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Summary

In the first part of this project, the distribution of caffeine and associated purine
alkaloids in tea seedlings (C. sinensis cv. Iranian tea No. 100, and C. sinensis cv.
Darjeeling tea) were investigated. Analysis was carried out by high performance liquid
chromatography. The major purine alkaloid in tea seedling is caffeine. More than 90%
of the caffeine was detected in the leaves. The highest amounts of caffeine were found
in apical bud of Iranian and Darjeeling tea both of which contained ca. 38 mg caffeine
per gram fresh weight. The lowest levels of caffeine were found in roots and cotyledons.
Theobromine, a precursor of caffeine biosynthesis, was found in leaves, but in amounts
far lower than those of caffeine. Trace amounts of paraxanthine were detected

occasionally in leaves of Iranian tea.

The second part of this project investigated the biosynthesis of caffeine in tea
lcaves using "C-labelled adenine and guanine. Both substrates were converted to
caffeine but adenine was a more effective precursor than guanine. Time-coursc and
pulse-chase studies showed a transient incorporation of label inio theobromine, the
immediate precursor of caffeine, prior to a more substantial tise in ['*C)caffeine.
Biosynthesis of caffeine occurred more cxtensively in young leaves, declining
substantially in mature and aged leaves. Although the exact pathway was not elucidated
in this study, the available data supports the operation of an AMP —» IMP — xanthosine
—» —> —> theobromine —» caffeine pathway. [8-'*C]|Caffeine was degraded only slowly
to "“CO,, via the purine catabolism pathway, which explains the accumuiation of
endogenous caffeine in tea leaves. Caffeine catabolism was, however, more extensive in

leaves incubated in light than in darkness.

In the third section of this project, the effeets of the phiytohormones, abscisic
acid, indole-3-acetic acid, gibberellic acid and zeatin, on the metabolism of [8-
“"Cladenine and caffeine by the first leaves of Iranian and Darjeeling tea in light and
darkness, were investigated. Overall the phytohormones had little effect on the
conversion of adenine to caffeine. However, incubations with [8-""Clcaffeine showed
that in darkness the phytohormones, most notably abscisic acid and indole-3-acetic acid,
increased the rate of catabolism of caffeine after 12 h. In light the effect was less
marked with caffeine degradation being enhanced by zeatin, and to a lesser degree

abscisic acid and gibberellic acid, but only after in incubation period of 24 h.
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1.1. Taxonomy and economic importance of tea

Tea, Camellia sinensis (L.) O. Kuntze belongs to the Thea section of the Camellia genus
in Theaceae. The tea plant is a tree, 9 -15 m in height undcr natural conditions and about
1.5 m when cultivated. The cultivated varieties are divided into two main groups bascd
on foliar and growth characteristics. Chinese teas, Camellia sinensis var. sinensis, are
slow growing, dwarf trees, with small, narrow, dark green leaves. They are resistant to
cold weather. Assam teas, C. sinensis var. assamica, are taller quick-growing trees with
large leaves that are also resistant to low temperature. It is a diploid containing 30
chromosomes (Kato, 1989; Takeo, 1992). Tea is of special interest from a commercial
view point because of its nse as a beverage while to the biochemmist it is of interest

because it is one of ca.100 species that contain purine alkaloids (Fig. 1.1).

According to Sealy (1958) the genus Cumellia, which includes 82 species, is
classified into 12 subgeneric scctions. Thea is one of these sections and includes five
species, three of which, namely C. sinensis (tea), C. irrawadiensis and C. taliensis,
contain purine alkaloids (Nagata, 1991). Tca is the most important of all Camellia spp.
because of its widespread use as a beverage. Taxonomy plays a major role in the
identification of truc tcas among the Camellia spp. listed for commercial exploitation

{Banerjee, 1992).

Caffeine (1,3,7-trimethyixanthine) (Fig. 1.1, I) is the major purine alkaloid in C.
sinensis. Tea was the first plant to De used to produce a caffeine containing beverage
(Eden, 1976) and today it is one of the most important agricultural products in the
international market and many countries are involved in its production, trade, and

consumption. The most common type is black (fermented) tea. In China and Japan
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green {non-fermented) and Oolong (semi-termented) tea are consumed, while in most
other countries black tea is preferred. The major tea producing countries are lndia,

China, Japan, Sr1 Lanka, Indonesia and Central Africa (Kato, 1989; Finger et al., 1992).

Generally, green tea is produced from var. sincnsis, whilc black tea is made from
var. assamica. The variely assamica is not used for green tea production because its
much greater flavanol content would result in a brew that is excessively bitter.
Fermentation of tea involves the hydrolysis and oxidation of leaf constituents by
endogenous enzymes, In the case of green tea, the enzymes in fresh leaves are
nactivated immediately after picking by steaming or pan-firing. In the manufacturc of
Oolong tea, fresh leaves are withered under sunlight for a short period. (see Takeo,

1992).

The 1994 Food Agriculture Organization yeatr book reported that world tea
production was more than 2.6 million tons of which over 2.1 million tons were
produced in Asia. India, with more than 0.7 million tons, was the next biggest tea
producer. The United Kingdom is the largest importer of tea with over 20% of world

production. The second biggest importer is the United States (Kato, 1989).

Most of the world’s population is exposed to caffeine to varying degrees since it
occurs in several plants that are used in the preparation of widety consumed drinks.
Caflcine has a number of limited therapeutic effects (Timson, 1977}, In medicine, it is
used as a stimulant for the central nervous system while along with the rclated purine
alkaloid theobromine (3,7-dimethylxanthine, I1) it is also a diuretic (Janick, 1986). In
gukaryotic organisms, post-ireatments with catfeine have been found to enhance

chromosome damage induced by chemical and physical mutagens. (Kihiman, 1977).
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Also, caffeine and other methylxanthines may be useful in insect control by protecting

young tissues from predators (Nathanson, 1984).

O ;
HC.. N,CH_, Q CH H.C @) E
T m Y
5 , 4
OJ\N N OJ\N N O”J\N N
- CH CH; CHs
Caffeine (I) Theobromine (II) Theophyiline (IT)
CH- 0 CH 9
H 7 v 3 I.{
4\ ,> L, 1 LY
0NN O""N7 TN
H H
Paraxanthine (TV) 7-Methylxanthine (V) Xanthine (V1)
NH, 0
NN AN AN
LY LY LY
N Il\i “ N E HN" N ;"I
Purine (VII) Adenine (VII) Guanine (IX}

Tig. 1.1. Structure of purine derivatives.
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1.2. Discovery and general chemistry of purine alkaloids

According to Kihlman (1977), caffeine was isolated from coffee beaus (Coffea arabica )
independently by Friedlieb Ferdinand Runge and F. Von Giese in the early 1820s.
Caffeine was found in tea Icaves by Oudry in 1827 and in guarana nuts (Paullinia
sorbilis or P. cupana ) by Martius in 1826. Stenhouse detected caffeine in mate’ leaves
(llex paraguayensis) in 1843, and it was found i cola nuts (Cola acuminata) by Danicl
in 1865. Theobromine was isolated from cocoa beans (Theobroma cacao) in 1842 by
Woskresensky and theophylline (1,3-dimelhylxanthine, ITI) was found in tea leaves in
1888 by Kossel. The third of the three isomeric dimethylxanthines, paraxanthine (1,7-
dimethylxanthine, IV} was first discovered in human urine by Salomon in 1883 and
identified much later as a constituent of coffee (Chou and Waller, 1980; Baumann and
Frischknecht, 1988a). 7-Mcthylxanthine (V) was found in Beta vulgaris by Bresler in
1904 and was later isolated from tea callus tissue along with callcme and theobromine

by Ogutuga and Northcote (1970a).

Research on the chemistry of caffeine is linked closely with studies on purine
derivatives in general and the nucleic acid components, adenine (VIXI ) and guanine

(IX) in particular. (Kihlman, 1977).

1.3. Distribution of purine alkaloids in higher plants

Purine alkaloids have been detected in more than 100 species (Viani, 1991) belonging to
about 30 genera (Baumann and Frischknecht, 1988a,b), with the highest concentrations
in the genera Camellia, Coffea, Cola, Ilex, Paullina and Theohroma (Waller, et al.,

1993).
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Accumulation of purine alkaloids in plants of the genus Camellia has been found only
in species of section Thea and in one strain of C. kissi of the section Paracamellia
(Nagata and Sakai, 1985a,b; Nagata, 1986). The major purine alkaloid found in C
sinensis and C. faliensis of the section Yhea is caffeine whereas C. irrawadiensis of the
sanle section contains mainly theobromine and smaller amounts of caffeine (Nagata and
Sakai, 1985a). The calleine conient of Assam tea shoots, expressed as a percentage of
the dry weight (d.w) is as follows: apical bud, 4.7%,; first leat, 4.2%; second leaf, 3.5%;
third leaf, 2.9%; upper stem, 2.5% and lower stem 1.4% (Harler, 1963). Theobromine is
present in C. sinensis lcaves in much smaller amounts than caffeine, typically less than
0.2%. In contrast to C. sinensis, the leaves of C. japonica and C. sasanqua contain
negligible quantities of purine alkaloids (Nagata and Sakai, 1984, 1985a; Nagata, 1986;
Suzuki and Waller, 1988) while C. irrawadiensis leaves contain ca. 0.5% theobromine

and much lower levels caffeine (Nagata and Sakai, 1985a).

These observalions indicale that the metabolism of purine alkaloids differs
among species of the genus Camellia (Ashihara and Kubota, 1987). In ftuit of €.
sinensis, the pericarp contains the highest concentration of purine alkaloids with
caffcine and theobromine representing 1-2% and 0.05-0.1% respectively ol the [resh
weight. Lower, but still appreciable amounts occur in the seeds, especially in the coats

(Suzuki and Waller, 1985a, 1988).

Cordell (1981) reported the following levels of purine alkaloids in sceds: coffce
1-2% caffeine; cola 3.5% caffeine and traces of theobromine; guarana 2.5-5% caffeine;
cocoa 0.9-3% theobromine. The leaves of mate’ contain up to 2% caffeine while the

caffeine content of C. sinensis leaves ranges from 1-4%. The patterns of the purine
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alkaloids, caffeine and theobromine in leaves of coffes and mate’ are similar to those in

tea leaves (Frischimecht et al., 1982, 1986).
1.4. Biosynthesis of purine aikaleids in plants
1.4.1 Precursors of the purine ring system

Studies on the origin of the carbon and nitrogen atoms incorporated mto the purine ring
system in animals indicate that formate provides C-2 and C-3, and that C-6 comes from
carbon dioxide. Glycine is incorporated into the purine as an intact molecuie at C-4, C-3

and N-7 (Sonne et al., 1948; Buchanann et al., 1948) (Fig, 1.2).

Aspartic acid

Formate \IT'\ :
0 K\ :

HO-—‘[l’—OCHz 3
CH

Fig. 1.2. Origins of the purine ring. From Ulbricht, 1964,

With the use of “N-labeled substrates, the a-amino group of asparatic acid was
found to be incorporated into the N-1 positicn of the purine ring (Somne et al., 1956),

whiie the amide nitrogens of glutamine were shown to be the source of N-3 and N-9
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(Levenberg, et al., 1956; Ulbricht, 1964; Garrett and Grisham, 1995). Therefore, cach of
the four nifrogen atoms in the purine ring arises from an amino acid (Lehninger, 1982).
Anderson and Gibbs (1962) and Proiser and Serenkov (1963) showed that the same
precursors are incorporated into the purine ring of caffeine by C. arabica and C. sinensis

plants.

