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Abstract: Understory planting affects the growth environment of tea plants, regulating the tea plant
growth and the formation of secondary metabolites, which in turn affects the flavor of Xiaobai
white tea. The present research adopted biochemical composition determination, widely targeted
volatilities (WTV) analysis, multivariate statistical analysis, and odor activity value (OAV) analysis to
analyze the characteristics in the macro-composition and volatile compounds of understory white
tea. The sensory evaluation results indicated that understory Xiaobai white tea (LWTs) was stronger
than ordinary Xiaobai white tea (PWTs) in terms of the taste of smoothness, sweetness, and thickness
as well as the aromas of the flower and sweet. Understory planting reduced light intensity and air
temperature, increased air humidity, organic matter, total nitrogen, and available nitrogen contents,
which improved the growth environment of tea plants. The phytochemical analysis showed that
the water-extractable substances, caffeine, flavonoids, and soluble sugar contents of understory
tea fresh-leaf (LF) were higher than those of ordinary fresh-leaf (PF). The phytochemical analysis
showed that the free amino acids, theaflavins, thearubigins, water-extractable substances, and tea
polyphenols contents of LWTs were significantly higher than those of PWTs, which may explain the
higher smoothness, sweetness, and thickness scores of LWTs than those of PWTs. The 2-heptanol,
2-decane, damasone, and cedar alcohol contents were significantly higher in LWTs than in PWTs,
which may result in stronger flowery and sweet aromas in LWTs than in PWTs. These results provide
a firm experimental basis for the observed differences in the flavor of LWTs and PWTs.

Keywords: understory planting; environment factors; fresh-leaf; Xiaobai white tea; volatile compounds

1. Introduction

Tea is a shade plant, adapted to the understory of forests in its native habitat [1]. White
tea is one of six kinds of tea in China and undergoes the fewest manufacturing processes,
including prolonged withering and drying [2]. According to the different cultivars of tea
trees from which fresh leaves are derived, white tea can be divided into Dabai, Xiaobali,
and Shuixian white tea. Xiaobai white tea is one of the high-quality white teas in the
Fujian Province, has a long history, with a slightly sweet and umami taste as well as a fresh
odor, widely loved by consumers. The quality of Xiaobai white tea is determined by the
fresh-leaf quality and the tea-making process, fresh-leaf is the foundation. Environmental
factors, such as temperature, humidity, light, and rainfall were closely related to the growth
and development of tea plants and the accumulation of fresh leaf components [3]. Tea
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plants grow well in conditions of 80% relative humidity and cloudy conditions (sunshine
percentage <40%) [4,5]. Suitable effective accumulated temperatures (112.4 °C, with a
minimum daily temperature of 5 °C), large temperature changes between the day and
night, and scattered light, which contributes to the accumulation of aroma substances in
tea, will increase the freshness and taste of tea to a certain extent, resulting in high-quality
green tea [6]. Tea plants is an acidophilic plant, and the soil pH of 4.5~5.5 is suitable for
its cultivation [7]. Soil type affects the exchange of water, air, and nutrients between the
soil and the tea plant, which ultimately affects the growth and yield of the tea plant [8].
Nitrogen (N), phosphorus (P), and potassium (K) are the three main nutrients that regulate
the growth of tea plants, and their availability directly affects the yield and quality of
tea [9]. N and P are mainly involved in the synthesis of amino acids, vitamins, chlorophyll,
and other substances, and directly regulate the content and proportion of biochemical
components of the tea plants [10,11]. K helps to promote the growth and development of
tea seedlings and the absorption capacity of tea roots, thus enhancing the resilience of tea
plants [3].

Agroforestry system is a form of understory planting that involves planting trees
alongside crops to improve the capture of temporal resources between species [12,13],
thereby increasing resource use efficiency. Historically, agroforestry systems have been
widely implemented as a way to achieve sustainability in agriculture [14,15]. To reduce
the required labor force and protect the ecological environment, many places including
Chonggqing, Sichuan, Hubei, and Anhui planted Coptis chinensis Franch under natu-
ral forests using natural shade trees [16]. To overcome farmland shortage, understory
P. notoginseng was developed as a new ecological planting model [17]. A related study
investigated the production patterns of black oats grown under four different woodland
types in southern Brazil and found that black oats grown under P. rigida were the most
productive [18]. Agroforestry systems have been successfully practiced and researched on
many species. The agroforestry pattern is also widely used in tea, many areas in Fujian
Province have tried to plant tea under the forest. Using the existing forest land, the forest
land is thinned with care without changing the stand structure, and tea plants are planted
in the forest. Compared with ordinary planting methods, shade planting under the forest
significantly changes the growing environment of tea. The chlorophyll content in the new
shoots of tea plants in spring, summer, and autumn increased to varying degrees after
shade tea plants [19]. Shao et al. [4] found in the study of the difference of metabolites
processed into different tea types by preharvest shading that shading had a great effect on
the composition of amino acids, flavonoids, and theaflavins in tea. The thickening of fence
tissue and thinning of sponge tissue in tea fresh leaf cells in a shaded environment con-
tributed to the accumulation of volatile metabolites, including volatile fatty acid derivatives
and volatile phenylpropyl/phenyl esters (VPBs) [20,21], the accumulation may be related
to upstream metabolism. Fang et al. [22] showed that preharvest shade covering helped to
increase the total volatile compounds of steamed green tea. Understorey planting of tea
plants improved soil organic matter, total nitrogen, total phosphorus, and total potassium
content compared to ordinary tea plant gardens [23], which in turn improved the quality of
tea plants.

