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ABSTRACT:The taste of black tea differs according to the different areas in which the tea is grown, even for the same species of tea.
A combination of 1H NMR spectroscopy and partial least-squares discriminate analysis (PLS-DA) was used to assess the quality
differences of tea leaves from four cultivation areas with different elevations, RAN > 1800 m, UDA = 1200 m, MEDA = 600 m, and
YATA < 300 m, in Sri Lanka. As a result of a statistical analysis, PLS-DA showed a separation between high- and low-quality black
teas derived from the four different tea cultivation areas. RAN from the highest elevation showed characteristic trends in the levels of
theaflavin and theaflavin 3,30-digallate that were found only in RAN, and the levels of theanine and caffeine were higher, and the
levels of thearubigins, especially thearubigin 3,30-digallate, were lower in RAN than in UDA, MEDA, and YATA. The structures of
these components were determined by 1D and 2D NMR analyses. These results demonstrate that this method can be used to
evaluate black tea quality according to the chemical composition or metabolites, which are characteristic of the tea leaves cultivated
in four regions with different elevations in Sri Lanka.
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’ INTRODUCTION

Tea is a beverage consumed widely throughout the world.1,2

The four main marketed varieties of tea, white, green, oolong,
and black, differ in their fermentation process; green tea is
unfermented, white tea is lightly fermented, oolong tea is partially
fermented, and black tea is fermented. All four teas are made
from leaves of the same species of plant, Camellia sinensis. On the
other hand, there are teas for which the origin is not theC. sinensis
plant. For example, the term “herbal tea” usually refers to an
infusion of other plant material such as leaves, flowers, fruits, or
herbs, and the term “red tea” refers to tea made from the South
African rooibos plant. According to recent studies, it has been
reported that various elements that positively influence the
health of people are found in teas.3�10 Black tea has a mildly
fragrant, slightly bitter, astringent flavor. Drinking black tea is
associated with several health benefits, in particular related to a
reduction of cardiovascular risk.9,10 Black tea is more oxidized than
the oolong, green, and white varieties, has a stronger flavor, and
contains more caffeine than the less oxidized teas.11 After tea leaves
are hand-picked and dried, there is a process ofmechanical kneading
and crushing in the manufacture of black tea. During this manu-
facturing process, enzyme-catalyzed oxidation and partial polymer-
ization of flavanols occur, and as a result, theaflavins (TFs) and
thearubigins characteristic of the black tea taste and color are
produced.2 In addition, flavonoids constitute 10�12% of the dry
leaf weight of black tea.12 Although the tea leaves used to produce
black tea are the same species of plant, the taste of teas differs
according to differences in the growing environment. Therefore, it is
possible that climate condition variations within the same country
could result in differences in the chemical composition or metabo-
lites of a tea as well as different tea tastes.

In Sri Lanka, tea is registered according to the different
elevations in which the tea leaves are cultivated. There are six
principal tea-planting regions: Nuwara Eliya (RAN) > 1900 m,
Dimbula (UDA) = 1000�1500m, Kandy (MEDA) = 600�1200
m, Uva = 914�1524m, a low-grown area (YATA) < 600m, and a
high-grown area > 1200 m. Many factors including taste and
color affect tea quality. Tea leaves are the most basic and
important factor for making good quality tea. Although the
quality of tea is generally assessed through its scent, flavor, and
color, taste is the key evaluation criteria for tea quality. In general,
it is difficult to accurately discriminate tea quality by this method,
even though the classification of tea quality is mainly performed
by professional tea tasters.13 However, characterization of the
differences in the quality of tea leaves according to the different
cultivation area elevations in Sri Lanka has not yet been reported.
Recently, analytical techniques such as mass spectrometry
(MS),14 nuclear magnetic resonance (NMR),15 and gas chro-
matography/mass spectrometry (GC/MS)16 coupled with mul-
tivariate analysis have been employed to evaluate the quality of
foods and drugs and to evaluate drug toxicity.17,18 Among
multivariate statistical methods, principal component analysis
(PCA) and partial least-squares discriminate analysis (PLS-DA)
are often useful for profiling and classifying sample groups and
for characterizing the most effective variables in separated
compounds. In evaluation of tea quality, NMR can give much
more structural information than other analytical techniques;
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especially, the technique is favorable for obtaining an enormous
amount of information about the molecular structure of tea
components from one- and two-dimensional (1D and 2D)NMR
spectra. In addition, by combination with multivariate statistics,
the alternation in major components derived from the difference
with tea qualities can be characterized.

