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Abstract

The concentrations of catechins in a Kenyan tea germplasm collection of 102 accessions were determined by
HPLC. Total green leaf catechin concentrations and the ratio of dihydroxylated to trihydroxylated catechins were
used to establish genetic differentiation in the germplasm. Upon multivariate analysis, accumulation of the various
catechins separated the tea clones into 3 major and 5 minor groups according to their phylogenetic origins. The
Cambod teas had the highest ratio (7:10) followed by China teas (3:5) while Assam teas had the lowest ratio (1:4).
This biochemical differentiation indicates that there is potential for broadening the genetic base of the mainly
Assam teas in Kenya (90%) with the putative China and Cambod teas.

Introduction ture sustainability of the tea industry, there is need to
rationalize the collections and especially the one at the
Tea is one of the most widely consumed soft bever- Tea Research Foundation of Kenya which is one of
ages in the world. The main classes of cultivated tea the few held anywhere in the world to ascertain the
consist ofC. sinensigL.) O. Kuntze andC. assamica  prevailing diversity. Previous studies using RAPD and
(Masters) Wight with the intermediat€. assamica  AFLP markers on representative samples from Kenya
ssplasiocalyx(Planchon ex Watt) Wight (i.e. China, and India (which is believed to be the primary centre
Assam and Cambod varieties respectively) (Banerjee, of dispersal) show that Kenyan tea has close similarity
1992). However, tea is highly heterogenous and all with the Indian germplasm (Wachira et al., 1995; Paul
the above taxa freely interbreed, resulting in a cline etal., 1997). However, deliberate selection for diverse
extending from extreme China types to those of As- clones with high quality has been lacking.
sam origin (Wight, 1959). Hybridization has been so The selection for high quality tea requires precise
extreme that it is often debated if archetyfal sin- information on the diversity available and also a care-
ensis C. assamicar C. assamicssplasiocalyxstill ful study of the biochemicals which contribute towards
exist (Visser, 1969). Cultivated tea is largely based the quality. The important biochemicals in determin-
on high yielding clones from vegetatively propagated ing tea quality include the green leaf tea catechins,
materials. This widespread cultivation of clonal tea their oxidation products and caffeine. The major cat-
can diminish genetic diversity if care is not taken to echins in green leaf consist of-] epicatechin (EC),
use clones of disparate origin. A few genebanks for (—) epigallocatechin (EGC)) epigallocatechin gal-
tea germplasm conservation have been established]ate (EGCG) and epicatechin gallate (ECG). The ox-
though most have not been rationalized and were notidation products of these catechins, the theaflavins
based on optimized collection strategies. Since the and thearubigins are responsible for most of the plain
conservation of germplasm resources is critical for fu- black tea quality attributes (Robertson & Smith, 1963;
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Takino et al., 1964; Brown et al., 1966; Robertson,
1992).

Total catechin content could be used to indicate the
quality potential of tea, with high content being re-
lated to high quality (Obanda & Owuor, 1997). Other

lected three times over a period of eight months from
randomly selected plants in 102 clonal plots from the
Kenyan ex-situ germplasm collection. The collection
was established during 1983-1997 at the TRFK station
at an altitude of 2180 m.a.m.s.l. The collection cur-

studies have also shown that tannins content, which is rently holds 102 accessions (Table 1), some of which
a measure of total catechins content, can be used inare semi-wild. Each accession is represented by a plot

the determination of genetic diversity in tea (Takeda,
1994). However, these methods are not fully reli-
able as they do not take into account the individual
catechins present. The individual proportions of the
catechins could be important in the determination of
tea quality and genetic diversity (Owuor & McDow-
ell, 1994). There is need therefore to study the relative
expression of the individual tea catechins.