To explore the influence of understory planting on the flavor quality of Xiaobai white
tea, this study measured the main environmental factors of the understory Xiaobai white
tea plantation and one ordinary Xiaobai white tea plantation. Then, the fresh leaves of the
understory Xiaobai white tea plantation and ordinary Xiaobai white tea plantation were
taken and processed into dry tea as experimental materials. The wide range of targeted
volatile metabolomics (WTV) method, and odor activity values (OAV) method combined
with stoichiometry were used to explore the effects of understory planting on the growth
environment and fresh-leaf components of tea trees. Then screen the quality difference
between LWTs and PWTs, which was aimed at providing a firm experimental basis for the
promotion of understory tea planting mode.
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2. Results and Discussion
2.1. Understory Planting Improves the Growing Environment for Tea Plants

Tea can achieve high quality only when it grows in the suitable environmental con-
ditions of light temperature, humidity, soil, and fertilizer [3]. When the light intensity
exceeds 3.7 J/cm?-min, the photosynthetic rate of tea leaves will decline, and the optimal
temperature for the growth and development of tea new shoots is at 2025 °C, more than
this temperature range, the new shoots growth rate slows down [24]. Hot and dry weather
tends to make green tea bitter and astringent [25]. As shown in Figure 1A, the light intensity
in the ordinary Xiaobai white tea garden (CK) was roughly twice as high as under shading.
The average air temperature under shading was 1.27 °C lower than that in CK, and the
average air humidity under shading was 5.09% RH higher than that in CK, respectively.
These indicate that understory planting improves the growth environment of tea plants and
the quality of tea. In addition, the nutrient status of the soil also has an important impact on
the quality of tea, 11.0% nitrogen (N), 1.65% phosphorous (P), and 3.7% potassium (K) are
reported to be necessary nutrients for tea [26]. As shown in Figure 1B, the organic matter,
total nitrogen, and available nitrogen contents under shading were significantly higher
than those in CK, other factors did not show a uniform pattern in the shaded and unshaded
groups. In line with previous studies, Wen et al. [27] found that the soil nutrient content of
the three intercropping systems was higher than that of the tea monoculture system, except
for phosphorus [28]. The composition of the soil nutrients in the intercropping system is
affected by many factors, such as the combination of different plant species, plant residues,
and vertical structure [29]. Different forests have different soil nutrient requirements, which
may be the reason why factors such as total phosphorus and total potassium in Castanea
henryi understory Xiaobai white tea plantation (ZL), Cunninghamia lanceolata understory
Xiaobai white tea plantation (SL), and Phyllostachys edulis understory Xiaobai white tea
plantation (BL) did not show consistent regularity. In short, understory planting improves
the growing environment of tea plants.
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Figure 1. (A) Light intensity, air temperature, and air humidity, (B) the content of organic matter,
total nitrogen, total phosphorus, total potassium, available nitrogen, available phosphorus, available
potassium, and pH. The various superscripts show significant differences (p < 0.05).
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2.2. Impact of Understory Planting on Fresh-Leaf Contents

To understand the effect of understory planting on the content of tea plants, the
macroscopic components of tea fresh-leaf were determined and analyzed. The relative
total water-extractable substances, caffeine, flavonoids, and soluble sugar contents in LF
are significantly higher than those in PF, and the relative contents of free amino acids and
thearubigins in LF are lower significantly than those in PF (Figure 2A); these provide a
good foundation for the processing of dry tea. The growth of the tea plant is not only
affected by its genetic factors, but also regulated by environmental factors such as light,
temperature, water, and fertilizer, resulting in differences in the quantity and proportion of
the components contained in the fresh-leaf [30]. Correlation analysis is a powerful tool for
investigating the relationship between major environmental factors and the macroscopic
components, the calculated results of the Pearson correlation coefficient between the two
show that (Figure 2A), organic matter, total nitrogen, total phosphorus, available nitrogen,
available phosphorus, available potassium, pH, and light intensity correlated closely with
different macroscopic components (r > 0.6, p < 0.05), indicating that they are important
factors underlying the macroscopic components of tea fresh-leaf.

Sponge tissue has a storage function, contains a large number of polyphenols and
carbohydrates related to tea quality, and shading promotes the relative proportion of sponge
tissue in leaves, which helps the accumulation of components contained in fresh-leaf [31];
this is consistent with the results of a negative correlation between water extract and light
intensity (Figure 2B). The accumulation of free amino acid content in tea leaves under
shade conditions is not due to increased synthesis but to the hydrolysis of chloroplast
proteins [32]. Early shading can play a role in increasing the amino acid content of fresh
leaves. This effect on the increase in amino acid content gradually weakens with the
extension of shading time [33]; moreover, this is consistent with the fact that free amino acid
have a significant negative correlation with organic matter, total nitrogen, and available
nitrogen (Figures 1B and 2B). There was a significant positive correlation between the soil
pH and free amino acids, which indicated that a proper increase in the pH value could
improve the tea quality. However, it is not advisable to increase the soil pH above six,
as that would be outside the fitness range of the tea tree [34]. When the soil pH value is
greater than six, the growth of tea tree shoots is inhibited to a greater extent than nitrogen
uptake, which reduces the yield of tea [35]. In the previous study, the long-term shading
remarkably inhibited sugar metabolisms such as glycolysis, galactose metabolism, and
pentose phosphate pathway in the leaves and roots of “Xiangfeicui” [36] to replenish the
carbon backbone during shading, plants hydrolyze large amounts of polysaccharides into
soluble sugars [37], which corresponded well with our findings. There was a significant
positive correlation between soluble sugar and total nitrogen and available nitrogen, which
was consistent with the report that the soluble sugar content decreased due to long-term
nitrogen fertilizer loss [38]. The results suggested that the low content of available nitrogen
in the soil led to the weakening of carbon assimilation in tea plants [39].
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Figure 2. (A) The content of water-extractable substances, free amino acids, caffeine, tea polyphenols,
flavonoids, soluble sugar, theaflavins, thearubigins, and theabrownines, (B) Correlation between
macroscopic components and major environmental factors. The various superscripts show significant
differences (p < 0.05). The symbols * and ** indicate statistical significance at p < 0.05 and p < 0.01,
respectively. The sample information of fresh leaves is shown in Table 1.

