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1  |  INTRODUC TION

In China, there is a common saying that "high mountain clouds make 
good tea," which means tea from high-altitude areas usually has ex-
cellent quality. High mountain tea (HT) refers to the tea produced in 
high-altitude mountainous areas, where the ecological environment 

is generally superior, with low temperature, less sunlight, and more 
clouds. Tea in these mountainous areas generally grows slowly but 
is rich in flavor substances (Luo et  al.,  2009; Nicole et  al.,  2019; 
Stilo et  al.,  2020; Wan,  2003). At the same time, due to the low 
yield of Camellia, and the shortage of labor force in mountainous 
areas, most of the HT areas adopt "natural agricultural method" 
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Abstract
High mountain tea (HT) is widely acknowledged as an essential resource of high-quality 
tea due to its adaptation to superior ecological environments. In this study, the sen-
sory (aroma and taste) and safety (heavy metals and pesticide residues) characteris-
tics of HT were characterized through sensory evaluation, gas chromatography–mass 
spectrometry (GC-MS), liquid chromatography–mass spectrometry (LC-MS), flavor 
activity value, and risk factor analysis. The results elucidated that the aroma sen-
sory characteristics of HT were tender and green, accompanied by sweet and slight 
chestnut. A total of 8 aroma compounds were identified as the primary substances 
contributing to the unique aroma characteristics; the difference in the ratio of "green 
substances" and "chestnut substances" might be the reason for different aroma char-
acteristics in HT and LT (low mountain tea). The taste sensory characteristics of HT 
were high in freshness and sweetness but low in bitterness and astringency. The high 
content of soluble sugar (SS), nonester catechins, sweet free amino acids, and low 
content of caffeine and tea polyphenols were the primary reasons for its taste char-
acteristics. Low temperature stress might be the most fundamental reason for flavor 
characteristics formation in HT. Furthermore, the pollution risks of 5 heavy metals 
and 50 pesticide residues in HT were less than 1. The complex ecosystem and low 
chemical control level were speculated to be the primary reasons for the high safety 
quality of HT. Overall, these findings provide a more comprehensive understanding of 
quality characteristics and their formation mechanisms in HT.
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cultivation, with less chemical fertilizer and pesticide application, 
and high quality and safety of tea (Liu et al., 2021; Zeng et al., 2011; 
Zheng et al., 2019). For decades, HT has also regarded as the "high-
end tea" and "luxury tea," with seldom access by ordinary people. 
However, the emerging living standards of people have increased 
the pursuit of quality and health, eventually increasing the concern 
toward HT consumption.

In the past, people's perception of "high mountain clouds make 
good tea" was just a basic knowledge toward tea consumption and 
production, or a common cognition of tea drinkers. In fact, the fla-
vor characteristics of tea depend on the coordination of its compo-
nents and their proportions (Zhang, Cao, et al., 2020). In the study 
of modern food flavor, most of them describe the flavor characteris-
tics of tea quantitatively by constructing the "flavor map" and using 
the "contribution value" of flavor active components and analyze 
the correlation between sensory flavor and flavor components to 
evaluate the flavor characteristics and causes of tea. These methods 
have been used in the study of black tea, green tea, and yellow tea 
(Mario et al., 2020; Scharbert, Holzmann, & Hofmann, 2004; Schuh 
& Schieberle, 2006). However, there is no report on the study of HT 
quality by relevant methods.

Mengding Mountain, located in Sichuan Province, China, is one 
of the major tea-producing areas in China. Shihua green tea pro-
duced in this area was once rated as one of the top ten famous teas 
in China. According to the survey, the main tea gardens in this area 
are mainly divided into two areas according to the altitude, one is a 
low mountain tea (LT) garden with an altitude of 600–800 m and the 
other is a HT garden with an altitude of 1000–1300 m. Since LT gar-
den is the main tea-producing area in this region, most of the studies 
on tea are concentrated in the low mountain area, while the research 
on the quality characteristics of HT and its difference with LT has 
not been reported so far. We believe that it is necessary to study the 
quality characteristics of HT. On the one hand, HT can be developed 
as a special tea resource, on the other hand, the development and 
utilization of HT can alleviate the current land pressure in LT areas 
and promote the sustainable development of tea.

Therefore, in the present study, HT (1000–1200 m) was selected 
as the representative test site and compared with LT (600–800 m) of 
this area to provide potential strategies for sustainable development 
of HT and tea. Further, the quality characteristics of high mountain 
ecological tea were analyzed from two aspects of flavor quality and 
safety quality using the modern food flavor method.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The experimental area was located in Mengding Mountain, Ya'an 
City, Sichuan Province, China (Figure 1a). According to the local low-
est altitude (550 m) and the actual situation of local tea production, 
we divided the study area into LT garden (600–800  m above sea 
level) and HT garden (1000–1300 m above sea level). At the same 

time, we selected tea gardens with basically the same tea variety, 
tree age and tea garden cultivation, and management model in these 
two areas for comparison. Finally, a total of 6 Haoshan tea gardens 
and 7 LT gardens were selected. Table S1 summarizes the details of 
each tea garden.

