinmudan black tea.   

1. Introduction 

Acting as the second famous beverage after water, tea is consumed 
world-widely. When concerning the regulation of tea quality, several 
factors could be included, such as cultivar (Si, Meihong, Gongyu, 
Tingting, Jun, Shanshan, Xiaxia, Qianlin, Shixian, & Yang Zhenbiao, 
2018), grown environment (Xiaohua, Sun Haiyan, Dong, Wengang, Hai, 
Chen, Yifan, & Li Chongyong, 2020), plucking seasons (Fei, Xinbo, Bo, & 
Haiqiang, 2022), maturity of leaves (Chunhui et al., 2021a), and post- 
harvesting methods (Hengbin, Hui, Jie, He Wei, Chunlai, Renliang, & 
Qiongqiong, 2023), among others. 

Fatty acids are the indispensible precursors of most volatile com-
pounds in tea. Several studies have identified fatty acids both in fresh tea 
shoots and undergoing-processing tea leaves. In pre-harvest stage, 
Jiazhi, Zhongwei, Xuzhou, Lin, Yuhua, Wanping, and Xujun (2018) 
found out that different maturity leaves of purple tea variety, tender 
leaves has higher content of fatty acids than mature green leaves due to 
the different rate of chlorophyll biosynthesis that influences the fatty 
acids degradation between leaf maturity. Li, Zhenghua, Zhi, Yaling, and 
MingJie (2020) reported that the harvest time of tea leaves would 

influence the fatty acids content, in details, tea leaves plucked in 
morning had higher concentration of fatty acids than that in afternoon 
and evening, which suggested that fatty acids in Tiguanyin leaf were 
degraded faster during day period especially in sunny afternoon. As for 
other abiotic factors such as temperature, previous study also found that 
the tolerance ability to cold stress could regulat the fatty acids content 
(Ding, 2016). In post-harvest stage, (Ziwei et al., 2019) used processing 
oolong tea as materials and concluded that the mechanical force 
(including pressing, shaking, and rubbing) brought by turning-over 
treatment could facilitate the degradation of fatty acids such as lino-
lenic acid and linoleic acid, while the spreading treatment (stable 
placing) only regulate the content of linoleic acid. And due to the vari-
ance of processing methods between different tea categories, the content 
of fatty acids also varied (Xuejin, Pengjie, Mingxiu, Lin Xinying, Men-
gya, Yucheng, Feng, Shan, & Naixing, 2021), which would influence the 
flavor evaluation. 

Fatty acids not only retained their initial form in tea, but also 
transform into fatty acid-derived volatile compounds (FADVs) under 
both biotic and abiotic stresses. For example, when facing herbivores 
attack, the green leaf volatiles, which belong to FADVs, were released 
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acting as responding and signaling compound (Fang, Ziyin, Susanne, 
Yasushi, Tatsuo, & Naoharu, 2011; Zhaojun, Lingang, Shenglong, & 
Xiaoling, 2019). What’s more, the processing of tea also progressed by 
reference to gradual emission of green leaf volatiles (Zi, 2021). When 
concerning the role of FADVs in tea aroma quality, most FADVs tend to 
possess with floral, fruity, sweet and herbal aroma character. And the 
formation of these substrates greatly rely on processing treatments 
because during processing, dual stress occurred in the same time, which 
could accelerate the accumulation of FADVs to some extent (Lanting 
et al., 2018). Li et al. (2022) found that during oolong tea processing, the 
content of FADVs firstly increased then decreased, and the dynamic 
change of several compounds such as 4-methylpentyl isobutyrate, (Z)-3- 
hexenyl butyrate, and other FADVs was analyzed. Zhihui, Yifan, Ping, 
Wang Jieqiong, Yongquan, Xiaoting, Xiaogen, Xiaochun, and Junfeng 
(2023) had applied two tea categories (Anxi Tieguanyin that belongs to 
oolong tea; Taiping Houkui that belongs to green tea) as materials, and 
revealed the change as well as the isomerization of (Z)-methyl epi-
jasmonate, which is a key contributor to orchid-like aroma properties in 
tea. 

Among six traditional tea categories, black tea gains reputation due 
to its distinguished flavor and aroma. And precious research also found 
that black tea had higher numbers and concentration of volatile than 
other tea categories, especially those related to floral and fruity aroma 
(Biying, Jing, Junyao, Shimao, Zheng-Zhu, Rangjian, & Weiwei, 2021). 
One of the important reasons would be the variance between the pro-
cessing of tea categories. Usually, the processing methods of traditional 
black tea (Congou black tea) consist of four main stages, including 
withering, rolling, fermentation, and drying. Furthermore, the treat-
ment of turning-over that originated from oolong tea manufacture was 
applied in black tea producing innovatively, hence the final product was 
entitled “Innovative congou black tea”, which also made by aroma- 
enriched tea cultivar. And our group have characterized the key 
aroma-active compounds of fruity aroma in innovative Jinmudan black 
tea and also concluded that processing methods lead to the distinguished 
peach-like aroma (Qingyang, Ziwei, Yining, Huang Huiqing, & Xiaoxi, 
2023). However, the dynamic change of aroma volatile compounds 
during Jinmudan black tea processing, especially the change of FADV is 
still unclear. 