Table 1. Fresh-leaf samples information.

Identifier Source of Fresh Leaves Picking Date Picking Standards Identifier
CK ordinary tea plantation CK-1to 3
ZL Castanea henryi understory tea plantation ZL-1to3

one bud and two

Cunninghamia lanceolata understory 25 April 2023 leaves SI-1to03

tea plantation
BL Phyllostachys edulis understory tea plantation BL-1to 3

SL
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2.3. Significant Difference in Aroma and Flavor between LWTs and PWTs

The quality of fresh tea leaves determines the quality of tea products. However, the
quality-related metabolites in fresh leaves are significantly altered by the post-harvest
processing of tea leaves. To more comprehensively analyze the effects of understory
planting on the quality of tea products, also to enhance the representativeness of this study,
repeated sampling was carried out. On 26 April, the Castanea henryi understory Xiaobai
white tea samples (ZLL1) and the ordinary Xiaobai white tea samples (ZLP1) were obtained.
On 30 April, the Cunninghamia lanceolata understory Xiaobai white tea samples (SLL1)
and ordinary Xiaobai white tea (SLP1) were obtained. On 2 May, the Phyllostachys edulis
understory Xiaobai white tea samples (BLL1) and ordinary Xiaobai white tea samples
(BLP1) were obtained. On 7 May, 9 May, and 13 May, the Castanea henryi understory
Xiaobai white tea samples (ZLL2) and ordinary Xiaobai white tea samples (ZLP2), the
Cunninghamia lanceolata understory Xiaobai white tea samples (SLL2) and ordinary Xiaobai
white tea samples (SLP2), the Phyllostachys edulis understory Xiaobai white tea samples
(BLL2) and ordinary Xiaobai white tea samples (BLP2) were obtained again, respectively.
Taken together, a total of 12 tea samples were obtained including ZLL1 and ZLP1, SLL1,
and SLP1, BLL1, and BLP1, ZLL2, and ZLP2, SLL2, and SLP2, BLL2, and BLP2 (Table 2).
All samples were processed in Zhangdun Town, Jianyang District, Nanping City using
unified picking standards and processing techniques. The quality of the white tea was
assessed according to the aroma and taste compounds and sensory properties. The sensory
evaluation results showed that the appearance was in all samples, with the whole shoot and
greenish auburn. In addition to ZL1, there were all LWTs in other groups, and PWTs in SL1
also had tippy. A yellow and bright liquor color was defined in all samples, the difference
is that deeper of liquor color in LWTs than in PWTs (Figure 3A). LWTs were stronger than
PWTs in terms of the taste of smoothness, sweetness, and thickness (Figure 3B), both LWTs
and PWTs have a floral and sweet aroma, individual samples have a woody aroma, but the
floral aroma of LWTs is stronger and more lasting than PWTs (Figure 3C). In general, LWTs
has a more pleasant flavor than PWTs.

‘sspsssssRnee -
BSS0 0in RS S v

) Leaves
ZLP1 ZLL1 SLP1 SLL1 BLP1 BLL1 ZLP2 ZLL2 SLP2 SLL2 BLP2 BLL2
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Figure 3. (A) The appearance and infusion colors of PWTs and LWTs; (B) Spider plots for the taste
profiles of PWTs and LWTs; (C) Spider plots for the aroma profiles of PWTs and LWTs.
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Table 2. Xiaobai white tea samples information.
Identifier Source of Fresh Leaves Production Date S{:;l;:;:‘;is Identifier
Castanea henryi understory tea plantation N . ZLL1-1to3
ZL1 ordinary tea plantation 26-28 April 2023 ZLP1-1to3
Cunninghamia lanceolata understory tea plantation 4 SLL1-1to3
SL1 ordinary tea plantation 30 April-2 May 2023 SLP1-1to 3
Phyllostachys edulis understory tea plantation . one bud and two BLL1-1to3
BL1 ordinary tea plantation 2-5May 2023 leaves BLP1-1to3
Castanea henryi understory tea plantation g ZL12-1to3
Z12 ordinary tea plantation 7-9 May 2023 Z1LP2-1to3
Cunninghamia lanceolata understory tea plantation g SLL2-1to 3
SL2 ordinary tea plantation 9-12 May 2023 SLP2-1to 3
Phyllostachys edulis understory tea plantation . BLL2-1to 3
BL2 ordinary tea plantation 13-15 May 2023 BLP2-1to 3

2.4. Analysis of Macro-Composition of LWTs and PWTs

The taste of tea is mainly determined by macro-composition, included among these,
tea polyphenols enhance the bitterness of tea infusions, flavonoids supply the bitter taste,
free amino acids are the source of the umami taste, soluble sugars are the main contributors
to sweetness [40]. The relative total water-extractable substances, tea polyphenols, caffeine,
and soluble sugar contents in LWTs are higher than those in PWTs and the relative contents
of free amino acids contents in LWTs are lower than those in PWTs (Figure 4). This may
be the reason for why LWTs has a stronger smoothness, sweetness, and thickness than
PWTs in the taste. The macro-composition of fresh-leaf and tea are basically the same, this
shows that the matrix of fresh-leaf contents contributes to the formation of good-quality tea.
TRs, TBs, and TFs did not show uniform regular differences in the six groups of samples,
which may be due to their unique woodland environment. During the withering process of
white tea, on the one hand, the hydrolysis of large molecules within the withered leaves,
starch, proteins, and other substances are hydrolyzed to monosaccharides, amino acids,
and other water-soluble small molecules. On the other hand, along with the enhancement
of the activity of enzymes such as polyphenol oxidase, the polyphenols, mainly catechins,
undergo an oxidation and condensation reaction, which gives rise to oxidative products
such as pigments and other products, and form the unique flavor of white tea.

