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ABSTRACT: Biochemical composition of tea leaf {Camellia L. spp.) is dependent on climatic conditions and the genetic 
makeup of the plant. Many attempts have been focused to identify various biochemical compounds responsible for quality. 
Although, currently about 500 germplasm accessions are being maintained in the Tea Research Institute of Sri Lanka, these 
accessions are not adequately evaluated for biochemical components present in processed black tea. This is the first attempt 
to quantify various black tea biochemical compounds viz., theailavins, thearubigins, polyphenols, amino acids, total catechins 
and caffeine content in a range of germplasm accessions and to correlate with organoleptic parameters such as infused leaf 
colour, liquor colour, strength, liquor quality and total quality scores using correlation analysis. A strong positive correlation 
(P < 0.001) of theaflavins with brightness, total catechins, infused leaf colour, liquor quality and total quality scores was 
observed. Principal Component Analysis (PCA) based on biochemical parameters and tasters' evaluation separated thirty five 
tea accessions into four groups. These groups also depicted a relationship with their origin and ancestry. First component of PC 
analysis accounted for 43.0% variability while second component accounted for 13.3% of the total variability. The significant 
variation of biochemical compounds detected in the present study indicates the wider diversity of tea germplasm in terms of its 
biochemical components present in black tea in Sri Lanka. Results could be used to facilitate establishing inherent biochemical 
constituents that reflect quality of black tea that provides early selection criteria to speed up the tea breeding programriie. 
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Introduction greatly depending on the quality which has tradition-
rr tr^ I I T \ ' e^u ^ l u ally been assessed by a tea taster who has developed 
Tea (Camellia L. spp.) is one of the most popular bev- / ^ • . , • , • 

. ., 1J J •+ • tu + ^ A u a language of his own, the organoleptic evaluation, to 
erages in the world and it is the most consumed bever- f ° ' , ° ^^ . . . ' 
age next to water. The major tea-producing countries are ^^'""''^^ ^^"«^^ ^^ l̂̂ ^y attributes of a tea mfosion.^ 
China, India, Sri Lanka, Kenya and Japan and is also ^he chemical components of tea leaf include poly-
grown in Indonesia, Vietnam, Argentina, Georgia, and P^^^^'^ (catechinsflavonoids), alkaloids (caffeine, theo-
other countries.' Black, Green and Oolong teas are all b""""^^" '̂ theophylline), volatile oils, polysaccharides, 
produced from the hybrids with an affinity to three key "̂̂ ^̂ ^̂  ^'''^'' ^'"P"^' ^""^ ^ t̂̂ «^^" -̂ During black tea pro-
taxa of the genus Camellia L. Black, green and Oolong '̂ ^^^^"g' ' ^ f ^̂ îns (flavan-3-ol) m tea shoots undergo 
tea differ in their appearance, taste, chemical content as ^^'^f 7 ' '^""^ ' j^J" ar^laf e f Teron^fbleTor briTt-
well as flavour due to the difference in the fermentation ^S*̂ ^ *- )' ^ ^, , , , . . , 

, J . , . ., „ • * 4,„ ness, strength and colour of black tea.̂  Free amino acids 
process involved in making three main tea types. . , . , . 

Black tea quality is a complex phenomenon and ^̂  ^̂ ^ ^^^^^^ ^'^ '"^^f^""' ,̂ ^^"^^^^1 constituents that 
depends mainly on the chemical components and colour remarkably influence the quality of tea and they are con-
attached to the tea infusions. As such, tea prices vary ''^^^^ ^' ^^^ ̂ ^J^"" 'contributors to the freshness of tea.^ 

Caffeine represents the major methylxanthine, followed 
by theobromine in much smaller amounts. Caffeine is 

*Author for correspondence: Dr. J.D. Kottawa-Arachchi (e-mail: . i • n i •£ j A. ^ ± 
11 oo^ u X pharmacologically classified as a central nervous system 

jeevanll88@yahoo.com) 

stimulant and a diuretic.^ 
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polyphenols, catechins, caffeine and others in fresh tea 
leaves have been used as discriminative markers to eval­
uate their germplasms. Besides, considerable attempts 
have been made to relate the organoleptic assessment 
of tea quality with chemical compounds for black tea, 
green tea and oolong. '̂̂ '*' However, most of the pre­
vious studies conducted by early scientists at the Tea 
Research Institute of Sri Lanka (TRISL) were focused 
only on individual biochemical constituents present in 
either fresh leaf or processed tea using limited number of 
accessions." Therefore, a comprehensive study to quan­
tify a range of biochemical compounds of black tea using 
a representative sample of accessions selected from the 
germplasm collection is vital to identify unique acces­
sions which possess important biochemical compounds 
that exert potential health benefits and produce high 
quality black tea. 

Materials and Methods 

Source of Materials 

Total 35 tea germplasm accessions representative of 
the hybrids of the three main taxa were selected from 
ex situ field gene bank at the Tea Research Institute of 
Sri Lanka, Talawakelle (latitude 60° 54Tvr, longitude 
80° 42'E, 1394 m above mean sea level). Monthly 
average rainfall is about 227 mm in wet season (during 
September-December) and 72 mm in dry season (during 
January-April). 

Processing of Black Tea 

Tea shoots (two leaves and an active bud) (500 g in 
quantity) were harvested from each accession and 
black tea was produced in an environmental control 
manufacture system designed by Teacraft®. Shoots were 
withered in a withering cabinet for 14-18 hr at 20°C. 
Withered leaves were rolled for 15 min in a miniature 
roller and fed into a miniature spiral rotorvane. The 
macerated leaves (dhool) were sieved through a 2.5-mm 
mesh and placed in a cabinet for optimum fermentation 
(2.5-3 hr at 20°C). The inlet temperature of the miniature 
fluid bed dryer was set at 125°C and fermented dhool 
was fed to it. The drying step was terminated when the 
outlet temperature reached 98°C and ungraded black tea 
was obtained. The black tea production was repeated 
twice in wet season (during September-December 2011) 
and dry season (during January-April 2012) to ensure 
capturing seasonal variability. 

