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Metabolite Profiling Using *H NMR Spectroscopy for Quality
Assessment of Green Tea, Camellia sinensis (L.)

GWENAELLE LE GALL,* AN J. COLQUHOUN, AND MARIANNE DEFERNEZ

Institute of Food Research, Norwich Research Park, Colney, Norwich NR4 7UA, United Kingdom

A set of 191 green teas from different countries was collected and analyzed by H NMR. It was
proposed to establish if the teas could be discriminated according to the country of origin or with
respect to quality. Both principal component analysis (PCA) and cluster analysis were applied to the
data. Some separation of Chinese and non-Chinese teas was observed. The present results did not
allow allocation of samples to individual countries, but cluster analysis suggested that it might be
possible with an augmented sample set. The PCA did show a separation between the Longjing type
(highest quality Chinese tea) and most other Chinese teas and indicated some metabolites that could
be responsible for the difference. Longjing teas showed higher levels of theanine, gallic acid, caffeine,
epigallocatechin gallate, and epicatechin gallate and lower levels of epigallocatechin when compared
with other teas. These compounds have been mentioned previously in connection with quality, but it
was also shown that higher levels of theogallin (5-galloyl quinic acid), theobromine, 2-O-(f3-L-
arabinopyranosyl)-myo-inositol and some minor sugar-containing compounds were found in Longjing
teas while higher levels of fatty acids and sucrose were found in the other teas. These new markers
could prove to be useful for the authentication of bulk tea.

KEYWORDS: NMR; green; tea; metabolite; profiling; fingerprinting; composition; content; quality;
authenticity; authentication; origin

INTRODUCTION of different origin have their own distinctive characters, but in

Tea is the most widely consumed drink in the world after general, high quality green teas are described as “delicate” or
water. There are three main types of tea: green (unfermented), Sweet”. The highest quality tea from Japan called Gyokuro
oolong (semifermented), and black (fermented). The fermenta- (the Ceremonial Tea “Matcha” is a pulverized version of
tion is an oxidation process, which produces theaflavins and Gyokuro) is grown under shade and is reported to contain a
thearubigins, two families of polyphenols present in black and high amino acid but low catechin conted, ). Sweetness is
oolong teas. Black tea is consumed worldwide while green and attributed to amino acids’} especially theanine, which has the
oolong teas are mainly consumed in Asia and Northern Africa. taste described as “umami” or “brothy”, while the catechins and

The chemical composition of tea depends on several factors:caffeine contribute to the astringency (1). The appearance of
genetic strain, climatic conditions, soil, growth altitude and the leaves and the color of the brew play a major role in the
horticultural practices, the plucking season, sorting (grading) evaluation of green tea: young leaves and a clear brew with a
of the leaves, the processing, storage, etc. Some parameters afgale green-yellowish tint are indicators of high quality. The
more important than others. For example, the best green teagjuality of a green tea declines with signs of cloudiness and
are usually plucked during the first flush in April or May (there brown-reddish pigments. Last but not least, the aroma is also
are three main plucking times: spring, summer, and autumn). involved in the quality assessment of green tea.

The quality of a tea is mainly assessed through its appearance The quality and price of a tea have been and continue to be
(color, color intensity, and cloudiness), its flavor (astringency, established through the judgment of professional tea tasters, but
bitterness, and sweetness), and its aroma (floral, sweet, grassythere is a growing concern to assess the quality of teas by some
etc.). However, the factors that determine quality differ some- form of measurement. Green tea has been increasingly analyzed
what between black and green teas. Theaflavins, thearubigins guring the last 10 years, more because of its health-related prop-
catechins, and caffeine are known to be responsible for black erties than for quality evaluation (although the claimed anti-
tea quality (1,2), but green tea quality depends more on the oxjgative, anticarcinogenic, and antitumorigenic properties as
content of amino acids, catechins, and caffe®es). well as the ability to protect against cardiovascular disease are

Many characteristics are taken into account to judge the gijj| to be demonstrated in vivo (8)). Most of the chromato-
quality, and these are reflected in the price of a tea. Green teasyraphic techniques developed have been aimed at catechin quan-
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caffeine, gallic acid, and theanin8,(5, 12). There has been = mM NaHPQ; and 5 mM sodium 3-(trimethylsilyl)propionati-as a
little systematic analysis of other types of compound in relation reference in BO) at 70°C for 10 min, allowed to cool, and centrifuged
to green tea quality. A few articles have described characteriza-at 10 000 rpm for 10 min (Jouan A14 centrifuge). Each NMR sample
tion of the aroma compounds of high quality ted8<15), con.S|sted. of 75@iL of thg supernatant, which was stored-&t8 °C
mainly by gas chromatography. Another paper reports the use!"tl required for analysis. _

of chemical data as various as fiber and amino acid contents VR SpectroscopyH NMR spectra were recorded at 2C with