2.2  |  Sample collection and processing

The fresh leaves of the "Sichuan middle-leaf tea tree population" 
were collected from the above 13 areas in between the middle of 
March to the beginning of May 2020. Among them, 10.00 kg buds 
and 10.00  kg one bud with one leaf were collected in each area. 
All fresh tea leaves of the same batch were picked within one day, 
and the tea samples were prepared immediately. Of them, the buds 
(10.00 kg) were used to prepare the Shihua tea (1.90–2.00 kg) by the 
Shihua making process, as depicted in Figure 1b, (a), and the fresh 
leaves of one bud with one leaf (10.00 kg) were used to prepare the 
Ganlu tea (1.80–1.95 kg) by the Ganlu making process, as depicted 
in Figure 1b, (b). The detailed process parameters are summarized in 
Table S2. They were numbered, packed in composite aluminum bags, 
and frozen at −5°C.

2.3  |  Quantitative description evaluation

The solutions and the hydrolyzed infusions were scored by a trained 
team of 12 assessors (7 males, 5 females: age 23–27  years) from 
the Food College of Sichuan Agricultural University. The sensory 
evaluation room was independent, and each reviewer was separated 
by a simple board, with a space of 2  m. It was forbidden to com-
municate and discuss with each other (GB/T 18797-2012, General 
Administration of Quality Supervision, Inspection, and Quarantine 
(AQSIQ) and the Standardization Administration of China (SAC), 
2012).

The solution was sniffed and graded (5-point scoring method) by 
the evaluation team trained in systematic sniffing (specific training 
methods refer to the previous reports of our group (Nie et al., 2019), 
including two parts, intensity training of aroma monomer and recog-
nition training of mixed solution). All experiments were conducted in 
triplicate at room temperature (23 ± 1°C) using distilled water as a 
control check (flavor intensity was defined as 0).

The aroma evaluation method was conducted according to the 
method of our group (Nie et  al.,  2019) with minor modifications. 
The chosen aroma descriptors were green (reference standard 
aroma components are trans-3-hexenol), tender (nonanal), chestnut 
(3-methylbutyraldehyde), sweet (phenylethanol), and fresh (trans-2-
hexenal). The detailed description and explanation of flavor are sum-
marized in Table S3. Two tea samples of 10.0 g were weighed into a 
triangular flask (250 ml volume), heated for 10 min in a water bath at 
50 ± 1°C to ensure that the aroma diffuses into the bottle to satu-
rate the space, and then immediately sniffed in a sensory panel room 
at 23 ± 1°C. In order to keep the temperature of aromatic solution 
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constant, the sensory evaluation of aroma was carried out in a 50℃ 
water bath. Every compound was sniffed only once, and the sniffing 
trials were performed 10 min apart to overcome the memory effects 
of a single aroma compound.

The taste evaluation method was according to the method of 
Cao (Cao et al., 2019) and Li (Li et al., 2021) with minor modifications. 

The chosen taste descriptors were fresh (reference standard com-
ponents are glutamate), sweet (sucrose), bitter (quinine), puckery 
(tannins), and acid (citrin). Around 3  g tea sample was infused in 
150 ml of boiled water for 4 min in a special teacup. The tea infusion 
(60–70℃) was then poured immediately into a tea bowl and evalu-
ated by the panel.

F I G U R E  1  Location map of study area and treatment method of study materials. (a) Location map of study area; the sampling site 
is located in Mengding Mountain, Ya'an City, Sichuan Province, China. (b) The making process of Shihua and Ganlu. The map in (a) was 
drawn through “ArcGIS Desktop 10.5”

Fresh Fixing Shaping Shihua
(a) The making process of Shihua

Drying
Fresh Fixing (3 times) rolling (3times) Ganlu

(b) The making process of Ganlu

Drying

(A)

(B)
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A 5-point 0 (odorless)- 5 (strong) scoring method was selected 
for evaluation. The tea infusions were randomly offered to panel-
ists after brewing. The solutions and the hydrolyzed infusions were 
scored at room temperature (23 ± 1°). They were asked to score the 
aroma qualities of green, tender, chestnut, sweet, fresh and the taste 
qualities of fresh, sweet, bitter, puckery, and acid on a scale from 0 to 
5. The samples were analyzed in triplicate by each panelist, and the 
average score was used to draw the flavor profile.

2.4  |  Determination of aroma compounds

Extraction of aroma‑active components: the HS-SPME method 
was selected to isolate the active aroma components; a tea sample 
(3.0 g) with 30 µg ethyl decanoate as an internal standard (10 mg/kg 
tea sample) was placed in an extraction bottle (15 ml volume). The 
sample was equilibrated in a thermostatic water bath for 10 min at 
50°C, and then sampled for 30 min in the headspace (the head space 
temperature was still kept at 50℃). Afterward, SPME fiber was with-
drawn and directly introduced to the GC-MS (the temperature of 
sample for GC-MS was 50℃), and the process was repeated thrice. 
The SPME fiber was 50/30 μm DVB/CAR/PDMS whose length was 
1 cm (Sigma-Aldrich), and the fiber penetration depth into the head-
space was 2 cm.

GC-MS instrument setup and analytical conditions: GC-
MS analyses were performed on an Agilent 7890A/5975C-GC/
MSD inert detector operating in EI mode in a 69.9  eV chromato-
graphic column: capillary-column chromatography DB-5  ms 
(30  m  ×  250  μm  ×  0.25  μm). The sampling was manual, no shunt 
was used, the sample was kept at a constant temperature, and the 
injection port and GC-MS direct interface temperatures were 250 
and 280°C, respectively. Temperature programming: the column 
temperature was 50–250°C; the starting column temperature was 
50°C which was held for 3 min, and then increased to 150°C at a 
rate of 2°C/min, held for 2 min, then increased to 250°C at a rate of 
2.5°C/min and held for 4 min. Helium was used as a carrier gas at a 
flow rate of 1.0 ml/min. The ionic source temperature was 230°C; 
the quadrupole temperature was 150°C; and the scanning quality 
range was set at 20–700 amu.