Preparation of Standard Black Tea Infusion 

Black tea (9 g) were infused in 375 ml boiling distilled 
water in a vacuum flask for 10 min using a mechanical 
shaker. The liquor was then filtered through a cotton 
wool plug and allowed to cool to room temperature. 

Determination of Theaflavins (TF), Thearubi-
gins (TR), Total Colour (TC) and Brightness 
(BT) 

Contents of theaflavin, thearubigin, total colour and 
brightness of black tea samples were determined by col-
orimetric method.'^'^ 

Theaflavin (gkg^') = [2.25x ECJxlO 
Thearubigin (g kg-') = [1.77xED + (EA-EC) x 7.06]xl0 
Total liquor colour % = 6.25x (EA* + 2EB*) 
Brightness % = lOOx EC*/(EA* + 2EB*) 
EA, EB, EC and ED: Spectrophotometer reading 
at 380 nm 
EA*, EB*, EC* and ED*: Spectrophotometer reading 
at 460 nm 

Determination of Total Polyphenols (TPP), Total 
Catechins (CAT), Free Amino Acids (AA) and 
Caffeine (CF) 

The total polyphenol content in the black tea extract 
was determined based on the colorimetric method using 
Folin-Ciocalteu phenol reagent in alkaline medium and 
the absorbance was measured at 765 nm.'" Total cat­
echins in the tea extract were estimated using acidified 
vanillin reagent and the absorbance was measured at 
500 nm.'^ Total free amino acid content in the tea extract 
was determined using Ninhydrin as previously'described 
and the absorbance at 570 nm."" D-L-Alanine: was used 
for calibration of the standard curve. Caffeine,:content in 
the tea extract was determined by using 50% lead acetate 
basic solution [Pb(CH3COO)2»Pb(OH)J byfmeasuring 
the absorbance at 274 run.''' Caffeine was used for cali­
bration of a standard curve. ' 

Determination of dry matter content 

Black tea (5 g) was weighed to the nearest 0.001 g, placed 
in aluminum dishes and heated in an oven at 103 ± 2°C 
for at least 18 hr to a constant weight. The percentage 
of dry matter (DM) in the samples was then calculated. 
All the chemicals used for this study werefof analytical 
grade. UV-VIS spectrophotometer (GARY 510 Bio®) 
was used for all measurement. 

Organoleptic Evaluation of Black Tea 
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A sample of black tea (2.5 g) was extracted with 150 ml 
of boiling water for 5 min and was subjected to organo­
leptic evaluation made by four professional tea tasters 
with scores based on infused leaf colour (IFL), liquor 
colour (LC), strength (STN) and liquor quality (LQ). 

Statistical Analysis 
Results were statistically analysed by analysis of vari­
ance (ANOVA) using Statistical Analysis Software (SAS 
Version 9.1). The differences between mean values of 
each biochemical parameter were compared by Duncan's 
Multiple Range Tests. Correlation analysis of biochemi­
cal parameters and organoleptic evaluation were carried 
out, and a principal component analysis was performed 
to determine the major contributory factors associated 
with grouping of accessions. 

Results and Discussion 
A highly significant variation in all biochemical param­
eters was observed among accessions studied. Black tea 

biochemical constituents (TF, TR, TR/TF ratio, TC, BT, 
TPP, CAT, AA and CF) of 35 tea germplasm accessions 
in wet and dry seasons are presented in Tables 1 .a and 
Lb and organoleptic evaluations in Table I.e. Minimum 
and maximum values, means, standard deviation (SD) 
and standard error (SE) of biochemical parameters are 
given in Table 2. 

Theaflavins content (TF) 

A significant variation of theaflavins content in black tea 
was observed among the accessions studied (Table l.a). 
Irrespective of the seasons, higher values of TF (above 
12 g kg"') were observed in estate selections, a group 
of accessions that has ancestral affinity towards Cambod 
type tea (C sinensis ssp. lasiocalyx) such as PK 2, DT 
1, N 2 and NAY 3. On the other hand, TF content of 
known low quality cultivars (TRI 2023, TRI 2016, TRI 
3072 and TRI 2043) indicated low values. Present study 
showed that the TF content in wet season ranges from 
6.44 to 18.89 g kg"' with a mean of 11.09 g kg"' whereas 
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205.35 ±3.5*^ 

221.46 ±1.1' ' 
176.29 ±7.7"' 

189,l9±1.3'-« 

180.83 ±1.5»-' 
215.14 ±1.0*^ 

170.33 ±3 .5* 
221.73 ± 0.6'' 

142v43±1.3'° 
196.38 ± 4.6f-« 

197.64 ±9*"* 

195.23 ± 5.7^« 
17.155 ± 1.7"' 

212,68 ±2.5'* 

171.56 ±0.5*'^ 

165.24 ±1.5'' ' 

18747 ±1,2*-' 

197.42 ±0.4*^' 

206.69 ±0.0'^ 

196,69 ±3.5^« 

203,16±4.:f* 
I74.«5±6.5*'' 

187.06 ±3,4*' 

CAT(gkg') 
Wet 

94.7 8 ±1,7°"' 

87,65 ±2,3° 

106,48 ±2.6* 
130.33 ±6.2'* 

101.76±3.6^ 

1.3163 ±1,3"' 

135,76 ±2,8'^ 

126.44 ±0.9* 
106,44 ±1.6* 

113.57 ±1,2»' 
U9.47±!.l'» 

142.78 ±2,3 ' 

114.76 ±1,3"" 

LB, 19 ±6,6''' 
11170 ±2.1« 

124.21 ±1.7"* 

93.11 ±1.2"° 
129 89 ±2,2"" 

90.12 ±0.9° 
87.90 ±7.-3° 

98.48 ±4.3"° 
131.09±1.7'* 

113.38 ±2,4*' 

107.87 ±0.7* 
90.41 ±0.1° 

130.»±2.8* 
127.11 ±6.2*' 

116.21 ± 5,0«'' 
i 11.73 ±8.4'"' 