The formation of dihydroquercetin and di-
hydromyricetin, which are the precursors of di-
hydroxylated catechins (EC & ECG) and tri-
hydroxylated catechins (EGC & EGCG), respectively,
is under genetic control (Gerats & Martin, 1992). In-
deed, the dihydroxylated and trihydroxylated catech-
ins arise from different branches of an initial common
pathway depending on the proportionate activity of the
flavonoid 3 hydroxylase to flavonoid'8" hydroxylase
(Scheme 1; Gerats & Martin, 1992).

In grapes\itis vinifera), in nearly all the varieties
the ratio between the quantities of the dihydroxylated
and trinydroxylated anthocyanin is of the order 1:4,
and in muscats it is about 1:2, this is a constant
pigment character which is independent of growing
conditions (Harbone, 1967). IRetunia hybrida(L.),
different anthocyanins give rise to different colours ac-
cording to the degree of hydroxylation of the B-ring;
flower colour shifts from orange to red to purple/blue
when the anthocyanin present is pelargonidin, cyan-
idin or delphinidin, respectively. Since the pathway
leading to the formation of tea catechins is similar to
that in anthocyanin formation iR. hybrida(L.) andV.
vinifera (L.), the dihydroxylated and trihydroxylated
catechin ratios could be used to study genetic vari-
ation in tea with the aim to elucidate questions of
diversity. We report here for the first time the utilisa-
tion of dihydroxylated: trihydroxylated catechin ratios
and total catechins in the determination of the genetic
differentiation of the Kenyan tea germplasm.

Materials and methods

Sample collection

Fresh plant material (two leaves and a bud) were col-

of 100 plants. The characters assessed were the accu-
mulation of the major tea catechins: EC, ECG, EGC
and EGCG.

Catechin analysis on HPLC

The catechins were extracted and analyzed on HPLC
(Cecil, Model 1000 series) according to the method of
Obanda & Owour (1997) under the following running
conditions:
Column: Capwell Pack C18UG 120 5-5
Solvent B: 0.1% phosphoric acid in acetonitrile
Solvent C: 0.1% phosphoric acid in water
Flow rate: 1.0 ml/min; Injection vol. 20 ml,
column temperature 40C; Detection 270 nm.
The results were recorded and analyzed using a JCL
600 data system and the individual catechin concen-
trations calculated using the following formula:
Y=[(aX+K). Extraction volxdil. volume]/Dry
Matter (DM)
where:
Y is the catechin concentration, a is the gradient,
X is the peak area and K is the constant for each
catechin.
The concentrations of EGC, EGCG, EC and ECG
were determined in three replicates for all the clones.

Data analysis

Data was analysed by the GENSTAT version 5 com-
puter software program based on Principal Compon-
ent Analysis (PCA) and hierarchical cluster analysis
(Genstat 5 committee, 1989).

Results

The order of elution of the catechins from the HPLC
column was as follows: EGC, EC, EGCG and ECG.
Principal Component Analysis based on the factorial
co-ordinates on the first two axes produced a hier-
archical ascendant classification which partitioned the
clones into several groups. The first principal com-
ponent, which is the weighted average of the vari-
ous catechin concentrations and the dihydroxylated