Another reason that influences the tea quality is the maturity of tea 
leaves. For example, 

Shanshan et al. (2021) reported that the catechin, epicatechin, and 
epigallocatechin which relate to green tea taste quality increased with 
the shoots age while epicatechin gallate, epigallocatechin gallate, and 
total catechins decreased. Yonglin et al. (2022) had applied “only buds 
made black tea” as materials and when compared to traditional “one 
buds and multiple leaves made black tea”, detection results showed that 
most of the compounds such as heaflavin-gallate, theaflavin-3-gallate, 
and quinic acid were lower, and the dynamic change of chemical com-
pounds during fermentation were also revealed. Yongquan, Panpan, 
John, Ying, Shuangqiu, and Junfeng (2018) found that the oxidation 
degree of oolong teas decreased from the first leaves to the fourth-fifth 
leaves and correspondingly, some specific volatile compounds like 
indole and (E)-nerolidol have changed. Accordingly, the plucking 
tenderness would also be the prerequisite of tea quality (Chenyang, Yue, 
Haipeng, Zhifang, Jianming, Qunhua, Yin, & Zhi, 2022). Therefore, 
there still needs to find out how the leaf tenderness influences on aroma 
precursors, which could sustain the suitable plucking standard for 
innovative Jinmudan black tea. 

In this study, firstly, fresh leaves in different stalk position were 
applied as materials to search for the relationship between the content of 
fatty acids and leaves maturity, and the suitable plucking standard was 
recommended to innovative Jinmudan black tea production. Secondly, 
the innovative Jinmudan black tea processing was conveyed based on 
the recommended maturity, and most importantly, the dynamic change 
of aroma volatile compounds, especially FADV in undergoing- 
processing tea leaves was revealed. Finally, the sensory results were 

given briefly, and the total aroma character of innovative Jinmudan 
black tea during processing was also concluded in a flavor wheel form. 
In summary, this study aims on the potential effect of both maturity and 
processing methods on innovative Jinmudan black tea aroma quality, 
which would provide a reference for oriented manufacturing and quality 
improvement of tea in both pre-harvest and post-harvest areas. 

2. Materials and methods 

2.1. Tea materials 

The fresh tea leaves (Camellia sinensis cv. Jinmudan) all were plucked 
at the educational practicing base of Fujian Agriculture and Forestry 
University (Fuzhou, China) in April 2023. All leaves were collected from 
the same branch but in different stalk position (Fig. 1-I), listed as bud 
(BD), first leave (1L), second leave (2L), third leave (3L), forth leave 
(4L), fifth leave (5L). After plucking, tea leaves were immediately deep 
frozen in liquid nitrogen and maintained at − 80℃ for the detection of 
fatty acids content. 

The procedure of innovative Jinmudan black tea processing mainly 
contained six steps: plucking, withering, turning-over, spreading, roll-
ing, and fermentation. The plucking standard was “one bud and three 
leaves”, which refers to one bud and three leaves on the same branch. In 
this study, we selected five moments to collect materials for aroma 
volatile detection (Fig. 1-II), marked as fresh leaves (L), solar-withering 
(W), second time turning-over (T), second time spreading (S), fermen-
tation (F). Tea leaves were collected then deep frozen in liquid nitrogen 
and maintained at − 80℃ for further study. 

2.3. Detection of fatty acids content 

2.3.1. Chemicals and reagents 
HPLC-grade methyl tert-butyl ether (MTBE) and methanol (MeOH) 

and n-hexane were purchased from Merck (Darmstadt, Germany). Mil-
liQ water (Millipore, Bradford, USA) was used in all experiments. So-
dium chloride and phosphate were bought from Sigma-Aldrich (St. 
Louis, MO, USA). Methanol solution of 15 % boron trifluoride were 
bought from RHAWN (Shanghai, China). All of the standards were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). The stock solutions 
of standards were prepared at the concentration of 1 mg/mL in MTBE. 
All stock solutions were stored at − 20 ◦C and diluted with MTBE to 
working solutions before analysis. 