1.4.2 Biosynthesis and metabolic pathways

The biosynthesis of caffeine begins with the degradation of purine nucleotides (Suzuki
and Takahashi, 1976¢c; Ashihara and Kubota, 1986, 1987; Negishi et al., 1992). Since
purine nucleotides play important roles in nucleic acid synthesis and energy
metabolism, the biosynthesis of purine nucleotides should be correlated closely with the
growth of plant cells (Shimazaki and Ashihara, 1982). Purine nucleatides are
synthcsized by two different pathways. One involves de novo biosynthesis, in which
purine nucleotides are synthesized from amino acids and other small molecules. The
ribose of nucleotides is derived from S5-phosphoribosyl-1-pyrophosphate (PRPP). The
second route is the salvage pathway whereby purine nucleotides are synthesized from
pre-cxisting nmucleoside and nucleotide bases. Tn the case of nucleoside salvage, the
phosphate group of ATP is transfered to the nucleosides, while in the case of nucleobase
salvage, the phosphoribosyl group of PRPP is transferred to nucleobases to generate the
nucleotides (Nobusawa and Ashihara, 1983; Ashihara et al. 1988). Puring bases, such as
adenine, guanine and hypoxanthine and their nucleosides are precursors in the synthesis
of both nucleotides and ureides in higher plants and they can serve as precursors of
caffeme after conversion of their respective nucleotides (Swzuki and Takahashi, 1977;

Thomas and Schrader; 1981; Nobusawa and Ashihara, 1983; Waller et al., 1993).
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Biosynthesis of nucieotides in the tea and coffee plants is similar to that in other plants,
which do not contain caffeine (Suzuki et al., 1991a; 1992). There are several lines of
evidence obtained with higher plants to suggest the existence of both the biosynthesis of
adenine nucleotides de novo and their production via salvage pathways, as shown in
other organisms, such as mammals and bacteria. Also, almost all exogenously supplied
adenine and adenosine are salvaged by adenine phosphoribosyltransferase and
adenosine kinase respectively, and AMP is formed (Ross, 1981; Hirose and Ashihars,
1984a,b; Yabuki and Ashihara, 1991; Ashihara and Tujimori, 1993). AMP is the initial
product of adenylate that is synthesized during the biosynthesis of purine nucleotides de
nova and by the salvage pathways of adenine and adenosine (Ilenderson and Paterson,
1973). Furthermore, it is the major purine nucleotide in green tea products tollowed by

ADP and GMP (sec Waller et al., 1993).

IMP is the first product of the purine nucleotide biosynthesis de novo with a
complete purine ring structure (Atkins, 1980). IMP is the precursor of AMP and GMP.
The conversion of IMP to AMP requires the replacment of the keto group at position 6
by an amino group. In the formation of GMP, IMP is first dehydrogenated to XMP,
which ts then converted to GMP (Anderson, 1979; Barankiewicz and Paszkowki, 198(;
Coddington, 1985a,b). Both XMP and GMP arve converted to xanthosine which through
the action of nucleosidase 15 metabolized to xanthine which degraded further via the
purine catabolism pathway to CO, and NH; (Fig. 1.3). IMP dehydrogenase converts
IMP to XMP, the immediate precursor of GMP and is regulated by NAD. XMP is

converted to GMP by GMP synthetase, which is regulated by ATP (Anderson, 1979).
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Fig. 1.3. Metabolic pathways illustrating both the biosynthesis of caffeine from purine
nucleotides and the catabolism of purine nucleotides. AMP deaminase (AMPD), 5’ -
nucleotidase (5'-NTD), nucleosidase (NSD), 7-methylxanthosine nucleosidase MIXIN),
IMP dehydrogenase (IMPDH),:I-N-methyltransferase (1-NMT), 3-N-methyltransferase
(3-NMT), 7-methyltransferase (7-NMT), xanthine dehydrogenase (XDH) and GMP

synthetase (GMES).
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In tea and coffee plants, xanthosine, as well as being converted to xanthine, also enters
the caffcine biosynthesis pathway which involves a xanthosine — 7-methylxanthosine
— 7-methylxanthine — theobromine —» caffcine route (Fig. 1.3 ) {Suzuki and
Takahashi, 1975a,b. 1976a,c, 1977; Looser et al., 1974; Cordell, 1981; Roberts and
Waller, 1979; Baumann, et al., 1278; Waller et al., 1983; Negishi et al.,, 1985a,b,c, 1992,
Suzuki and Waller 1985b; Waller and Suzuki, 1989; Fujimori et al., 1991; Suzuki et al.,
1992; Fujimori and Ashihara, 1994). 7-Methylxanthine was first reported to be
produced from the xanthosine in tea leaves by Jones and Robins (1963). Later, Qgutuga
and Northcote (1970b) and Suzuki and Takahashi (1976¢) reported that 7-
methylxanthine 18 produced by both de novo and salvage pathways in tea. Many
investigators have shown that 7-methylxanthosine is the first methylated compound in
the biosynthesis ol caffeine, and that xanthosine is the direct precursor of 7-
methylxanthosine both in vive and in vitro (Suzuki and Takahashi, 1975b, Suzuki et al.,
1991a; 1992; Negishi et al., 1985a,b,c). Recently Schulthess and Bawnmm (1995b) and
Schulthess et al. (1996) have rcported that the mcthylation of XMP, rather than
xanthosine, is the ctucial step teading from primary metabolism to caffeine biosynihesis
in coffee. According to this hypothesis XMP is converted to 7-methyl-XMP which does
not accumulate in detectable quantites as it is metabolized rapidly to 7-methylxanthine
(Fig. 1.3). This is different from the conclusions of Suzuki and Takahash {1975b} and
Negishi et al., (1985a) that caffeine biosynthesis in tea starts with the methylation of
xanthosine to yield 7-methylxanthosine, A large number of investigalors have agreed
that 7-methylxanthine is not formed direcily from xanthine (VI) (Suzuki and Takahashi,
1975b; Roberls and Waller, 1979; Negishi et al, 1985a; Schulthess and

Baumann,1995b; Schulthess et al., 1996).



CHAPTER 1 INTRODUCTION 11

Nucleosides may be converted to their respective nucleotides via the salvage pathway
(Negishi et al., 1988). Ashihara et al. (1991c) reported that adenine nucleotides
synthesized from exogenously supplied adenosine and adenine are efficiently converted
to guanine nucleotides, while guanine nucleotides formed from guanosine and guaninc
are not converted to adenine nucleotides. Negishi et al. (1991) showed that the
radioactivity of "*C-labeled adenosine, inosine and guanosine fed to excised tea shools
was Incorporated into caffeine at a high rate after the rapid labeling of [ree nucleotides,
whereas the radioactivity of 'C-labeled xanthosine was incorporated directly into 7-
methylxanthosine, theobromine and caffeine. Also, Negishi et al. (1994) demonstrated
that the reaction from guanosinc to xanthosine, which is converted to 7-
methylxanthosine, proceeds faster than the reaction from guanine to xanthosine in tea
leaves. They bhelieved that part of the guanosine was converted directly to xanthosine,

although most was incorporated into guaninc nucleotides,

The biosynthesis of caffeine from purine nucleotides was investigated recently
by Ashihara et al. (1995a,b, 1996a,b) and Crozier ct al. {1995) who demonstrated that
caffeine i8 synthesized from adenine nucleofides and guanine nucleotides via 7-
methylxanthosine, 7-methylxanthine and theobromine the latter being the immediate

precursor in caffeine in both coffee and tea leaves (see Fig 1.3).

Nazario and Lovat (1993ab,c) presented dala indicating thal theobromine,
theophylline and caffeine are the products of different separate pathways in leaves of C.
arabica. They proposed that two separate de novo and salvage purine pools are involved
in the biosynthesis of theobromine but not cafleine in leaves of coflee. They suggested
that theobromine is synthesized from adenine nucleotides, theophylline from guanine

nucleotides and caffeine from the degradation of purines via hypoxanthine to xanthine
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with paraxanthine the inumediate precursor of caffeine. Ashihara et al (1995a,b, 1996a,
b) rejected the proposal of Nazario and Lovat (1993a,b,c) that theobromine is not an
imunediate precursor of caffeine in C.arabica leaves as in detailed studies they were

unable to confirm the findings of the American investigators.

In addition, there is evidence that paraxanthine is an active methyl acceptor in
vitro and may participate in the biosynthesis of caffeine in higher plants. Using cell-free
preparations from tea leaves, Suzuki and Takahashi (1975b) and Poulton (1981)
demonstrated that paraxanthine is a more active methyl acceptor of N-methyltransferase
(NMT) than other methylxanthines (l-methylxanthine, 3-methylxanthine, 7-
methylxanthine, theobromine, theophylline and hypoxanthine) xanthine, xanthosine and
XMP. However. the synthesis of caffeine via paraxanthine from 1-methylxanthine is
unlikely in vivo, because the rate of synthesis of paraxanthine from [- and 7-
methylxanthine was negligible in vitro (Kato et al. 1996). Presumably, therefore, the
synthesis of caffeine from I-methylxanthine via paraxanthine is of little mportance in
tca lcaves. A similar conclusion was reached by Roberts and Waller (1979) with cell-
free extracts from immature green fiuit of coffee. Looser et al. (1974) and Suzuki and
Takahashi (1976b) have confirmed that 7-methyxanthinc and 7-methyvlxanthosine are
precursors of caffeine, but theophylline is not involved in the biosynthesis of caffeine.
Ashihara et al. (1995a} demonstrated that C. arabica leaves convert guanme (o

theobromine and caffeine, but not into either theophylline or paraxanthine.

Kato et al. (1996) confirmed that the main route of the biosynthesis ot caffeine is
from xanthosine via 7-methyxanthine and theobromine, and also proposed the cxistcnce
of several munor pathway which may be involved in the biosynthesis of caffeine in tea

leaves. One of these minor pathways in tea leaves is 7-methyixanthine — paraxanthine
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— caffeine while a second route is xanthine — 3-methylxanthine — theophylline —
caffeinc pathway (Fig. 1.4). Kato et al. (1996) demonstrated that the metabolism of 7-

methylxanthine to theobromine is 10-fold faster than its conversion to paraxanthine.

In tea plants, caffeine is distributed in leaves, flowers and fuits, and
theobromine is also found in the young organs of these tissues. The biosynthetic
capacity for the synthesis of caffeine from adenine is very high in young lcaves
(Ashihara and Kubota, 1986; Suzuki and Waller, 1988; Fujimori and Ashihara 1990,
Ashihara et al. 1991a, b; Fujimori et al., 1991). In contrast, theobromine levels and the
rate at which it is metabolised are both very low (Ashihara and Kubota, 1986). The
production of purine alkaloids differs among Camellia species (Ashihara and Kubota,
1987). It has also been cstablished that the biosynthesis of caffeine from [8-"'CJadenine
and [8—14C]hypoxanthine takes place in the young ieaves of Camellia sinensis (Suzuki
and Takahashi, 1975a,b, 1976c; Negishi et al. 1985a,b; Ashihara and Kubota 1986), but
in C. irrawadiensis only theobromine is synthesized (Ashihara and Xubota, 1987). Both
the caffeine content and ils synthesis from adenine are extremely low in tissue culture

and stem tissue of tea (Ashihara and Kubota, 1986).