130.65 ±1,3'* 

10158 ±3.5^' 
110,79 ±1.6'"' 

91.96 ±1.2"°° 
I41.g6±2.2"' 

91.24 ±1,0°'° 

dry 

102.50 ±7.8'° 
106.44 ±7.r° 

115.03 ±2.0'-° 

13419±3.2*f 

92,22 ±6.9^ 
133.08 ±!.6' ' ' 

124,55 ±0,7»-' 

12S.63±2.9*-' 
128.48 ±1.7*^ 

145.82±1,8'^ 

142.68 ±1,9"* 

173.89 ±5.0' 
12L46±6.2'-' 

141.63 ±2.4"* 

126.14 ±6.9''' 
122.87 ±1,4''-'' 

101,55 ±5.4° 
112.91 ±5.7>°° 

104,03 ±1.1" 

122.63 ±1,9*'-'' 
82.27 ±0,31 

130.95 ±1.2"*'' 

127.56 ±3.9** 
117.21 ±5.5>'° 
113.38 ±3.6*™ 

120.8S±3.5'-' 
12484 ±1.4W 

108,68 ±0.6°'°° 
137,31 ±1.4°'' 

145.34 ±5.2' 

109.57 ±3.9'°°° 

115,05 ±3,S^° 

11488±1.7-kn 
141.53 ±3.2"^ 

153.88 ±1,3'' 

AA(8k8'') 

wet 

16.12±0.3'* 

7.84±0.1P 

13.70 ±0.1*'" 

11.37 ±1,2*°' 

13.56 ±0.5*' 

9.98±0..3°° 

10.67 ±0.6°° 

18.20 ±0.2'' 

n . 27 ±1.7*" 

1488±0.4''« 
11.90±L5>" 

1O.78±0.5°" 
11,01 ±0.4'°° 

9.29±0.'0° 

11.37 ±0.9*" 
1248±0.'2'-' 

1450±0.#' ' 

11,81 ±0.8'='°' 

15.47 ±0,5'''' 
13.17 ±0.9''^ 

1.3.83 ± a s * ' . 
11.32±0.4*°' 

13.88±0,l«'" 

15.85±l.0def 
26.68±0.2' 

17.35 ±0.6''" 
10.80± LOT 

7.24±0,9P 
13.06±0.2''''' 

14 02 ±0.3* 

11.74±0.6^'°' 
10,74±0,2°" 

16.65 ±0,3"' 
11.23 ±0.3*°" 

11.72 ±0.3'"°' 

dry 

ll.O5±0,.3''" 
9,49±0.2°" 

!439±0.0''' ' 

12.36±0.1*'j 

12.43 ±0.6*'' 

1229 ±0,1'"' 

1452±0,1''' 
15.04± l.l '* 

15.4! ±0.8*^ 

10.57 ±0.2'"° 
11,03 ±0.3''" 

1200±0.9'"' 
12.03 ±0.1*"' 

126! ±0.1' ' ' 
1411 ±0.2'''' 

10.37 ±0.0'^'°" 

1466±0.0'* 

16.43 ±1,3'' 

16.02 ±0.5*^ 
9.97 ±0,1'°" 

19.96±0.4° 

1493 ±1.6'* 

10.49 ± 0 , 9 ' ^ 

1444±0.4''=' 
1484±0.2°'' 

14.20±0.5''=' 
13.82±0,?* 

11.85±0,6''-'' 
8.60± 1,4"' 

10.50 ±0.2'"°' 

9.12 ±0.0°° 

1467 ±0,6'* 

13,06±0.6* 
11,32±0,4'-' 

13.05 ±0.1*'' 

cr{gkg-'| 
wet 

49.33 ±0.5*^* 
35,71 ±0.8*' 

51,27 ± 1.7'*' 

47.87 ± 0.3^» 

.16.82 ±0,2"°' 

33.43 ± 1.3"° 

40,51 ±0.l''-* 

4a98±5.1"* 

3S.88±0.8''°' 

51.43 ± 3 . 7 " 
45.00 ±3.2'* 

41,26 ±0.2''-* 
4245 ±12'" ' 

.19.07 ± l . r ' 
39 59 ±0.4'-' 

47.41 ± 1,0*'' 

5478 ± l .e ' 
63.61 ±48° 

51.42 ±1.8'"' 
52,60 ±0.4''' 

.38.37 ±0.5*^ 
40.97 ±.3.2''-* 

43.73 ±0.6*'" 

47.80 ±0,2''« 
50.58 ± 1.8'" 

47.27 ±1,9** 
40.64 ±0,l''-' 

.37.39 ±1,8"°' 
47,41 ± 1,4'** 

48.58 ± 1.7"̂ ' 

49.19 ± 2 ! ^ ' 
51,63 ±3.4'" 

5204 ±0.6*^ 
47.08 ±2.3'* 

48.65 ±0.9^' 

dry 

44.95 i t s ' ™ 

49,'2l±0.8''' 

48.11 ±0.2''-' 

51.12 ±25 ' ' ' ' 

33.66 ±0.1' ' 

.34.03 ±7.7'' ' 

45,98 ±0.8*' 

47.39 ±1,7*' 

46.10 ±5,2*' 

49.02 ±2.1^' 

46.09 ±0.7" 

43.58 ±0.1'-° 

45,48 ±1.9*-" 
50,48 ±0.7''* 
45.34 ±25**' 

39.23 ±1.5"^ 

56.76 ±8.7* 
63.26 ±0.6 ' 

54.56 ±3.5''^ 
64.26 ±0,6 ' 

4648 ±0 .9" 
41.57 ±0,7'-° 

54.31 ±.3.8'"' 

49.45± L P ' 
52.36 ±6.0' ' ' 

55.04 ±1.4'" 
53.15 ±0.4'*' 

39.85 ±0.7'-* 

43.71 ±0,3'"° 

53,13 ±3.8'" 

35.57 ± 0.2'" 
5L72±20''» 

51.47 ±1,4'''' 
37.60 ±0.0*^ 

40,21 ±3,0*^ 
TPFt polyphenol content, CAT= Total catedhms content AA= Fiee amiao acid content, CFs Caffeine conteet 
Within a raw followed by the sanw. tetters are not significantly diffeient at p<0.05 according to Duncan's Multiple Ran^ Test 

in dry season it varies from 5.70 to 16.19 g kg"' with a 
mean of 11.36 g kg"'. However, there was no significant 
difference in TF values between wet and dry seasons. 