2.3.2. Sample preparation and extraction 
After the sample was thawed, an amount of 0.05 g of the sample was 

mixed with 150 µL MeOH, 200 μL MTBE,50 μL 36 % phosphoric acid/ 
water (precooled at − 20 ◦C). The sample was vortexed for 3 min under 
the condition of 2500 r/min, centrifuged at 12,000 r/min for 5 min at 
4 ◦C. Take 200 μL of supernatant into a new centrifuge tube blow dry and 
add 300 μL methanol solution of 15 % boron trifluoride, vortex for 3 min 
under the condition of 2500 r/min, kept in the oven at 60 ◦C for 30 min. 
Cool to room temperature, then accurately add 500 μL n-hexane and 
200 μL saturated sodium chloride solution. After vortexing for 3 min and 
centrifugation at 4 ◦C and 12,000 r/min for 5 min, transfer 100 μL n- 
hexane layer solution for further GC–MS analysis. 

2.3.3. GC conditions 
The sample derivants were analyzed using an GC-EI-MS system (GC, 

Agilent 8890′; MS, 5977B System). The analytical conditions were as 
follows. As for GC column, DB-5MS capillary column (30 m × 0.25 mm 
× 0.25 μm, Agilent) was applied. High purity helium (purity > 99.999 
%) was applied as carrier gas, The heating procedure was started at 
40 ◦C for 2 min, with the speed of 30 ◦C/min and increased to 200 ◦C for 
1 mintutes, then increased to 240 ◦C with the speed of 10 ◦C/minutes for 
1 min, finally increased to 285 ◦C with the speed of 5 ◦C/minutes for 3 
min keeping. The rate of the flow was 1.0 mL/min, the inlet temperature 
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was set as 230 ◦C and the injection volume was 1.0 μL. 

2.3.4. EI-MS (Electron ionization mass spectrometry) 
The sample were analyzed using an Agilent 8890-5977B GC–MS 

System, and the temperature was set at 230 ◦C, the ionization voltage-
was set at 70 eV, the transmission line temperature was set at 240 ℃, the 
four-stage rod temperature was set at 150 ℃, the solvent delay was set at 
4 min, the scanning mode was SIM. 

2.4. Detection of aroma volatile compounds 

2.4.1. Sample preparation and treatment 
Materials were harvested, weighted, immediately frozen in liquid 

nitrogen, and stored at − 80℃ until needed. Samples were ground to a 
powder in liquid nitrogen. 500 mg of the powder was transferred 
immediately to a 20 mL head-space vial (Agilent, Palo Alto, CA, USA), 
containing NaCl saturated solution, to inhibit any enzyme reaction. The 
vials were sealed using crimp-top caps with TFE-silicone headspace 
septa (Agilent). At the time of SPME (Solid phase micro extraction), each 
vial was placed in 60 ℃ for 5 min, then a 120 µm DVB/CWR/PDMS fibre 
(Divinylbenzene/ carbon wide range/polydimethylsiloxane, Agilent) 
was exposed to the headspace of the sample for 15 min at 60 ℃. 

2.4.2. GC–MS conditions 
After sampling, desorption of the VOCs from the fibre coating was 

carried out in the injection port of the GC apparatus (Model 8890; 
Agilent) at 250 ◦C for 5 min in the splitless mode. The identification and 
quantification of VOCs was carried out using an Agilent Model 8890 GC 
and a 7000D mass spectrometer (Agilent), equipped with a 30 m × 0.25 
mm × 0.25 μm DB-5MS (5 % phenyl-polymethylsiloxane) capillary 
column. Helium was used as the carrier gas at a linear velocity of 1.2 
mL/min. The injector temperature was kept at 250 ◦C and the detector at 
280 ◦C. The oven temperature was programmed from 40 ◦C (3.5 min), 
increasing at 10 ◦C/min to 100 ◦C, at 7 ◦C/min to 180 ◦C, at 25 ◦C/min to 
280 ◦C, hold for 5 min. Mass spectra was recorded in electron impact (EI) 
ionisation mode at 70 eV. The quadrupole mass detector, ion source and 
transfer line temperatures were set, respectively, at 150, 230 and 280 ◦C. 
The MS was selected ion monitoring (SIM) mode was used for the 
identification and quantification of analysis. 

2.5. Statistical analysis 

Statistic analysis and figures drawing were conveyed by WPS 20.0 
software. The principal component analysis (PCA) and partial least 
squares discriminant analysis (PLS-DA) were both performed using 
SIMCA 14 software. Additionally, in the PLS-DA mode, a VIP value 
(Variable Importance in Projection) higher than 1 was applied for the 
measurement. 

3. Results 

3.1. The profile of fatty acids of Jinmudan fresh tea leaves in different 
stalk position 

Fatty acids are one of the sources of tea aroma, which transformed 
under specific reactions while some still maintained the original struc-
ture and form. For the purpose of identifying the profile of fatty acids in 
different grown stages and select the suitable maturity for innovative 
Jinmudan black tea processing, the analysis of the fatty acids of Jin-
mudan fresh tea leaves in different stalk position was conveyed. Results 
showed the presence of 32 components in total (Table S1). According to 
whether there are double bonds of carbon atoms in the carbon chain and 
the number of double bonds of carbon atoms contained, fatty acids can 
be divided into saturated fatty acids (SFAs), monounsaturated fatty acid 
(MUFAs) and polyunsaturated fatty acid (PUFAs). 