Ashihara et al. (1995b) investigated the metabolism of caffeine in high and low
caffeine containing cultivars of Camellia sinensis and concluded that caffeine
biosynthesis from AMP was operative via theobromine in both types of cultivar, They
suggested that the caffeine biosynthesis from [8—14C]adenine in the caffeine-rich
cultivars 1s faster than in low caffeine cultivars, while the rate of degradation of both
adenine nucleotides and caffeine into CO, was greatest in cultivars with a low

endogenous caffcine content.
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Fig. 1.4. P-:oposéd pathways for the biosynthesis of caffeine from purine nucleotides in

young leaves of C. Sinensis. Solid arrows indicate main pathway and dashed arrows

miner routes. 3-Methylxanthine (3mX), 7-methylxapthine(7mX), 7-methyixanthosine

(TmXR), 7-methyixanthosine-5' -monophosphate (7TmXMP). From Kato et a{.{1996).

In addition, Ashihara et al. (1995a) demonstrated the rate of biosynthesis of

caffeine from adenine, guanine and xanthosine in the young leaves of coffes is higher

than in aged leaves. Also, they proposed that the reduced rate of incorporation into

caffeine is probably am indirect consequence of enhanced purine catabolism in the

mature and aged leaves which restricts the availability of xanthosine as a substrate for

caffeine biosynthesis.

o
Y
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Neuenschwander and Baumann (1991) suggested that mature somatic embryos, like
adult coffee plants, have capacity to produce purine alkaloids. They showed, that while
the caffeine content increases during embryo germination, the theobromine level is low
at all stages. Ashihara {(1993) reported that in the metabolism of [8-'4C] guanosine by
young mate’ leaves, more than half of radioactivity was recovered as catabolitcs of
pwines. It was noted that guanosine was an intermediate compound on the main
pathway for the catabolism of GMP in plants, whercas adeninc is not incorporated
directly into the catabolic pathway of purine nucleotides (Yabuki et al., 1991). Ashihara
{1993) reported that the biosynthesis of purine alkaloids did not take place in the mature
leaves of mate’, whereas the precursors of purine nucleotides were incorporated into
caffeine and theobromine by the young leaves. Suzuki ct al, (1991b) demonstrated that
[8-'4C}adeninc was Incorporated into purinc alkaloids and the capacity for biosynthesis
of caffeine increased in young leaves of tea in spring and diminished as the leaves
matured in summer in Japan. These investigators suggested that the biosynthesis of
caffeine is dependent primarily upon the activity of N-methyltransferases. Compared
with young tea leaves (Fujimeori et al., 1991), the rate of synthesis of caffeine from
adenine and especially the rate of conversion of theobromine to caffeine, is very low in
the stamens of flower buds in tea (Fujimori and Ashihara, 1993), Suzuki and Waller
(1982) established that theobromine, theophylline and caffeine accumulate in coffee cell

suspension cullures.

The production and accumulation of purine alkaloids are associated with the
developmental stage of tissues (i.e. leaves, flower, fruits and sseds) and with seasonal
changes, especially in the teas grown in temperate climates (Suzuki et al., 1991a; 1992).

Cloughley (1982) reported that the caffeine content of tea leaves decreased significantly
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during the cold winter months of June and July in Central Africa. Similarly, Suzuki and
Waller (1985¢ and 1986) demonstrated that the concentration of caffeine and
theobromine in leaves and shoots of tea in Japan decrease significantly in August,
Oclober and November while total nitrogen increases appreciably in November and
December. The alkaloids, thus, appear to play no role in the storage of nitrogen in tea
leaves during winter months {(Cloughley, 1982; Suzuki and Waller, 1985¢, 1986, 1988).
The caffeine content of C. sinensis leaves is reported to be bigh in the spring and low in
the winter in Japan (Fujimori et al., 1991; Suzuki et al., 1991b). Fujimori and Ashihara
(1990) reported that the rate of synthesis of purine alkaloids from [8-"*Cladcnine in
flowers of C. sirensis declined after flowering. Also, levels of caffeine and
theobromine, in the fiuit of tca increase during the growing season until the fruit is ripe
and dried. Fujimori et al. (1991) reported that incorporation of radioactivity of [8-
"“Cladenine into nucleic acid and catabolites of purine nucleotides was found
throughout the year, but incorporation into theobromine and caffeine was found only in

the young tea leaves harvested from April to June.
1.5. Degradation of caffeine

Although there is little information on the biodegradation of caffeine in tea, the early
investigations showed that caffeine is degraded via ureides. Ureides are a class of cyclic
or acyclic nitrogenous organic compounds derived from or structurally related to urea,
The representatives of this elass of compounds which have been found in plants include

uric acid, allantoin and allantoic acid (Schubert and Boland, 1990).

Inoue and Adachi (1962). suggested that caffeine in tea leaves may be degraded

to methylurea or amalic acid. Biodegradation of caffeine to xanthine, which is further
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metabolized to uric acid by the purine catabolism pathway, was first shown occuring
slowly in ageing leaves of Coffea arabica by Kalherer (1965). He found that caffeine
was first degraded to 3-and/or 7-methylxanthine, xanthine and uric acid, which was
further degradation to allantoin, allantoic acid and urea. Kalberer (1965) believed that
allantoin is the precursor of allantoic acid and urca. Urea is hydrolyzed by urease to CO,

and NH;.

A large number of investigators demonstrated that caffeine is catabolized very
slowly in the coflee plants (Suzuki and Waller, 1984a,b; Waller and Suzuki, 1988;
Crozier et al., 1995; Ashihara, et al., 1996a). The caffeine content of tea leaves declines
both in light and darkess, but the decline in light is appreciably faster than in darkess.
However, the rate of caffeine degradation is low even in light (Suzuki and Waller,

1985a).

Mazzafera et al. (1991, 1994) suggested that caffeine degradation proceeds via
two distinct N-demethylations, routes involving either theobromine or theophylline. The
low caffeine content in leaves and endosperms of immaturc fuits of C. dewevrei may be
due to slow biosynthesis and fast degradation. In contrast, the high caffeine content in
leaves and cndosperms of C. arabica appears to be a consequence of a rapid rale of

production coupled with a slow degradation rate.

Theophylline is as the first biodegradation product of caffeine in immature and
mature seeds of C. arahica. The biodegradation products of [8-14(;‘]theophy11ine are 3-
methylxanthine, xanthine, uric acid, allantoin, allantoic acid and urea. It is now clear
that theophylline 18 associated primarily with caffeine biodegradation and not caffeine

biosynthesis. In coffee fiuits, caffeine is synthesized via theobromine and degraded very
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slowly via theophylline (Suzuki and Waller, 1984a, b). Also, Crozier et al. (1995) and
Ashihara, et al. (1996a) have shown that theophylline is catabolized very rapidly to 3-
methylxanthine, xanthine and trace amounts of 7-methylxanthine. Xanthine is then
degraded to CO, and NH, via uric acid, allantoin and allantoic acid by the purine
catabolism pathway. In the presence of allopurinol which blocks entry into the purine
catabolism pathway, xanthine is converted primarily to 7-methylxanthine in coffee

leaves (Crozier et al., 1995; Ashihara, et al., 1996a). (Fig. 1.5).
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Fig. 1.5. Purine alkaloid catabolism and salvage pathvays operating in tea and coffec
plant. Arrow with two vertical bars repesents a blocked conversion. Double headed

arrows indicate reversible conversions.
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Ashihara et al. (1997) and Ito et al. (1997) have recently demonstrated that theophylline
is catabolised to xanthine via 3-methylxanthine in mature, aged and young leaves of tea.
It was shown that a significant amount of [8-14C]thcophy11ine is salvaged for the
synthesis of caffcine via 3-methylxanthine in young leaves of tea as illustrated in
Figure 1.5. Ashihara et al (1997) indicated that frace amounts of xanthine are salvaged
for caffeine biosynthesis and this is incrcased when purine catabolism is blocked by
allopurinol. Xanthine was converted to caffeine via 3-methylxanthine and theobromine

1 young leaves of tea.
1.6. The influence of light and dark on caffeine levels

Ogutuga and Northeote (1970a) showed that in young tea callus the accuwmnulation of
calleine in the dark is greater than in light, and proposed that light has an inhibitory
effect on caffeinc biosynthesis. Konishi ¢t al. {1972) demonstrated that the caffeine
content of shoots of (ea seedlings was higher in darkness than in light. In contrast,
Frischknecht et al. (1977a,b) reported that light stimulates caffeine biosynthesis in tissuc
cultures of coffee and that the caffeine content is twice as high in light that in darkness,
To further complicate matters. Baumann and Gabriel (1984) roported that caffcine levels
increased during the germination of Coffea arabica seed and that the biosynthesis of

caffeine is more rapid in darkness than in light.
1.7. The role of phytohormone in the metabolism of purine alkaloids

There are few studies on the effects of phytohormone in the metabolism of purine
alkaloids. Schulthess with co-workers (1991) have demonstrated that ethephon, which
releases ethylene, stimulates caffeine biosynthesis in suspension cultures of coffee cells.

In addition, increasing concentrations of cthephon in darkness increased caffeine
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production. Although light and low concentrations of ethephon stimulate caffeine
production, with ethephon concentrations higher than 10 mM, purine alkaloid synthesis
is inhibited under photoperiodic conditions. Subsequently, Schulthess and Baumann
(19952) observed that the caffeine biosynthesis is accelerated rapidly by ethephon in
suspension cultured coffee cells without the size of the various purine pools being
allected. These investigators confirmed that ethephon is an effective stimulator of

caffeine biosynthesis in dark.
1.8. Aims of the project

The aims of this project are to examine the levels and metabolism of cafleine in Iranian

and Darjeeling teas as summarized below:

1) Distribution of purine alkaloids in 5.5-15 month-old seedlings of Iranian No.100 and
Darjeeling tea was investigated using reverse-phase high performance lguid
chromatography (HPLC). The levels of caffeine and related methylxanthines in different

parts of the tea plants were determined.

ii) The biosynthesis of caffeine and associated compounds was studied by feeding
radiolabelled adenine and guanine to leaves of in Iranian and Darjeeling tea. In addition,
the biosynthesis of caffeine was investigated in tea leaves incubation in light and in

darkness.