. a 400 MHz JEOL GX spectrometer fitted with an autosampler.
(16). Near-infrared spectroscopy (NIR) has also been e ( Methanol-d was used as the internal lock. Each spectrum consisted of

19), _bUt the technique is maml_y aimed at repl_acmg time-CoNn- 104 scans of 8192 complex data points with a spectral width of 5000
suming analyses such as the Kjeldahl and Fe@iocalteu me- Hz, an acquisition time of 1.64 s, and a recycle delay of 2 s per scan.
thods used for quantifying the total nitrogen and the total poly- The pulse angle was 50A presaturation sequence was used to suppress
phenol contents. To the best of our knowledge, high-resolution the residual water signal with low power selective irradiation at the
NMR has never been used for quality evaluation of tea. water frequency during the recycle delay. Spectra were Fourier
The present study shows tHat NMR can be used to analyze transformed with 1 Hz line broadening, phased, and baseline corrected
simultaneously the catechins, the amino, organic, phenolic, andusing the JEOL (Delta) software. Spectra were converted to Felix 2000
fatty acids, and the sugars from a single green tea extract. Assoftware format and saved as ASCII files. Spe_ctra were further
well as the “usual” markers (catechins, caffeine, or theanine), ransferred to a personal computer for data analysis.
compounds such as theogallin (5-galloyl quinic acid) d®-2- Multivariate AnalysisA. Principal Component Analysis (PCAJhe

. . . application of the technique to NMR data and the interpretation of PC
(B-L-arabinopyranosyl)-myo-inositol are also detected. The latter loadings have already been described in previous work (24).

comp_ounds have ”Qt often _been a”a'Yzed bl_Jt have been B. Hierarchical Cluster Analysis (25, 26luster analysis techniques
described as potentially playing a role in qualitf0( 21). represent the intrinsic structure of the data without making a priori
Theogallin has been quantified a few times by chromatography assumptions about the origin of the samples. Most of the techniques
(21—-23) but was only once considered as a quality marker by are based on the measurements of distances or correlation between
the authors (21). As for 2-O-(B-arabinopyranosyl)-myo-  objects. Clusters are formed hierarchically on the basis of proximity
inositol, this sugar was first determined to be present in tea by of objects or clusters of objects. In this work, we used an agglomerative
Sakata et al. J0) and has never been analyzed for quality clustering procedure based on standardized Euclidean distances and
purposes. the nearest neighbor (single-link) method. The inputs for the cluster
The database of green teas collected for this study is |arge:analysis were the PC scores of the samples (ok_)tained by correlation
just under 200 green teas from China, Japan, Vietnam, India,?ethOd PCA). The outputs (_)f the cluster gnalyss are pre_ser_wt_ed as a
. .’dendrogram (tree-shaped diagram) that pictures the similarities and
Indonesia, and Bangladesh were gathered over 2 years. It iSgissimilarities between the samples.
first established whether the teas can be discriminated according Univariate AnalysisResults of multivariate analyses can be difficult

to the country of origin by chemometric ana|y$'3 of thet to interpret in terms of specific compounds so we have applied analysis
NMR spectra. This is followed by an analysis targeted at of variance (ANOVA) @7) to selected NMR signals to determine
determining which metabolites are associated with the most whether there are significant differences between mean concentrations
highly regarded and priced Chinese green teas, the Longjingof individual compounds in the “Longjing” and “other tea” groups.

type. Software. PCA was carried out in Matlab, version 6.1 (The
MathWorks Inc, Natick, MA). For this, 5140 points were extracted
MATERIALS AND METHODS from the original NMR spectrum in Felix ASCII format (originally