Therefore, based on qualitative and quantitative analyses, these 32 
kinds of fatty acids could be clustered. The majority of fatty acids 
components belong to the category of SFAs (18 kinds), less components 
belong to the category of MUFAs (8 kinds). As for the PUFAs, only 6 
kinds of components belong to this category. 

With shoots maturity increased, the content of PUFAs (the orange 
bar) in Jinmudan tea leaves was increased and achieved the maximum at 
5L while the content of SFAs (the green bar) and MUFAs (the yellow bar) 
gradually decreased(Fig. 2- I). These results consistent with the previous 
study that found in mature tea leaves, the proportion of long chain 
PUFAs (represented by α-linolenic acid and linoleic acid) was higher 
than the proportion of MUFAs (represented by cis-9-octadecenoic acid) 
and SFAs(represented by palmitic acid) (Zhou ZiWei et al., 2022a). So 
does the tea plant, along with the grown and maturity period, other 
plants also thicken leaf wax layer, which mostly consists of lipids that 
concludes fatty acids, triglyceride, among others (Rita, Isabel, & Helena, 
2022). 

In more details, in bud (BD) and tender leaves(1L and 2L), the con-
tent of SFAs and MUFAs accounted for a considerable proportion. 
Differently, in mature leaves (4L and 5L), the content of PUFAs made up 
a comparatively major proportion. Interestingly, in 3L, the content of 
three fatty acids categories shared a similar proportion. When con-
cerning to the whole flavor of tea, we still need to pay attention to the 
character of taste. And previous study indicated that the difference be-
tween leaf position would have a significant effect on tea quality (Xu et 
al 2018). If the plucking standard is set as “one bud and four/five 
leaves”, the quality evaluation of final processed black tea would present 
highly fruity and floral aroma, however, its taste would be thick and 
pale. Therefore, we supposed “one bud and three leaves” would be more 
helpful to gain a balance flavor. 

3.2. Analysis for key fatty acids of Jinmudan fresh tea leaves in different 
stalk position 

Further investigation of OPLS-DA analysis (Orthogonal partial least 
squares discrimination analysis) was conveyed to reveal the key fatty 

Fig. 1. Materials collected from Jinmudan tea branch in different stalk position (I) and black tea processing (II).  
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acids of Jinmudan fresh tea leaves at different maturity stages, and 
simultaneously, a VIP (Variable Importance Projection) score higher 
than 1 was used as a screening criterion. Results showed that the fitting 
parameters of the established OPLS-DA model were R2X[1] = 0.623 and 
R2X[2] = 0.318, respectively, suggesting the reliable fitting of this 
model. Additionally, the distance between the replicates of different 
samples was close, suggesting reliable repeatability of the samples. 
Various colors were applied to distinguish and cluster the samples. As 
Fig. 2- II showed, the yellow circle only covered the BD, which located in 
the second quadrant; the orange circle covered the tender leaves (1L and 
2L), which both located in the third quadrant; the red circle covered the 
mature leaves (3L, 4L and 5L), which located in both fourth and first 
quadrant. When VIP more than 1 was applied (Fig. 2-III), totally five 
kinds of fatty acids were selected, marked as linoleic acid (3.43), pal-
mitic acid (2.59), α-linolenic acid (2.30), cis-9-octadecenoic acid (1.67), 
trans-9-octadecenpoic acid (1.315). Moreover, lignoceric acid (0.95) 
and stearic acid (0.90) both had the value close to 1, which would also 
affect the composition and total content of Jinmudan tea leaves fatty 
acids to some extent. Therefore, both lignoceric acid and stearic acid 
were also considered as second-active fatty acids for further analysis. 

As Fig. 2-IV revealed the proportion of five key fatty acids com-
pounds and two second-active fatty acids of Jinmudan fresh tea leaves in 
different stalk position, α-linolenic acid, linoleic acid and palmitic acid 
accounted for considerably major proportion, and the rest of compo-
nents made up the remaining proportion. Comparing the key fatty acids 
content of Jinmudan fresh tea leaves in different stalk position, the 
content of linoleic acid (1019.19 μg/g) in BD was higher than the con-
tent of α-linolenic acid (902.05 μg/g). However, in tender and mature 
leaves(except bud), α-linolenic acid had the highest proportion, fol-
lowed by linoleic acid and palmitic acid. In detail, with the increasing 
maturity of tea leaves, the content of linoleic acid decreased while 
α-linolenic acid increased, these two components achieved their mini-
mum and maximum respectively in 5L (757.69 μg/g, 1188.06 μg/g). 
These two fatty acids are both the reaction substrates for LOX(Lip-
oxygenase). However, due to the various function and preference of LOX 

family (Mohd, Maridul, Umar, Priyanka, Abdul, Kajal, Vikash, Sumeet, 
& Prashant, 2023) as well as the difference between the metabolic 
pathway branch(Clews Alyssa, Ulch Brandon, Monika, Jun, Mullen 
Robert, & Yang, 2023), α-linolenic acid and linoleic acid show contrary 
trend along with the tea leaf maturity. Conceivably, the products that 
brought by these two substrates totally differ in structure and contri-
bution in tea aroma quality. 