111} In vivo studies were carried out on the degradation of [14C]caffeine in young, mature

and aged leaves of tea.
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1v) The effects of phytohormones, abscisic acid {ABA), gibberellic acid (GA,), indole-
3-acelic acid (AA) and zeatin, on the metabolism of ['*Clcaffeine were investigated in

tea leaves incubated in light and darkness.
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2.1. Plant material

Secds of tca (Cumellia sinensis cv. No. 100 of ITran and C. sinensis cv. Darjeeling) were
obtained from the Institute of Tea Research, Lahijan, Iran. After breaking the coats, the
seeds were germinated in a compost medium (Fison Levington, Multi-purpose compost,
pH 5, Thomas Daggs and Son, Glasgow UK) without any additional nutrients.
Individual germinating seeds were then grown in a similar medium in plant-pots under a
natural photoperiod in a greenhouse at Garscube Estate, University of Glasgow during

1993-1995,
2.2. Sources of radiochemicals

The source and specific activitics of radiochenucals used in the present study were as
follows: Amersham International plc, Little Chalfont, England: [8-'*C]Adenine {specific
activity 1.96 and 2.26 GBq mmol™) and n-[1-"*C]hexadecane (2.11 GBq mmol); New
England Nuclear, Boston, MA, USA: [8-74C] guanine hydrochloride (1.85 and 2.1 GBq
mmol™); Moravek Biochemicals Inc., Brea, Cal, USA: [8-"*Clealfeine (52 mCi mmol ™),
[2-'4C]thoobrominc (2.07 MRBq. ;unol’l, and [2-'4C}xanthine (1.94 MBq. pmol);
American Radiolabelled Chemicals Inc., St. Louis, Mo., USA: [8-'*C]theophylline (2.04

MBq. umoi'l) .
2.3. Analysis of endogenous purine alkaloids
2.3.1 Sample preparation

The initial aim of this study was to determine the distribution of purine alkaloids, such
as caffeine, theobromine and other methyixanthinges, in different parts of tea seedlings of

5.5,7,9,11, 13 and 15 months of age ( May, July, Sept, Nov 1993, Jan and Mar 1994).
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Seedlings were divided into apical bud, first leaf and the next eight leaves were
collected individually as indicated in Fig. 2.1. The 10™ leaf and older leaves were
collccted as onc sample. The frst to 9™ internodes were harvested individually (Fig.
2.1) while lower internodes were collected as one sample. Cotyledons when present, and
roots were also harvested. All tissues were frozen in liquid nitrogen, ground to a fine
powder with a pestle and mortar and then weighted. Powdered tissue was placed in a
glass tube, 5-10 ml distilled water was added, and the tube was heated in boiling water
for 10 min to extract the purine alkaloids. The aqueous extract was filtered through

Whatmann No.1 filter paper and stored at -20 °C prior to analysis.
2.3.2 High performance liquid chromatography

Solvents were delivered at a flow rate of 1 ml min’ by an Altex 332 liquid
chromatograph (Altex Scientific Inc,, Berkeley, CA, USA). Samples were introduced
off-column via an Altex 210 sample injection valve. Reverse-phase HPIC utilized a
Spm ODS Hypersil column (250 x 4.6 mm i.d.) (Capital HI’L.C Specialists Bathgate,
Lothian, UK), packed in house. Samples were eluted from the column with a 25 min
gradient of 0-40% methanol in 50 mM sodium acetate (pH 5.0). Column elutc was
dirceted to an LC 871 absorbance monitor (Pye Unicam, Cambridge, UK) operating at
272 nm, which was linked to a chart recorder. The gradient elution reverse phase HPLC
system separated nine different purine derivatives (Fig. 2.2). Identification of purine
alkaloids in tea extracts was based on co-chromatography with the appropriate standard

while quantification was achieved by reference of peak heights to standard curves.
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Fig. 2.1. A shoot of tca seedling, that shows the number of leaves and internodes that

were harvested for purine alkaloid analysis.
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Fig. 2.2. Reversed-phase HPLC separalion of purine alkaloids standards on a 25 mun, 0
- 40% gradient of methanol in 50 mM sodium acetate (pH 5.0). Flow rate of 1 ml min,
Colurnm: ODS Hypersil Spm, 250 x 4.6 mm i.d. Detector: absorbance monitor at 272
mm. Sample: 250 ng of (1) xanthine (2) xanthosine (3) 7-methylxanthine (4) 3-
methylxanthine (5) 1-methylxanthine (6) theobromine (7) paraxanthine (8) theophylline
(9) caffeine.
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2.4. Metabolism of [8-'°C] adenine

1%, 2nd ,3"d, Mature and aged leaves were selected from Darjeeling and Iranian tea

seedlings. The leaves were washed with distilled water and cul into small pieces
approximately 0.4 cm’ after discarding the main vein. About 100 mg F.W. of leaf
sections was incubated in 1.3 ml of distilled water, 0.5 ml of 100 mM potassium
phosphate buller (ptl 5.6), 0.2 ml of 0.2 M sucrose and 1100 k dpm (0.5 nCi) of [8-
“Cladenine (sp.ac. 1.96 GBq mmol™) in a 25 ml Erlenmeyer flask. The Erlenmeyer
flask had a centre well containing a small glass tube into which was inserted a picce of
Whatmann No.1 filter paper wetted with 100 pl of 20% KOH. In these experiments in
natural light, the flasks were shaken gently on a horizontal rotary shaker (100 strokes

min™) at 25°C for 6, 12, 24 and 48 h.

2.4.1 Determination of “CO,

14CO2 released during the incubation period was absorbed by the KOH solutiosn on the
filter paper in the centre well. At the end of the incubation period, the filter paper was
placed in a 50 ml, flask containing 4 ml H,O and the radioactivity in duplicate 0.2 ml
aliquots determined by channel-ratio liquid scintiliation counting using Ultima-Flo Af

(Packard) seintillation cocktail.

2.4.2 Methanol soluble extract

At the end ol incubation period, the tea leaf segmenis, separated from the incubation
medium by filtering through a tea strainer, were washed with 50 mL of distilled water.
They were then crushed and homogenised in washed sand with 80% mcthanol

containing 20 mM sodium diethyldithiocarbamate (Sigma Chemical Company Ltd,
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Poole, UK) using a chilled porcelain mortar and pestle. The resultant tissue homogenatc
was cenirifuged at >10000 g for 5-10 min. The supernatant and pellet were separated
and the pellet was re-extracted and centrifuged two further times. The supernatant
fractions containing thc mcthanol-soluble extract (MSE) were combined to yield a total
volume of 10 ml. The radioactivity in the MSE was measured by liquid scintillation
counting using triplicate 100 ul aliquots. The MSE was reduced to dryness in vacuo and
redissolved in 0.5 ml of 80% MeOH prior to analysis by HPLC and/or thin layer

chromatography (TLC).

2.4.3 Hydrolysis of Nucleic Acids

After removal of the MSE, the tissue residue was {reated with 4 ml of 6% perchloric
acid (PCA) in boiling water for 15 min to hydrolyse purine residues of RNA and DNA
to purinc bascs (adenine and guanine). This nucleic acid (NA) extract was then
centrifuged at 10000 g for 5 min, the supernatant collected and the pellet washed with 4
ml of cold 6% PPCA pror to re-centrifugation and further cxtraction. All the PCA-
soluble extracts were combined (total volume 8 mi) and 0.5 ml aliquots used for
cstimation of radioactivity by liquid scintillation counting. The PCA-soluble extract was
neufralised with 20% KOH, filtered to remove precipitated perchlorate before being
reduced to dryness in vacuo. The NA exiract was then redissolved in 0.4 ml 80%

methanol prior to analysis by TLC. .



CHAPTER 2 MATERIALS AND METHODS 28

2.5. Analysis of radiolabelled compounds

2.5.1 High performance liquid chromatography

The liquid chromatograph column and soivent conditions used were the same as
described in Section 2.3.2 cxcept that after passing through the absorbance monitor,
column eluate was directed to a radioactivity monitor (Reeve Analytical, Glasgow UK)
with a 200 pl heterogeneous flow cell packed with a cerfwm-activated [ithium glass
scintillator. This facilitated the detection of *C peaks of >1000 dpm (Sandberg et al.

1987). Typically, 20 k dpm aliquots of MSE were analysed.

2.5.2 Thin layer chromatography

Because nucleotides are retained on the reversed-phase HPLC coluwmn, radiolabelled
components in MSE and NA extracts were analysed by TI.C using 200 x 200 mm sheets
of microcrystalline cellulose (Spot film, Tokyo Kasci Kogyo Co., Tokyo, Japan ). The
solvent system used was n-butanol/acetic acid/water (4:1:2, v/v). Afier approximately 8
I, the developed TLC plate was dried and placed in a casette in contact with Kodak X-
OMAT AR film (18x24 cm, Hyper film-MP, Amersham) in dark room. Radiolabelled
spots, detected afler 2-3 weeks exposure, were scraped off the 1'L.C plates, eluted from
the cellulose support with distilled water and the radioactivity measwred by liquid

scintillation counting.

For detection of allantoin and allantoic acid spots on TLC plates, the following
reagent was used: 2g of p-dimethylaminobonzaldehyde dissolved in 80 ml 2N HCI in
88% ethanol. This reagent was sprayed to the TLC plate and altantoin and allantoic acid

appeared as yellow spots.
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2.6. Metabolism of [8-14C]adenine and [8-14C]guanine in pulse chase

experiments

1% and 2™ Leaves used in these experiments were selected from Darjeeling tea seedlings
and incubations of lecaf scgments were set up in the presence of either 1nCi [8-
"Cladenine or 1 uCi [8-'“Clguanine hydrochloride, as described in Scction 2.4. The
incubation medium was replaced with fresh medium devoid of radiolabelled substrate,

alter an inilial 4 h pulse. Samples were collected and processed as described Section 2.4

after 4, 8, 12, 24, and 48 h.
2.7. Metabolism of [8-'“Cladenine in light and darkness

1" and 2™ Leaf of Iranian tca were used in those experiments. Leal samples were
prepared in 0.5 pCi [8-14C]adenine, as described Section 2.4, and incubated in darkness
or in light (Osram Warm White 20w Fuorescent tubes, ca 200 g mol. m™.s™ ppfd ~ 400-

700 nm) for 12, 24 and 48 h after which '*CO,, MSE and NA fraction were obtained.

2.8. Metabolism of [8-"“C]caffeine in light and darkness

1™ Leaf of Jranian tea was used in metabolism studjes with [8-"*C]caffeine in light and
dark. The methods for preparation of leaf segments and medium were the same as
described in Section 2.6 with leaf segments being incubated with 1uCi [8~14CJcaffeine
for 4, 12, 24 and 48 h. The radioactivity of samples were processcd as described in

Section 2.4.
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2.9. Effects of phytohormones on the metabolism of [8-"Cladenine and

[8-'*C]caffeine in light and darkness

Iramian and Darjeeling tea leaves, were incubated in light and darkness using the system
described i Section 2.4. In the presence and absence of 10° M ABA, GA;, IAA and
zeatin. The leaves were preincubated with phytohormone for 4 h prior to the addition of
either 0.5 pCi [8-""Cladenine or 1nCi [8-""Ccaffeine. Samples were collected after 12

and 24 h and metabolites were analyzed as described in Section 2.4.
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3.1. Endogenous purine alkaloids

HPLC was used to detect and quanlify endogenous purine alkaloids in [ranian and
Narjeeling tea seedlings and to investigate age/seasonal variations in the levels of these

compounds.
3.1.1. HPLC analysis

Figure 3.1.1 illustrates HPLC traces obtained in the analysis of aliquots of an aqueous
extract from the apical bud of a 7 month-old seedling of Iranian tea. The main
componcnts in the cxtract is caffeine with a smaller amount of theobromine. Co-
chromatography with authentic standards was used to confirm the identity of bath
compounds. Although additional peaks wete present in the apical bud extract, none had

retention times that corresponded with those of purine alkaloid standards.
3.1.2. Accumulation of methylxanthines in Iranian tea seedlings