8192 points) using a PASCAL program written in-house. Parts of the
Materials. One hundred ninety-one green teas were available for gspectrum that do not contain any signals were excluded (the region
this study, of which 17 were jasmine teas (scented). About half of them petween points numbered 1701 and 6840 was kept for PCA). An in-
(including all the non-Chinese teas) were supplied by an industrial house Matlab macro was used to achieve alignment of peaks within a
partner, and the rest were purchased from the Tea Research Instituteghosen region across a series of spectra (see Results and Discussion
Hangzhou (China). The database was composed of 168 green teagection)F values and box plots were calculated using the Matlab macro
originating from China, seven from Japan, six from Indonesia, five “anoval” (Statistics toolbox). The cluster analysis was performed in
from India, three from Vietnam, and two from Bangladesh. Only the Matlab using an interactive function called gcluster.m from the PLS

seven Japanese teas had undergone a steaming process. These consistshlhox version 2.0 (Eigenvector Research, Manson, WA).
of one Gyokuro superfine (finest quality of Japanese tea), one Bancha

(made of coarse/old leaves), and five Sencha of different grades (Sencha S S SCUSSIO
is one of the types most commonly drunk in Japan). The rest were RESULTS AND DISCUSSION

roasted. Thirty-eight Chinese teas were Longjing, also called “Dragon Signal Assignments. Figure 1Ashows thetH NMR spec-

well” teas. They were graded from superfine to quaternary (superfine, ., of 5 superfine grade Longjing green tea selected as a typical
first, second, third, and quaternary grade). These were the rnOStexample for detailed signal assignments. The procedure adopted

expensive teas along with the Gyokuro. They were grown mainly in . . - .
Zhejiang county (east coast of China). Only a few Longjing teas came for the signal assignment has already been described previously

from other areas such as Shandong (northeast China closer to Beijing)(28). Table 1 summarizes the chemical shift information
or Chonggqing district in Sichuan (west China near the mountains). In available for green tea from the two-dimensional (2D) spectra
general, a high proportion of the 168 Chinese teas came from Zhejiangand the reference standards.

county where the most intensive cultivation in the whole country is About 30 compounds were identified in the one-dimensional
car__ried out. (_)ther C_hinese teas were from nearby cour_lties such as(1D) and 2D spectra, and more than 50 signals or groups of
Fujian, Anhui, Hubei, or Hunnan or more remote counties such as gjgnals were indexed overall. Apart from ubiquitous compounds

Culzion, Schuan, and Guanglong. A varey of iee ith dIfrert such as amino and faty acids and common sugars Such as
9 P - -ongjing sucrose and glucose that are assigned in the literature compila-
youngest leaves and buds), gunpowder (leaves of different ages rolled

to look like gun bullets), and imperial (made of young to medium leaves tions (29), the signals of phenolics, flavonoids (flavan-3-ols or

in a twisted style) such as Monkey king or Chunmee. catechins, flavonols), xanthines, and minor sugars can be
Methods. Extraction. A 0.096 + 0.005 g amount of tea (finely ~ Observed. Theanine, unique to tea, is the predominant amino
ground using a coffee grinder) was stirred with 12@00f extraction acid present (7). There is a variety of catechins present in the

solvent consisting of 70% methandi-and 30% buffer solution (30  green tea used to assign the proton signals. Catechins account
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Figure 1. Details of tH NMR spectrum of a high grade Longjing green tea extract. Key: leu, leucine; ile, isoleucine; val, valine; arg, arginine; glc,
glucose; and ara, 2-O-((3-L-Arabinopyranosyl)-myo-inositol.

for 30% of solids (wt/wt) in a typical tea beverag80j. shifts were in good agreement with those previously reported
Standards of available catechins were run for this study in the for catechins in deuterated acetor@l), Five unidentified
extraction solvent to help the catechin assignment. The chemicalcatechins can be detected along with the five predominant ones,
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Table 1. 'H Chemical Shifts of Compounds from 1D and 2D Spectra
of a High Grade Longjing Green Tea

compound chemical shifts (ppm)2
linolenic acid 0.96, 1.28, 1.30, 1.58, 2.07, 2.35, 2.80, 5.37
other fatty acids 0.88,1.28,1.60, 2.24, 2.36, 5.32
leucine 0.98,1.78, 1.67, 3.66
isoleucine 1.04,1.98
valine 1.06, 2.31
theanine 1.12,2.15,2.45,3.22,3.70
lactic acid® 1.34, 4.00
threonine® 1.35,4.22
alanine 1.51,3.71
arginine 1.73,3.27
lysine 1.73,3.03
quinic acid 1.90, 1.92, 2.03, 2.04, 3.98, 4.05, 3.55
y-amino butyric acid 1.92,2.34,3.03
theogallin 2.02,2.15,2.20, 3.85,4.21,5.42, 7.08