109

4 - coumaroyi~coA

3 - malonyl~coA

dihydrokaempferol

(EGC) .
. . . gallic acid
(egg)atecmn gallic acid / m

epigailocatechingaliate
(EGCG) &

Scheme 1Biosynthesis of catechins; modified from Gerats and Martin (1992).
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to trihnydroxylated catechin ratios, accounted for 45% markers respectively tightly clustered the two Brooke
of the total variability of which the ratios were the bond clones BBKL21 and BBLK 35, and the Cam-
most important contributor with a vector loading of bod clones 301/1, 301/3, 301/4 and 301/5. A further
0.55. The second principal component, which ac- corroboration of our results with AFLP markers is
counted for 32% of the total variability, constrasted the classification of clones 7/9, 56/89 and TN14/3
dihydroxylated catechins and the total catechins con- under the the Assam group, although morphological
tents with the weighted average. The PCA allowed markers depict them as China type (Table 1). Another
identification of 3 main groups and 5 sub-groups interesting observation of the resolving power of the
(Figure 1). catechin profiles compared to morphological mark-
The identification of the groups was achieved by ers is the classification of clone 303/577 which is an
ascertaining the location of the putative Cambod, As- offspring of clone 6/8, a putative Assam clone. The
sam and China clones, the sub-groups were identified catechin profiles place it under the Assam group as
by judging whether there was sub-clustering within expected but morphological markers place it under the
the main groups. Group 1, which represents 90% China group (Table 1). Our results also conform with
of the clones, comprises Assam tea. This group had those of Wachira et al. (1997) where RAPD mark-
3 subgroups; subgroup (1a) which was an interface ers also tightly clustered the two brick-red pigmented
between Assam and Cambod tea had a catechin ratioclones K/purple and 91/1. However, a Cambod clone
of 1:2; subgroup (1b) with the catechin ratio of 1:4 301/2 clustered with the Assam tea sub-group which
and the highest total catechins comprised the poly- has a catechin ratio of 1:2. This differed with the res-
ploid teas, while subgroup (1c) which comprised the ults of Paul et al. (1997) where clone 301/2 clustered
typical Assam tea had a catechin ratio of 1:4. Group 2 with clone 301/3 in the Cambod group, implying that
comprised the Cambod clones and it had a catechinmost of the Assam teas which clustered with 301/2
ratio of 7:10. Group 3 which comprised China tea may actually be hybrids of the Cambod and Assam
had 2 subgroups: subgroup (3a) with a ratio of 1:2 teas. Catechin ratio hierarchical ascendance classific-
represented the wild species@amellig cultivars K. ation showed that even if this clone is classified under
purple and 91/1Gamellia irrawadiensid.K. Barua), Assam sub-group 1(a), it is also quite similar to the
and mate teallex paraguariensisst. Hil.); subgroup other putative Cambod clones (Table 3). Hybridization
(3b) with the ratio of 2:3 and the lowest total cat- between different tea taxa is a very common phe-
echins comprised clones Ejulu and 90/1. Summary nomenon which sometimes makes it difficult to assign
statistics of the various groups as defined by the PCA a clone to a particular varietal taxa (Visser, 1969). Tea
showed that the catechin ratios had the highest resolv-clones selected from the same sites clustered together:
ing power compared to the other variables, allowing e.g. KAG 4, KAG 27 and KAG 28 from Kagochi Farm
clear identification between the three major groups of in the East of the great Rift Valley; the African High-
tea. Both the total catechin and the trihydroxylated land Produce clones: PMC45, PMC46 and PMC61,
catechin concentrations only allowed identification of and the Brooke Bond clones BBLK21 and BBLK 35.
China tea from the other groups of tea whereas the The results presented here using catechins accumula-
dihydroxylated catechins did not give any clear group tion differentials of the tea clones can form a basis
identity (Table 2). for further elucidation of the biochemical structure
of C. sinensis especially studies on the enzymes in-
volved in the biosynthesis of the catechins and other
Discussion important metabolites. The highest proportion (90%)
of clones grown in Kenya are of Assam origin. All
A clear structure was observed withi@. sinensis  the other groups combined comprise about 10% of
through the identification of 3 major groups: the As- the total number of clonal tea cultivated in Kenya.
sam, Cambod and China teas. China teas have low!nterestingly, group 3 includes clone Ejulu which has
total catechins compared to Assam teas (Table 2). superior tea quality characteristics. The total catechin
These results generally conform with those of Takeda concentration in this group was the lowest but the ratio
(1994) where the China teas had low tannins con- Of the dihydroxylated:trihydroxylated catechins was
tent compared to Assam teas. Specifically, our results quite high, (2:3). The clones in group 2 with a high
also conform with those of Paul et al. (1997) and ratio (7:10) have also been reported to have good tea
Wachira et al. (1995) where the AFLP and RAPD quality, comparable to the standard high quality clone