It was reported that TF content and its range in tea 
cultivars vary with the country in which those black teas 
were produced.' Favourable climatic conditions and the 
leaf standards (tea leaves exclusively consisting of two 
leaves and a bud) may be the reasons for presence of 
higher content of TFs, in the present study. It was gen­
erally recognized that the theaflavins play a prime role 
in determining the characteristic cup quality of black 
tea infiasion described by tea tasters as "brightness" and 
"briskness". Several studies conducted to evaluate the 
possibility of relating black tea quality to TF content in 
Sri Lanka,'^ Kenya'' and India^" confirmed that TFs and 

their fractions could be used as a black tea quality param­
eter. 

Thearubigins (TR) Content and TR/TF Ratio 

The TR content observed in the present study was in the 
range of 108.36-171.16 g kg"' with a mean of 141.11 g 
kg"' and 92.48-157.95 g kg"' with a mean of 121.54 g 
kg"' in wet and dry seasons respectively (Table 2). TR 
content of most of cultivars in dry season was lower than 
wet season. The TRs are a heterogeneous group of orange 
brown, weakly acidic pigments formed by enzymatic 
oxidative transformation of flavanols during the fermen­
tation process of black tea. TRs are responsible for much 
of the colour of tea infiisions and major constituent of 
black teas accounting for 70-80% of the total polyphe-
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nols.^ TR/TF ratio is another important factor in deter­
mining the quality of black tea. The TR/TF ratio should 
be 10-12 to get balanced liquor and taste.'^ According to 
the results, a large number of accessions processed in dry 
season recorded the ratio between 10 and 12 (Table l.a). 

Total Colour (TC) and Brightness (BT) 

The spectrophotometric determination of total colour 
of 35 black tea infiasions ranged beteen 3.68% and 
5.83% and 2.98% and 5.63% in wet and dry seasons, 
respectively. The spectrophotometric determina­
tion of brightness of 35 black tea infusions ranged 
between 13.40% and 35.87% and 13.30% and 
48.02% in wet and dry seasons, respectively (Table 
2). Usually, the value for TC of Ceylon orthodox 
black teas was 4.17% and BT was 23.1%.' In most 
studies, BT of tea has been associated with total TFs. 
Conversely, the relationship between TRs and TFs 
has been inversely related in many instances and TRs 
reduced black tea brightness and increased its total 

colour. TFs had a positive and major role in spectropho-
tometrically measured BT whilst TRs had a negative 
role." 

Total Polyphenols (TPP) Content 

The present study showed that the total polyphenol con­
tent in wet season ranges from 144.23 to 235.48 g kg"' 
with a mean of 177.65 g kg"' whereas in dry season from 
142.43 to 246.72 g kg"' with a mean of 192.02 g kg^'. 
Higher values of TPP were observed in known high qual­
ity black tea producing accessions with ancestral affinity 
to Cambod type, such as DT 1, N 2, H 1/58, PK 2, TC 9 
and S 106, whereas lower values were detected in known 
low quality accessions having Assam ancestry relations 
(ASM 4/10, TRI 2016, TRI 2024 and TRI 3072) in dry 
season. 

The polyphenolics in general have shown several 
biological activities such as antioxidant, antimutagenic 
and/or anticarcinogenic as well as free-radical scaveng­
ing ability.' 

Table l.c: 

Accessions 

ASM4/10 

CY9 

DN 
DTI 

DT5e 
DUN 7 

HV58 
INTHI6 

KEN 1»3 

N2 
NAY J 

PK2 
PLLG 2 

S-106 
TCIO 

TC9 
TM2016 

THiaaa 
TRI 2024 
TM2025 

TRI 2043 
TRI 2142 

TRI 3013 
TRI 3019 

TRI 3072 

TRI 3073 
TRI40S2 
TRI 4067 
TRI4Wi 

TRI 4078 
TRI 4079 

TRI8»5 
TRI 777 
MIMOR 

WT 26 

Mean ±Standard Deviations of tlie tasters' evaluat 
IFL 

Wet 

2.50 ±0.58 

5.00 ±0.82 
3.25 ±0.50 

5.94 ±0.35 
3.75 ±0.50 

5.75 ±0.50 

4.75 ±0.50 
3.75 ±0.96 

3.75 ±0.96 
4.25 ±0.50 

5.25 ±0.96 
6.25 ±0.50 

2.75 ±0.50 

5.25 ±0.50 
3.75 ±0.50 

5.25 ±0.96 
2.25 ±0.50 

3.50 ±0.58 
3.50 ±0.58 

2.75 ±0.50 

4.00 ±0.82 
4.50 ±0.58 
4.25 ±0.50 
2.50 ±0.58 

2.75 ±0.50 
3.50 ±0.58 

3.2.5 ±0,50 

4.25 ±0.50 
250 ±0.35 

3.75 ±0.50 
3.38 ±0.18 

2.25*0.50 
5.00 ±1,41 

5.75 ±0.50 
5.25 ±1.26 

1FL= infused leaf colour, LC= 

f/ra June 2013 

Dry 

3.25 ±050 

4.50 ±1.29 
3.25 ±050 

5.81 ±0,63 
4.25 ±050 

6.25 ±050 

4.50 ±0.58 

3.50 ±1.29 
275 ±0.96 
3.50 ±058 

5.00 ±0.82 
375 ±206 

3.50 ±058 

4.25 ±050 
4.00 ±082 

4.25 ±096 
3,00 ±0.82 

2,50 ±1,00 
275 ±096 

3.25 ±096 

375 ±050 
4.25 ±096 

4.25 ±0.96 
375 ±1.26 
475 ±0.50 
5.00 ±0.82 

3.25 ±096 

3.25 ±0.96 
3,50 ±0.58 

3.50 ±058 
375 ±096 
275 ±0.50 
47 5 ±050 

5.50 ±058 
475 ±096 

liquor colour. 