glutamic acid®
unknown catechin 1
unknown catechin 2
C

unknown catechin 3
EGC

EC

unknown catechin 4
EGCG

ECG

unknown catechin 5
caffeine

f-glucose

2-O-(-L-arabinopyranosyl)-

myo-inositol
a-glucose
sugar 1
sugar 2
sugar 3
sucrose
sugar?
sugar 4
sugar 5
hydroxycinnamic
compound 1¢
fumaric acid®
hydroxycinnamic
compound 2¢
p-coumaroyl quinic acid®
~d

ad
kaempferol glycoside
quercetin glycoside
gallic acid®
threobromine

2.03,2.45,3.70

2.82,2.97,3.94

2.48,2.77,4.31

2.54,2.84,4.07, 4.63
2.64,2.84,3.84,4.22
2.74,2.89,4.25,4.87,6.58
2.74,2.89,4.26,4.81

2.89,3.00, 5.03

2.89, 3.03, 5.03, 5.50, 6.03, 6.59, 6.95
2.89, 3.03, 5.09, 5.50, 6.03, 6.78, 6.88, 6.99
3.10,3.34,3.91

3.33,3.50, 3.92, 7.80

458,3.21

5.14, 3.26, 3.61, 3.68, 3.89, 3.97, 4.18

5.20, 3.50

5.36

5.38

5.42

5.42, 3.43, 3.53, 3.76, 3.84, 3.80, 4.05, 4.19
5.64

5.67,3.73,4.02,3.85, 4.14, 4.88, 5.21°
5.79, 3.76, 3.97, 5.26°

6.34,7.58

6.48
6.43, 7.66

6.46, 6.88, 7.51, 7.72
6.83,7.18
6.83,7.18, 7.63
6.98,8.11

6.98, 7.63, 8.09

7.14

7.84

a Spectra referenced to methanol = 3.3 ppm. ° Provisional assignment. ¢ Either
chlorogenic (5-caffeoyl quinic acid), neo-chlorogenic (3-caffeoyl quinic acid),
p-coumaroyl quinic acid or caffeic acid. 4 Could come from chlorogenic, neo-
chlorogenic, caffeic acids, or any compound containing an aromatic ring with an
OH substitution in position 3' and 4' (e.g., quercetin).

which are ()-epigallo-catechin-3-gallate (EGCG); )-epicat-
echin-3-gallate (ECG),)-epigallo-catechin (EGC),~)-epi-
catechin (EC), and)-catechin (C). This family of compounds
can easily be identified by the characteristic signals arising from
H-3 (3.80—5.20 ppm) and H-4 (2.50—3.10 ppm) of the
heterocyclic ring (se&cheme 1), which are cross-correlated
in COSY spectra. At least two other unidentified catechins were
observed in théH NMR spectra of extracts of other roasted
teas (data not shown). These unknown catechins couldpe (
gallocatechin-3-gallate (GCG)—{-gallocatechin (GC), (—)-
catechin-3-gallate (CG)()-epigallo-catechin-3-(30-methyl)-
gallate, (1)-epigallocatechin-3,5-digallate;-§-epicatechin-3,5-
digallate, or epiafzelechin3g). GCG, GC, and CG are often
seen as heat-converted catechB®-34). Caffeine is the major
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Scheme 1. Chemical Structure of Some Catechins?
R1

OH
HO. O o
12y OH
3
4,
OR,
OH

2EGCG, R; = OH, R, = gallate; ECG, R; = H, R, = gallate; EGC, R;
= OH, R, = H; and EC, R; = H, R, = H.

xanthine observed in the spectrum. Theobromine is also detected
(7.84 ppm), but the theophylline level is too low to allow its
detection. Minor signals in the low field region were assigned
to kaempferol and quercetin glycosides (flavonols) along with
signals of gallic acid, theogallin, some hydroxycinnamic deriva-
tives (caffeoyl quinic acids?), and probalphcoumaroyl quinic

acid (Figure 1D). In the high field region, signals of theogallin
are seen as well as those of quinic adidg(re 1B). Finally,
minor signals attributed to sugars are seen in the midfield region
of the Longjing green tea spectrurRigure 1D).