Table 1. Tea genotypes and their origins

111

Clone Source of material Varietytype  Grpin PCA  Clone Source of material Variety type ~ Grp in PCA
1.12/12 TRFK, Kericho, Kenya Assam 1c 52.7/14 TRFK, Kericho, Kenya ~ Assam 1c
2. H81/22 EAPA, Nandi, Kenya China 1c 53. BB207 BB, Kericho, Kenya China 1c
3.12/19 TRFK, Kericho Kenya Assam 1c 54.303/216 Rwebitaba, Uganda Assam 1c
4. 38/3 GW, Kericho, Kenya Assam 1c 55. 303/259 Rwebitaba, Uganda Assam 1c
5.S8/38 AHP, Kericho, Kenya Assam 2 56. 54/40 TRFK, Kericho, Kenya  Assam 1c
6. D99/10 EAPA, Nandi, Kenya Assam 1c 57.12/28 TRFK, Kericho, Kenya ~ Assam 1c
7.719 TRFK, Kericho, Kenya China 1c 58.303/178 Rwebitaba, Uganda Assam 1c
8.TN14/3 EAPA, Nandi, Kenya China 1c 59. Ejulu GW, Kericho, Kenya China (3b)
9.C12 EAPA, Nandi, Kenya China 1c 60. F5/222 AHP, Kericho, Kenya Assam 1c