To further identify the key macro-components that differentiate the tastes of LWTs and
PWTs, orthogonal partial least squares—discriminant analysis (OPLS-DA) was performed
on the macro-compositions (Figure 5A). Cross-validation analysis showed that the OPLS-
DA models were reliable (Figure 5B). LWTs gathered in the first and fourth quadrants,
and in PWTs, except for SLP1-3, the rest are clustered in the second and third quadrants
(Figure 5A). The indication of the characteristic macro-composition helps to distinguish
LWTs from PWTs. We can know from Figure 5C that the variable importance in projection
(VIP) value of free amino acids, TFs, TRs, water-extractable substances, and tea polyphenols
is greater than 1, and metabolites with VIP > 1 are generally considered to be significantly
different. In the previous study [41], free amino acids, flavonoids, and TFs are the main
metabolic pathways that improve the flavor of shade tea, which is basically consistent with
this study.
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2.5. Identification of VOCs in LWTs and PWTs
A Total of 220 Volatiles Were Detected

We used HS-SPME in combination with GC-MS/MS to determine the volatile content
of LWTs and PWTs. The total ion flow (TIC) plot of the mixed sample is superimposed to
determine the reproducibility of volatile extraction and detection, then the high stability of
the instrument ensures data repeatability and reliability (Supplementary Figure S1). In total,
220 volatiles were detected, including 16 alcohols, 25 aromatic hydrocarbons, 8 phenols,
6 nitrogenous compounds, 15 aldehydes, 7 acids, 34 hydrocarbons, 28 ketones, 22 terpenes,
33 heterocyclic compounds, and 26 esters (Supplementary Table S1); the percentage of each
substance is shown in the Figure 6A. Overall, the volatile metabolite composition in LWTs
and PWTs is similar, but the exact content is slightly different (Supplementary Table S1).
During the drying process, high temperatures produce the Maillard reaction, which causes
amino acids and carbonyl compounds to polymerize and condense at room temperature or
when heated, producing a large number of heterocyclic compounds [41,42], this may be the
reason for the high content of volatile heterocyclic compounds in PWTs and LWTs.
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Figure 6. (A) The ratio of volatile components; (B) Venn diagram for different groups of key volatile
components in BLP2 vs. BLL2, ZLP1 vs. ZLL1, ZLP2 vs. ZLL2, SLP1 vs. SLL1, SLP2 vs. SLL2, BLP1
vs. BLL1; (C) The content of top ten volatile components. Undergrowth-picked was referred to as L,
and ordinary-picked was called P. The symbols * and ** indicate statistical significance at p < 0.05 and
p < 0.01, respectively.
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Among all VOCs, the top ten substances with relative content are DL-1-Phenethylalcohol,
iso-amylpyrazine, linalool, (E)-furan linalool oxide, geraniol, myrcene, deuterated paraxy-
lene, benzaldehyde, methyl 3-hydroxybenzoate, and isonicotinamide (Figure 6C). The
relative content of geraniol in LWTs was the highest, accounting for an average of 10.11%,
followed by myrcene (7.21%), DL-1-Phenethylalcohol (6.83%), iso-amylpyrazine (5.62%),
and (E)-furan linalool oxide (5.42%), mainly displayed floral and green. The highest relative
content in PWTs is geraniol, accounting for an average of 9.15%, followed by threuterol
(8.28%), myrcene (6.70%), linalool (6.13%), and iso-amylpyrazine (6.03%), mainly displayed
floral. The differences in the composition of these VOCs and differences in relative content
may be responsible for the difference in the aroma of LWTs and PWTs.

2.6. Screening for Differential VOCs in LWTs and PWTs
2.6.1. Thirteen Important Differential VOCs with LWTs and PWTs Were Screened for

To investigate the VOCs responsible for the sensory differences between LWTs and
PWTs, we used OPLS-DA further to analyze each of the six sets of samples. The OPLS-DA
discriminant model is not overfitted, and the model is reliable, the LWTs and PWTs being
significantly differentiated by VOCs (Supplementary Figure S2).

There were 52 (ZL1), 26 (SL1), 45 (BL1), 76 (ZL2), 55 (SL2), and 42 (BL2) com-
pounds with VIP values greater than 1 and FC greater than 1.5 or FC less than 0.67 in
the OPLS-DA model that was developed in this study. There are 13 important differen-
tial volatile metabolites shared by the six groups, namely 2-heptanol, cedrol, m-Xylene,
-isophorone, 2-Decanone, Jasmone, 3-Damascenone, (+)-CUPARENE, (—)-Calamenene,
2-Aminopyridine, decyl formate, benzyl acetate, and cis-3-Hexenyl 2-methylbutanoate
(Figure 6B), these are the important differentiating VOCs that distinguish LWTs from
PWTs (Supplementary Table S2). Further analysis of the 13 VOCs showed that ketones
compounds dominated the numbers, followed by esters. The highest VIP value (mean
VIP value for the six groups of samples) was benzyl acetate, followed by decyl formate,
(+)-CUPARENE, and (—)-Calamenene, which mainly display floral and herbal aromas. The
benzyl acetate (jasmine, rose) relative content in LWTs (51.42 ug/kg on average, relative to
internal standard) was almost twice that of the content in PWTs (98.61 ug/kg on average,
relative to internal standard), which may contribute to a stronger flowery aroma for LWTs
than PWTs.