Qualitative and quantitative analysis of aroma compounds: 
Qualitative analysis: the NIST standard spectral library (https://
www.nist.gov/) and retention indices (RIs) from other literature were 
used to match ion mass spectra, and then the qualitative analysis 
of aroma components was completed. Quantitative analysis: the 
internal standard method was used to quantify the volatile flavor 
compounds in the tea aroma. Ethyl decanoate was selected as the 
internal standard (10 mg/kg tea sample).

2.5  |  Determination of taste compounds

Determination methods of total tea polyphenols, total amino acids, 
total caffeine, and total SS: 0.6  g (±0.001  g) of tea sample was 

weighed into a 150  ml conical flask, and 60  ml of boiling distilled 
water was added and immediately moved into a boiling water bath 
for 45 min (shaken every 10 min). After the extraction, it was im-
mediately filtered under the condition of hot decompression. The 
filtrate was transferred into a 100 ml volumetric flask; the residue 
was washed with a small amount of hot distilled water for 2–3 
times; and the filtrate was filtered into the volumetric flask. After 
cooling, the filtrate was diluted into 100  ml with distilled water. 
The methods were operated as specified in the following deter-
mination methods, and the content of each component in the 
sample was calculated according to the mass of the dry tea sam-
ple. The total amount of tea polyphenols was determined by Folin 
phenol method (GB/T8313-2018; State Administration for Market 
Regulation (SAMR) and the Standardization Administration of China 
(SAC), 2018); the total amount of free amino acids was determined 
by Ninhydrin colorimetry (GB/T 8314-2013; General Administration 
of Quality Supervision, Inspection, and Quarantine (AQSIQ) and 
the Standardization Administration of China (SAC), 2013a); the con-
tent of caffeine was determined by ultraviolet spectrophotometry 
(GB/T 8312-2013; General Administration of Quality Supervision, 
Inspection, and Quarantine (AQSIQ) and the Standardization 
Administration of China (SAC), 2013b); and the total amount of SS 
was determined by anthrone colorimetry (Zhang, 2009).

Determination of catechin components: catechin contents 
were measured using high-performance liquid chromatogra-
phy (HPLC), following the national standard GB/T 8313-2018 
(State Administration for Market Regulation (SAMR) and the 
Standardization Administration of China (SAC), 2018) with some 
modifications. Briefly, 1.5  g (±0.001  g) of uniformly ground sam-
ple was weighed, added into 125  ml boiling water, extracted in 
boiling water bath for 45 min, pumped and filtered while hot, and 
finally, the volume was fixed to 250 ml. Later, the extract was fil-
tered with a 0.45 μm water phase filter head (mixed cellulose ester 
filter membrane; Biosharp), and 2  ml of filtrate was collected for 
standby. Detector: Waters 600 pump HPLC (Waters 600; Waters), 
Waters empower chromatographic management system (Waters 
Empower 3, 2011), Waters 2489 UV detector (Waters 2498; 
Waters). Methods: the chromatographic column was Phenomenex 
Gemini C18 (Phenomenex Gemini 5u C18 110A, 250 mm × 4.6 mm; 
Phenomenex); the elution temperature was 20℃; the injection vol-
ume was 5 μl; the flow rate was 1 ml/min; and the detection wave-
length was 278  nm. Phase A was 0.2% acetic acid solution, while 
phase B was pure acetonitrile. Elution procedure: the 100% phase A 
was kept for 10 min, and then changed from 100% phase A to 68% 
phase A and 32% phase B within 15 min, maintained this condition 
for 10 min, and then returned to 100% phase A.

Determination of amino acid composition: Free amino acid con-
tents were measured using an automatic amino acid analyzer (mod-
el:L-8900; supplier:Hitachi) following the national standard GB/T 
30987-2020 (State Administration for Market Regulation (SAMR) 
and the Standardization Administration of China (SAC), 2020). 
Briefly, 0.25 g (±0.0001 g) of uniformly ground sample was weighed 
into a 50 ml centrifuge tube. Later, 25 ml of boiling water was added 

https://www.nist.gov/
https://www.nist.gov/
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and the sample was extracted in a boiling water bath for 45 min, then 
quickly cooled to room temperature, centrifuged at 4000 r/min for 
10 min, and finally, the supernatant was drawn for testing. 5 ml of 
the supernatant was taken and added into 5 ml of 5% trifluoroacetic 
acid solution, centrifugated at 4℃ 7000 r/min for 20  min, passed 
through a 0.45 μm inorganic filter membrane, and then 20 μl of the 
test solution was sucked and injected into the automatic amino acid 
analyzer. Finally, the external standard method was used for quan-
titative analysis.

Each sample was measured thrice in parallel, and the average 
value was taken.

2.6  |  Determination of heavy metals in tea

Tea pretreatment: nitric acid perchloric acid wet digestion method 
was adopted, i.e., 1.0  g (±0.001  g) of the sample was weighed 
into a Teflon cup; 25  ml of mixed acid with a volume ratio of 5:1 
(HNO3:HClO4) was added, placed in the fume hood, covered and 
soaked for 16h, heated with an electric heating plate; the tempera-
ture was adjusted to 150 ± 2℃; slowly digested until the residual 
2–5 ml was colorless and transparent liquid; then it was removed and 
cooled. The deionized water was washed, filtered, and the volume 
was set to 25 ml.