LC 

Wet 

200 ±082 

3.50±Q,58 
3.50±O58 

269±046 
3.75 ±050 

3.50±O58 

3.50 ±0,58 
2.50±a58 

3.50 ±058 
3.0O±O00 

3.00 ±082 
3.25 ±0.50 

2.50±O58 

3.50 ±058 
2.25 ±050 

3.50±OS8 
3.25 ±096 

3.50 ±058 
3.25 ±096 

2.50 ±1.29 
200 ±082 
3.00 ±082 

3.25 ±0.50 
2.75 ±050 

3.00 ±082 
3.25±G.5Q 

3.13 ±0.53 

2.75 ±050 
2S8±0.88 

3.00 ±082 
3.50 ±050 

275 ±0.96 
3.25 ±096 

2.25 ±050 
3.50±a58 

Dry 

3.00±0.00 

3.25 ±0.50 
3.25 ±050 

281 ±0.77 
3.00 ±082 

150±1.00 

3.00±0.82 
3.00±1.41 

3.25 ±096 
3.50±aSS 

175 ±096 
225 ±0.50 

250±a58 

200 ±082 
3.75 ±050 

3.25 ±050 
3.25 ±050 

275 ±1.26 
275 ±1.26 

3.25 ±096 

223 ±1.2^ 
3.75 ±050 

3.50±0.58 
3.25 ± 0 5 

200±0.82 
3.00±0.81 

225 ±0.50 

3.50 ±058 
3.25 ±050 
3.25 ±050 
3.25 ±096 
3.25 ±050 
225±a50 

3,25 ±0,96 
275 ±096 

led parameters in diffen 
STN 

Wet 

4.25 ±0,50 

3,50 ±058 
375±O50 

5,66 ±053 
3.23 ±050 

5.50±O58 

5.25±0,96 
475 ±1.71 

4.50 ±058 
4,25 ±050 

575±a50 
4.25 ±0.50 

575 ±096 
5.25 ±0.50 
375 ±050 

5.0O±1.41 
375±O50 

4,25 ±030 
5,25 ±050 

4,50 ±058 
5,00 ±082 
4.50 ±058 

4.50 ±058 
4.00 ±082 
3,25 ±050 
375 ±050 

375 ±0.71 

4.00 ±082 
4.25 ±050 

475 ±096 
375±O50 

4.50 ±058 
5.50 ±058 

5.25 ±050 
4.50 ±0.58 

STN= Strength; LQ= liquor quality; TQS= total 

Drj' 

4.50 ±038 

.3.50 ± 0 3 8 
4.00 ±000 

4.81 ±035 
300±0.00 

5.00± 1.4! 

4.75±0.50 
5.25± 1.26 

4.25 ±030 
4.25±1.26 

5.50 ± 0 3 8 
3.50±ft58 

4.75± 050 

5.00 ±082 
3.75±0.5O 

4,00 ±0,00 
3.75 ±096 

4.25 ±050 
4.25± 1.26 

4,75±030 

4,25± 1,89 
4,75 ±0.50 

4.75 ±096 
4.25 ±030 

4,75±1,71 
3. SO ±038 

4,50 ±1,29 
3.00 ±0,00 
4,00 ±000 

4.25±0,50 
4.75±a96 

4.25 ±0,30 
5,75±030 

4,7 5 ±030 
5,25±096 

quality score. 