Seedlings were divided into individual leaves and internodes, as described in section
2.3.1 of the Materials and Methods, prior to extraction and analysis by HPLC. The
information presented in Table 3.1.1 shows the amounts of caffeine and theobromine
present in the different parts of a 5.5 month-old Iranian tea seedling harvested in May
1993, Leaves contained much more caffeine than internodes with the highest amounts,
4.6 and 5.1 mg, being found in the fourth and fifth leaves. When the data are expressed
onamg g’ fresh weight basis a differont picture cmerges and it is evident that there is a

strong caffcine concentration gradient within the seedling. The apical bud and first leaf
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Fig. 3.1.1. Gradient HPLC analysis of purine alkaloids in Iranian tca. Column: 250 x
4.6 mm i.d. 5pm ODS Hypersil. Gradient: 25 min, 0-40% methanol in 50 mM sedium
acetate (pH 5.0). Flow rate: 1 ml min™'. Detector: Absorbance monitor at 272nm., Cf,
caffeine, Tb- theobromine. Sample (A) 50pul aliguot of a Smf extracl of 10 mg of apical

buds from 7 month-old seedlings (July 1993), (B) as A but 10pl aliquot.
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contain >30 mg caffeine g"1 and the concentration declines gradually as the age of the
leaf increases, with 4,3 mg g being present in the ninth leaf. The concentration of
caffeine in the internodes was relatively low, except for the young, elongating [irst
internode, between the apical bud and the first leaf, which contained 23.9 mg caffeine g
'. The amounts of theobromine present in the same tissues were much lower than the
levels of caffeine although, as with caffeine, the highest concentration were present in
the apical bud, first teaf and first internode (Table 3.1.1). Only trace levels of caffeine
were present in the roots and cotyledons which did not contain detectable quantities of

thcobromine.
3.1.3. Distribution of purine alkaloids in Iranian tea seedlings

Information on the distribution of purine alkaloids in 5.5 to 15 month-old Iranian tca
seedlings (May 1993 to March 1994) is presented in Tables 3.1.1 to 3.1.6. Caffeine was
the major compound detected with lower levels of theobromine and, occassionally
paraxanthine. This is the first reported detection of paraxanthine in tca lcaves.
Paraxanthine is much better substrate for the 3-N-methyliransferase from tea leaves than
theobromine in vitro (Kato et al. 1996) which may cxplain why it does not accumulate
to any extract in vivo. In all instances, as discussed in the previous section, a strong
gradient of caffeine was present within the seedling, with highest concentrations being
found in the apical bud and the young expanding first Ieaf. In the case of the 15 month
oid seedlings triplicate samples were analysed (Table 3.1.6) and it is evident that the
method is acceptably precise and that the overall trends of the mean values arc similar to
those obtained with the younger seedlings where only one sample was analysed (Table

3.1.1-3.1.5).
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Table. 3.1.1. Distibution of caffeine and theobromine in the seedlings of Iranian tea. Age

5.5 months (May 1993). nd - not detected.

Caffeine Theohromine
Plant matertal mg mg g'1 (F.W.) RE mg g (F.W)
Apical bud 1.20 34.3 43 1.23
1st Leaf 1.88 31.3 24 0.40
2nd T.eaf 1.83 18,7 17 0.17
3rd Leaf 3.77 11.5 35 0.11
4th Leaf 4.57 7.1 39 0.06
5th Leaf 5.10 7.0 28 0.04
6th Leaf 1.12 4.7 21 0.09
7ih Leaf 2.19 4.0 28 0.05
8th Leaf 2.46 4.6 56 0.11
9th Leaf 2.95 4.3 37 0.05
Other Leaves 2.65 2.9 56 0.06
1st Internodc 0.19 23.9 6 0.75
2ud Internode 0.08 4.7 3 0.19
3rd Internode .07 3.0 2 0.09
4th Iniernode 0.08 1.7 3 0.06
5th Internode 0.05 1.0 2 0.04
6th Internode 0.10 1.0 3 0.03
7th Internodc 0.11 0.7 4] 0.04
8th Internode 0.10 0.8 G 0.05
Other Stem 0.37 0.4 27 0.03
Roots (.05 0.01 nd nd
Cotyledons (.004 0.01 nd nd
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Table. 3.1,2. Distribution of caffeine and thcobromine in the seedlings of Iranian tea. Age
7 months (July 1993). nd - not detected

Caffeine Theobromine
Plant material mg mg g'l (F.W.) HE mg g'l (F.W.)
Apical bud 0.44 44 .4 13 1.30
1st Leaf 0.63 35.1 12 0.67
2nd Leaf 0.78 12.9 9 0.15
3rd Leaf 1.35 12.0 19 0.17
4th Leafl 3.20 9.0 67 0.19
5th Leaf 2.18 7.9 39 0.14
6th Leaf 1.98 5.0 145 0.36
7th Leaf 1.29 5.6 41 0.18
8th Leaf 1.18 5.0 55 0.23
9th Leaf 1.51 4.1 73 0.20
Other Leaves 2.95 2.9 128 0.13
Ist Internode 0.10 25.0 1 0.18
2nd Tnternode 0.08 11.9 1 0.15
3rd Intcrnode 0.08 13.3 1 0.17
4th Internode 0.10 7.9 3 0.27
5th Internode 0.16 4.8 6 0.19
oth Internode 0.20 3.5 10 0.17
7th Internode 0.13 3.0 8 0.18
8th Internode 0.13 3.5 0 0.17
Other Stem 0.71 0.9 42 0.06
Roots 0.06 0.01 nd nd

Cotyledons 0.01 0.02 nd nd
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Table. 3.1.3. Distribution of cafleine, theobromine and paraxanthine in the seedlings of
Iranian fea. Age 9 months {September 1993). nd - not detected

Caffeine Theobromine Paraxanthinc

Plant material mg mgg' (F.W.) pg mgg' (F.W) g mgg' (F.W.)
Apical bud 0.40 39.7 2 018 18 1.80
1st Leal 0.89 23.5 20 0.53 55 1.45
2nd Leaf 1.65 11.8 25 018 154 1.10
3rd Leaf 2.03 109 32 0.17 172 0.93
4th Leaf 3.14 9.8 42 0.13 208  0.65
5th Leaf 2.22 9.7 26 0.11 126  0.55
6th Leaf 0.60 2.9 45 0.22 109 0.53
7th Leaf 0.62 2.2 62 0.23 116 0.42
8th Leaf 0.85 2.2 27  0.07 155 040
Oth Leaf 0.39 1.5 34 0.13 123 046
Qther leaves 1.15 0.7 179  0.12 173 0.11
1st Internode 0.06 14.0 1 0.33 3 075
2nd Internode 0.07 4,6 5 031 7 044
3rd Internode 0.07 32 8 035 8 034
4th Internode 0.10 31 12 035 8 0.25
5th Inlernode 0.08 3.6 11 049 3 014
6th Internode 0.08 3.9 10 048 2 010
7th Internode 0.12 4.0 18 0.61 3 011
8th Internode 0.13 22 33 0.54 5 008
Other Stem 020  0.02 105 0.11 nd nd
Roots 0.07 0.01 nd nd nd nd
Cotyledons 0.01 0.02 nd nd nd nd
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Tahke. 3.1.4. Distribution of caffeine, theobromine and paraxanthine in the seedlings of
Iranian tea. Age 11 months (November 1993). nd - not defected

Caffeine Theobromine Paraxanthine
Plant material mg mg g'I (F.W) ug mg gl (F.W) ng mge! (F.W.)
Apical bud 0.83 32.1 11.0 043 17 (.65
st Leaf 0.14 9.8 1.0 0.09 7 Q.50
2nd Leaf 0.72 3.3 13.0 0.06 100 045
3rd Leaf 0.17 1.7 5.0 0.05 31 030
4th Leaf 0.34 0.5 26.0 0.04 155  0.23
5th Leaf 0.17 0.5 11.0 0.03 117 0.34
6th Leafl 0.52 0.9 18.0 0.03 165 (.30
7th Leaf 0.04 0.5 40 0.06 14 020
8th Leal 0.09 0.2 150 Q.04 62 0.16
Sth Leafl 0.03 0.1 9.0 0.02 16 0.04
Other Leaves 0.20 0.4 20,0 0.04 60 0.11
1st Internode 0.02 3.6 0.4 0.08 0.3 0.06
2nd Internode 0.06 2.5 1.0 0.05 0.8 0.03
3rd Internode 0.05 1.2 2.0 0.05 1.0 0.02
4th Internode 0.03 0.5 1.6 0.02 1.0 0.02
5th Internode 0.02 0.6 1.0 0.03 1.0 0.03
6th Internode 0.02 0.4 0.4 0.08 0.8 0.02
7th Internode 0.02 0.5 1.0 0.03 0.8 .02
&th Internode 0.04 0.4 2.0 0.03 2.0 0.02
Other Stem 0.25 0.3 2.0 0.01 nd nd
Branch, 9th node 0.30 2.1 11.0  0.08 38  0.26
Branch, 10thnode  0.20 3.5 2.0 0.04 4  0.07
Rranch, 1ith node 0.17 0.2 27.0 0.03 173 0.15

Roots 0.08 0.01 nd nd nd nd
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Table. 3.1.5. Distribution of caffeine, (heobromine and paraxanthine in the seedlings of
Iramian tca. Age 13 months (January 1994). nd - not detected

Caffeine Theobroming Paraxanthine
Plant material mg mg g’ (FW.)} ug mg g F.W.) pg mg o (F.W.)
Apical bud 036 223 20 1.25 15 094
1st Leaf 0.11 23 19 041 39 0.85
2nd Leaf 0.10 1.8 16 030 38 0.72
3rd Leaf 0.13 14 18 020 64  0.67
4th Leaf 0.12 0.0 18 0.09 95 048
5th Leaf 0.10 0.5 & 0.04 78 0.38
6th Leaf 0.12 0.4 21 0.06 82 022
7th Leaf 0.14 0.3 24 005 80 0.18
8th Leaf 0.09 0.3 31 0.09 112 0,31
Oth Leaf 0.14 0.5 22 008 82 028
Other Leaves 0.56 0.3 102 0.06 395  0.23
1st Internode 0.07 2.1 2 008 10 0.32
2nd Intcrnode 0.07 1.6 2 004 1 0.03
3rd Internode 0.04 1.5 1 004 . 0.03
4th Internode 0.07 1.7 2 005 2 0.04
5th lnternode 0.03 0.7 it 0.02 1 0.02
6th Internode 0.04 0.7 1 0.02 2 0.03
7th Internode 0.06 0.6 1 0.0t 2 0.02
8th Internode 0.05 0.4 2 001 2 .02
Other Stem 0.35 0.2 17 0.0 14  0.01
Branch, 5th node 0.26 0.6 32 0.07 107 0.22
Branch, 6th node 0.36 1.0 37 0.10 101 0.27
Branch, 7th node 0.36 0.7 34 0.06 121 0.22
Branch, 8th node 0.33 2.2 19 0.12 47  0.31
Branch, 10th node 0.21 1.1 22 0132 3 0.21
Branch, 12th node  0.18 1.8 13 0.13 54 053

Roots 0.12 0.01 nd nd nd nd
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Table. 3.1. 6. Distribution of caffeine and theobromine in the seedlings of Iranian tea. Age
15 months (March 1994). Three samples analysed, data expressed as mean values +
standard error. nd - not detected

