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The taste quality of oolong tea generated from leaves of Camellia sinensis L. cultivated in the

same mountain area is positively correlated to the cultivation altitude, partly due to the

inverse correlation with the astringency of the tea infusion. The astringency of oolong tea

mostly results from the presence of polyphenolic compounds, mainly catechins and their

derivatives. Four catechins, (-)-epicatechin (EC) and (-)-epigallocatechin (EGC) together with

their gallate derivatives (with relatively high astringency), (-)-EC gallate (ECG) and (-)-EGC

gallate (EGCG), were detected as major compounds in oolong tea. The degrees of catechin

galloylation, designated as ECG/(EC þ ECG) and EGCG/(EGC þ EGCG), in both oolong tea

infusions and their fresh tea leaves, were found to be inversely correlated to the cultivation

altitude at 200 m, 800 m, and 1300 m. A similar inverse correlation was observed when

seven more oolong tea infusions and seven more fresh leaves harvested at altitude ranging

from 170 m to 1600 m were recruited for the analyses. Moreover, catechin contents in

oolong tea infusions were also found to be inversely correlated to the cultivation altitude. It

is proposed that catechin content and the degree of its galloylation account for, at least

partly, the inverse correlation between the astringency of oolong tea and the cultivation

altitude.
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1. Introduction

Various teas have been consumed in the world for thousands

of years, and many compounds in tea infusions have been

identified with beneficial health functions [1e3]. They are

mainly classified into green tea (unfermented), oolong tea

(semi-fermented), and black tea (fully fermented) according to

the degree of fermentation during their preparations, where

the term “fermentation” refers to natural browning reactions

induced by oxidative enzymes in the cells of tea leaves [4].

Oolong tea possessing a taste and color somewhere between

green and black teas is the most popular tea in Taiwan [5,6].

The final fermentation degree of oolong tea is empirically

controlled by experts during the semi-fermentation process,

and usually ranges from 20% to 80%, depending on the de-

mand of customers [7,8]. The taste quality of oolong tea

infusion depends on several properties, such as smell of vol-

atile fragrance, sensation of sweet or umami, and intensity of

astringency.

Saliva contains diverse types of proteins that participate in

the protection of the oral tissues against microorganisms and

the lubricity of oral cavity [9]. Astringency perception, the

complicated mouth-feel of rough, drying, puckering, shrink-

ing, and tightening, is induced by polyphenolic compounds

(tannins) mostly found in fruits and beverages of plant sour-

ces, such as red wines and teas [10]. The astringent taste re-

sults from the interaction of tannins with a specialized type of

salivary proteins termed proline-rich proteins; the tannin-

protein complexes consequently aggregate and precipitate,

leading to the loss of lubricity in the oral cavity, and thus

inducing the rough drying sensation in the mouth [11].

The astringency of tea is attributed to the presence of

polyphenolic compounds, such as flavan-3-ols (catechins),

flavon-3-ol glycosides, theaflavins, and thearubigins [12,13].

Among these polyphenolic compounds, two major types of

catechins, (-)-epicatechin (EC) and (-)-epigallocatechin (EGC)

together with their gallate derivatives, (-)-EC gallate (ECG) and

(-)-EGC gallate (EGCG) comprise approximately 80% of total

polyphenolic compounds in the infusion of green or oolong

tea, and thus are assumed to be the major constituents

responsible for the astringency of tea [14]. In comparison with

their parent catechins (EC and EGC), the gallate derivatives

(ECG and EGCG) are found to possess relatively reduced solu-

bility and increased astringency [12,15]. In other words, a

higher degree of catechin galloylation in tea leaves tends to

trigger a stronger astringency of their corresponding tea

infusions.

The quality of oolong tea generated from leaves of Camellia

sinensis L. cultivated in the same mountain area of Center

Taiwan is positively correlated to the cultivation altitude.

Empirically, the astringency of tea infusion is inversely

correlated to the cultivation altitude, i.e., the higher the alti-

tude the tea plants are cultivated at, the less astringency the

infusion of their consequent oolong tea is perceived. We

wonder if the inverse correlation between tea astringency and

cultivation altitudemay result from, at least partly, the degree

of catechin galloylation as well as the total catechin content in

oolong tea. To test this speculation, catechin contents and the

degrees of its galloylation in both oolong tea infusions and
fresh tea leaves cultivated at altitudes ranging from 170 m to

1600 m were examined.
2. Methods

2.1. Chemicals and materials

(-)-EC, (-)-EGC, (-)-EC gallate (ECG), and (-)-EGC gallate (EGCG)

[high performance liquid chromatography (HPLC) �98%] were

purchased from QualiFlex Co. (Taipei, Taiwan). Caffeine

(�99%)was obtained fromMerck KGaA (Darmstadt, Germany).