The aim of this study was to evaluate tea quality according to
the chemical composition ormetabolites, which are characteristic
of tea leaves cultivated in four regions with different elevations in
Sri Lanka, using a combination ofmultivariate statistics with PLS-
DA and 1H NMR.

’MATERIALS AND METHODS

Chemicals and Reagents. All reagents used for 1D and 2DNMR
experiments were of analytical grade (purity >99%) and were used
without further purification. Deuterium oxide (D2O, isotopic purity
99.9%) and TSP [3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium
salt, 98 atom % D] were purchased from Aldrich (St. Louis, MO). TSP
was used as an internal standard with a chemical shift (δ) of 0.0 ppm for
1H NMR measurements. Authentic materials for full NMR assignments
of TF and theaflavin 3,30-digallate (TFG) in tea extracts were purchased
from Nagara Science (Gifu, Japan).
Origin of Samples. Tea leaf (C. sinensis) cultivars harvested from

four geographical regions with different elevations in Sri Lanka, Nuwara
Eliya (RAN) > 1800 m, Dimbula (UDA) = 1200 m, Kandy (MEDA) =
600 m, and low-grown area (YATA) < 300 m, were kindly supplied by
Waltz Co., Ltd. (Toyohashi, Japan) .
Cultivation and Harvest Time and Harvest Portion of Tea

Leaves. Tea is cultivated in Sri Lanka using the “contour planting”
method,where tea bushes are planted in lines coordinatedwith the contours
of the land, usually on slopes. Tea leaves are harvested throughout the year.
Generally, two leaves and a bud, which gives flavor and aroma, are skillfully
plucked. Next, the tea leaves are spread in boxes for a process known as
withering, which removes excess moisture from the leaves. As a result, the
withered tea leaves become rolled and twisted. Finally, the crude tea is made
through a process of fermentation and drying. The fermentation conditions
in each factory, which belonged to its own field, were almost identical.
Sample Preparation for 1H NMR Spectroscopic Analysis.

Two grams of dried tea leaves was added to 150 mL of boiled H2O
(MilliQ). The mixture was boiled in a microwave for 4 min and then was
left at 25 �C for 10 min. After centrifugation (3000 rpm for 5 min) by

centrifugal filter (Ultrafree-MC, 0.45 μm PVDF membranes, Millipore),
630 μL of filtrate was added by pipet to 70 μL of 5 mMTSP/D2O to give a
700 μL of solution for the NMR measurement. All samples were freshly
prepared just prior to 1H NMR spectroscopic analysis. The sample was
introduced into an NMR test tube, and nuclear Overhauser effect spec-
troscopy (1H NOESY) and 1D and 2D 1H NMR spectra were recorded at
25 �C using a Varian 600 MHz NMR spectrometer equipped with a
coldprobe (Figures 1, 2, and 4). Thirty-two free induction decays (FIDs)
with 77 K data points per FID were collected using a spectral width of
9615.4 Hz, an acquisition time of 4.00 s, and a total pulse recycle delay of
2.02 s. Water resonance was suppressed by presaturation during the first
increment of the NOESY pulse sequence, with irradiation occurring during
the 2.0 s relaxation delay and also during the 100 ms mixing time. Prior to
Fourier transformation (FT), the FIDs were zero-filled to 128 K, and an
exponential line-broadening factor of 0.5Hz was applied.19�21 Experiments
were carried out in quadruplicate, and all peak intensities (in arbitrary units)
were expressed as the means of four separate experiments (n = 4).
NMRData Reduction and Preprocessing. All 1HNMR spectra

were phased, baseline corrected, and referenced to TSP at 0.0 ppm by
Chenomx NMR Suite 5.0 software, professional edition (Chenomx Inc.,
Canada). Each 1H NMR spectrum was subdivided into regions having an
equal bin size of 0.04 ppm over a chemical shift range of 0.5�9.0
ppm (excluding the region around the water signal; 4.6�5.0 ppm), and
the regions within each bin were integrated. The integrated intensities were
then normalized to the total spectral area, and the data were converted from
the Chenomx software format into Microsoft Excel format (*.xlt). The
resultant data sets were then imported into SIMCA-P version 12.0
(Umetrics AB, Ume�a, Sweden) for multivariate statistical analysis.
Multivariate Data Analysis. To maximize the separation between

samples, PLS-DAwas applied. ThePLS-DAcanbe described as the regression
extension of PCA, an unsupervised pattern recognitionmethod,22,23 giving the
maximum covariance between the measured data (X) and the response
variable (Y). PLS-DA models were calculated to compare the quality of tea
leaves cultivated at four different elevations in Sri Lanka (Figures 5 and6).The
four data points of each sample groups in Figure 6 represent individual
experiment. The quality of the PLS-DA models was described by the total
variance of PLS1and PLS2 at a confidence level of 95%.