Cr was detected by graphite furnace atomic absorption spec-
trometry (GB5009.123-2014; National Health & Family Planning 
Commission of the People's Republic of China,  2014a); As was 
detected by liquid chromatography atomic fluorescence spec-
trometry (Haiguang LC-AFS9530; GB5009.11-2014; National 
Health & Family Planning Commission of the People's Republic of 
China, 2014b); Cd was detected by graphite furnace atomic absorp-
tion spectrometry (GB5009.15-2014; National Health & Family 
Planning Commission of the People's Republic of China, 2014c); Pb 
was detected by graphite furnace atomic absorption spectrometry 
(GB5009.12-2017; National Health & Family Planning Commission 
of the People's Republic of China, 2017a); and Cu was detected by 
flame atomic absorption spectrometry (GB5009.13-2017; National 
Health & Family Planning Commission of the People's Republic of 
China, 2017b).

Detection parameters: the absorption wavelengths were 
357.9 nm for Cr, 228.8 nm for Cd, 283.2 nm for Pb, and 324.7 nm for 
Cu, respectively. The lamp current was 10.0 mA; the spectral band-
width was 0.7 nm; the high pressure was 207.00 v; the gas flow rate 
was 2.2 L/min; and the burner height was 7.0 mm.

2.7  |  Determination of pesticide residues in tea

Tea sample pretreatment: tea samples were extracted by ultrasonic 
with acetonitrile as extraction solvent, and were purified by Agilent 
Mega BE Carbon/NH2 Liquid filter tube. The pesticide residues, such 
as organophosphorus and organochlorine, were detected by gas 
chromatography (GC); insecticides with thermal instability or low 

vapor pressure, such as carbamates and N-methyl carbamates, were 
detected by HPLC; imidacloprid and acetamiprid were detected by 
ultra-performance liquid chromatography tandem mass spectrom-
etry (LC-MS); seven types of pyrethroids were detected by GC-MS.

HPLC detection conditions: Agilent 1260 HPLC, Agilent C8 
250 mm × 4.6 mm × 5 μm column was used; the column temperature 
was 42℃; Fluorescence detector: λex = 330 nm, λem = 465 nm; in-
jection volume 10 μl; the mobile phase A was water and the mobile 
phase B was methanol; gradient elution procedure: 0.0–2.0  min, 
85%–75% A; 2.0–6.5 min, 75% A; 6.5–10.5 min, 75%–60% A; 10.5–
28.0 min, 60% A; 28.0–33.0 min, 60%–20% A; 33.0–35.0 min, 20% 
A; 35.0–37.0  min, 20%–0% A; 37.0–37.1  min, 0%–85.00% A; flow 
rate: 0.3 ml/min.

GC-MS detection conditions: Agilent 7890b-7000c gas chro-
matography tandem mass spectrometry was used; Agilent hp-5ms 
30 m × 250 μm × 0.25 μm capillary column was used; injection port 
temperature: 270℃; injection volume was 1 μl, no split flow injec-
tion; gradient heating program of column temperature box: after 
holding 80℃ for 2 min, 15℃/min was raised to 310℃ and kept for 
5  min, with a total of 22.33  min; carrier gas N2 ≥ 99.999%, 1  ml/
min constant current mode; mass spectrum interface temperature, 
230℃; ion source temperature, 230℃; quadrupole temperature, 
150℃; electron bombardment source voltage, 70 eV.

LC-MS detection conditions: Agilent 1290-6470 ultra-high 
performance liquid chromatography tandem mass spectrometer, 
Agilent c1850 mm × 0.30 mm × 1.8 μm column. The injection volume 
was 1.0 μl; the mobile phase A was methanol and the mobile phase 
B was water (containing 0.1% formic acid). Gradient elution process: 
0–1 min, 10% A; 1–6.6 min, 10%–80% A; 6.6–7.0 min, 80%–90% A; 
7.0–7.10 min, 90%–98% A; 7.10–11.60 min, 98% A; 11.60–15.00 min, 
98% A; flow rate, column temperature 30℃, electrospray ionization 
(ionization) source, positive ion mode, dry gas temperature 350℃, 
dry gas flow rate, nebulizer pressure, sheath gas temperature 300℃, 
sheath gas flow rate / the capillary voltage was 4000 V; scanning 
mode was DMRM.

2.8  |  Statistical analysis

The experimental results were expressed as means  ±  standard 
deviations (SD) of three parallel measurements. Correlations 
were calculated using partial least squares regression (PLSR). 
Statistical analyses were performed using SPSS (version 25.0, 
IBM126 Corp.).

3  |  RESULTS

3.1  |  Sensory characteristics of HT

Chivalrous tea senses mainly include aroma and taste senses of tea. 
The following mainly analyzes the aroma and taste characteristics of 
HT and its difference with LT.
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3.1.1  |  Aroma sensory characteristics of HT and its 
difference with LT

The five aroma factors of HT and LT were scored by quantitative 
description analysis, and the flavor profile was drawn according to 
the average score (Figure 2a).