Preparation of NMR Data for Chemometrics. Because
caffeine peak positions as well as other peaks (including
catechins) may be displaced from one sample to another, a
program was written to allow the local alignment of the peaks
within a data matrix. This program is a Matlab macro written
in-house based on the principles of partial linear fit (PLF5)(
Briefly, the method consists of selecting portions of the
spectrum, comparing them to a reference spectrum (mean
spectrum), and shifting them left or right so that the difference
between the particular region and the corresponding region in
the reference spectrum is minimized@5j. Additionally, the
macro used is an iterative program that recalculates the mean
spectrum at each pass and then repeats the shifting procedure
so that the difference is further minimized. In relatively polar
solvents, as used here, caffeine molecules associate both with
each other and with polyphenols to form a range of oligomeric
species in which the proton chemical shifts are different from
those of the single molecules. The observed chemical shifts are
average values that depend on the oligomeric species present,
and because the nature and proportion of these are concentration-
dependent, the effective shifts vary from sample to sample.
Small differences of pH between samples can also lead to
displacements of chemical shifts for molecules with ionizable
groups.

Figure 2 depicts a set of 60 tea spectra in the low field region
before and after peak alignment. The improvement in data
registration after peak alignment is obvious. Note that the local
alignment is a necessary operation: this experimental problem
seriously affected the covariance matrix PCA results as shown
in Figure 3. The pattern of the covariance matrix PCA results
before alignment almost described an “arabesque” style figure
in both PC1/PC2 and PC2/PC3 scores plots (FigureBJAThe
cause of this behavior is related to the way some individual
peaks (especially those of caffeine) are shifted from sample to
sample (36). This example illustrates the importance of peak
alignment before chemometric analysis in order to obtain sound
results.

Instrumental Repeatability. NMR spectra of all the green
tea extracts were run twice during one acquisition session.
Figure 4 displays the scores of 140 samples along with 14
instrumental replicates. The overall spread of the scores of the
large number of samples can be compared visually to the
closeness of the scores of the 14 original spectra selected for
this display to their replicates. This PCA plot shows that the
instrumental repeatability is satisfactory.
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Figure 2. Example of 60 green tea spectra before (A) and after (B) local peak alignment.
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Figure 3. Demonstration on the importance of alignment of shifting peaks.
PCA on 140 green tea *H NMR spectra with nonaligned peaks (A and B) .. o,
and PCA on the same spectra after peak alignment (C and D). Covariance 50 ‘e . ¥ 1 * Chinese
matrixes were used. ’g by o hpe K ® Japanese
s .?".' . 2t ,‘." s, * Indonesian
Relationship between Country of Origin and H NMR Z o Aty .::‘ . 35 ¢ | OIndian
Chemical Profile of Green Tea Extracts.All of the 191 green g A L 5 Y o Vietnamese
teas were used in a first approach for data exploration (see ¢y . s . * .'85'. O Bangladeshi
Materials) carried out using PCA. In the PC1/PC2 pkig(re 8 . .?.‘ = G0 °
5), a clustering of the scores of non-Chinese teas occurs along -50¢ . * .
the PC1 axis while the Chinese tea scores are scattered evenly ¢
within the plot. There is no further obvious clustering according ‘ ‘ .
to the country of origin. Thus, although the distribution of -50 0 50
Chinese and non-Chinese samples in the scores plot clearly PC1 (21% variance)

suggests a country of origin effect, it is not possible to achieve rigyre 5. PCA on the IH NMR spectra of 191 green teas originating
a more specific allocation to individual countries with this o gifferent countries (correlation matrix).
sample selection. This is partly due to the small number of
samples from each country apart from China. obtained here were used as another means of representing the
Cluster analysis was then applied to fieNMR spectra of multivariate data, this time on a geographically balanced set of
10 Chinese teas (covering the range of sample types butteas. The input for the cluster analysis consisted of the scores
otherwise randomly selected) and the 23 other non-Chinese teasfrom a PCA applied to the selected data set. This method
Details of this selection are givenirable 2. The dendrograms  provided a simple representation of the data that included
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Table 2. List of Teas Used for Cluster Analysis 3 PCs (67.5% variance)