Caffeine Theobromine
Plant matctial mg mg g (F.W.) LE ng g'] (F.W)
Apical bud 04+01 26.7 £ 1.7 220+ 3.0 1470+170
1st leaf 24408 119417 35,02 157 190x 6O
2nd lcaf 2.7+04 1.8£1.8 473+ 114 2004 40
3rd leaf 1.8+ 0.8 8.1+33 33+£ 79 150+ 10
4th leaf 14£1.0 3.0+1.9 68.0+ 06 160% 10
5th leat 04£02 0.8+04 393+ 163 80%x 30
6th leaf 0.1£0.0 06+03 27.3+£10.5 70+ 20
7th leaf 0.2x0.1 0.5+0.3 237+ 7.8 60+ 20
8th leaf 0.2£0.1 0.6+0.2 183+ 9.6 50+ 20
9th leaf 0.1 £0.0 0.2+0.1 113+ 22 20+ 3
Other leaves 0.5£0.3 03zx0.1 61.7 +£30.2 40+ 7
1st Internode 0.1£00 95+1.2 771 42 4604120
2nd Internode 0.1£0.0 74+04 6.0+ 2.5 310% 50
3rd Internode 0.1+£0.0 47+£1.0 50+ 1.0 260+ 40
4th Internode 0.1x0.1 3406 90+ 1.5 240+ 50
5th Internode 0.1 +0.0 1.6 0.3 73:k% 23 1204 20
6th Internode 0.1+0.0 1.5+ 0.5 73+ 2.2 130 50
7th Internode 0.1+0.0 1.6+ 0.1 57+ 03 150+ 10
8th Internode 0.1%0.0 1.44-0.0 6.7+ 1.3 170+ 30
Other stems 1.1+0.3 04=x01 132.7 £ 30.4 60+ 20
Branch, 5th node 3.0+0.1 13.2 0.3 111.0x35.5 500+£170
Branch, 6th node 58+1.8 121402 997+ 28.0 240+ 60
Branch, 7th node 2.6+04 11.3+0.3 78.7+28.0 320+ 80
Branch, 8th node 2.6+0.2 58+04 580+ 4.0 130% 20
Branch, 9th node 43+1.5 58+0.2 180.,0£99.0 210 70
Branch, 10thnode 49+1.2 5.0+0.5 163.7+79.0 150+ S0
Branch, 11th node 56+L£1.1 6.2+£0.2 997+28.1 110% 10
Branch, 12th node 4.6 +0.7 6.1+04 1237+319 170x 50
Branch, 13th node 43%04 57+02 103.7 - 21.1 140 + 30

Roots 0.2=+0.1 0.03 £0.0 36.0+21.4 20+ 10
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In order to examine the data in more detail, the information in ‘T'ables 3.1.1 to 3.1.6 was
reformulated so variations in purine alkaloid levels in the different parts of the plant

could be evaluatcd more fully.
3.1.3.1. Shoot

The shoot was sub-divided in to upper (apical bud, leaves 1-3, internodes 1-3), middle
(leaves 4-9, internodes 4-8) and lower shoot (leaves and internodes below leaf 9). The
estimated concentration of caffeine and theobromine in the three parts of the shoot in
5.5 to 15 month-old Tranian tea seedlings are presented in Fignre 3.1.2. 1t is evident that
the concentration of caffeine was always higher in the upper shoot than in the middle
and lower shoot. The concentration of caffeinc also appears {0 change during the course
of the year. While this could be an effect of the age of the seedlings, it is more likely to
be a reflection of scasonal changes. The concentration of caffeine in the upper shoot in
May and July 1993 was ca. 16 mg g"l. From this high point it declined to ca. 4 mg g’ in
November 1993 and January 1994 before increasing to ca. 11 mg ¢ in March 1994 at
the beginning of spring. Thus, caffeine levels in the upper shoot appear to be highest in
suminer and lowest in winter, This trend was also evident, but less exuggerated, in the

middle and lower shoots of Tranian tea seedlings (Fig. 3.1.2).

Theobromine concentrations in the three parts of the shoot were much lower
than those of caffeine. However, as with caffeine, the concentrations were highest in the
upper shoot and similar seasonal variations were apparent with a decline in winter and a

rise early spring.

v
B}
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The upper shoot is very important for black tea production. The seasonal variations in
caffeine and theobromine concentrations in the different paris of the upper shoot are
presented in Fig.3.1.3. The major purine alkaloid, caffeine, was found in highest
concentrations, 44.4 mg g, in the apical bud of 7 month-old seedlings in July 1993.
The levels in the apical bud then decreased to a low point of 21.3 mg g'] in January
1994 before increasing in March to 26.7 mg g, The caffeine content of the first leaf
was 35.1mg g in July 1993 and declined, far more rapidly than the caffeine content of
the apical bud, to 2 mere 2.3 mg g‘1 i January 1994 before increasing to 11.9 mg g'l in
March 1994. Similar, but smaller seasonal changes were observed m the caffeine
content of the second and third leaves which contained substantially lower than the

apical bud and first leaf.
3.1.3.2. Leaves

From the data presented in Tables 3.1.1 to 3.1.6., it is evident that more than 90% of the
caffeine in Iranian tea seedlings is present in the leaves. When the lcaves classified as
young (apical bud, Ist to 3rd leaf), mature (4th - 9th leaf) and ages (below 9th leaf), it is
clear that the highest concentrations of caffeine are found in the young leaves (Fig.
3.1.4) and that thc seasonal variations in caffeine and theobromine, not surprisingly,

mirror those presented in Figure 3.1.2 for the upper shoot.
3.1.3.3. Stem

Variations in the caffeine and theobromine content of the upper (internodes 1-3), middle
(internodes 4-8) and lower (below 8 th internode) stem of seedlings harvest between

May 1993 and March 1994 are presented in Figure 3.1.5. The concentration of caffeine
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i?lg 3.1.2. Coné-éntfé-ﬁon of caffeine and theobromine (mg g ') in the upper,
middle and lower shoot of 5.5-15 month-old Iranian tea seedlings (May
1993-March 1994).
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Fig. 3.1.3. Concentration of caffeine and theobromine (mg g") in the
apical bud, 1st leaf, 2nd leat and 3rd leaf of 5.5-15 month-old Iranian
tea seedlings (May 1993~ March 1994).
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Fig. 3.1.4. Concentration of caffeine and theobromine (mg ¢™) in the
young, mature and aged leaves of 5.5-15 month-old Iranian tea seedlings
(May 1993 - March 1994).
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Fig. 3.1.5. Concentration of caffeine and theobromine (mg g™} in the upper,
middle and lower stem of 5.5-15 month-old Iranian tea seedlings (May 1993-
March 1994).
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is higher in the upper stem than 10 the middle and lower stem and similar seasonal
fluctuations to those observed in leaves, also occur. Once again theobromine is present
in much lower concentrations than caffeine, and in winter months it was not deteeted in

some samples.
3.1.3.4. Root and cotyledons

Although not of economic importance, the purine alkaloid content of roots and
colyledons of lraniun tea seedlings were investigated. The cotyledons, which were lost
from plants older than 9 months, contained only minor levels of caffeine and
theobromine was below the limit of detection. Roots, similarly, contained only irace

quantities of caffeine (Tables 3.1.1 - 3.1.6).
3.1.3.5. Branches

As the seedlings grew older branches began to appear and these too were analysed to
determine their purine alkaloid content (Tables 3.1.4 -3.1.6). Once again caffeine was
the major componenl with only trace amounts of theobromine being detected. In
November 1993 and January 1994 the concentration of caffeine in branches was less
than 3 mg g, however this increased in all branches in plants harvested in March 1994

with the upper (hree branches containing more than 10 mg g™
3.1.3.6. Paraxanthine in Iranian tea

Paraxanthine (1,7-dimethyxanthine) which has becn found only rarcly in plants, was
detected in the present study in extracts of Iranian tea seedlings harvested in September
and November 1993 and January 1994 (Tables 3.1.3-3.1.5). Like caffeine, the

concentration of paraxanthine was the higher in young leaves than mature and aged
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leaves and stem tissuc. The highest concentration of paraxanthine, 1.8 mg g'], was
detected in the apical bud from 9 month-old seedlings harvested in September 1993
(Table 3.1.3). The HPLC traces obtained with this sample and when it was co-
chromatographed with a paraxanthine standard are itlustrated i Figure 3.1.6. These
results together with those of Kato et al. (1996) suggest (1) paraxanttune may be a
precursor rather than a degradation product of caffeine and (ii) caffeine biosynthesis in

young leaves in winter may be different from than in spring-summer leaves.

3.1.4. Summary of the distribution of caffeine and theobromine in Iranian tea

seedlings

Caffeine and theobromine content of key parts of Iranian tea seedling harvested between
May 1993 and March 1994 are summarised in Table 3.1.7. The purine alkaloid levels
are expressed as a percentage of the fresh weight. The data show clearly that caffeine is
the major purine alkaloid and that it is present in highest concentrations in (he upper part
of the shoot, most notably the apical bud and expanding first leatf. The information
presented in Table 3.1.7 also provides evidence for seasonal variations in the caflcine
and theobromine content of tea seedlings, with highest levels being detected in summer

nonth and lowest in winter.
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Fig. 3.1.6. Gradient HPLC analysis of purine alkaloids in the apical bud Iranian tea
seedlings (September 1993). Column: 250 x 4.6 mm i.d. S5pum ODS Hypersil. Gradient:
25 min, 0 - 40% methanol in 50 mM Sodium acetate (pH5). Flow rate: 1ml min”.
Detectlor: absorbance monilor al 272nm. Sample: (A) 100ul aliquot of a 5 ml aliquots
extract of 10 mg of apical buds from 9 month-old of tea seedling (September 1993). (13)
A co-chromatographed with 2 ng of caffeine (Cf), thecobromine (Tb) and paraxanthine

(Pa).
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Table. 3.1.7. Distribution of caffeine and theobromine in Iranian tea seedlings over an 11 month period from May 1993 to

March 1994. Data expressed as a percentage of fresh weight. Cf - caffeine, Tb - theobromine, nd - not detected.

May July September November January March

Structure Cf Th Ci Th Cf Th Cf Tb Cf Th Cf Th
Apical bud 3.43 0.12 4.44 0.13 4.00 0.08 3.21 0.04 2.23 0.13 2.55 0.17
Upper shoot 1.59 0.02 1.60 0.03 1.24 0.02 0.45 0.01 0.28 0.02 1.10 0.02
Middle shoot 0.49 0.01 0.59 0.02 0.45 .02 0.06 nd 0.04 0.01 0.43 0.02
Lower shoot 0.16 nd 8.21 0.01 0.05 0.01 0.03 nd 0.02 ad 0.28 0.01
Young leaves 1.67 0.02 1.60 0.03 1.33 0.02 0.51 0.01 0.33 0.04 1.12 0.03
Mature leaves 0.55 0.01 0.61 0.02 0.47 0.01 0.05 nd 0.04 0.01 0.10 0.01
Aged leaves 0.29 0.01 0.29 0.01 0.07 0.01 0.04 nd 0.03 0.01 0.03 nd
Upper stem 0.72 0.02 1.53 0.03 0.47 0.04 0.18 0.01 0.17 nd 0.68 0.04
Middle stem 0.09 0.01 ¢.39 0.02 0.31 0.05 0.05 nd 0.07 nd 0.18 0.02
Lower stem 0.04 nd .09 0.01 0.02 0.01 0.03 nd 0.02 nd 0.04 0.01
Root 0.001 nd 0.001 nd 0.001 nd 0.001 nd 0.001 nd 0.002 nd
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3.1.5. Accumulation of methylxanthines in Darjeeling tea seedlings

Tables 3.1.8 provides information on the amounts of caffcine and thcobromine present
in the different parts of 5.5 month-old Darjceling tea seedlings harvested in May 1993.
As with Iranian tea seedlings, caffeine was the predominant methykxanthine with much
lower levels of theobromine being detected. Once again caffeine was present in highest
concentrations in the apical bud and first leaf with lower levels in the older leaves and
internodes although the first internode did contain more caffeine than the older, lower
internodes. These plants had lost their cotyledons and the roots contained only trace

amounts of caffeinc, while theobromine was not present in detectable quantities.
3.1.6. Distribution of purine alkaloids in Darjeeling tea seedlings

Information on the distribution of purine alkaloids in 5.5 to 15 month old Darjeeling tea
seedlings is presented in Tables 3.1.8 to 3.1.13. Caffeine was the major compound
detected along with lower levels of thecobromine. In contrast to Iranian tea, paraxanthine
was not detected in any of the samples of Darjeeling tea seedlings that were analysed.
There was again evidence for the presence of a caffeine gradient of within the plant,
with highest concentrations being found in the apical bud and thc young expanding first
leaf. In the case of the 15 month old seedlings triplicate samples were analysed (Table
3.1.13) and this demonstrates the precision of the analytical procedurcs and also
indicates that the overall trends of the mean values are similar {0 those obtained with the

younger seedlings where only one sample was analysed (Tables 3.1.8 - 3.1.12).
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Table. 3.1.8. Distribution of caffeine and theobromine in the seedlings of Darjeeling
tea. Age 5.5 months (May 1993). nd - not detected.