Ketones generally have a “floral” and “woody” aroma [43]. In the previous study,
the content of jasmone (jasmine) in tea was significantly affected by the different altitudes
and seasons, at high altitudes with short sunshine hours and weak intensity, the content
of jasmone in autumn tea is higher than that at low altitudes and summer [44], which is
consistent with our study. Damasone, which has a flowery and fried potatoes aroma, was
found to be the main contributor to the most to the aroma of Keemun black tea [45], and
there is a downward trend with the increase in storage time in An tea [46]. 2-decane, which
has a floral and citrus aroma, was found to be a characteristic volatile metabolite of beef
bouillons. In the other study, 2-decone was produced in white tea after a certain period of
aging [47]. The content of these ketones is higher in LWTs than in PWTs, which may be one
of the reasons why LWTs have a higher flowery aroma than PWTs.

Esters, especially those with pleasant aromas, have been identified as key compounds
that form the characteristic aroma of white tea [48]. The three esters of VIP > 1 were higher
in LWTs than PWTs and mainly displayed “flowery” and “fruit” aromas. Benzyl acetate, as
the characteristic aroma component of jasmine tea, is often used in cosmetics and foods
to increase the aroma of jasmine and rose [49], which contributes to the flowery aroma
of LWTs. Benzyl acetate is present in high volumes in aged dark teas; the reason is that,
over time, 3-D-glucosidase hydrolyzes the precursors of benzyl alcohol with glucosides to
produce benzyl alcohol, which is further converted to benzaldehyde or benzyl acetate [50].
In many types of green tea, the aroma intensity of cis-3-Hexenyl 2-methylbutanoate (green)
decreases with increasing storage temperature, which is greatly affected by the storage
environment [51].
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Alcohols usually have floral, sweet, and fruity aromas, which are the most critical
contributor to the formation of white tea aromas [52]. Cedrol (woody, stale), identified as
the main aromatic compound in aged white tea and Pu’er tea [53,54], showed the levels
of LWTs were twice that of PWTs in almost all groups, which may be one of the reasons
why LWTs have a higher woody aroma than PWTs. 2-heptanol has been identified as a key
compound in the aroma of coffee and some tropical fruits. Some studies have shown that
2-heptanol has shallow olfactory threshold (OT) content in water (OT = 0.1) and is often
described as “fresh fruity”, “lemony”, and “citrus” [55,56]. Terpenes often have spicy, fruity,
and woody aromas, which are an essential source of tea aroma [56]. (+)-CUPARENE is a key
differential volatile metabolite of roasted green tea at different altitudes [57], and its content
is affected by tea grade [58]. Aroma components such as (—)-Calamenene (Herb, spice) are
the main contributors to the formation of the irritating camphor fragrance characteristic
of eagle tea [59]. Relevant studies have shown that rapid aging technology facilitates
the production and accumulation of (—)-Calamenene [35]. In the previous study, volatile
fatty acid derivatives and VPBs were significantly enhanced in dark-treated leaves [20].
As a volatile metabolite with VIP value > 1, the content of m-xylene (sweet, flowery) in
LWTs was significantly higher than that of PWTs. It is greatly affected by different roasting
degrees, and the content in medium-heat tea is significantly higher than that in low-heat
tea [60].

The production of various key differential metabolites, such as damasone, 2-decane,
benzyl acetate, and (—)-Calamenene, is related to or regulated by the aging process, and
the content of these was significantly higher in LWTs than in PWTs. The results showed
that long-term understory shade might regulate some metabolic mechanisms in the process
of tea aging, and promote the formation of some flavor qualities of aged white tea. Aging
gives white tea more pleasant aromas such as rose, sweet, and grassy aromas, and the
overall taste is also improved, sweetness, thickness, smoothness, and acidity are enhanced,
but bitterness and astringency are weakened [61]. In aged white tea, most ketones (such as
2-decaneone, 2-heptanone, and 3-damascatone) and many esters (such as methyl salicylate)
are on the rise, accompanied by some newly formed heterocyclic compounds [47], which is
consistent with the distribution characteristics of VOCs in LWTs in this study. Understory
shade planting may promote the formation of white tea aging flavor, and the specific
related metabolic mechanism is a very meaningful research direction, which needs to be
studied further.

2.6.2. 32. VOCs with OAV Greater Than 1 in LWTs and PWTs Were Screened for

The aroma of tea is determined by VOCs [62]. The composition of VOCs in white tea is
very complex, and most of these compounds are odorless or have a weak odor, so they have
little effect on the formation of white tea aroma. The characteristic flavor of the tea is not
formed by a simple stacking of VOCs but relies heavily on the interaction between different
VOCs, which is closely related not only to the content and aroma type of VOCs, but also to
the odor threshold (OT) [63]. Therefore, screening the key active compounds of white tea
aroma is essential to systematically reveal their important role in the formation of white tea
aroma. Typically, OAVs are used to verify the contribution of active odor compounds and
volatile organic compounds, which can well identify key aroma compounds [64-68].