As for other components, the content of palmitic acid fluctuated 
slightly along with the maturity of tea leaves. The content of cis-9- 
octadecenoic acid increased firstly and peaked in 1L (263.85 μg/g), then 
decreased to minimum in 5L (163.02 μg/g) slightly and gradually, and 
the content of trans-9-octadecenpoic acid showed a continuing down-
ward trend along with the increasing maturity. As for the lignoceric acid 
and stearic acid, the former component gradually decreased along with 
the increasing maturity while the latter component fluctuated slightly. 

In summary, the content of mostly selected fatty acids compounds 
decreased or fluctuated along with the increasing leaves maturity, 
however, only α-linolenic acid increased steadily. Among these selected 
components, α-linolenic acid and linoleic acid belong to PUFAs, palmitic 
acid belongs to SFAs, cis-9-octadecenoic acid and trans-9-octadecenpoic 
acid belong to MUFAs. It is noteworthy that all these components were 
the main constituent components of fatty acids categories due to their 
high content and proportion, which would influence the changing trend 
of overall fatty acids. What’s more, the trend of α-linolenic acid and 
linoleic acid along with the leaves maturity were coincident with the 
trend of PUFAs, supporting that these two components play indispens-
able role in fatty acids of fresh tea leaves. 

Although mature leaves tend to contribute to higher aroma (Che-
nyang et al., 2022), it was reported that along with the tea leaves 
maturation, the concentration of catechin, epicatechin gallate, and 
epigallocatechin gallate showed an increasing trend while epicatechin 
and epigallocatechin showed reverse trend, which would lead to pale 
and bitter taste (Samanta, Kotamreddy, Ghosh, & Mitra, 2017), which 
was adverse to the whole flavor and quality of tea. Therefore, based on 
what we found, the suitable plucking standard of innovative Jinmudan 

Fig. 2. The content of three categories of fatty acids in different position tea leaves (I); the OPLS-DA analysis of fatty acids in Jinmudan fresh tea leaves (II and III); 
the content proportion of seven kinds of key fatty acids in Jinmudan fresh tea leaves (IV). 
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black tea was recommended as “one bud and three leaves”, which 
contains bud, tender leaves and kind of mature leaves in the same tea 
shoot. 

3.3. Aroma profile of Jinmudan black tea during processing 

The analysis of aroma compounds in the Jinmudan black tea pro-
cessing samples showed the presence of 704 compounds in total. Based 
on the qualitative and quantitative analysis, the compounds were clus-
tered into twelve categories including terpenoids (163 kinds), esters 
(122 kinds), heterocylic compounds (105 kinds), hydrocarbons and ar-
omatic hydrocarbons (96 kinds), alcohols (52 kinds), aldehydes(50 
kinds), ketones (45 kinds), amines (20 kinds), acids (16 kinds), phenols 
(17 kinds), nitrogenous and sulfur compounds (11 kinds) and the last 
category termed “others”, in which compounds not pertaining to the 
previous categories were included (Fig. 3). 

The terpenoids (22 % ~ 31 %) had the highest proportion in all 
processing treatment, followed by heterocyclic compounds (20 % ~ 28 
%). Moreover, terpenoids decreased after withering treatment (W) while 
increased slightly after fermentation (F). These may attribute to the 
mechanical stress that brought by turning-over and rolling (instead of 
withering), which caused more cellular injury to tea leaves as well as 
had facilitated the interaction of substrates and enzymes, and many 
glucoside were hydrolyzed to release free terpenoids (Mingyue, Na, 
Ting, Jieyang, Tingting, Wang Jingming, Yi, Wilfried, & Chuankui, 
2020). And heterocylic compounds fluctuated along with the processing 
period and peaked at the second time spreading (S). The proportion of 
amines showed slight fluctuation (6 % ~ 9 %), and achieved its 
maximum in fermentation (11 %). As for alcohols, this catergory 
accounted for only 3 % ~ 4 % in withering (W), spreading (S) and 
fermentation (F) treatments without continuously mechanical stimula-
tion, however, it peaked in second time turning-over (T, 11 %), in which 
mechanical stress facilitated its accumulation. Similar to alcohols, the 
proportion of esters significantly increased after second time turning- 
over (T, 18 %) while decreased after fermentation (F, 14 %). 
Compared to turning-over stages, the oxygen content in fermentation 
environment was lower while the moisture content was consequently 