Acetic acid (99.7%) was purchased from J. T Baker (Mallinck-

rodt Baker, Inc., Phillipsburg, NJ, USA). Acetonitrile (HPLC

grade) was obtained from Thermo Fisher Scientific (Waltham,

MA, USA). Water was purified by a Millipore clear water pu-

rification system (Millipore Direct-Q, Millipore, Bedford, MA,

USA).

All of the fresh tea leaves and oolong tea granules were

obtained from the same tea plant cultivar, Camellia sinensis L.,

Chin-Shin oolong, grown at different altitudes in the same

mountain area of Center Taiwan in November 2012 and

December 2012. Both fresh tea leaves (with young green

shoots used for the preparation of oolong tea) and their

consequent oolong tea granules were obtained from three tea

farms at altitudes of 200m, 800m, and 1300m, respectively. In

addition, seven more fresh leaves from altitudes of 220 m,

400 m, 1000 m, 1200 m, 1350m, 1550m, and 1600 m, as well as

seven more oolong tea granules from altitudes of 170 m,

850 m, 900 m, 950 m, 1100 m, 1500 m, and 1600 m were

collected for the following analysis.

2.2. Preparation of the extract of fresh tea leaves and
infusion of oolong tea granules

Fresh tea leaves (young green shoots) of approximately 10 g

were ground in liquid nitrogen and then extracted with 30 mL

ofwater at 90 �C for 30minutes [16]. The extract was filtered by

filter paper, and the extraction was repeated twice. The three

extracts were combined and powderized by the Labconco

FreeZone 6 Plus Lyophilizer (Kansas City, MO, USA). For the

HPLC analysis, 10 mg of the extract powder was dissolved in

1 mL of water and filtered through a 0.45 mm polyvinylidene

difluoride (PVDF) membrane filter (Pall Corporation, Glen

Cove, NY, USA). Tea infusionswere prepared by adding 100mL

of boiling water to 5 g of oolong tea granules [8]. After 6 mi-

nutes, the brew was filtered through the PVDF membrane fil-

ter, and used for the HPLC analysis.

2.3. HPLC analysis

Fresh leaf extracts and oolong tea infusions were analyzed on

a liquid chromatography system coupled to a Model 600E

photodiode array detector (Waters Corporation, Milford, MA,

USA) and performed using a Mightysil RP-18 GP column,

250 mm � 4.6 mm i.d., 5 mm (Kanto Chemical Co., Tokyo,

Japan). The mobile phase consisted of (A) water containing

0.5% acetic acid and (B) acetonitrile. The program for gradient

elution which started at 95% solvent A and 5% solvent B,

increased linearly to 70% A and 30% B in 100 minutes [5]. In all

http://dx.doi.org/10.1016/j.jfda.2013.12.001
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Fig. 1 e Liquid chromatography profiles (0e65 minutes) of oolong tea infusions and fresh tea leaves cultivated at altitudes of

200 m, 800 m, and 1300 m at 280 nm. Caffeine and the four major catechins, (-)-epicatechin (EC), (-)-epigallocatechin (EGC),

(-)-EC gallate (ECG), and (-)-EGC gallate (EGCG) are indicated.
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experiments, the column was kept at room temperature, the

flow rate was 1 mL/minute, and the injection volumes were

10 mL for the fresh leaf extracts and 15 mL for the oolong tea

infusions, respectively. The UV absorbance detection wave-

length was set at 280 nm.

2.4. Identification and quantitation of catechins

The four major catechins, EC, EGC, ECG, and EGCG, as well as

caffeine in the HPLC analysis of tea samples were identified

according to the same procedure as described previously [16].

To establish linear standard regression equations of the four

catechins, standard solutions (5 mL each) of a serial dilution of

known catechin concentrations, EC (0.02e0.80 mM), ECG

(0.01e0.40 mM), EGC (0.20e8.00 mM), and EGCG

(0.10e6.00mM), were loaded onto HPLC and the cover areas of

the peaks were recorded. The contents of the four catechins in

the HPLC analysis of tea samples were quantitated by using

the linear standard regression equations. Datawere expressed

as mean � SE of three replicates, and the analysis of variance
(two-way analysis of variance) was performed on Microsoft

Excel 2007. Differences were considered statistically signifi-

cant at p < 0.05 and p < 0.01.
3. Results

3.1. Comparison of catechins in oolong tea infusions and
their corresponding fresh tea leaves cultivated at three
different altitudes