’RESULTS AND DISCUSSION

Tea Leaves from Four Different Regions. The black tea in
Sri Lanka is famous for its high quality, and as the fourth largest

Figure 1. Representative 1H NMR spectrum of black tea from RAN.
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tea-producing country after China, India, and Kenya, it has a
production share of 9% of the international tea market. Four
cultivation areas for black tea in Sri Lanka, Nuwara Eliya (RAN),
Dimbula (UDA), Kandy (MEDA), and low-grown area (YATA),
are studied in this work. These four areas can be distinguished by
their difference in elevation. RAN is an oval-shaped plateau over
1800 m of elevation, and the tea produced in RAN has a unique
flavor. UDA is one of the first cultivation areas at 1200 m of
elevation, planted in the 1870s, and the Southwestern monsoon
rains and cold weather from January to March are one of the
determining factors for its tea flavor. MEDA is famous for medium
grown (midgrown) tea at elevations between 600 and 1200mand is
the area where the first tea plantations were started. YATA is mainly
grown in southern Sri Lanka. YATA teas are grown at an elevation of
600 m and thrive in fertile soils and warm conditions.
The differences in climate conditions of the tea-growing areas,

temperature, light, soil, and water, might be sufficient to affect the
chemical composition or metabolites of the teas and consequently
might be responsible for the unique taste of each black tea.

1H NMR Spectroscopy of Dried Black Tea Leaves. Aqueous
solutions of tea, extracted from the dried tea leaves with boiling
water for 4 min, were used for 1D and 2D NMR analyses. A
representative 1HNMR spectrum of tea extracted from tea leaves
harvested in RAN is shown in Figure 1. The signal assignments of
the components have been carried out on the basis of analysis of
2D NMR spectra or by comparison with authentic material or
published data.24 Although some chemical shifts were slightly
different from those assigned from authentic material due to
differences of measurement solvent conditions, the pattern of the
corresponding signals was in agreement with the authentic
material. As shown in Figure 1, theanine (δ 1.10, 2.13, 2.37,
3.19, and 7.97 ppm), caffeine (δ 3.22, 3.38, 3.77, and 7.63 ppm),
TF (δ 2.74, 2.75, 2.86, 2.87, 4.21, 4.29, 5.41, 6.01�6.13, 6.86,

7.02, and 7.15 ppm), TFG (δ 2.93, 2.94, 3.00, 3.01, 5.03, 5.42,
5.52, 6.04�6.13, 6.58, 6.61, 6.86, 6.92, and 6.94 ppm), and
thearubigin 3,30-digallate (TRG) (δ 1.88, 1.98, 2.05, 2.08, 3.54,
3.62, 4.02, 4.14, 6.04�6.13, 6.85, 7.03, and 7.16 ppm) were the
main tea components identified in the 1H NMR spectra
(Figures 1, 2, and 4). Furthermore, Figure 2 shows the results
of a more detailed analysis of TF and TFG. The two compounds,
TF and TFG, were clearly observed only in RAN, and the peak
assignments for these components were deduced from the
COSY and TOCSY data and by comparison of the chemical
shifts with authentic materials. The chemical shifts of TF were
assigned in the 1H NMR spectrum: H4a at 2.86 ppm (dd, J =
17.0, 4.5 Hz), H4b at 2.75 ppm (d, J = 17.0 Hz), H40a at 2.87
ppm (dd, J = 17.1, 5.9Hz), andH40b at 2.74 ppm (d, J= 17.1Hz).

Figure 3. COSY and TOCSY (HT H) correlations for TF and TFG.