HT includes high mountain Shihua (HS) and high mountain Ganlu 
(HG). The aroma profile of HS showed a tender green predominance 
accompanied by a faint sweet, with average scores of 3.14, 0.19, 3.97, 
0.57, 1.37 for green, chestnut, tender, fresh, and sweet, respectively 
(Figure 2a). Similarly, the aroma profile of HG showed tender, green, 
and sweet dominated accompanied by faint chestnut, with scores of 
3.54, 1.44, 3.92, 1.18, 2.84 for green, chestnut, tender, fresh, and 
sweet, respectively (Figure 2b). These differences might attribute to 
the differences in the two processing modes and the complicated 
fabrication process with multiple rubbing twists and drying pro-
cesses, affecting the internal components of tea and making its tea 
aroma profile more "plump."

LT also includes low mountain Shihua (LS) and low mountain 
Ganlu (LG). Compared with the LT, the aroma profile shape of HS 
was consistent with LS, with the only difference as the aroma 
profile of HS was slightly greater than LS (Figure 2a). This result 
indicated that HS had a higher aroma intensity than LS. Since 
Shihua is processed in a simple way to retain the original fresh 
leaf aroma, it was speculated that the differences in aroma pro-
file were most likely due to the greater abundance of aroma sub-
stances in the fresh alpine leaves. HG exhibited quite different 
aroma profiles, such as high tender (+134.73%), green (+50.63%), 
sweet (+47.15%), and low chestnut (−58.02%) than LG (Figure 2b). 
Green versus tender was mainly derived from some alcohols, alde-
hydes, and esters with low boiling points, cis-3-hexenol, nonanal, 
and methyl salicylate (Nie et  al.,  2020). Chestnut aroma mainly 
comes from pyrrole and furan substances produced by Maillard 
reaction in the process of tea processing (Guo et al., 2018). Since 
HT and LT adopt the same processing method, the chestnut aroma 

substances produced by Maillard reaction should be basically the 
same. Therefore, we speculate that the main reason for the dif-
ference of chestnut aroma between them may be the masking or 
synergistic effect between different aroma types; this requires 
further analysis of their aroma components.

3.1.2  |  Taste sensory characteristics of HT and its 
difference with LT

As for taste, the HS taste profile showed a predominance of fresh 
versus bitter, accompanied by a faint sweet, with the scores of 3.68, 
2.61, 3.18, 0, 2.74 for fresh, sweet, bitter, acid, and puckery, respec-
tively (Figure 2c). Similarly, the HG flavor profile showed a predomi-
nance of fresh versus sweet accompanied by an appropriate bitter 
degree as well as faint acid, with scores of 3.07, 3.54, 1.67, 0, 1.62 
for fresh, sweet, bitter, acid, and puckery, respectively (Figure 2d).

Compared with LT, the sweet score of HS was 2.61, which was 
significantly higher than in LS (1.67; Figure 2c). In contrast, no sig-
nificant differences were observed for other scores, such as fresh, 
bitterness, puckery, and acid. The SS in tea is the primary contributor 
to the sweetness of tea (Li et al., 2020), while the large temperature 
difference between day and night in the high mountains is condu-
cive to the accumulation of SS in tea. This might be the main reason 
for higher sweet scores in HS than LS. Compared with LG, signif-
icant differences were observed in fresh, bitterness, puckery, and 
sweet scores, except for acid (Figure 2d). HG and LG showed two 
completely different taste characteristics. The scores of fresh and 
sweet in HG were 3.07 and 3.54, respectively, which were 22.31% 
and 50.00% higher than in LG. In contrast, the scores of puckery 
and bitterness in HG were significantly lower than in the shallow hill. 
Studies have proved that puckery and bitterness significantly reduce 
the taste of tea and consumers' preference (Yau & Huang, 2000). In 
this regard, HG's taste characteristics of high sweet, high fresh, and 
low bitterness are more easily accepted by consumers.

F I G U R E  2  Flavor profile of different 
tea. (a) Location map of study area; the 
sampling site is located in Mengding 
Mountain, Ya'an City, Sichuan Province, 
China. (b) The making process of Shihua 
and Ganlu. The map in Figure 1a was 
drawn through “ArcGIS Desktop 10.5.” 
“HS,” High mountain Shihua, “LS,” Low 
mountain Shihua, “HG,” High mountain 
Ganlu, “LG,” Low mountain Ganlu. 
*p < .05; **p < .01. Pictures are drawn by 
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3.2  |  Content and activity of aroma compounds 
in tea

3.2.1  |  Content of aroma compounds in tea

The content and proportion of tea aroma components directly deter-
mine the aroma sensory characteristics of tea. There are hundreds of 
aroma compounds in teas, including esters, alcohols, acids, ketones, 
and terpenes (Ho et al., 2015). In this study, a total of 38 aroma com-
ponents were detected in two types of HT samples, including 13 
alcohols, 3 ketones, 7 aldehydes, 4 esters, 8 hydrocarbons, and 3 
heterocyclic compounds (Table 1).

A total of 28 aroma substances were detected in HS samples, 
among which the high content aroma components mainly include 
(z)-3-hexen-1-ol, benzyl alcohol, 2-ethylhexanol, phenyl alcohol, 
nonanal, valeraldehyde, and methyl salicylate, with the contents of 
4.01, 3.46, 2.62, 1.94, 1.65, 1.59, and 1.58 mg/kg, respectively. A 
total of 37 aroma compounds were detected in HG samples, among 
which the high content aroma components mainly include hexanal, 
heptaldehyde, longifolene, nonanal, 1-penten-3-ol, valeraldehyde, 
and linalool, with the contents of 4.53, 4.53, 2.99, 2.85, 2.77, 2.45, 
and 2.29  mg/kg, respectively. Among these aroma compounds, 
there are four aroma substances common to HS and Hg, including 
(z)-3-hexene-1-alcohol, benzyl alcohol, glutaraldehyde, and nonanal. 
It is speculated that they are the main aroma components constitut-
ing the aroma quality of HT.