In the past 2 decades, the same tea plant cultivar, Camellia

sinensis L., Chin-Shin oolong, has been cultivated at different

altitudes ranging from 150 m to 1600 m in the samemountain

area of central Taiwan, and used to generate oolong tea

granules under almost the same preparation processes,

although tea leaves harvested from relatively low altitudes

tend to be prepared under a slightly higher degree of

fermentation. Thus, the fresh tea leaves and their corre-

sponding oolong tea granules in this mountain area provide

http://dx.doi.org/10.1016/j.jfda.2013.12.001
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Fig. 2 e Degree of catechin galloylation in oolong tea infusions and their corresponding fresh tea leaves cultivated at

altitudes of 200 m, 800 m, and 1300 m. Degree of catechin galloylation was calculated as (-)-epicatechin gallate (ECG)/

(ECD ECG) and (-)-epigallocatechin gallate (EGCG)/(EGCD EGCG). Data are presented as mean ± standard error of the mean of

three replicates. *p < 0.05, **p < 0.01 versus altitude of 200 m.
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adequate sources to evaluate the effects of cultivation altitude

on the characteristics of oolong tea. To explore the fluctuation

of catechin contents in oolong teas generated at different

cultivation altitudes, three oolong tea infusions, together with

their corresponding fresh tea leaves, cultivated at altitudes of

200 m, 800 m, and 1300 m were collected and analyzed.

Regardless of cultivation altitude, similar patterns were

observed for the six HPLC profiles, showing that four cate-

chins, EC, ECG, EGC, and EGCG, comprised the major phenolic

compounds in both oolong tea infusions and fresh tea leaves,

although the relative contents of these four catechins varied

substantially in these samples (Fig. 1). In agreement with

previous reports [5,14,17,18], these four catechins represent

approximately 80% of total polyphenolic compounds in the

oolong tea infusions, as well as in the fresh tea leaves.

3.2. The degree of catechin galloylation in oolong teas

To examine the degree of catechin galloylation in both oolong

tea infusions and their corresponding fresh tea leaves culti-

vated at altitude of 200 m, 800 m, and 1300 m, values of ECG/

(EC þ ECG) and EGCG/(EGC þ EGCG) were calculated. The cal-

culations showed that the degree of catechin galloylation in

both tea infusions and leaves was inversely correlated to the

cultivation altitude (Fig. 2). To further verify this inverse cor-

relation, seven more oolong tea infusions and seven more

fresh tea leaves harvested at altitudes ranging from 170 m to

1600 m were recruited for the analyses. The results showed

that the trend of inverse correlation between the degree of

catechin galloylation and cultivation altitude was
fundamentally observed in the 10 oolong tea infusions, as well

as in the 10 fresh tea leaves (Fig. 3). It seems that the degree of

catechin galloylation in oolong tea leaves cultivated at a lower

altitude is higher than that in oolong tea leaves cultivated at a

higher altitude.

3.3. Catechin contents in oolong teas

As the total content of catechins might affect the astringency

of tea, the contents of the four catechins, EC, ECG, EGC, and

EGCG in the 10 oolong tea infusions were analyzed. The data

showed that the overall trends of contents of the four cate-

chins in oolong teas, particularly of EGCG, were inclined

to decrease when the cultivation altitude was elevated;

consequently, the total content of catechins in oolong tea

is apparently inversely correlated to cultivation altitude

(Table 1).
4. Discussion

Catechins are biosynthesized through the flavonoid pathway,

and several enzymes, such as leucoanthocyanidin reductase

(LAR, EC 1.17.1.3) and anthocyanidin reductase (ANR, EC

1.17.1.3), play a key role in their formation [19]. According to

Table 1, the total catechin contents were inclined to decrease

when the cultivation altitude was elevated. Nongallate-type

catechins are converted from leucoanthocyanidins and

anthocyanidins by LAR and ANR, respectively [20]. Gallate-

type catechins seem to be formed by esterification with

http://dx.doi.org/10.1016/j.jfda.2013.12.001
http://dx.doi.org/10.1016/j.jfda.2013.12.001


Fig. 3 e Degree of catechin galloylation in 10 oolong tea infusions and 10 fresh tea leaves cultivated at altitudes ranging from

170 m to 1600 m. Degree of catechin galloylation was calculated as (-)-epicatechin gallate (ECG)/(EC D ECG) and

(-)-epigallocatechin gallate (EGCG)/(EGC D EGCG). Data are presented as mean ± standard error of three replicates.
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gallic acid (firstly converted to b-glucogallin by galloyl-1-O-b-

D-glucosyltransferase prior to reaction) to nongallate-type

catechins, presumably via a specialized enzymatic reaction

catalyzed by EC:1-O-galloyl-b-D-glucose O-galloyltransferase

(ECGT) [21,22]. According to this biosynthetic pathway, ECG

and EGCG are putatively derived from galloylation of EC and

EGC (Fig. 4). Therefore, the relative contents of nongallate-

type catechins (EC and EGC) and gallate-type catechins (ECG

and EGCG) in oolong tea leaves are possibly dependent on the

degree of catechin galloylation controlled by the activity of the

specialized enzyme, ECGT, as well as the kinetic trans-

formation of total catechin contents.