10. 182/40 EAPA, Nandi, Kenya Assam 1c 803/577 Rwebitaba, Uganda China 1c

11.31/8 TRFK, Kericho, Kenya Assam 1b 62.12/2 TRFK, Kericho, Kenya  Assam 1c

12.6/8 TRFK, Kericho, Kenya Assam 1c 63.91/1 Toklai, India China 3a

13. S15/10 AHP, Kericho, Kenya Assam 1c 64.301/6 Re-Union Cambod 2

14. 89/5 Siret, Nandi, Kenya Assam 1c 65.301/4 Re-Union Cambod 2

15.7/3 TRFK, Kericho, Kenya Assam 1c 66. 301/5 Re-Union Cambod 2

16.Changoi GW, Kericho, Kenya China 1c 67.90/1 Toklai, India China 3b

17.108/82 Rwebitaba, Uganda China 1b 68. Mate France China 3a

18. 100/5 Rwebitaba, Uganda Assam 1c 69. 301/1 Re-Union Cambod 2

19.11/26 TRFK, , Kericho, Kenya Assam 1c B01/2 Re-Union Cambod la

20.11/52 TRFK, , Kericho, Kenya Assam 1c 71.5/3 Sotik, Kenya Assam 1c

21.PMC 2 AHP, Kericho, Kenya Assam 1c 72.301/3 Re-Union Cambod 2

22.11/4 TRFK, Kericho, Kenya Assam 1c 73.57/15 TRFK, Kericho, Kenya  Assam 1c

23.89/2 Siret, Nandi, Kenya Assam 1c 74.31/27 Ambangulu, Tanzania Assam 1c

24.B8 KTDA, Kerinyaga, Kenya  Assam 1c 75. 2xil4 TRFK, Kericho, Kenya  Assam 1c

25. PMC61 AHP, Kericho, Kenya Assam 1c 76. G28U864 AHP, Kericho, Kenya Assam 1c

26. PMC46 AHP, Kericho, Kenya Assam 1c 77.303/999 Rwebitaba, Uganda Assam 1c

27. KAG27 KTDA, Kerinyaga, Kenya  Assam 1c 78.303/231 Rwebitaba, Uganda Assam 1c

28. KAG4 KTDA, Kerinyaga, Kenya  Assam 1c 79.31/29 Ambangulu, Tanzania Assam 1c

29.89/1 Siret, Nandi, Kenya Assam 1c 80. 31/30 Ambangulu, Tanzania Assam 1c

30. 89/3 Siret, Nandi, Kenya Assam 1c 81.247/26 TRFK, Kericho, Kenya  Assam 1c

31.B1 KTDA, Kerinyaga, Kenya  Assam 1c 82.311/287 Rwebitaba, Uganda Assam 1b

32.51/99 AHP, Kericho, Kenya Assam 1c 83. 55/56 TRFK, Kericho, Kenya  Assam 1c

33.38/8 GW, Kericho, Kenya Assam 1c 84.303/1199 Rwebitaba, Uganda Assam 1c

34.BB2 BB, Kericho, Kenya Assam 1c 85. 31/37 Ambangulu, Tanzania Assam 1c

35. M/1/1/10 KTDA, Meru, Kenya Assam 1c 86.55/55 TRFK, Kericho, Kenya  Assam 1c

36. S7/268 AHP, Kericho, Kenya Assam 1c 87.347/314 TRFK, Kericho, Kenya  Assam 1b

37. MN11/96 AHP, Kericho, Kenya Assam la 88.371/1 AHP, Kericho, Kenya Assam 1b

38. B5/63 AHP, Kericho, Kenya Assam 1c 89.337/138 TRFK, Kericho, Kenya  Assam 1c

39. F7/346 AHP, Kericho, Kenya Assam 1c 90. 303/179 AHP, Kericho, Kenya Assam 1c

40. M2/10 AHP, Kericho, Kenya China 1c 91. 347/573 TRFK, Kericho, Kenya  Assam 1c

41. M3 Sotik, Kericho, Kenya Assam 1c 92. 31/28 Ambangulu, Tanzania Assam 1c

42.BB21 BB, Kericho, Kenya Assam 1c 93. 338/13 TRFK, Kericho, Kenya  Assam 1c

43. BBLK/5 BB, Kericho, Kenya Assam 1c 94, 31/11 Ambangulu, Tanzania Assam 1c

44. SFS150 TRFCA, Malawi Assam 1c 95. 303/35 Rwebitaba, Uganda Assam 1c

45, 38/1 GW, Kericho, Kenya Assam 1c 96. 347/336 TRFK, Kericho, Kenya  Assam 1c

46. K.Purp Molo, Nakuru, Kenya China 3a 97.337/3 TRFK, Kericho, Kenya  Assam 1b

47. BB35 BB, Kericho, Kenya Assam la 98. 303/152 Rwebitaba, Uganda Assam 1c

48. 56/89 TRFK, Kericho, Kenya China 1c 99. 89/4 Siret, Nandi, Kenya Assam 1c

49. BB152 BB, Kericho, Kenya Assam 1c 100. BB7 BB, Kericho, Kenya Assam 1c
50. M1 Sotik, Kericho, Kenya Assam 1c 101. 378/1 BB, Kericho, Kenya Assam 1b
51. KAGS8 KTDA, Kerinyaga, Kenya  Assam 1c 102. PMC45 AHP, Kericho, Kenya Assam 2

Acronyms for source of material: AHP—African Highland Produce, BB—Brooke Bond, EAPA—East African Produce African LTD, GW-
George Williamson, KTDA-Kenya Tea Development Authority, TRFCA-Tea Research Foudation of Central Africa, TRFK-Tea Research
Foundation of Kenya. Highlighted rows show cases where morphological features and catechin profiles give incongruent classifications.
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Figure 1. Principal component analysis of Kenyan tea clones based on total catechins and catechin ratios.
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Table 2. Summary statistics for four measures of catechins in 102 clon€s sinensifrom Kenya. Groups as
defined in the PCA plot

Variable Group as defined No. of genotypes Mean total catechins Standard error Min. Max.
in PCA plot nMol/ng DM

1.Total catechin ~ (1a) 14 6.60 1.52 5.75 8.11
(1b) 7 8.90 1.65 8.33 9.38
(1c) 69 6.90 1.46 5.15 8.78
2 7 6.90 2.06 6.29 8.49
3(a) 4.86 1.47 4.06 5.43
3(b) 2 3.91 1.12 3.23 4.59