higher, thereby, the climbing content of CO2 and temperature would 
restrain the accumulation of specific ester compounds.(Ziwei, Wei Yin-
gying, Qingyang, Hongting, Chen Yuanyuan, Linzhen, Liewei, Shizhong, 
Fang, & Yun, 2022b). Furthermore, the proportion of aldehydes as well 
as hydrocabons and aromatic hydrocabons fluctuated slightly within the 
range between 3 % and 4 % and 7 % ~ 9 %, respectively. Although some 
kinds of compounds such as acids (0.4 %~ 0.6 %), phenols (0.3 %~ 0.5 
%), nitrogenous and sulfur compounds (0.7 % ~ 0.15 %) as well as 
others (0.003 % ~ 0.006 %) only made up a very small proportion, they 
were indispensable to some extent. 

In conclusion, during Jinmudan black tea processing, there was little 
difference between early stages, however, when turning-over method 
involved, which brought mechanical stress to tea leaves, the content of 
several compound categories fluctuated and changed consequently. And 
at the later stages, esters and heterocylic compounds accumulated 
greatly due to the lasting and static reaction of heat and moisture. 

3.4. The dynamics change of volatile fatty acid-derived volatile 
compounds during black tea processing 

During the processing period, several factors such as mechanical 
stress and water deficit stress have facilitated the degradation of fatty 
acids, which leading to the formation and accumulation of fatty acid- 
derived volatile compounds (FADVs). All these compounds would 
finally contributed to the tea aroma quality. Hence, based on the GC–MS 
detection results, totally 27 kinds of FADVs were selected including 6 
kinds of aldehydes, 8 kinds of alcohols, 13 kinds of esters, and their 
content during black tea processing were provided (Table S2) as well as 
their dynamic changing trend were revealed. 

The dynamic trend of six kinds of derived aldehydes listed as (Z)-3- 
hexenal, (E)-2-hexenal, nonanal, (E,E)-2,4-nonadienal, heptanal and 
undecanal were showed as Fig. 4- I. In details, (Z)-3-hexenal fluctuated 
and scored its maximum in fermentation (F, 0.494 μg/g). As for its 
isomer, (E)-2-hexenal, also shared the similar trend but had higher 
content. Interestingly, these two compounds both had higher content in 
second time turning-over (T, 0.276 μg/g and 10.5 μg/g, respectively), 
illustrating that they may respond to mechanical stress. Both nonanal 

Fig. 3. The aroma profile of processing Jinmudan black tea. The capital letters marked as fresh leaves (L), solar-withering (W), second time turning-over (T), second 
time spreading (S), and fermentation (F). 
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Fig. 4. The dynamic change of fatty acid derived volatile compounds: the dynamic change of derived aldehyde compounds (I); the dynamic change of derived 
alcohol compounds (II); the dynamic change of derived ester compounds (III). 
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and heptanal firstly increased and peaked in second time spreading (S, 
0.855 μg/g and 0.455 μg/g, respectively), then decreased in fermenta-
tion (F), suggesting that the heat and moisture reaction would forbid 
these two compounds formation and accumulation to some extent. As 
for the left two compounds, (E,E)-2,4-nonadienal and undecanal firstly 
decreased during solar-withering (W) then increased sharply, and ach-
ieved their maximum in second time turning-over(T, 0.093 μg/g) and 
fermentation (F, 0.101 μg/g), respectively. In brief, the emission of 
derived aldehydes continued along with the whole tea post-harvesting 
period. During the withering and turning-over stages, the emitted al-
dehydes mostly contributed to the strongly grass-like aroma of 
undergoing-processing tea leaves. Furthermore, after fermentation and 
drying, the retained aldehydes were the active compounds of fresh and 
green aroma character in processed black tea (Jianfeng, Tingyu, & Yang 
Jiangfan, 2023). 

The Fig. 4- II showed the dynamic change of eight kinds of fatty acid- 
derived alcohol compounds including (Z)-3-hexenol, 1-hexanol, 2,6- 
nonadienol, trans,cis-2,6-nonadienol, 1-octen-3-ol, 2-nonanol, 1-hepta-
nol and 2-hexanol. Among them, five kinds of compounds shared the 
similar fluctuation trend, they were (Z)-3-hexenol, 1-hexanol, 2,6-non-
adienol, 1-octen-3-ol, and 1-heptanol. These compounds firstly peaked 
higher content during second time turning-over (T) then decreased 
slightly till fermentation (F) involved, and finally scored the maximum 
content. Differed to the mentioned above compounds, the left three 
volatiles had their specific changing trend. As for trans,cis-2,6-non-
adienol, this compound firstly decreased during solar-withering (W) 
then sharply increased to maximum in fermentation (F, 1.637 μg/g). As 
for 2-nonanol, this compound gradually increased to its peak in second 
time spreading (S, 0.151 μg/g) then decreased when fermentation 
involved. The final compound 2-hexanol, showed a more stable trend in 
the former processing stages while sharply increased to its peak during 
fermentation (F, 1.794 μg/g). 