Figure 2. 1H NMR spectrum expansion (2.55�3.35 ppm) of RAN, UDA, MEDA, and YATA.
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The COSY spectrum of TF indicated correlation peaks between
H2 and H3, H3 and H4, H20 and H30, and H30 and H40,
respectively (Figure 3). The TOCSY spectrum of TF showed
consecutive correlations from H20 to H40 and from H2 to H4
(Figure 3). These correlations in COSY and TOCSY spectra
were in agreement with those for authentic samples of TF and
TFG. The chemical shifts for TFGwere assigned in the 1HNMR
spectrum: H4a at 3.00 ppm (dd, J = 17.5, 3.5 Hz), H4b at 2.94
ppm (d, J = 17.5Hz), H40a at 3.01 ppm (dd, J = 16.9, 4.3 Hz), and
H40b at 2.93 ppm (d, J = 16.9 Hz). The COSY spectrum of TFG
indicated correlation peaks between H2 andH3, H3 andH4, H20
and H30, and H30 and H40, respectively (Figure 3). The TOCSY
spectrum of TFG showed consecutive correlations from H20 to
H40 and from H2 to H4 (Figure 3).
The major TFs in black tea are TF, theaflavin-3-gallate,

theaflavin-30-gallate, and TFG. TFs are formed from dimeriza-
tion of catechins at the fermentation stage in the manufacturing
of black tea.25 TFs contribute to the characteristic bright orange-
red color and taste of black tea and account for 1�2% of the total
dry weight of black tea. However, among four different tea
samples, it was difficult to observe TFs in 1H NMR spectra of
UDA, MEDA, and YATA, while TF and TFG are major
constituents in chemical compositions from RAN. Therefore,
these results suggest that the two compounds, TF and TFG, give
RAN its characteristic color and taste.
Although thearubigins are polymeric materials in black tea,

their structures have not yet been fully elucidated. The marked
acidity and water solubility are characteristic of thearubigins that
are derived by oxidatively induced ring-opening of one or more
aromatic rings in the phenolic substrates, generating one or more
carboxyl groups in the process. The chemical structure of
thearubigins has been reported by N. Kuhnert26 and is in
agreement with the assumed structure in this study. The TRG
in Figure 4 shows a common structure for thearubigins, and the
assignment was deduced from the COSY and TOCSY data. In
the COSY spectrum, the H2 of TRG was correlated to H3, H3 to

H4, H40 to H30, H30 to H20, H20 to H900, and H900 to H1000,
respectively. The TOCSY spectrum of TRG showed consecutive
correlations fromH40 to H100 and fromH2 toH4, consisting of a
typical structure for thearubigins. In addition, the aromatic
protons of the galloyl group were assigned to the peak at
7.03 ppm.
Thearubigins account for about 10�20% of the dry weight of

black tea.2 Thearubigins in black tea contribute to the character-
istic reddish brown or coppery color and the astringent and bitter
taste27 and have a wide range of molecular weights.24 It is
generally known that thearubigins are produced by enzymatic
oxidation of epigallocatechin or epicatechin via formation of TF
intermediates.28�30 The structures of TFs have a characteristic
hydroxy-substituted benzotropolone ring containing a pyroca-
techol substructure. It has been reported that pyrocatechol can
be oxidatively cleaved in two different ways by enzymes: either
between the hydroxyl groups (ortho cleavage) to give a cis,cis-

Figure 4. TOCSY (H T H) correlations from the characteristic region of TRG in YATA.

Figure 5. PLS-DA score plot derived from the 1HNMR spectra of black
teas from RAN (square), UDA (star), MEDA (diamond), and YATA
(circle).
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muconic acid or adjacent to the hydroxyl groups (meta
cleavage).31 The oxidative ortho cleavage of the CdC bond of
the TF pyrocatechol moiety might be derived from enzymes in
tea leaves.
Multivariate Statistical Analysis of Black Tea by 1H NMR

Spectroscopy. To see the difference of chemical components in
tea leaves with respect to different cultivation area elevations,

four different tea samples were analyzed. Although a PCA score
plot was first employed to identify the different components in
four groups, to clearly find out the significantly correlated
components on effect of cultivation altitude, PLS-DA modeling
was applied to the 1H NMR spectra data sets from the four
different tea samples (n = 4). The PLS-DA model was used to
maximize covariance between measured data (X) and the
response variable (Y) and the goodness of prediction parameter
Q2. Figure 5 shows clear separations among the RAN, UDA,
MEDA, and YATA teas with total variance of 56%. The PLS-DA
modeling revealed Rx

2, RY
2, and Q2 values of 0.42, 0.33, and 0.29

for PLS1, indicating 42% of variance contribution rate and 29%
predictability in the multidimensional space, respectively. On the
other hand, PLS2 gave a low contribution ratio of 14%. This
result suggests a high contribution rate for PLS1, indicating that
the spectrum collected from RAN is considerably different from
the other spectra collected from UDA, MEDA, and YATA. The
differences of the data points for PLS1 likely reflect the difference
of chemical compositions from RAN and the other three teas.
Potential components separated by difference of elevation

were subsequently identified using S-plots, which were repre-
sented with covariance (p) against correlation (pcorr)32