Caffemc Theobromine
Plant material mg mg g"1 (F.W.) Mg mg g'1 (F.W.)
Apical bud 0.40 26.7 10 0.67
1st Leaf 1.51 11.6 27 0.20
2nd Leaf 1.68 5.2 37 0.12
3rd Teaf 1.99 4.1 30 0.06
4th Leaf 2.60 3.8 34 0.05
5th Leal 1.77 3.4 32 0.06
6th Leaf 0.97 4.1 13 0.06
7th Leaf 1.39 4.3 18 0.06
8th Leaf 2.62 4.2 21 0.03
9th Leaf 3.04 4.2 20 0.03
Other Leaves 2.38 2.8 20 0.02
1st Internode (.08 3.0 1 0.05
2nd Internode 0.07 1.7 2 0.05
3rd Internode 0.06 1.4 2 0.04
4th Internode 0.07 0.6 3 0.02
5th Internode 0.07 0.6 3 0.03
6th Internode 0.05 0.8 3 0.04
7th Internode 0.04 0.8 2 0.04
8th Internode 0.04 0.5 2 0.02
Other Stem 0.26 0.4 13 0.02

Roots .07 0.02

=
0.

nd
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Tabie. 3.1.9. Distribution of caffeine and theobromine in the seedlings of Darjeeling
tea. Age 7 months (July 1993).

Caffeine Theobromine
Plant material mg mg g‘l (F.W.) ne mg g'l (F.W.)
Apical bud 0.24 30.3 5 0.63
1st Leaf 0.75 12.6 10 0.16
2nd Leaf 2.50 6.5 69 0.20
3rd Leaf 3.55 6.6 90 0.17
4th Leaf 2.80 5.8 90 0.18
5th Leaf 2.54 6.0 74 0.18
Gth Leaf 2.18 4.1 110 0.20
7th Leaf 1.87 4.4 86 0.20
8th Leaf 2.03 4.8 70 0.17
9th Leaf 1.39 3.8 48 0.13
Other Leaves 1.601 3.7 38 0.08
Ist Internode 0.11 18.4 2 0.30
2nd Internode 0.22 48 6 0.14
3rd Internode 0.29 3.0 8 0.09
4th Internode 0.27 3.5 10 0.12
5th Internode 0.23 3.0 8 0.11
6th Intemode 0.21 3.0 8 0.11
7th Internode 0.17 1.5 8 0.07
8th Internode 0.22 2.0 10 0.08
Other Stem 0.43 0.3 14 0.01

Roots 0.06 0.01

%]
Ul

0.003
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Table. 3.1.10. Distribution of caffcinc, thcobromine and paraxanthine in the seedlings

of Darjeeling tea. Age 9 months (September 1993). nd - not detected.

Calfeine Theobromine
Plant matcrial mg mg g’ (E.W.) g mg g (F.W.)
Apical bud 0.30 24.6 12.0 1.00
Ist Leaf 0.19 12.8 4.0 0.30
2nd Leaf 0.91 3.8 32.0 0.13
3rd leaf 0.59 2.3 28.0 0.11
4th Leaf 0.38 1.7 20.0 0.09
5th Leaf 0.41 1.5 24.0 0.09
6th Leafl 0.46 1.2 269.0 0.07
7th Leaf 0.42 1.0 21.0 0.05
8th Leafl 0.10 0.6 6.4 0.04
Oth Leafl 0.19 0.9 17.0 0.08
Other Leaves 0.71 0.7 42.0 0.04
1st Internode 0.08 7.9 1.6 0.16
2nd Internode 0.04 2.8 1.0 0,07
3rd Internode 0.04 1.4 1.6 0.05
4th Internode 0.08 1.3 4.0 0.06
5th Internode 0.10 1.4 5.0 0.07
6th Internode 0.08 1.1 4.0 0.0G
7th Internode 0.07 0.8 4.0 0.06
&th Internode 0.07 0.6 3.0 0.03
Other Stem 0.14 0.2 5.0 0.01
Roots 0.070 0.01 nd nd
Cotyledons 0.002 0.1 nd nd

]
»
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Table. 3.1.11. Distribution of the caffeine and theobromine in the seedlings of
Darjeeling tea. Age 11 months (November 1993). nd - not detected.

Calfleine Theobromine
Plant matexial mg mg g" (F.W) T84 mg g" (F. W)
Apical bud 0.21 21.0 6 0.60
1st Leaf 0.41 11.4 7 0.20
2nd Leal 0.76 2.8 43 0.16
3rd Leaf 0.09 0.3 21 0.08
4th Leaf 0.13 0.6 14 0.07
5th Leaf 0.07 0.6 9 0.01
6th Leaf 0.16 0.3 24 0.04
7th Leaf 0.06 0.2 19 0.05
8th Leaf 0.05 0.1 14 0.03
Sth Leafl 0.04 0.2 9 0.03
Other T.eaves 0.09 0.2 37 0.09
1st Internode 0.09 6.3 4 0.30
2nd Internode 0.04 2.4 2 0.13
3rd Internode 0.07 2.0 3 0.10
4th Internode 0.04 1.5 2 0.08
5th Internode 0.05 1.1 4 0.10
6th Internode 0.07 1.0 9 0.14
7th Internode 0.06 0.8 8 0.10
8th Internode 0.05 0.6 8 0.10
Other Stem 0.34 0.3 22 0.02
Branch, 7th node 1.13 3.8 80 0.27
Branch, 8th node 0.54 3.6 42 0.28
Branch, 9th node 0.27 3.4 6 ‘ 0.08
Branch, 10th node 1.05 5.5 29 0.15

Roots 0.11 0.01 nd nd
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Table. 3.1.12. Distribution of caffeine and theobromine in the seedlings of Darjeeling
tea. Age 13 months (January 1994). nd - not detected.

Caffeine Theobromine
Plant material mg mg g“l (F.W.) ng mg g’ (F.W.)
Apical bud 0.22 18.3 7 0.58
Ist Leaf 1.22 38 40 0.13
2nd Leaf 1.52 2.6 61 0.11
3rd Leaf 0.91 1.8 46 0.11
4th Leaf 0.64 1.8 29 0.08
5th Leaf 0.90 1.5 42 0.07
6th Leaf 0.60 0.9 43 0.09
7th Leaf 0.26 0.7 iG 0.04
8th Leaf 0.18 0.4 i9 0.04
9th Leaf 0.16 0.3 26 (.05
Other Leaves 0.95 04 190 0.08
Ist Internode 0.09 5.6 2 0.15
2nd Internode 0.03 1.6 2 0,10
3rd Internode 0.01 0.8 2 0.13
4th Internode 0.02 0.6 4 0.10
5th Intetmode 0.02 0.4 18 0.14
6th Intermode 0,02 0.3 9 0.14
7th Internode 0.02 0.2 9 0.12
8th Internode 0.01 0.2 5 0.06
Other Stem 0.49 0.2 192 0.08
Branch, [3thnode 0.44 3.4 24 0.17
Branch, 15th node 1.04 2.6 81 0.20
Branch, 16th node 1.05 2.4 44 0.10
Branch, 17th node 0.60 1.9 30 0.10

2.

Roots 0.23 0.04 nd
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Table.3.1.13. Distribution of caffeine and theobromine in the seedlings of Darjeeling
tea, Age 15 months (March 1994), Three samples analysed, data expressed as mean
values * standard error. nd - not detected.

Calfeine Theobromine
Plant material
mg mgg' (FW.) pg ngg' (F.W)

Apical bud 0.3+0.1 283 +0.9 163+ 54 1330 % 240
st lcaf 1.2+£0.5 79+13 333+ 209 200 80
2nd leaf 1.9+ 0.8 6.4 +0.8 43.0+ 244 130 = 40
3rd leaf 1.9+ 0.8 53:10.5 443 + 259 120+ 30
4th leaf 1.7 £ 0.7 5107 39.0+ 214 100+ 30
5th leaf 0.8£0.5 13+0.6 58.74 37.7 80+ 40
6th leaf 0.8£0.7 1.1+£0.7 51.3+ 237 90+ 10
7th leaf 0.6+04 1.0£0.6 37.0+ 7.8 90+ 20
8th leaf 0.6+04 09+0.6 57.04 26.1 20+ 30
9th leaf 0.6 %05 0.8+0.6 583+ 26.2 &0+ 30
Other leaves 32+£1.3 09+0.3 258.0+116.0 70 £+ 30
1st Internode 0.1+0.0 8.0+£05 157+ 7.1 660 + 100
2nd Internode 0.1£0.1 3.6%0.7 8.0&£ 29 300 + 100
3rd Internode 0.1 0.0 2.9+07 63+ 2.3 280+ 100
4th Internode 0.1 £0.0 26006 90+ 4.0 300+ 60
5th Internode 0.1+£0.0 2.1£03 8.7+ 0.7 2704+ 90
6ih Internode 0.1+£0.0 1.7+£0.1 70+ 1.2 190+ 50
7th Internode 0.1+0.0 1.5£0.2 6.7+ 09 140 £ 30
8th Internode 0.1 £0.0 1.6£0.2 7+ 38 220+ 50
QOther stems 0.1+ 0.0 03100 225.01:105.0 60+ 20
Branch, 7th nodc 2.31+0.38 6412 61.3+ 14.8 170 3
Branch, 8ih node 33x15 39102 102.3 £ 39.7 130+ 10
Branch, 9th node 3.0+09 56106 853+ 232 160+ 10
Branch, 10thnode 3.6 £2.1 4.7x0.7 787+ 37.2 110+ 20
Branch, l1thnode 4.3 +0.5 49+0.5 8734 37.7 140+ 20

Roots 0.04£001 0.02x£0.01 nd nd nd nd
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3.1.6.1. Shoot

The concentration of caffeine and theobromine in the upper, middle and lower shoot of
5.5 to 15 month-old Darjeeling tea seedlings (May 1993 to March 1994) are presented
in Figure 3.1.7. The upper shoots had a higher content caffeine than the middle and
lower shoots. As with Iranian tea, the concentration of caffeinc in the shoot tissues,
especially the upper and middle shoot, change during the course of the year with highest
levels in summer months and lowest in winter. This trend was not reflected in the,

albeit, very low concentrations of theobromine.