A
5]
215
country type of k=]
database of origin green tea name grade? 2 ‘ ) ,
1 China green Xihu Longjing SP S 17 ,
2 China green Zhejiang sec 2
Longjing e
3 China green Xueshuiyunlu no class %0.57 | |
4 China green Wuyi first I
5 China green Putuo Buddha first 2 } j | ‘ l m | mﬁ
) Tea 971 23 6112710 842416151413 17119 5 192932 3121 3318202322 2526302827
6 China green Wansheng SP CCCCICCCCTFITIITICCIVBVI BIT 11 BIFVIX*
7 China green Gunpowder leaf
8 China green Hubei Tengda first _
9 China jasmine  Chonging SP B 5 PCs (81.8 % variance) B
10 China jasmine Lion (special) 5
11 Japan green Gyokuro SP 2;)2.57 -
12 Japan green Bancha (coarse leaf) 2, .
13 Japan green Fukaamushi (deep steamed) % — s
Sencha L1t 4
14 Japan green Sencha regular 2
15 Japan green Sencha premium e Ir ]
16 Japan green Sencha sec &os J
17 Japan green Sencha first S |
18 Indonesia green Chunmee 2 OTis122 14262556 3117 109 8 151413 1716 19212420302827 3332 3129 2322
19 Indonesia green Chunmee IJCCCH*CCCJCCCCIJJJJJIIFIVIF*BB VV 11
20 Indonesia green Chunmee
21 Indonesia green Gunpowder Q 8 PCs (94.0% variance)
22 Indonesia green Gunpowder 3 5| |
23 Indonesia green Gunpowder %
24 South India green Z 4t E
25 India green Chunmee 3 X
26 India green Chunmee g 3 ) 1
27 India green Chunmee = ol | ' |
28 India green Gunpowder ® = e
29 Vietnam green <4 .
30 Vietnam jasmine z H H |
31 Vietnam jasmine O 181172 14 1262119243175 109 8 16151413 2322 3020 31293332 28272625
32 Bangladesh green 11CCCCICIT FCIC CCCIIII 11 VIVVEBEFIXD
33 Bangladesh green
D 10 PCs (99.6% variance}
2 Abbreviations: SP, superfine; sec, secondary grade. g s
= r -
|
information from more PCs than can be displayed on a single 7 4 —
scores plot. Reduction in the number of Chinese samples also g 3 -
greatly simplified the appearance of the plots. The outputs of 5, B
several models based on 3, 5, 8, and 10 PCs (preseritéglire 8 ; }
6A—D) are compared. The figures for cumulative variance § | | H
explained by each modeFigure 6) suggest that it may be OT18 74112 1126 35 242119 178 1413 1615 23223129 3020 3332109 2625 2827 .
beneficial to look beyond the model for three PCs. The recrecieccril el 1 1L VW VI BB CC P IMr

dendrograms differ from each other, but there are a number of Figure 6. Dendrogramg obtained from cluster gnalysis applied on 33_grt_sen
samples that remain clustered regardless of the number of PCdea *H NMR spectra using three (A), five (B), eight (C), and 10 (D) principal

used, four Japanese teas labeled 13 to 16, two pairs of Indiancomponents. Key: B, Bangladeshi; C, Chinese; J, Japanese; |, Indonesian;

teas (25, 26 and 27, 28), two Indonesian teas (22 and 23), two!™ Indian; and V, Vietnamese.

Vietnamese (29 and 31), and two Chinese teas (1 arfei@)re ) ) )

6A—D). The four Japanese teas are all SenchaTaéée 2 for agreement with the work described by Kim et &7}, who, on

the description of the different types of green tea), and the fifth the basis of NIR spectra, established that it was possible (i) to
Sencha sample (labeled 17) falls close to their cluster while the discriminate Japanese from Korean green teas and (i) to
two Chinese teas belong to the same class (Longjing). Thesediscriminate teas from different processing methods, although
results highlight the influence of the class of the green teas alongKorean steamed teas were closer to their roasted counterparts
with the influence of their geographical origin. The latter is than to the Japanese steamed ones. In fact, several articles refer

illustrated by the case of the Indian teas where four samples o the possibility of classifying teas (green and black sometimes

are grouped in two pairs in the first two model&gure 6A,B) associated into one data set) on the basis of their country of
and then later clustered together in the two other modiédsite origin (38—40), but all have in common few samples to
6C,D). The fifth Indian tea remains on its own, and it is the represent the different populations of teas.

only one grown in South IndiaT@ble 2). Note that the large The origin of the clustering of the samples shown in this study