(Figure 6). S-plots of the PLS-DA were proposed for identifica-
tion of potential components for separation of the tea groups. As
shown in Figure 6, the S-plots for PLS1 show the most relevant
variables for the differentiation of two samples, RAN and three

Figure 7. Different components from RAN, UDA, MEDA, and YATA. These components, identified from 1H NMR spectra, are responsible for the
differentiation in the PLS-DA model. (A) TF (2.75 ppm), TFG (2.94 ppm), (B) TRG (3.54 ppm), theanine (3.19 ppm), and caffeine (3.77 ppm).

Figure 6. PLS-DA loading S-plot derived from the 1H NMR spectra of
black tea from RAN, UDA, MEDA, and YATA.
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others, and reveal the contributions of particular variables
(integral regions, in this study) toward either an increase or a
decrease in integration intensities. The four typical components,
TFs (5.42, 4.3, 6.58, 6.1, 6.06, and 6.62), caffeine (3.22, 3.38,
3.78, and 7.66), theanine (1.10, 2.12, 2.38, and 3.1), and
thearubigins (1.86, 2.06, 3.54, 3.62, 4.02, 4.14, and 7.14) were
analyzed as variables of the S-plot (Figure 6). Each variable is
represented as a peak with a particular chemical shift in the 1H
NMR spectral region as shown in Figure 1. The components
responsible for increases or decreases could be identified, and the
variables of the chemical shifts associated with the largest changes
in integration intensity are indicated farther away from the center
of the PLS1 coordinate axis. Thus, as a result of the S-plots
analysis, the two components, TFs and thearubigins, contribute
the most to the difference between RAN and three other teas
in PLS1.
The integration intensities associated with these component

variables are shown in Figure 7. The intensity of the variables of
TF at 2.75 ppm and TFG at 2.94 ppm was observed only in RAN
(Figure 7A). In addition, the intensity of the variables of theanine
at 3.19 ppm and caffeine at 3.77 ppm in RAN showed higher levels
as compared with UDA, MEDA, and YATA (Figure 7C, D). The
amount of theanine and caffeine was clearly correlated with
cultivated altitudes, showing that these levels were decreased at
lower elevations. On the other hand, the intensity of the variable of
TRG at 3.54 ppm inUDA,MEDA, and YATA showed higher levels
relative to RAN (Figure 7B). Therefore, these results show that the
separation between RAN and three other teas by PLS1 in the PLS-
DA score plot is mainly attributable to the two components, TF and
TFG, and the separation among UDA,MEDA, and YATA by PLS2
in the PLS-DA score plot is contributed by three components, TRG,
caffeine, and theanine (further detailed in the Supporting Informa-
tion, Figure S1).
In conclusion, the change in the principal components of the

four tea groups was influenced by differences in the elevations of
the cultivation areas. The TF, TFG, theanine, caffeine, and TRG
compositions changed significantly with the different elevations
of the harvested tea leaves (Figure 7). The components that were
found in higher levels only in RAN were TF and TFG, formed
from polymerization of catechins at the fermentation stage.
Among four cultivation areas, the amounts of TRG in UDA,
MEDA, and YATA were higher than that in RAN, while TF and
TFG were only found in RAN (Figure 7A). Although the
fermentation process in each factory, which belonged to its
own field, were almost identical, some factors arising from the
different elevations, such as oxygen levels, humidity, and tem-
perature, might affect the fermentation condition, resulting in
differentiation of the composition in black tea. Therefore, TRG
in UDA, MEDA, and YATA is thought to result from the
enzyme-catalyzed oxidation of catechin via the formation of TF
or TFG. In RUN manufacturing, the insufficient oxidation
process at the highest altitude (>1900 m) may result in the
formation of TF and TFG concomitantly with the low amount of
TRG. In addition to the condition of fermentation process, it also
should be considered that the components of raw leaves char-
acterize chemical constituents of black tea. Component analysis
of tea leaves cultivated at the different altitudes is now underway
to evaluate the effect of constituents produced by way of
fermentation processes. Finally, we have demonstrated that this
method of analyzing the component pattern of black teas is a
useful tool in evaluating tea quality from tea leaves cultivated at
different elevations in Sri Lanka.
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