The OAV was calculated for GC-MS test results, and there were 39 VOCs of OVA > 1
(Supplementary Table S3), including 6 alcohols, 2 aromatic hydrocarbons, 1 phenol, eight
aldehydes, 5 terpenes, 3 acids, 10 ketones, 3 esters, and 1 heterocyclic compounds. Among
them, there were 32 VOCs with OAV greater than 1 in LWTs and PWTs, which are
the main contributors to the formation of the characteristic aroma of Xiaobai white tea
(Supplementary Table S3). x-Terpineol (HY, TT) and methyl hexanoate (HY, XB, TT) only
have OAV values > 1 in individual groups, which may be caused by special woodland envi-
ronments. Combined with GC-MS-O and aroma recombination experiments, it was found
that nalool, (E)--damascenone, camphene, 2-hexanone, phenylethyl alcohol, geraniol, and
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a-terpineol were the main contributors to the aroma of white tea [69], which is basically
consistent with the results of this study.

2.6.3. Correlation Analysis between Aroma Profiles and Characteristic Volatile Metabolites
of LWTs and PWTs

To further confirm the relationships between the volatiles and the aroma properties,
PLSR analysis was applied to correlate the important volatiles (OAVs > 1) with the aroma
properties (floral, woody, and sweet) in PWTs and LWTs (Figure 7). Geranylacetone, 3,5-
OCTADIEN-2-ONE, 3-CYCLOCITRAL, and Benzaldehyde were strongly correlated with
the floral property. The contents of these substances in LWTs are higher than those in PWTs,
which may account for the more pronounced floral aroma of the LWTs. The composition
of sweet and woody aroma-related substances was different between PWTs and LWTs.
However, LWTs scored higher than PWTs in sweet and woody properties, which may be
due to the higher sum of OAV values of understory-related substances.
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Figure 7. (A) PLSR analysis between the aroma properties and the characteristic volatile metabolites
(OAVs > 1) of PWTs. X. 39 volatile metabolites (OAVs > 1); Y. aroma properties; (B) PLSR analysis
between the aroma properties and the characteristic volatile metabolites (OAVs > 1) of LWTs. X. 39
volatile metabolites (OAVs > 1); Y. aroma properties. The serial numbers in the figure correspond to
substances in the Supplementary Table S4.

2.6.4. Four Key Differential VOCs with LWTs and PWTs

Key differential volatile metabolites with VIP values greater than 1 are further com-
bined with volatile metabolites with OAV values greater than 1, four substances, 2-heptanol,
2-decane, damasone, and cedar alcohol, were screened as characteristic VOCs that distin-
guished the difference in flavor quality between LWTs and PWTs, the content of these have
a significant difference (Figure 8). It is worth noting that the relative content of cedar alcohol
in HX, HY, and other groups is only PWTs (2.38-15.36 ug/kg), LWTs (3.70-66.93 ng/kg),
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while in TT it is as high as PWTs (45.18 pug/kg) and LWTs (374.91 ug/kg), which showed
that different forest environment types had a significant effect on the VOCs content of
Xiaobai white tea. It is of great significance to explore the optimal set of Xiaobai white tea
forest environment types to improve the quality of LWTs and popularize the planting mode
of LWTs.
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Figure 8. Four key differential volatile metabolites. The symbols * and ** indicate statistical sig-
nificance at p < 0.05 and p < 0.01, respectively. Undergrowth-picked was referred to as L, and
ordinary-picked was called P.

The analysis of content results showed that cedaryl alcohol and other substances were
significantly affected by understory shading. Relevant studies have found, compared with
the long-term light of 16 h, 20 h, and 24 h, 12 h light is more conducive to the accumulation
of substances contained in white tea and the increase in volatile metabolites such as cedar
alcohol (woody, floral), this is consistent with this study [69]. Although 2-heptanol (fresh,
sweet, fruity) has been reported in oolong, green, and red raspberry leaf teas [67-69], it
has been ignored in related studies on white tea. This may be that researchers focus more
on compounds with higher content but ignore those with strong odors and low OT. In
the recent study, different from previous studies on linalool as the largest contributor to
the aroma of white tea, 2-heptanol was found to be the largest contributor to the aroma of
GABA white tea for the first time [53]. Damasone (flowery, fried potatoes) has the highest
OAV value among the four characteristic volatile metabolites, which is the key contributor
to the flowery aroma of LWTs, but there are no studies on shade except for studies showing
that its solubility in water is low and affected by storage time.

3. Materials and Methods
3.1. Chemicals

Hydrochloric acid, disodium hydrogen phosphate, potassium dihydrogen phosphate,
ninhydrin, aluminum chloride, folinphenol, sodium bicarbonate, sulfuric acid, sodium
carbonate, oxalic acid, ethyl acetate, and n-butanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). The plant-soluble sugar content test kit
was purchased from Suzhou Keming Biotechnology Co., Ltd. (Suzhou, Jiangsu, China).
Sodium chloride, n-hexane (purity > 95%), and 3-hexanone-2,2,4,4-d4 (purity > 95%) were
purchased from Sinopharm, Merck, and Sigma-Aldrich (St. Louis, MO, USA), respectively.
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3.2. Materials

Fresh-leaf samples were taken from Castanea henryi understory Xiaobai white tea
plantation (ZL), Cunninghamia lanceolata understory Xiaobai white tea plantation (SL),
Phyllostachys edulis understory Xiaobai white tea plantation (BL), and one ordinary Xiaobai
white tea plantation (CK) on the same hillside in Zhangdun Township, Jianyang District
(118°46’ E, 27°47' N). According to the five-point sampling method, five tea plants with
good growth and no diseases and pests were selected for labeling. The light intensity, air
humidity, and air temperature of the marker site were measured by 3415FQF photometric
illuminance double radiometer (Spectrum, Stamford, CT, USA) and thermohygrometer
every 2 h for 6 consecutive days from 8:00 to 18:00 on 23 April 2022, and the results were
averaged. Sampling of fresh leaves of one bud and two leaves was gathered on 28 April
2022, undergrowth-picked was referred to as LF, and ordinary-picked was called PF. Soil
samples were taken from 30 cm deep under the canopy of marked tea tree loci, mixed and
air-dried for testing.