Derived esters made up the majority proportion, Moreover, these 
compounds were characterized in fruits and also used as essence in food 
production due to their lower aroma threshold (Dennis, Keyzers Robert, 
Kalua Curtis, Maffei Suzanne, Nicholson, & Boss Paul, 2012; Nhungoc, 
HoangNam, Isabelle, Martin, JensUwe, & Lam, 2022), which usually 
endow with tea flavor a pleasant fruity aroma. Totally 13 kinds of 
compounds were identified, and according to their dynamic trend, these 
compounds could be divided into three classification roughly (Fig. 4- III 
and Fig. 4-IV). 

Firstly, most derived esters shared the similarly sharp increasing 
trend, like N-valeric acid cis-3-hexenyl ester, cis-3-hexenyl benzoate, cis- 
3- hexenyl hexanoate, methyl nonanoate, hexyl 2-methylbutyrate, hexyl 
hexanoate, and δ-decalactone. These compounds all increased and 
achieved their maximum during fermentation (F). Secondly, two kinds 
of compounds includes (E)-3-hexenyl acetate and hexyl acetate may 
respond to mechanical stress brought by turning-over step. They 
decreased slightly in solar-withering (W) then peaked during second 
turning-over (T, 85.634 μg/g and 1.272 μg/g, respectively) while after 
that, they decreased sharply. Finally, the left three compounds listed as 
hexyl butyrate, methyl hexanoate and methy dihydrojasmonate fluctu-
ated during the whole processing period, however, these three com-
pounds responded to different processing steps and achieved their 
maximum in second time spreading (S), second time turning-over (T), 
and fermentation (F), respectively. 

3.5. The profile of processing and aroma in innovative Jinmudan black 
tea 

Briefly, the results of processed innovative Jinmudan black tea sen-
sory evaluation were reported that it has typically floral and fruity 
aroma with mellow and smooth taste. More details had published in our 
group’s previous study (Wu et al, 2023) as well as key aroma-active such 
as δ-decalatone and indole were identified. In order to have an obvious 
version about the dynamic change of aroma character during the main 

processing procedures of innovative Jinmudan black tea, a flavor wheel 
was given (Fig. 5) and several representative compounds were selected 
due to their aroma character or distinguished content at specific pro-
cessing stages (Table S2). In brief, as shown in Fig. 5, we clustered the 
procedures of fresh leaves (or plucking), solar-withering and turning- 
over as former processing stages (purple circle), rolling and fermenta-
tion as later processing stages (blue circle), while pink circle represents 
for processed Jinmudan black tea (after drying). During the former 
procedures, the overall aroma character have changed from grassy then 
gradually turned into green-apple like as well as freshly and lightly floral 
fragrance. The representative compounds, like (E)-2-hexenal, which 
possess with green and grassy aroma character, had higher content in 
their related stages. Apart from these, at these steps, the aldehydes 
gradually transfered to alcohols as well as a little amount esters, like(Z)- 
3-hexenol, (E)-3-hexenyl acetater and cis-3- hexenyl hexanoate, which 
also reflecting on the fragrance changing. Moreover, during the later 
procedures (contains rolling, fermentation), several volatile compounds 
like hexyl butyrate, δ-decalactone had achieved their maximum during 
fermentation, which contributed to the mature fruit-like aroma. And 
alcohol volatiles including trans, cis-2,6-nonadienol and 2-hexanol 
contributed to strongly floral fragrance. Differed to the mentioned 
enzymatic reaction, drying stage mainly helps to stabilize and improve 
tea quality. Several compounds like aldehydes were diffused due to the 
high baking temperature, while esters still kept. And interestingly, 
during this period, maillard reaction was involved, which facilitates 
heterocyclic compounds formation considerably, which may explain 
why indole was selected as aroma-active compounds in processed 
innovative Jimudan black tea. 

4. Discussion 

4.1. Relationship between precursors in tea leaves and tea quality 

Tea aroma precursors could metabolize and change into aroma 
compounds based on four ways including the glycoside hydrolysis, fatty 
acid degradation, carotenoid degradation, and maillard reaction. On one 
hand, during the tea processing period, the majority of fatty acids would 
transform into FADVs, which contribute to floral and fruity fragrance in 
tea. On the other hand, some specific fatty acids such as α-linolenic acid, 