The content and species of volatile components in HT were 
higher than in LT (Shihua or Ganlu; Table  1). In HT and LT, the 
aroma compounds with large difference (p  <  .05) and high con-
tent (content >1  mg/kg) were: (z)-3-hexen-1-ol, 2-ethylhexanol, 
linalool, linalool oxide II, nerolidol, geranylacetone, heptaldehyde, 
methyl salicylate, (z)-3-hexenyl hexanoate, alpha pinene, alpha 
caryophyllene, and 3-carene. These aroma components might 
dominate the difference in aroma sense between high mountain 
and LT. The alcohol contents in HT, such as (z)-3-hexen-1-ol, nero-
lidol, and linalool were higher than in LT, while the contents of ter-
penoids, such as alpha pinene, alpha caryophyllene, and 3-carene 
were lower than in LT. In aroma description, most of these alcohols 
presented green, flower, and fruit aroma, while most of the ter-
penoids presented woody aroma. The presence of these woody 
aroma compounds might develop other aromas in tea by masking 
the expression of green.

2-Pentylfuran with caramel flavor is often considered as one of 
the primary aroma attributes influencing the formation of chestnut 
(Ryoko & Kenji,  2014; Zhu et  al.,  2018). In this study, the content 
of 2-pentylfuran in HG and LG was 0.52 and 0.59  mg/kg, respec-
tively, with no significant difference (Table  1). Therefore, it was 
speculated that the reason behind HG having the characteristics of 
high green and low chestnut aroma is that it contains a large number 
of “green” alcohols substances that mask the expression of “chest-
nut” and “woody” substances. In LG, the expression of green alco-
hol compounds was weakened by more woody compounds, while 

the expression of chestnut compounds was promoted by woody 
compounds.

3.2.2  |  Activity values of aroma compounds in tea

In the study of tea flavor, odor activity value (OAV) is often used 
to characterize the contribution of aroma compounds to the overall 
aroma (Scharbert, Jezussek, & Hofmann, 2004). It is generally rec-
ognized that the aroma components with OAV >1 have a significant 
contribution to the overall aroma of tea samples, and the higher is 
the OAV value, the higher will be the contribution to the overall 
aroma. In this study, a total of 28 aroma compounds with OAV >1 
were detected in HT, including 21 aroma compounds in HS and 27 
aroma compounds in HG (Table 1). Of them, 8 aroma compounds, 
including linalool (912.00/1529.60), alpha ionone (639.36/1373.76), 
nonanal (471.99/813.64), hexanal (317.95/905.47), linalool oxide II 
(166.40/320.00), 2,2-Dimethyl-6-methylenecyclohexane-1-carbald
ehyde (147.92/171.42), linalool oxide I (125.60/216.00), and geran-
iol (125.18/139.78) had OAV >100 both in HS and HG. In contrast, 
four compounds, including 2-acetyl pyrrole (0.01/0.01), 1-pentanol 
(0.04/0.02), benzyl alcohol (0.63/0.38), and benzyl benzoate 
(0.79/0.81), had OAV <1 both in HS and HG. These aroma compo-
nents might not be the key components of HT aroma characteristics.

In sensory evaluation, HS aroma was mainly described as tender 
and green, accompanied by faint sweet, while HG aroma was mainly 
described as tender, green, and sweet, accompanied by faint chest-
nut (Figure 2b). According to the OAV of aroma substances and their 
aroma description, linalool aroma was described as "coriander, floral, 
lavender, lemon, rose," alpha ionone as "violet, fruit, wood," nonanal 
as "fat, floral, green, lemon," hexanal as "apple, fat, fresh, green," lin-
alool oxide I and linalool oxide II as "floral," 2-dimethyl-6-methylen
ecyclohexane-1-carbaldehyde as "fresh fruit, camphor," geraniol as 
"geranium, lemon peel, passage fruit, peach, rose." The interaction 
of these aroma substances with each other forms the unique aroma 
characteristics in HT.

3.3  |  Content and contribution value of taste 
compounds in tea

The taste of tea is characterized by its taste components, and the 
content and proportion of these substances have a profound impact 
on the taste of tea soup (Wang & Ruan, 2009). Therefore, the taste 
components in HT samples were further detected and analyzed to 
explore the taste characteristics and causes of HT.

3.3.1  |  Content of taste compounds in tea

As summarized in Table 2, only three taste substances were signifi-
cantly different in HS and LS, namely SS, phenylalanine (Phe), and 
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gallocatechin gallate (GCG), while six were found in Ganlu, namely 
caffeine (CA), SS, glutamine (Gln), Phe, arginine (Arg), and epigallo-
catechin (EGC). This phenomenon showed a great relationship be-
tween the two processing methods and the source of raw materials. 
Firstly, the raw materials (one shoot and one leaf) of Ganlu had a 
longer growth and development time, which was more influenced 
by the environment. Secondly, the processing Ganlu was more com-
plex, which further amplified the gap between these two.

The primary distinct taste substances between HT and LT were 
bitter and sweet substances. For instance, CA, Phe, Arg, and EGC 
of bitter components in HG were significantly lower than in LG, 
while SS of sweet components were significantly higher than in LG 
(p < .05). The differences in these taste substances led to different 
sensory profiles of these tastes (Figure 2a).