2. Catechin ratios 1(a) 14 0.40 0.08 0.32 0.49
(1b) 7 0.24 0.05 0.20 0.30
(1c) 69 0.24 0.06 0.17 0.34
2 7 0.73 0.36 0.48 1.25
3() 3 0.47 0.29 0.37 0.63
3(b) 2 0.70 0.26 0.52 0.89

3. EGC+EGCG (1a) 14 4.72 0.72 3.94 585
(1b) 7 7.22 1.06 6.41 7.67
(1c) 69 5.60 0.77 3.96 7.23
2 7 4.85 0.73 2.79 5.50
3(a) 3 3.28 0.58 3.07 341
3(b) 2 2.27 0.38 211 250

4, EC+ECG (1a) 14 1.85 0.26 1.37 243
(1b) 7 1.73 0.34 154 1.93
(1c) 69 1.35 0.27 0.83 1.74
2 7 2.88 0.46 2.30 3.50
3(a) 3 1.58 1.10 1.38 2.10
3(b) 2 1.64 0.78 1.12 2.16

Table 3. Dissimilarity coefficient matrix of some selected clones based on the catechin ratio

Clone 301/1 301/2 301/3 301/4 301/5 301/6 12/12PMC6X PMC46° 89/1*
301/2 0.006 0.000 0.292 0.226 0.000 0.596 0.027 0.005 0.003 0.001

Assam clones which clustered with clone 301/2.

6/8. Therefore, a high dihydroxylated:trihydroxylated groups, respectively. These results clearly illustrate
catechin ratio could be used along with other charac- that this technique of identification is more discrim-
teristics like caffeine content as a marker for superior inative compared to the use of the total catechins.
quality in the tea breeding programmes. The utilization of the catechin ratios in the determin-
These results showed that differences in the cat- ation of genetic diversity could prove to be a novel
echin ratios can unequivocably identify clones as and handy technique in the future in establishing af-
belonging to different origins, even if the clones finities of hybrids to the major taxonomic categories
have similar catechin contents. For instance, clones and identification of genotypes for future utilization
303/178 and 301/6 have similar amounts of catech- in tea breeding programs. The main advantage of this
ins, but their catechin ratios gave a distinct difference method of diversity detection is that it is robust, cheap
which aligned them with the Assam and Cambod and has high throughput. Another advantage with this
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technique is that, should it be developed as one of  black teas. J. Sci. Food Agric. 74: 209-215.
the markers of tea quality, it can be used to monitor ©wuor, P.O. & 1.J. McDowell, 1994. Changes in the theaflavin

. . . . composition and astringency during black tea fermentation. Food
the type of tea coming from the production line. This Chem. 51: 251254,

technique would be a useful complement to new mMo- Genstat 5 committee, 1989. Principal component analysis and
lecular biology techniques like Restriction Fragment  hierarchical ascendance classification. In: Genstat Reference
Polymorphism (RFLP), Amplified Fragment Length ~_ Manual, pp. 471-508. Clarendon Press, Oxford.

. - Gerats, A.M. & C. Martin, 1992. Flavanoid SynthesidPetunia hy-
Polymprphlsm (AFLP) and Random Amphﬂed Poly- brida; Genetics and Molecular Biology of flower colour. In: H.A.
morphic DNA (RAPD) where these are difficult to Stafford & R.K. Ibrahim (Eds) Phenolic Metabolism in Plants,

adopt because of the high cost of appropriate equip-  pp. 167-175. Plenum Press, New York, NY.
ments and consumables and lack of enough qualified Paul. S., F.N. Wachira & R. Waugh, 1997. Diversity and genetic
differentiation among populations of Indian and Kenyan tea
personnel. (Camellia sinensigL.) O. Kuntze) revealed by AFLP markers.
Theor. Appl. Genet. 94: 255-263.
Robertson, A., 1992. The Chemistry and Biochemistry of Black Tea
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