mt tea accessions 
LQ 

Wet 

4,25 ± 1.71 

6.00 ±082 
7.50 ±058 

778 ± 0 5 3 
6.50 ±1.00 

8,00 ±082 

7,50 ±0.58 
7.00 ±082 

5.50 ±1.29 
7.00±1.41 

6.00 ±082 
7.50 ±1.73 
6.00 ±082 

775 ±0.50 
7.25 ±096 

9.00 ±082 
475 ±096 

5.25 ±1.26 
575±a50 

575 ±096 

6.50 ±1.29 
4.00 ±082 

7.00± 1.41 
4.25 ±096 

475 ±096 
67 5 ±0,50 

4,13±0.75 

4.00 ±082 
3.50 ±1.06 

675 ±096 
6.50 ±0.71 

3.50 ±1.73 
7.50±a58 

8.25 ±050 
7.75 ±1,26 

Dry 
6.50 ±1.73 

6.75 ±0.50 
7.00±1.I5 

7.50 ±1.37 
7,50 ±038 

7.25 ±1.50 

S.00±0.82 

7,50 ±1.29 
6.50 ±0,58 
7.25 ±0,50 

8.00 ±0,82 
6,00 ±3,56 

5,50 ±038 

8,23 ±0,96 
5,00 ±1,41 

6,00 ±0.82 
4,25 ±0.96 

5.25 ±0.96 
5,75 ±1,26 

7,25 ±0,50 

475 ±0,96 
6.50 ±038 

730±038 
6,75 ±0.50 

6.00 ±1.41 
530 ±1.73 

6.00 ±0.82 

7.00 ±0.82 
630 ±0.53 

5.75 ±1.26 
7.25 ±0.50 
4.50 ±038 
7.50 ±1.00 

7.00 ±082 
7.75 ±1.89 

TQS 

Wet 

13.00±245 

I8.00±1.41 
18.00±a82 

21.53±1.44 
n.25± 1.50 

227 5 ±206 

21.00±0.00 
18.00 ±2.45 

1725±1.71 
18.50±1.73 

20.00± 1.83 
21.25±222 

1700±1.15 

21.75± 1.50 
18.00± 1.41 

22,75±1.50 
14.00±216 

16.50±208 
17.75±l.50 

1350±1.00 

17S0±1.91 
16.00±a82 

I900±216 
13.50± 1,73 

1.375±0.50 
17.2S± 1.26 

!4.25±1.50 

1300±1.I5 
I3,13±230 

I8.25±1.26 
17,13±08S 

I300±2I6 
21.25±1,71 

21.50±l.O0 
21.00±216 

Dry 
17.25 ±2.06 

18.00± 1.41 
17.50 ±1.29 

21.31 ±2.01 
19.75 ±1.50 

21.00±2.16 

20.25 ±1.26 

19.25 ±1.89 
16.75 ±0.96 
18.50 ±2,08 

21,25 ±1,26 
1350±5,92 

16,25 ±0,96 

1950± 1,29 
16,50 ±2,38 

17,50±1,91 
14,25 ±1,50 

14,75 ±1,71 

1350±l,91 
1S,50± 1.29 
1300 ±2-58 
19.25 ±0.50 

20 00 ±0.00 
18.00±a82 

17.50±2.65 
n.00±3.56 

16.00±l.63 

16.75 ±1.50 
17.25 ±1.26 

16.75 ±2.06 
19.00±1.15 

14.75 ±1.26 
2025 ±1.71 

20 50 ±1.73 
20 50 ±2.65 

^ 
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Total Catechins Content (CAT) 

Mean values of catechins in wet and dry seasons were 
115.04 g kg"' and 124.26 g kg"', respectively. Interest­
ingly, the highest values of TPP (246.72 g kg"') and CAT 
(173.89 g kg"') were observed in PK 2 during dry season 
(Table Lb). Higher amount of CAT was detected in DT 
1, NAY 3, PK 2, WT 26, and TRI 4078 during dry sea­
son. These accessions'classified as Cambod types based 
on floral morphology, although leaf morphology depicts 
them as China type to a certain extent (unpublished data). 
Generally, it is considered that the China type with small 
leaves have low amount of catechins compared to Cam­
bod or Assam types.̂ ' Most of the accessions having 
high amount of catechins can be classified as Assam or 
Cambod hybrids rather than China tj^e (C. sinensis, ssp. 
sinensis) based on the information available (data unpub­
lished). Therefore, catechin content can be considered as 
a suitable and important biochemical marker for charac­
terization of tea germplasm. 

Moreover, it was found that the CAT of tea leaves 
increases with the time of exposure to sunlight;̂ '̂̂ ' It may 
be the reason for higher amount of CAT detected in most 
of the cultivars during dry season than wet season. Cat­
echins, together with their oxidation products (TFs and 
TRs) are responsible for most of the sensory character­
istics associated with black tea liquors.̂ '* Moreover, the 
proportions of catechins are important not only for tea 
quality, but also for the efficiency of cancer prevention.̂ ' 
Catechins present in tea being powerful antioxidants. 

may play an important role in the prevention of cancer 
by reducing damage.̂  Therefore, tea cultivars that pos­
ses high catechin levels or the processing condition that 
could enhance catechins levels would be worth exploring 
to enhance the health benefit potential of black tea. 

Total Amino Acid (AA) Content 

Total amino acid content ranged fi-om 7.24 to 26.68 g 
kg"' and 8.60 to 19.96 g kg"' in wet and dry seasons, 
respectively (Table 2). Mean values of AA in wet and 
dry seasons were 13.07 g kg"' and 12.90 g kg"'..Previ­
ous studies show that the AA content in black teas varies 
fi-om 9.31 to 15.58 g kg"' in Sri Lankan tea and 1811-50.4 
g kg"' in Chinese tea.̂ -̂ * These differences couldJ'be due 
to geographical locations. The content of AA is consid­
ered to be one of the parameters that enhance black tea 
quality.'' Among the amino acids, theanine (A'-ethylglu-
tamic acid) has been the centre of attraction for a long 
time as it occurs exclusively only in tea and accounts for 
50% of the fi-ee amino acids in black tea. 

Caffeine Content (CF) 

In the 3 5 black tea samples tested, caffeine content ranged 
fi-om 33.43 to 63.61 g kg"' and 33.66 to 64.26 g kg"' in 
wet and dry seasons, respectively (Table 2). In contrast, 
the level detected in Chinese accessions was in the range 
of 35.3-58.7 g kg"' that was comparable with the levels 
recorded in the present study.̂  The results of the present 
study showed that the mean values of CF in 35 black tea 

Table 2: Minimum and maximum valm^ mean, standard deviation (SD) and standard error 
(SE) of black tea qualitj- parameters 

Pai-ameters 

'TF(gkg-') 

TR(gkgi) 

TR:TF 

TC (%) 

BT (%) 

TPP (g kg-') 

CAT (g kg"') 

AA(gfcg-') 

CF(gkg-') 

Min 

444 

108.36 

8.27 

168 

13.40 

144.23 

87.65 

7.24 

33.43 

Wei 

Max 

18.89 

171.16 

22.31 

5.83 

35.87 

235.48 

142.78 

26.68 

63.61 

season 

Mean 

11.09 

141.11 

13.62 

469 

22.31 

177.65 

115.04 

13.07 

45.69 

SD 

3.2-5 

16.33 

3.58 

0.64 

5.39 

21.84 

17.25 

3.45 

6.48 

SE 

0.39 

1.95 

0.43 

0.08 

0.64 

2.61 

1.93 

0.41 

0.74 

Min 

5.70 

92.48 

7.40 

2.98 

13.30 

142.43 

82.27 

8.60 

33.66 

Dry s«ason 

Max 

16.19 

157.95 

22.46 

5.63 

48.02 

246.72 

173.89 

19.96 

64.26 

Mean 

11.36 

121.54 

11.29 

4.33 

'XaftJ^hib/ J 

i92m 

124.26 

12.90 

47.81 

SD 

2.82 

17.72 

3.09 

0.65 

6.43 

23.39 

18.52 

2.43 

7.33 

SE, 

0.34 • 

2.12 : 

0.37, 

0.08^ 

on I 
2.791 

. 2.081 

am 
0.84f 

TFrrthBaflavins; TR=(hearubigms: TC=totai liquor colour,,; BT=brightness of liquor, TPfepolyptenols; CATs t̂otal 
catechins AA=:aniino adds; CF=caifeine; 
SD=standard deviation; SE=standard error. 
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samples were 45.69 g kg'' and 47.81 g kg'' in dry and 
wet seasons, respectively. Earlier studies showed that CF 
content of black teas was affected by accessions, season, 
and stage of harvesting.^^ Among the accessions tested, 
most of the TRJ 2000 and TRI 3000 series accessions 
(TRI 2023, TRI 2024, TRI 2025, TRI 3019, TRI 3072 
and TRI 3073) which are having ancestral relationship 
with ASM 4/10 reported higher CF content (>50 g kg'') 
during dry season. Estate selections such as CY 9, DT 95, 
DUN 7, KEN 16/3, S 106 and TC 10 recorded low CF 
content (< 40 g kg'') during wet season. It is indicated 
that the screening of existing old seedling populations 
for caffeine content would be useful to find out low caf­
feine tea accessions. 