3.3.2  |  Contribution of taste compounds in tea

The complex structure of the primary taste substances of tea, such 
as tea polyphenols and SS, with a nonunified threshold, limits the 
taste activity value (TAV) determination. Therefore, the standard-
ized coefficient of PLSR was employed to analyze the contribution 
of 20 taste substances to 5 taste attributes of tea, and the results are 

depicted in Figure 3. The color depth represents the contribution; 
red is the positive contribution and blue is the negative contribu-
tion. It can be seen from the figure that polyphenols, caffeine, ester 
catechins (EGCG, ECG, GCG), and some bitter amino acids (Phe, Arg) 
contributed to the bitterness and puckery of tea. Similarly, the SSs 
and some amino acids (Asp, Gln, Ser) contributed to the fresh sweet-
ness of tea. The contribution of theanine to fresh was weaker than 
some free amino acids, such as aspartic acid and glutamine. This 
might have happened due to its high threshold. Besides, few sub-
stances related to sour taste were observed, mainly because green 
tea has almost no sour taste.

3.4  |  Safety quality characteristics of HT

Besides the sensory quality, the tea quality also includes the safety 
quality. The primary regulatory factors of tea safety quality include 
the types and contents of pesticide residues, harmful heavy met-
als, and microorganisms. In this study, 5 toxic heavy metals and 50 
types (see Table S4 for details) of pesticide residues in different tea 
samples of HT and LT were detected, and the results are summarized 
in Table 3.

3.4.1  |  Evaluation of five toxic heavy metals in HT

The average content of five heavy metals in HT was far lower than 
the maximum limit value of the corresponding standard. The con-
tents of Cr, As, Cd, Pb, and Cu in HS were 67.0%, 96.3%, 93.5%, 
85.8%, and 76.5% lower than the limit value, respectively, while the 
contents of Cr, As, Cd, Pb, and Cu in HG were 61.2%, 98.35%, 96.5%, 
88.9%, and 76.9% lower than the limit value, respectively. This indi-
cated that all HT were not polluted by heavy metals, and the risk of 
heavy metal pollution in HT was very low.

Compared with LT, HT contained more Cr, As, and Cd. Of these 
three heavy metal elements, the average pollution index of Cr was 
the largest, reaching 0.388, while the pollution index of the other 
two heavy metals was smaller (<0.1). Therefore, CR was speculated 
to be the most toxic heavy metal element in HT at present. Hence, 
the control of Cr should be strengthened in the future during the 
production and processing of HT.

3.4.2  |  Evaluation of 50 pesticide residues in HT

We tested 50 pesticide residues in all HT samples, and the results 
showed that only 7 pesticide residues were detected in all HT sam-
ples. Of them, 4 were detected in HS and 7 in HG, and all of them 
were found to be well below the corresponding minimum limit values 
(Table 3). Taking the pesticide chloropyrifos, having a relatively large 
pollution index in HT as an example, its pollution index in HS and HG 
was only 0.086 and 0.130, respectively, which was much lower than 
its limit pollution index 1, suggesting high safety factor of HT.

F I G U R E  3  Correlation between main taste substances and 
sensory characteristics of HT. Here, we use the standardized 
coefficient of partial least squares regression (PLSR) to analyze the 
contribution of 20 tea flavor substances to 5 tea flavor attributes

bitter puckery sweet fresh acid
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Amino acids
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Theanine
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Epigallocatechin gallate

Gallocatechin gallate
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Epigallocatechin

Epicatechin

Catechin 
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Compared with LT, the agroforestry species and contents of the 
HT samples were all lower than in the LT samples. For instance, only 
four agroforestry residues were detected in HS, whereas eight were 
detected in LS. This could be explained as the pesticide application 
was much less in the HT area with a rich ecosystem and a cold winter 
season where infestation occurs less frequently.

4  |  DISCUSSION

4.1  |  What are the reasons for the difference in 
flavor and quality between alpine and LT?

4.1.1  |  The direct cause

The flavor of food is determined by the flavor substances contained 
in the food itself, so is tea (Chaturvedula & Prakash, 2011; Peigen 
et al., 2014; Wang et al., 2019; Yamanishi et al., 1970). The flavor of 
tea is directly related to the content and proportion of flavor sub-
stances, and the difference in the content and proportion of these 
flavor substances is the most direct reason for the difference in fla-
vor quality between HT and LT.

The sensory evaluation elucidated that the aroma of high 
mountain green tea was mainly tender and green, accompanied 
by a certain amount of sweet and weak chestnut, while the aroma 
of low mountain green tea was mainly chestnut, accompanied by 
a certain amount of tender, green, and sweet. The detection of 
related components and their contents by GC-MS demonstrated 
consistent component content and dose–effect relationship 
(Table 1). The measured data illustrated that the alcohol contents 
with fruity and green flavor in HT were indeed higher than in LT, 
which was the main reason for its unique aroma. Meanwhile, tea 
aroma is not only related to the content and ratio of tea compo-
nents but also shows synergistic, masking, and tone-changing ef-
fects among the components (Liao et al., 2008; Wang et al., 2020; 
Yang et al., 2013; Zhu et al., 2017, 2021), reflecting the differences 
in tea flavor characteristics and sensory experience. Previous re-
search has indicated that under the same OAV, the aroma com-
ponents of floral fragrance could be easily masked by the aroma 
of other fragrances (Nie et al., 2019). Based on the aroma compo-
nents detection results, it was speculated that the difference in 
the ratio (G/C) of "green substances" and "chestnut substances" 
might be the other reason for different aroma characteristics in 
HT and LT. For instance, since the G/C value of HG was relatively 
large, many green and fruit-flavorings, such as (Z)-3-hexen-1-ol, 
benzyl alcohol, linalool, and nerolidol, might have covered up the 
expression of chestnut substances, thus presenting high green and 
low chestnut. However, the G/C value of LG was relatively small. 
Hence, the green substances with low content could not cover up 
the chestnut substances, thus presenting high chestnut.