majority of Indian teas are grown in the North (Darjeeling and may be related to several factors: the genetic strain, the climate,
Assam). As for the Vietnamese and Bangladeshi teas, they arethe altitude of growth, the type of soil, the use of fertilizer, or
clustered according to their respective country of origin in most even the processing of the tea leaves. All have an influence on
models, and Indonesian teas show a tendency to cluster in thethe overall chemical content of tea. Both PCA and cluster
models using three and five PCs. analysis seem to indicate that the green teas can partially be
It therefore appears that the geographical origin may be classified according to their country of origin but pinning down
indicated by the chemical composition of green teas (however, the underlying factor(s) responsible for such a classification is
as the number of non-Chinese teas is limited, it is difficult to difficult. The difficulty of such a study (apart from having a
give a final conclusion). This provisional conclusion is in representative number of samples for each population) is that
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PCA was applied to a matrix of 1844 NMR spectra (the
seven Japanese teas, which were steamed, were removed). A
clear division was obtained on the first PC with the Longjing
teas having negative scores and most of the others positive
scores (Figure 7). The corresponding loadifgigure 8) is
negative at the positions of theanine, theogallin, the minor sugars
between 5.36 and 5.79 ppm, epicatechin gallate, gallic acid,
caffeine, and theobromine and positive at the levels of fatty
acids, quinic acid, sucrose, and epigallocatechin. All of the
compounds with negative signals are more prominent in teas
with negative scores (that is the Longjing teas), and all
compounds with a positive loading value are present at higher
levels in the teas with positive scores (other teas). These results
are in agreement with the previous work. Horie and Kohata
(5), who analyzed green tea leaves according to their maturity,
suggested that high levels of epigallocatechin gallate, epicatechin
gallate, theanine, and caffeine and low levels of epigallocatechin
and epicatechin are a good guide to quality. Lin et4il) @lso
. found less caffeine and more catechins in older leaves. The
there_ are many factors to take Into account to attempt a g g by Goto et al4@) and Saijo and TakedaZ) confirmed
class!ﬂcauon not just the country of onigin. For example, it coulq that higher levels of epigallocatechin are present in lower quality
certainly be argued that teas from a country as large as Ch'nateas, and the former autho#2) indicate that high quality teas

\évgrzgzg:\\;%rjlstigsﬂln‘ll'iteerse?c?rz Sg;{;ﬁﬂgﬁ ds?)pn%t ?é;:esggé?ascontain more caffeine and less catechins. Sakata &Is(ated
A ' o . : f -O-(B+-arabinopyranosyl)-myo-inositol is present in
sification is observed for this set of data, the interpretation of that 2-O-(ft-arabinopyranosyl)-myo-inositol is present in a

the results remains open to debate higher amount in high quality teas, but it is reported as
Relationship between Quality and™H NMR Chemical essentially tasteless. Finally, Aucamp et di3) indicate that

Profile of the Chinese Green Tea ExtractsSome factors that gallic acid contributes to quality along with theanine ahd caffeine
are not environment or process related affect the chemical ANOVA was performed on the selected peak heights of 18

composition of green tea. The size (age) of the leaves is aCtu,,;,mycompounds of interest. For this, the green teas were divided

the main criterion for grading green tea, and unlike black tea, N0 high quality (38 Longjing teas) and other (146) groups.
green tea quality is directly related to the grading. Teas made 1 "€ results are displayed ifable 3. The degrees of freedom

of the youngest leaves and the bud are the most expensive. IO consider for the calculation are 1 and 182. Theritical

the present data set, 38 high quality teas (Longjing or Dragon V&lues for those degrees of freedom &igs = 3.8, Fo.o1 =

well), graded from superfine to fourth grade, were priced from 6-6, andFoo01=10.8. It was decided not to consider significant
£12—15 per 50 g (superfine) down to£8 per 50 g (fourth ~ F values below 4 (only quinic acid iable 3).

grade). In comparison, the 77 other Chinese teas purchased from To give a clearer idea of the distribution of the compound
the Tea Research Institute, Hangzhou, cost £2.80 per 50 glevels in the two groups, box plots and histograms of peak
(superfine) to £0.80 per 50 g (fourth grade). The cost of the intensities are displayed Figure 9 for two examples. The three
teas supplied by the industrial company is not known, but none horizontal lines of each box are at (from bottom to top) the
of the teas are Longjing and the majority fall under styles such 25th percentile, median, and 75th percentile values. The notches
as ‘“roasted”, “Maofeng”, “imperial”, or “gunpowder”, which  represent a robust estimate of uncertainty about the median
are known to be reasonably cheap (i.e., under £4 per 50 g).(graphical equivalence of @atest). The length of the whiskers
With such a data set, it was therefore interesting to compareindicates the range of the data, except that any values at a
the two groups of teas represented by (i) the Longjing and (ii) distance of more than 1.5 times the interquartile range from
all the others in order to see if they could be discriminated and, the top or bottom of the box are considered outliers and marked
if s0, to determine which metabolites could be involved in the as crosses. Any imbalance in the length of the boxes or the
group separation. notches is an indication of skewness. The histograms give