Caffeine is an important compound in tea brew. 
The interaction of caffeine with catechins, which is well 
known, could lead to changes in the sensory properties 
of tea.̂ * Due to pharmacological properties of CF which 
has a stimulating effect to the central nervous system, 
the demand for low-cafifeine tea is increasing greatly 
from 2% of total tea consumption in 1980 to 15% in the 
early 21st century, especially for aged people, pregnant 
women, and children.'^ The decaffeination process using 
artificial techniques not only reduced caffeine but also 
reduced theaflavins, thearubigins, colour and brightness 
which are some important and unique characteristics 
of black tea. This affects the consumer acceptance for 
decaffeinated black tea and can reduce its market value.^' 
Therefore, development of tea cultivars possessing low 
caffeine content through breeding and selection is more 
acceptable than making decaffeinated tea through artifi­
cial means. The lower caffeine containing cultivars could 
be used in engineering of caffeine free accession and this 
is being attempted to produce decaffeinated tea acces­
sions by natural means.'"'" 

The ranges of important biochemical constituents 
such as thearubigins, total pollyphenols, total catechins 
and caffeine are significantly different between wet and 
dry seasons (Fig. 1). Therefore, results of the present 
study confirm that there was a seasonal fluctuation of 
black tea biochemical constituents. 

Organoleptic Evaluation of Black Tea 

In organoleptic evaluation, parameters such as infused 
leaf colour (IFL), liquor colour (LC), liquor strength 
(STN), liquor quality (LQ) and total quality scores 
(TQS) were assessed by professional tea tasters (Table 
l.c). Higher values for total quality scores (TQS) were 
observed in most of the well-known high quality acces­
sions such as DT 1, TRI 777, WT 26, DUN 7 and S 106 
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Fig. 1: Variation of black tea biochemical compounds in 
wet and dry seasons. *Significant difference at P<0.05. 

whereas, lower values were detected in known low qual­
ity accessions having Assam ancestry relations (TRI 
2016, TRI 62/5 and TRI 2023), irrespective of the sea­
sonal effect. In addition, two introductions (VHMOR 
and INTRI6) also showed higher values for total quality 
scores (TQS), and those could be used in fiiture breeding 
programs to exploit the potential of quality character. 

Correlation Analysis 

Correlation analysis of biochemical parameters and 
tea tasters' evaluation, are presented in Table 3. There 
were significant positive correlations of TF with BT, 
TCT, LQ and TQS exhibiting strong negative correla­
tion (-0.89) with TR:TF. A strong positive correlation 
(0.75) was observed between TCT and BT. TPP has 
positive correlation with TCT. Thus, the positive corre­
lation among TF, TPP and TCT has a direct impact on 
black tea quality. Quality of black tea is correlated to 
theaflavins, total polyphenol and total catechins content 
in black tea.'*'̂ " Results obtained in the present study 
confirmed that theaflavins play a major role to determine 
black tea quality. 

There was a negative correlation of AA and CF with 
other quality parameters and the correlation was non­
significant. Amino acids play an important role in the 
development of tea aroma during the black tea manufac­
turing process.' Theanine is considered to be a unique 
amino acid in nature because its occurrence appears to be 
limited to the Camellia genus, mostly the tea-producing 
plants. Because of its contribution to favourable flavour 
and health benefits, theanine has great potential for utili­
zation as a food ingredient or as a dietary supplement.'^ 
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Table 3: Correlation coeffldents of biochemical and organoleptic parameters 
TF TR TR:Tr TC BT TPP TCT AA CF IFL LC STN LQ TQS 

TF 1,00 

TR 0.44 1.00 

TR;TF -0.89** -0.03 t.OO 

TC 0.60«* 0.J6* -0,48* 1,00 

BT 0,88** 0,17 -0.S7** 0.31 1.00 

TPP 0.31 -0.03 -0.37* 0,07 0,32 1.00 

TCT 0,64** -0.06 -0.73** 0.12 0.75** 0.53** 1,00 

AA -0.43* -0.29 0.40* -0.06 -0.46* -0.!4 -0.34* LOO 

CF -0.20 -0.23 0.09 -O.OOi -0.25 0.15 -0.16 0.39* 1.00 

IFL 0.59*' 0.41* -0.46* 0.41* 0.49* 0.31 0,50* -0.29 -0.47* 1.00 

LC 0,19 0.04 -0,32* 0,06 0,13 -0,08 0.03 -0,34* -0.08 -0.03 1.00 

STO 0.29 0.07 -0.26 0.36* 0,10 0,45* 0,25 -0.03 -0,04 0,44* -0.34* 1,00 

LQ 0,60** 0,25 -0.55** 0,44* 0.47* 0.34* 0,38* -0,25 -0.30 0.75** 0.12 0.50* 1,00 

TQS 0,63** 0.30 -0,57**0.48* 0.48* 0,40* 0.46* -0,31 -0.37* 0.89** 0.11 0,63** 0,94** 1,00 

*Sijnif!caiit atP^CO^ **sigTuficamatP<O,O01 
Biochemical paramters (IFz tteafkvins, TR= thearabigins, TC= total colbui; BT= brightness. TPP= total polyplieaiols, •ICT= total catectos, AA= total 
amino acids, CP= caffeine), 
Organolgitic parametere (IFL = tafttsed teif colour, LCb liquor colour, STTfc liquor strength, 1X3= liquor quality, TQS = Total qualit)' scors. 