Additionally, the content of hydrocarbons in LT was relatively 
high, and most of these hydrocarbons were "wood." These wood sub-
stances might have an offsetting effect on green substances and a 

promoting effect on chestnuts, thereby promoting the expression of 
chestnut substances. Besides the aroma substance composition and 
proportion relationship, the interaction between aroma components 
(masking/offset/enhancement) was also an important factor that 
affected HT aroma (Figure 4). However, further study on the inter-
action between the aroma components is warranted to explore the 
mechanism behind the formation of high mountain green tea scents.

4.1.2  |  The root cause

Tea flavor quality directly depends on the content and proportion 
of tea flavor substances, and the formation of tea flavor substances 
is a very complex process, such as variety difference, planting 
age difference, field cultivation management level difference and 
ecological environment difference (Selena et  al.,  2019; Zhang, Li, 
et al., 2020), which will have a significant impact on tea flavor qual-
ity. In this study, the varieties, tree age, cultivation management, and 
processing methods of HT and LT are basically the same (Table S1). 
Therefore, we focus on the impact of ecological environment on the 
quality difference between HT and LT.

The accumulation of flavor substances in HT is related to the high 
mountain environment, such as low temperature, cloudy, and diffuse 
light. Under such conditions, the late germination of tea bud and the 
slow growth of tender leaves are conducive to the accumulation of 
inclusion and optimization of the ratio (Niwa & Yamamoto,  1977). 
The results showed that the annual average temperature of HT tea 
garden was 2–3.5℃ lower than LT tea garden, the annual sunshine 
time was 400–550 h less, and the bud and leaf production period 
was 15–36  days more (the data came from the internal investiga-
tion of the local meteorological bureau and the research group). 
The conditions of low temperature and less light are conducive to 
nitrogen metabolism and increase the accumulation of amino acids 
in tea, which are the main flavor contributing substances in tea. At 
the same time, low temperature and less light can inhibit carbon me-
tabolism to a certain extent, and then reduce the synthesis of bit-
ter and astringent substances such as tea polyphenols and caffeine 
(Jayasekera et al., 2014).

Generally speaking, the temperature drops by 0.5℃ for every 
100m increase in the average altitude, so HT are more vulnerable 
to the influence of low temperature stress. Under low temperature 
stress, polysaccharides in tea leaves will be transformed into SSs 
such as sucrose and glucose, which can increase the concentra-
tion of cell fluid and enhance the cold resistance of plants (William 
et al., 1992). At the same time, due to the large temperature differ-
ence between day and night in high altitude areas, SS accumulates 
in large quantities in tea leaves. SS is an important contribution to 
the sweetness of tea, and "sweetness" is also one of the biggest 
characteristics that distinguish HT from LT (Figure  2b). In addi-
tion, low temperature stress can also promote the accumulation 
of glycosides in tea (Zhao et al., 2020). When tea leaves are bitten 
by pests, these glycosides will be hydrolyzed and produce a large 
number of aroma substances, such as nerolidol, geraniol, linalool, 
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benzyl alcohol, and phenylethyl alcohol (Bonaventure et al., 2011; 
Cai et al., 2014; Han & Chen, 2002). Most of these substances are 
fruity, floral, and green, and it is these substances that give HT 
unique aroma characteristics.

5  |  CONCLUSION

In this paper, the sensory (aroma and taste) quality and safety (heavy 
metals and pesticide residues) quality of HT were characterized. At 
the same time, it was proposed that "the different content and pro-
portion of flavor substances is the direct reason for the flavor dif-
ference between HT and LT, and low temperature stress is the main 
reason for the flavor substance difference between HT and LT." The 
results of this study give us a more comprehensive understanding of 
HT and provide potential development strategies for the high quality 

and sustainable development of tea. Our research also provides a 
method for similar research.

The flavor of food depends on the flavor substances contained in 
the food itself, so does tea. The flavor of tea is directly related to the 
content and proportion of its flavor substances (direct cause), and the 
content and proportion of these flavor substances are related to the 
variety, cultivation and management, processing methods, soil nutri-
ents, climate, and environment of tea (root cause). Our research fo-
cuses on the former (direct cause) rather than the latter (root cause). 
For example, through sensory evaluation, we found that the sweet-
ness of HT is higher than that of LT. Then we analyze and discuss 
which flavor substances produce this sensory feature, as for how 
these flavor substances are produced, although important, is not the 
focus of this paper. The formation of flavor components and propor-
tion in tea is a complex problem, which cannot be completely studied 
in a single experiment. However, for completeness and preciseness, 

F I G U R E  4  The proportion of aroma 
compounds in HT and LT and the possible 
relationship between them. Pictures are 
drawn by Office 2019

(a)

(b)
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we try to discuss the root causes of tea flavor formation according to 
the existing literature and small-scale experimental data, but this is 
not the main task of this study. The main purpose of this study is to 
better understand the difference of quality characteristics between 
HT and LT and provide reference for us to better develop and utilize 
HT and similar commercial crop resources with special value.
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