PC2 (19% variance)
[42]
(=) [@3

&
o

50 0 50
PC1 (21% variance)
Figure 7. PCA on the H NMR spectra of 184 green teas labeled as two
groups: high quality teas (38 Longjing) and other teas (146) (correlation
matrix).
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Figure 8. Loading corresponding to PC1 of Figure 7. See Figure 1 caption for key to assignment.
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Table 3. ANOVA Results for Selected Signals Comparing Longjing (L) al. (44) reported that the content of sucrose increases while the
and Other Teas (0) content of 2-O-(f:-arabinopyranosyl)-myo-inositol decreases
during development of tea shoots. Those variations were
°°‘mp°“”d Fvalue level accompanied by a decrease of epigallocatechin gallate, epicat-
}gft;r;zﬁisb 39 529 echin gallate, free amino acid, and caffeine contents and an
quinic acid 371 0=L increase in the contents of epigallocatechin and epicatechin. The
th?foga"in 84.0 L>0 authors suggest that the level of{3-L-arabinopyranosyl)-
e 32 L2 myo-inositol in both black and green tea might be a useful
ECG 20.4 L>0 indicator that distinguishes the degree of tea shoot development.
ara 9.6 L>0 . . .
EGC 639 0>l In conclusion, after an extensive assignment of spectra, NMR
sucrose 15.7 0>L spectroscopy has been shown to provide a wealth of information
sugar at 5.36 ppm 56.7 L>0 P ; i i
sugar at 5.38 ppm o6 [>0 about the main m_etabohtgs of tr_le teas studied. PCA an_aIyS|s
sugar at 5.42 ppm 411 L>0 grouped Indonesian, Indian, Vietnamese, Bangladeshi, and
2{?"::::55-66;1 ppm ggg t;g Japanese green teas together on the margin of the Chinese teas.
sugar at5.79 Bgm 975 L>0 An additiona}l study (cI_uster analysis) _also s_uggested that teas
theobromine 10.0 L>0 were clustering according to geographical origin. However, the
gallic acid 68.3 L>0

populations of non-Chinese teas were small (possibly not
representative) and the interpretation of those results remains
open to debate. The database allowed a direct comparison of
two groups of teas: the expensive Longjing teas vs the rest of

aKey: ara, 2-O-(f-L-arabinopyranosyl)-myo-inositol. ® Includes other fatty acids
than linolenic acid.

A L 10° B the teas (that do r_lot include oth_(_ar high quaI_ity teas). PCA
showed a segregation of the Longjing teas against the rest, and
20 * 5 Longjing a series of ANOVAs performed on individual NMR signals
z . * = confirmed this division. Longjing teas showed higher levels of
é + § o I 0 theanine, f[heogal.lin, gallic acid, caffgine, epigallocatechin
Z 10 % B, 0 1 2 x10 _galla_lte, eplca_techm ga!late, 2-O-(Barabinopyranosyl)-myo-
z i g Others inositol, ar_1d Six o_ther minor sugar compounds, and lower levels
5 { §20 of fatty acids, epigallocatechin, and sucrose as compared to the
o - g other teas. It was previously once mentioned that high levels
L 0 . of 2-O-(f--arabinopyranosyl)-myo-inositol were observed in
Longjing Others °  WR irltensity 2x10 high quality teas, but there were no data to confirm it. The

x10°8 quality of tea is highly related with the ages of the tea leaves

£ Do 1] Longjing used; the younger the leaves are, the better the qua_lity is.
8 w 5 ] Although some of the compounds listed above may not directly
-{;;‘ - ;Z 4 m contribute to the taste, they remain good indicators of the
£ 6 i 8 00 5 0 s maturity of the tea shoots used to make a given bulk lot of tea.
< ° w0 10 They could prove to be useful in authenticating bulk lots of tea
<, Q 8 £ Others made from broken leaves. This study shows that NMR combined
i 22 i with chemometrics and univariate statistics has a useful place
l 1 4% 0 in metabolic profiling research and that green tea can be added
2 — : o 5 10, ¢ to the list of products for whicfH NMR constitutes a consistent,
Longjing Others NMR intensity R10

quick, and informative screening technique.
Figure 9. ANOVA box plots (A and C) and histograms of signal intensity

(B and D) for the minor sugar at 5.79 ppm (A and B) and quinic acid (C
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another insight into the distribution of peak intensitiegure

9 shows the two extremes observed for the 18 compounds

involved in the ANOVA study. There is only one selected

compound that did not show a significant difference in level

(quinic acid) despite the indication given by the loading. This | |TERATURE CITED
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