Therefore, further investigation on individual amino acid 
content and flavour profile of accessions would be more 
meaningfiil than total amino acid content. 

A significant correlation between biochemical 
parameters (TF, TC, BR, TPP and TCT) and organoleptic 
parameters (IFL, LQ and TQS) was observed. There were 
strong positive correlations of IFL with STN (0.44), LQ 
(0.75) and TQS (0.89), respectively. Therefore, infiised 
leaf colour could be considered as a good organoleptic 
quality parameter. In addition, a strong positive corre­
lation (0.94) could be observed between LQ and TQS. 
Above correlations (such as biochemical constituents 
and organoleptic parameters) are in agreement with the 
results of previous studies to a greater extent. ̂ '̂ •' Further­
more, quality of tea accessions was frequently assessed 
by professional tea taster's by sensory evaluation and 
present resuUs revealed that it is worthwhile to incorpo­
rate biochemical parameters to derive more meaningfial 
conclusions about black tea quality. 

Average Linkage Cluster Analysis 

According to the results of the principal component and 
cluster analysis, four distinct groups segregated on the 
basis of biochemical parameters and tasters' evaluation 

(Fig. 2). First component of PC analysis accounted for 
43.0% variability while second component accounted for 
13.3% of the total variability. 

Out of the 35 accessions, 9 accessions grouped in 
cluster 1 and six of them (DT 1, DUN 7, S 106, NAY 3, 
H 1/58 and WT 26) are estate selections having medium-
size leaves and rest of the three accessions (VHMOR, 
INTRI 6 and TRI 777) are introductions. Interestingly, 
all these estate selections and TRI 777 proved as of high 
tea quality.33 jjjgj^ amounts of TF, TCT and BT were 
detected in VHMOR and INTRI 6, proving that those 
accessions possess high quality character. 

Cluster 2 consists of a mixture of estate selections 
and the cultivars developed by the TRISL and represent­
ed with high quality accessions such as PK 2, N 2, TC 9 
and TRI 4079 and moderate quality accessions such as 
TRI 2142 and TRI 4078. Furthermore, TRI 4078 and TRI 
4079 evolved fi-om self pollination of N 2 which is also 
grouped in the same cluster. Cluster 3 comprised mix­
ture of estate selections and TRI developed cultivars and 
represents moderate or low quality accessions. Though 
they do not fall into the category of proven quality, most 
of the accessions (TRI 2025, TRI 3013, TRI 4052, TRI 
4071, CY 9, DN and KEN 16/3) are high yielding having 
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Fig. 2: Principal component analysis bi-plot derived from biochemical and organolaptic data. 

predominant Assam type characters. 
Nine accessions grouped in cluster four and seven 

accessions in this cluster (ASM 4/10, TRI 2023, TRI 
2024, TRI 62/5, TRI 3019, TRI 3072, and TRI 2016) 
evolved from open pollinated seeds of ASM 4/10 or have 
indirect relationship with ASM 4/10. PLLG 2 was select­
ed from existing old seedling at the Poonagala Estate 
and it showed the lowest amount of TF in both seasons. 
TRI 2043 showed unique morphological characteristics 
such as dark purple pigmentation in young shoots as well 
as young leaf with dense pubescence. Interestingly, all 
accessions in this group were confirmed as of low qual­
ity. 

Utilization of Biochemical Compounds 

The cultivated tea populatins comprise C. sinensis 
(L.) O. Kuntze, C. assamica (Masters) Wight and the 
intermediate, C. assamica ssp. lasiocalyx (Planchon ex 
Watt) Wight {i.e. China, Assam and Cambod varieties 
respectively).^'' These classifications are mostly based on 
leaf and floral morphology and tree architecture rather 
than biochemical variations. Recently, however, bio­
chemical compoimds in green leaf have also been used to 
characterize tea germplasm." Present study revealed that 
processed black tea biochemical variation is important 

parameter to classify tea varieties in addition to using 
morphological attributes. 

Based on the records available, less than 6% of total 
accessions preserved in Sri Lankan tea germplasm have 
been utilized in tea breeding program till 1998 and it 
has increased up to 13.6% by the end of 2009.̂ ^ Lack 
of information on genetic variation, mainly biochemical 
and molecular diversity, of existing collection could be 
one of the reasons for under-utilization of the existing 
germplasm in tea breeding. 

Significant variations of selected black tea biochemi­
cal compounds detected in the present study indicate the 
presence of adequate genetic diversity of tea germplasm 
in Sri Lanka and substantiate its potential utilization in 
future tea crop improvement programmes more objec­
tively. Furthermore, quantification of other groups of 
biochemical compounds such as carbohydrates, lipids, 
amino acids and alkaloids is vital to discover their con­
tribution to black tea quality as well as to elicit health 
benefits present in tea. 

Conclusion 
The significant variations of selected black tea biochemi­
cal compounds detected in the present study indicate 
the high biochemical diversity of tea germplasm in Sri 
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Lanka. This provides a useful guideline on use of black 
tea biochemical compounds such as theaflavins, thearu-
bigins, total polyphenols, total catechins and caffeine in 
characterizing the Sri Lankan tea germplasm. Use of bio­
chemical parameters to supplement the quality of made 
tea determined by professional tea taster's using organ­
oleptic evaluation is proposed from the results of this 
study to derive more meaningful conclusions about black 
tea quality. In addition, the study confirmed the seasonal 
fluctuation of biochemical compounds in tea accessions. 
Findings of the study also elucidate the possibility of 
using biochemical compounds to categorize accessions 
into the three main tea taxa, Assam, Cambod and China, 
to a greater extent. 

Information generated on biochemical profiles of tea 
accessions would also help the tea breeder to identify 
parents for future breeding programme supported with 
more meaningful descriptors that would enhance the 
rationale for breeding new cultivars with diverse traits 
to cater to ever-changing demand of the consumer in the 
future. 
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