The Xiaobai white tea samples were produced in Jianyang District, Nanping City,
China, from 26 April to 15 May 2023. On 26 April, the fresh leaves of the Castanea hen-
ryi understory tea plantation and the ordinary tea plantation were collected according
to the five-point sampling method with the standard of one bud and two leaves, were
withered immediately at 25 °C and 50% relative humidity for 48 h, then dried at 85 °C for
60 min, finally, the Castanea henryi understory Xiaobai white tea samples (ZLL1) and the
ordinary Xiaobai white tea samples (ZLP1) were obtained. On 30 April, the processing of
Cunninghamia lanceolata understory Xiaobai white tea samples (SLL1) and ordinary Xiaobai
white tea (SLP1) were produced, with the same fresh leaf collecting method and processing
technology as above. On 2 May, the processing of Phyllostachys edulis understory Xiaobai
white tea samples (BLL1) and ordinary Xiaobai white tea samples (BLP1) were produced,
with the same fresh leaf collecting method and processing technology as above. On 7 May,
9 May, and 13 May, the Castanea henryi understory Xiaobai white tea samples (ZLL2) and
ordinary Xiaobai white tea samples (ZLP2), the Cunninghamia lanceolata understory Xiaobai
white tea samples (SLL2) and ordinary Xiaobai white tea samples (SLP2), and the Phyl-
lostachys edulis understory Xiaobai white tea samples (BLL2) and ordinary Xiaobai white
tea samples (BLP2) were processed again, respectively. The second rounds of processing
of fresh leaf picking method and processing technology as above. Taken together, a total
of 12 tea samples were obtained including ZLL1 and ZLP1, SLL1, and SLP1, BLL1 and
BLP1, ZLL2, and ZLP2, SLL2, and SLP2, and BLL2 and BLP2, once they were produced.
Each sample was composed of three biological replicates, stored at 4 °C, and kept dry for
further analysis.

3.3. Soil Chemical Analysis

Organic matter was measured using the oxidative thermal potassium dichromate
oxidation method [70], the Kjeldahl digestion method was used to extract total nitrogen [71].
Total phosphorus and total potassium were determined using the sodium carbonate method
and NaOH melt flamer, respectively [72]. In addition, available nitrogen was measured
using the combination pH alkaline hydrolysable method. The hydrochloric acid and flame
photometry analyzed the available phosphorus and available potassium, respectively [73].
The pH of soil was measured using the potentiometry [74].

3.4. Sensory Evaluation

Tea samples were evaluated and scored by six professional and trained sensory recogni-
tion panelists (three females and three males, 30 to 50 years old) from the Fujian Agriculture
and Forestry University, who were professional assessors and trained according to the
National Professional Standards for Tea Sensory Evaluation (Profession Code: 6-02-06-11,
China) and had more than 10 years of descriptive sensory analysis experience with tea. Tea
infusions were prepared according to national standards (GB/T 23776-2018) [75]: each tea
sample (3 g) was brewed with 150 mL boiling water for 5 min and discarded, after which tea
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infusions labelled with a three-digit code were presented to each panelist in a randomized
order. Then, the intensity values (0-10), taste descriptors (smoothness, sweetness, thickness,
astringency, and umami), and aroma descriptors (floral, sweet, and woody) of each sample
infusion were subjected to a sensory test by the six panelists. A scale from 0 to 10 (Where 0
was none or no perception and 10 was extremely strong) as described in a previous study
was used to symbolize intensity values [76].

3.5. Macro-Composition Quantification

Water extracts were measured using the suggested protocol from the Chinese National
Standard, GB/T 8305-2013) [77], free amino acids were measured using the suggested
protocol from the Chinese National Standard (GB/T 8314-2013) [78], tea polyphenols were
measured using the suggested protocol from the Chinese National Standard (GB/T 8313-
2018) with minor changes [79], caffeine was quantified using the UV spectrophotometric
method based on the National Standard of China (GB/T 8312-2013) [80], soluble sugars
were quantified using the plant-soluble sugar content test kit (Grace Biotechnology Co.,
Ltd., Suzhou, China) according to the manufacturer’s instructions.

Quantification of total flavonoids content was according to an ultraviolet-visible
spectrometry method reported by Ma et al. [81]. Briefly, the reaction contained 0.25 mL of
the 70% (v/v) methanol extract or rutin standard solution and 1.25 mL of distilled water,
followed by the addition of 0.75 mL 5% (m/v) sodium nitrite solution was mixed and
rested for 5 min. Then, 0.15 mL of 10% (m/v) aluminum chloride solution was added and
stood for 5 min before 0.5 mL of 1 M sodium hydroxide was added. The absorbance of the
mixture was measured at 510 nm. The data were calculated using rutin as total flavonoids.