It has been determined in vitro that a high level of the

enzymatic activity of ECGTwas detected over a broad range of

20e50�C, with the optimum temperature at 30�C [19]. In

November and December in the mountain areas of central

Taiwan, the high and low temperatures in the day and night

time are around 25e30�C and 15e20�C, respectively, at an
Table 1e Catechin [(-)-epicatechin (EC), (-)-epigallocatechin (EGC
oolong tea infusions of different cultivation altitudes.

Catechins
(mM)

A

170 200 800 850 900

EC 0.49 � 0.12 0.45 � 0.08 0.36 � 0.04 0.30 � 0.02 0.34 �
ECG 0.15 � 0.04 0.18 � 0.03 0.12 � 0.01 0.08 � 0.01 0.09 �
EGC 2.56 � 0.29 2.3 � 0.34 2.21 � 0.37 2.03 � 0.18 2.00 �
EGCG 1.92 � 0.41 2.01 � 0.30 1.61 � 0.24 1.21 � 0.10 1.20 �
Total 5.12 � 0.86 4.93 � 0.74 4.30 � 0.66 3.62 � 0.27 3.64 �
Data are mean � standard error of three replicates.
altitude of 200 m, 20e25�C and 10e15�C, respectively, at an

altitude of 800 m, and 10e20�C and 5e10�C, respectively, at an
altitude of 1600 m. Taken together, it is likely that the enzy-

matic activity of ECGT in oolong tea leaves cultivated in the

mountain areas of Central Taiwan declines along with the

elevation of cultivation altitude in this period of time. The

putative attenuation of ECGT activity in oolong tea leaves,

along with the elevation of cultivation altitude, seems to be in

agreement with the inverse correlation between the degree of

catechin galloylation and cultivation altitude observed in this

study.

It has been generally accepted and supported by experi-

mental examination that astringency results from the inter-

action of tannins and salivary proteins, leading to the

precipitation of tannin-protein complexes in the oral cavity

[23e25]. As expected, the strength of interaction and precipi-

tation of tannin-protein complexes, proportional to the in-

tensity of astringency, tends to positively depend on the
), (-)-EC gallate (ECG), and (-)-EGC gallate (EGCG)] contents in

ltitude (m)

950 1100 1300 1500 1600

0.03 0.32 � 0.10 0.34 � 0.05 0.37 � 0.01 0.35 � 0.02 0.28 � 0.07

0.01 0.08 � 0.03 0.09 � 0.01 0.07 � 0.01 0.07 � 0.01 0.05 � 0.01

0.24 1.91 � 0.50 1.93 � 0.14 1.90 � 0.08 1.95 � 0.06 1.57 � 0.33

0.11 1.08 � 0.27 1.17 � 0.12 0.85 � 0.04 0.99 � 0.02 0.67 � 0.10

0.38 3.39 � 0.88 3.53 � 0.31 3.19 � 0.14 3.36 � 0.10 2.58 � 0.51

http://dx.doi.org/10.1016/j.jfda.2013.12.001
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Fig. 4 e Chemical structures of (-)-epicatechin (EC), (-)-EC gallate (ECG), (-)-epigallocatechin (EGC), and (-)-EGC gallate (EGCG)

and the putative galloylation catalyzed by the specialized enzyme, epicatechin:1-O-galloyl-b-D-glucose O-

galloyltransferase. Gallate-type catechins (ECG and EGCG) are derived from nongallate-type catechins (EC and EGC) via

esterification with gallic acid (indicated by broken circles in the structures of ECG and EGCG).
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concentration of tannins as observed in several assessments

in vitro [26e28]. Therefore, a lower content of catechins in

oolong tea seems to result in a lower perception of astrin-

gency. It is likely that the inverse correlation between catechin

content in oolong tea and cultivation altitude observed in this

study may partly account for the empirical tasting for the in-

verse correlation between tea astringency and cultivation

altitude.

It has been noticed that a higher degree of galloylation of

catechin contents in oolong tea leads to a stronger astringency

perception [15]. Similarly, an enhanced astringency sensation

(with increased rudeness, coarseness, drying, and chalkiness)

was perceived with an increased degree of galloylation in a

formal sensory descriptive analysis study [29]. Thus, a lower

degree of catechin galloylation in oolong tea tends to cause a

lower astringency perception. Presumably, the inverse corre-

lation between the degree of catechin galloylation in oolong

tea and cultivation altitude observed in this study may also

partly account for the inverse correlation between tea

astringency and cultivation altitude.
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