Fig. 5. The processing and aroma wheel of innovative Jinmudan black tea.  
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hexadecanoic acidhexadecanoic acid (palmitic acid) still keep their 
initially chemical structure and property without any changing and 
equally make up for tea aroma quality too (Wenjun, Xiaochun, & Guohu, 
2015; Quanfei, YaHui, Na, Na, Ying, GuoXin, LiLi, & Feng YuQi, 2022). 
However, during the tea storage period, fatty acids undergo spontaneous 
and slow oxidation and generate hydroperoxides, regardless of whether 
they are exposed to light or protected from light, stored under low 
temperature or high temperature (Chunhui et al., 2021b). These hy-
droperoxides have little influence on tea quality and nutrition because 
they are colorless and odorless, however, they are very unstable and 
could be easily decomposed into aldehydes, ketones, acids, among 
others. These small molecular compounds mixed and produced un-
pleasantly rotten or pungent odor, commonly refers to “oily smell” that 
represents the sourness and deterioration of tea, which adverse to tea 
sensory quality. 

As for other precursors like glycosides, take geraniol as example, this 
kind of compound not only contributes to the rose-like fragrance in tea, 
but also acts as aroma precursor in fresh tea leaves.What’s more, gera-
niol mainly stored in cells, in the form of primeveroside and a portion in 
glucoside form, and several factors like maturity and processing, among 
others, would influence the synthesis of geraniol (Qianqian et al., 2024; 
Sarah, Gaëtan, Clément, PierreYves, Eric, MarieLaure, & Dorothée, 
2023). 

In summary, it is worth to study about the character of precursors’ 
accumulation and reveal its synthesis mechanism, because the fresh tea 
leaves is the initial factor of final quality. 

4.2. Relationship between processing methods and the formation of tea 
aroma quality 

The construction of tea quality is an overall procedure, which con-
tains enzymatic reaction and non-enzymatic reaction. In this study, we 
only aimed at the enzymatic stage that relates to the formation of tea 
aroma during processing, especially the dynamic change of fatty acid 
volatile compounds. And we could found that the processing methods 
had brought stress and injury to tea leaves, which helped specific 
compounds to form and accumulate. For example, the water deficit and 
light stress caused by solar-withering have facilitated the the emission of 
(E)-2-hexenal and (Z)-3-hexenol. Several volatile like (E)-3-hexenyl ac-
etate and cis-3-hexenyl hexanoate changed and fluctuated due to the 
mechanical damage caused by turning-over. Notably, a large amount of 
esters have achieved their maximum under the heat and moisture re-
action caused by fermentation. During the processing period, static 
setting were needed when intensive stress had finished, like hours 
spreading after seconds or minutes turning-over and also hours 
fermentation after minutes rolling, which could offer enough time for 
transformation and accumulation of aroma compounds in tea leaves. 
And during this “waiting” time, enzymatic reaction involved. For 
example, in LOX-HPL pathway, α-linolenic acid could be transformed 
into 9/13-HPOT (9/13-hydroperoxy octadeca trienoic acid) firstly (Qian 
et al., 2017), then regulated by several enzymes such as HPL (Hydro-
peroxide lyase) (Chang, Hunter, Alborn, Christensen, & Block Anna, 
2022), ADH (Alcohol dehydrogenase) (Cirilli, Bellincontro, De, Botondi, 
Colao, Muleo, & Mencarelli, 2012), AAT (Alcohol acyltransferase) 
(Shalit et al., 2001) and changed into derived C6/C9 aldehydes, C6/C9 
alcohols, and C6 esters correspondingly (Sekiya, Kajiwara, & Hatanaka, 
1984). To some extent, due to the regulation of these enzymes stimu-
lated by dual stress during processing, the volatile formed then 
contributed to tea aroma quality. In the near future, the mechanism 
between specific fatty acid volatile and its relative enzyme would also be 
further investigated. 

As for non-enzymatic reaction, briefly, the function of this procedure 
is mainly on the stabilization and improvement of tea quality. For 
instance, during the baking, maillard reaction was involved and prod-
ucts synthesized, such as furan and pyridine (Qing et al., 2023), which 
contributed to the caramel-like and nutty fragrance in tea aroma. As for 

the drying procedure of black tea, this later step was able to compensate 
for the insufficiency of fermentation caused by the unsuitable temper-
ature and humidity to some extent. Furthermore, the storage stage is 
another factor that influences the tea quality, which also gained visible 
attention (Jingming, Ding, & Yasai, 2016). 

5. Conclusion 

In this study, we have identified the classification and concentration 
of fatty acids in fresh Jinmudan tea leaves, and also compare the vari-
ance between different leaf maturity. Out of the whole flavor concern, 
the suitable plucking standard for Jinmudan black tea production was 
set as “one bud and three leaves”. After harvesting and processing, the 
fatty acids degraded then transformated into derived volatile, totally 
704 kinds of volatile compounds were identified and among them, 27 
kinds of FADVs were selected and their dynamic change were revealed. 
Finally, the whole aroma character covered from fresh tea leaves to 
processed Jinmudan black tea was displayed in an aroma wheel form. 
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