The total content of TBs, TFs, and TRs was determined using a previously discussed
method [40]. Briefly, add 125 mL of boiling water to 3 g of tea powder, bathe in water for
10 min, filter, and cool to room temperature. The amount of 50 mL of ethyl acetate was
pipetted in 50 mL of tea filtrate and shaken for 5 min, and the layers were separated after
equilibration. A 0.8 mL portion of the ethyl acetate layer was pipetted in 10 mL test tubes
and fixed volume with 95% ethanol (solution A). The 15 mL of NaHCQOj3 solution (2.5%)
was pipetted in 15 mL of the ethyl acetate layer and shaken for 30 s, testing to layering.
A 1.6 mL ethyl acetate layer was pipetted in 10 mL test tubes and fixed volume with 95%
ethanol (solution C). A 0.8 mL sample of portions of the aqueous layer was diluted to 10 mL
with 2.4 mL distilled water, 0.8 mL saturated oxalic acid solution (10.2%, m/v), and fixed
volume with 95% ethanol (solution D). A 25 mL amount of tea filtrate was pipetted and
mixed with 25 mL of butyl alcohol. After shaking for 3 min, the layers were separated after
equilibration. A 0.4 mL sample of the aqueous layer (second) was made to a volume of
10 mL with 0.4 mL of the saturated oxalic acid solution, 1.2 mL of distilled water, and 95%
ethanol (solution B). The absorbance of solutions A, B, C, and D at 380 nm was measured
spectrophotometrically using 95% ethanol as a blank. The results were calculated using the

following formula:
Ec x 225

~ dried weight (%)

TFs x 100% 1)

7.06 x (2EA +2ED — EC — 2EB)
dried weight (%)

TRg = x 100% @)

2EB x 7.06

TBs = dride weight (%)

x 100% 3)

3.6. Identification and Analysis of Volatiles

Volatiles were extracted from the samples using the headspace solid-phase microex-
traction (HS-SPME) method. After sampling, volatile analysis was performed using an
Agilent Model 8890 GC equipped with a 30 m x 0.25 mm x 0.25 um DB-5MS (5% phenyl-
polymethylsiloxane) capillary column and a 7000 D mass spectrometer (Agilent, Santa
Clara, CA, USA). The procedures of HS-SPME and gas chromatography-mass spectrometry
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(GC-MS) analysis were performed, as previously described [40], with minor modifications.
The temperature was programmed at 40 °C for 3.5 min, increasing to 100 °C at a rate
of 10 °C/min, then to 180 °C at a rate of 7 °C/min, and finally to 280 °C at a rate of
25 °C/min and hold for 5 min. After that, VOCs were identified using the 7000 D MS
(Agilent). The MS spectrometer operates in electron shock mode with an electron en-
ergy of 70 eV and a scanning range of 50-500 m/z. The temperatures of the ion source,
quadrupole, and transfer line were set at 230, 150, and 280 °C, respectively. The more
detailed GC-MS acquisition conditions are listed in Supplementary Table S5. The volatile
peaks were identified by matching the National Institute of Standards and Technology
(NIST) mass spectral database and retention index (RI, determined by n-alkane C7-C40).
The chemical structure, name, and aroma of volatile organic compounds are from PubChem
(https:/ /pubchem.ncbi.nlm.nih.gov, accessed on 10 June 2023) and Good Scents Company
Information System (http:/ /www.thegoodscentscompany.com, accessed on 10 June 2023).
The internal standard used was saturated NaCl solution (10 puL, 50 ug/mL), and the relative
content of each volatile compound was calculated using the following formula:

Aj

Ajs X mig
C: = is is 4
= e @

where Ci is the mass concentration of each component (ug kg’l), m; is the mass of the
internal standard (ug), A;, and Aj; are the chromato-graphic peak area of each component
and internal standard, respectively, and mi is the mass of the sample powder (kg).

OAV was calculated by dividing the calculated concentration of the volatile compound
by its odor threshold in water and was used to evaluate the contributions of the volatile
compounds to the aroma of tea samples. It is generally believed that OAV > 1 of volatile
compounds contributes to the flavor of samples [82]. The calculation formula for OAV
value is:

Ci
OT;

Note: Ci (ug/kg) was the content of the volatile compounds; Or; (1g/kg) was the aroma
threshold of volatile components in water.

OAV; =

©)

3.7. Statistical Analysis

All analyses were repeated three times. The statistical significance among the different
flavors of Xiaobai white tea was determined by one-way analysis of variance (ANOVA) and
Duncan’s multiple range test using SPSS (Version 25.0, Armonk, NY, USA) [83]. TBtools
(https:/ /github.com /CJ-Chen/TBtools, accessed on 10 July 2023) was used for heat-map
and hierarchical cluster analysis of the macro-Composition and volatile components. A
radar plot was drawn using Origin (v2021, OriginLab Corporation, Northampton, MA,
USA) [84]. OPLS-DA was performed using SIMCA software (version 13.0; Umetrics, Umea,
Sweden) [85].

4. Conclusions

In this study, the macro-composition and volatile compounds of LWTs and PWTs
were determined and analyzed by biochemical composition determination, widely targeted
volatilities (WTV) analysis, multivariate statistical analysis, and odor activity value (OAV)
analysis. The results show that understory planting improves the growth environment
of tea plants, promotes the formation of the components of fresh-leaf, and provides a
good material basis for the processing of dry tea. The free amino acids, TFs, TRs, water-
extractable substances, tea polyphenols, 2-heptanol, 2-decane, damasone, and cedar alcohol
were the key macro-composition and volatile compounds to distinguish LWTs and PWTs.
This study will help to improve the quality of white tea and promote the application of the
planting mode of Xiaobai white tea under forest.
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sample mass spectrometry analysis for quality control; Figure S2: Scatter plot of volatile components
of OPLS-DA scores for six sets of samples (A), (C), (E), (G), (I), and (K); OPLS-DA cross-validation
results of volatile components in six groups of samples (B), (D), (F), (H), (J), and (L). Table S1: The
qualitative results for the VOCs in LWTs and PWT; Table S2: VIP and FC values of the 13 volatile
components; Table S3: The VOCs of OVA is greater than 1 in all samples; Table S4: The serial number
in the PLSR analysis corresponds to the VOCs; Table S5: The headspace solid-phase micro extraction
(HS-SPME) and gas chromatography-mass spectrometry (GC-MS) conditions.
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