The seasonal variations in calfeine and thcobromine concentrations in the
different parts of the upper shoot are presented in Figure 3.1.8. Caffeinc, was found in
highest concentrations, 30.3 mg g, in the apical bud of 7 month-old seedlings in July
1993. The levels in the apical bud then declined to 18.3 mg g'l in January 1994 before
increasing in March to 28.3 mg g'l. The lower concentrations of caffeine in the first,

second and third leaves followcd a similar pattern.
3.1.6.2. Leaves

Like Iranian tea seedlings, more than 90% of the caffeine in Darjeeling tea is present in
the leaves. The highest concentrations are found in the young leaves and the seasonal
variations (Fig. 3.1.9) parallel those observed in the upper shoot (Fig. 3.1.7). The very
low concentrations of theobromine in leaves appear to fluctuate independently of the

scasonal variations in caffeine content.
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Fig. 3.1.7. Concentration of caffeine and theobromine {mg g’l) in the upper,
middle and lower shoot of 5.5-15 month-old Darjeeling tea seedlings
(May 1993-March 1994).
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Fig. 3.1.8. Concentration of caffeine and theobromine (mg g") in the apical
bud, first, second and third leaf of the 5.5-15 month-old Datjecling tca

seedlings (May 1993-March 1994).
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Fig. 3.1.9. Concentration of caffeine and theobromine (mg g™} in the young,
maturc and aged leaves of 5.5-15 month-old Darjeeling tea secdlings
(May 1993-March 1994).
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3.1.6.3. Stem

The caffeine and theobromine content of the upper, middle and lower stem of Darjeeling
tea seedlings harvest between May 1993 and March 1994 are presented in Figure
3.1.10, Theobromine was below the limit of detection in muany instances and the
concentration of caffeine was higher in the upper stem than in the middiec and {ower
sten. Variations in the levels of both compounds were not clearly related to seasonal

factors.

3.1.6.4. Roots and cotyledons

When present cotyledons contained low levels of caffeine and trace amounts of
theobromine (Table 3.1.10) while roots were found to contain only very low

concentrations of caffeine (Table 3,1.8 - 3,1.13).

3.1.60.5. Branches

Once again caffeine was the major component with much lower amounts of
theobromine being detecled. Although the trend was less clcar cut than with Iranian tea,
the data indicate thal the caffeine content of the branches increased between January and

March (Tables 3.1.11 - 3.1.13).

3.1.7.  Summary of the distribution of caffeine and theobromine in Darjeeling tea

seedlings

Caffcine and theobromine content of key parts of Darjeeling tea seedling harvested

between May 1993 and March 1994 are summarised in Table 3.1.14.




Caffeine

nmg per g

# —=— Upper stem
. % /

~-#r- Middle stem
May July Sept  Nov Jan  Mar |-o—Lower stem

Theobromine

May July Sept Nov Jan Mar

Date of sampling

Fig. 3.1.10. Concentration of caffeine and theobromine (mg g ) in the upper,
middle and lower stem of 5.5-15 month-old Darjecling tea scedlings
(May 1993-March 1994).
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Table. 3.1.14. Distribution of caffeine and theobromine in Darjeeling tea seedlings over an 11 month period from May 1993 to

March 1994. Data expressed as a percentage of fresh weight. Cf - caffeine, Tb - theobromine, nd - not detected.

May July September November January March

Structure Ci Th Ct Th Cf Th Cr Th Ci Th Cf Th
Apical bud 2.67 0.07 3.03 0.06 246 0.10 2.10 0.06 1.83 0.06 2.78 0.13
Upper shoot 0.55 nd 0.64 0.02 0.37 0.01 0.26 0.01 0.27 0.01 0.63 0.02
Middle shoot 0.35 nd 0.45 0.02 0.11 0.01 0.10 0.01 6.09 0.01 0.28 0.01
Lower shoot 0.17 nd 0.12 nd 0.04 nd 0.07 nd 6.08 0.01 0.15 0.01
Young leaves 0.59 D.01 0.71 0.02 0.38 0.01 0.25 0.01 0.27 0.01 0.67 0.02
Mature leaves 0.40 nd 0.48 0.02 0.12 0.01 0.03 0.01 0.10 0.01 0.16 0.01
Aged leaves 0.28 nd 0.37 nd 0.07 nd 0.02 nd 0.04 0.01 0.10 0.01
Upper stcm 0.19 nd 0.42 0.01 0.3 0.01 0.3 0.01 0.28 (.01 0.32 0.04
Middle stem 0.06 nd 0.24 0.0% 0.1 0.01 .10 0.01 0.03 0.01 0.18 0.02
Lower stem 0.04 nd 0.03 nd 0.02 nd 0.02 nd 0.02 0.01 0.03 0.01
Root 0.002 nd 0.001 nd 0.001 nd 0.001 nd 0.002 nd 0.0002 nd
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The purine alkaloid levels are expressed as a percentage of the fresh weight. Caffeine is
the predominant purine alkaloid and it is present in by far the highest concentrations in
the apical bud and expanding first leaf. The information presented in Table 3.1.14 also
provides evidence for seasonal variations in the caffeine content of tea seedlings, with
highest levels being detected in summer months and lowest in winter, However,
especially in tissues containing low concentrations of calleine, the trend is nol as clear-

cut as it was in seedlings of Iranian tea.

3.1.8. Comparison of the purine alkaloids content of Iran and Darjeeling tea

seedlings

Table 3.1.15 is a compilation of information from Tables 3.1.6 and 3.1.13 which
contain data obtained in replicate analyses of the calfeine and (heobromine content of 15
month old Tranian and Darjeeling tea seedlings harvested in March 1994. This shows
that the purine alkaloid content of the two types of tea is very similar with the caffeine
being present in much higher concentrations than theobromine, its immediate precursor.
In both instances, highest concentrations of caffeine and theobromine were detected in
the apical bud and there is a gradient within the plant with purine alkaleid
concentrations declining substantially as the tissues increase in age. Although the
caffeine content of the apical bud ol the two teas is stmilar, there is & tendency for lower
caffeine concentration in Darjeeling tea, the upper, middle and lower shoot of which

contains 6.3 £ 0.5, 2.6 £ 0.1 and 1.6 £ 0.4 mg g'l respectively compared to 10.8 & 1.7,

43+02and 2.9+0.4mgg’ for the same tissues in Iranian tea seedling.
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Table. 3.1.15. Distribution of caffeine and theobromine in Iranian and Darjeeling tea
seedlings at 15 months (March 1994). Data expressed as mg g mean values + standard

error (n = 3), nd- not detected.

Iranian tea Datjeeling tea
Structure Cf Th Cf Tb
Apical bud 267119 1.5£0.2 283+0.9 1.3+0.2
Uppershoot | 10.8+1.7 |0.2£0.04 6.3 0.6 0.2 +0.02
Middie shoot | 4.3 +0.2 0.2+0.02 2.2+ 0.08 0.1+ 0.003
Lower shoot 29+0.4 0.1 £0.02 1.5+04 0.04 £ 0.02
Young leaves | 11,142 0.2+0.04 6.6 0.6 0.15+0.03
Mature leaves | 1.0 +0.3 0.07+0.01 1.64+0.43 0.1+0.02
Aged leaves 0.3+0.1 0.04 £ 0.01 0.9+£0.25 0.07 +£0.03
Upper stem 6.7+£02 03£0.1 3.9+08 05+0.15
Middle stem 1.9£03 0.15+0.02 1.8+£0.16 0.2£0.05
Lower stem 0.4 1 0.1 0.06 £ 0.02 0.3+0.04 0.06 £ 0.02
Root 0.03 £0.01 nd 0.02 £0.01 nd
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3.2. Metabolism of purine nucleotide

3.2.1. Metabolism of [8-" 4C]adem’ne by young, mature and aged leaves of Iranian tea

The metabolism of [8-“C]adenine in the first, second, third, mature and aged leaves of
Iranian tea was investigated in a time course study. Al the end of incubation period,
radioactivity in the MSE and NA fraction was measured together with the amount of
"0, released. The methanolic extract was analysed by TLC and the position of
radiolabelled bands determuined by auloradiography (see Figure 3.2.1). Radiolabelled
zones detected by autoradiography were scrapped off the TLC plate, the
microcrystalline cellulose eluted with water and the level of radioactivity measured by
liquid scintillation counting,.

A summary of the data obtained with 6, 12, 24 and 48 h incubation periods are
presented in Tables 3.2.1 - 3.2.5. There was higher uptake of radioactivity by the
younger leaves than the mature and aged leaves. In the first, second and third leaves,
['*CJadenine was taken up rapidly and within 6 h was converted to adenine nucleotides
and nucleic acids. The proportion of radioactivity in these pools, and that associated
with ["“Cladenine, declined with further incubation. In 6 h incubations with the first
leaf, the level of incorporation of label into theobromine (8.6 £ 0.8%) was similar to that
associated with caffeine (7.6 = 0.8%), but therc after the proportion of labelled
theobromine declined while incorporation of ¢ into caffeine increased and after 24 h
and 48 h represented 487 + 0.8% and 34.6 + 3.0% respectively of the recovered
racioactivity. Only trace levels of radioactivity were associated with theophylline, which

is in keeping with the fact that cndogenous caffcine levcels in young tea leaves arc high
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as a consequence of the 1-N-demethylation step, responsible for the catabolism of
caffeine to theophylline, being blocked (Ashihara et al. 1997). Although relatively little
label was associated with the ureides, allantoin and allantoic acid, increasing amounts of
label entered the purine catabolism pathway as indicated by the extent of “CO, release.
Similar metabolic profiles were obtaincd when [8-"*Cladenine was incubated with the
first, second and third leaves of Iranian tea seedlings.

In mature and aged leaves, much higher levels of [MC] adenine were present afier
0 h than with the younger leaves and, in marked contrast to the younger tissues, there
was no detectable incoporation of label into adenine nucleotides (Tables 3.2.4 and
3.2.5). Particularly in thc aged lcaves, there was also a greater incorporation of
radioactivity into the nucleic acid fraction. After 48 h this represented 71.1 + 0.1% of
the recovered radioactivity compared with 20.9 + 1.6% in incubations with the first leaf,
The level of radioactivity associated with purine alkaloids was also reduced in
incubations with mature and aged leaves, most dramatically so in the case of caffeine.
The amount of *CO, released was much lower in aged leaves indicating that less of the
substrate was entering the purine catabolism pathway, someihing that is aiso implied by
an absence of incorporation of label into allantoin and allantoic acid.

The data obtained in these initial metabolism experiments demonstrate that
adenine is an effective substrate for caffeine biosynthesis and there are large differences
in the metabolism of adenine by young, mature and aged leaves of Iranian tea. The
young, first, second and third leaves are much more active sites of caffcine biosynthesis

than mature and aged leaves.
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Fig. 3.2.1. An autoradiogram of the methanol-soluble fraction. Segments adminstered

[8-'“C] adenine were extracted with MeOH and fractionated by TLC in n-butanol-acetic
acid- water (4:1:2; v/v). The figure was obtained from the experiments using 1st leaf of
Iranian tea. Cf-caffeine, Tp- theophylline, Tb-theobromine, Ad-adenine, Aln-allantoic
acid, All-allantoin, AMP-adenosine-5'-monophosphate, ADP-adenosine-5’-diphosphate

and ATP-adenosine-5'-triphosphate.
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Table. 3.2.1. Summary of the metabolism of [8-*CJadenine (0.5 pCi) by 100 mg of the

first leaf of Iranian tea seedlings after incubation for 6, 12, 24 and 48 h in a natural

photopcriod.

Time— | 6h 12h 24h 48h
Metabolites
ATP+ADP 17.8::1.2 11.8+26 3.3£06 2.6 £ 0.0
AMP 122+ 1.6 58409 23101 1.0+ 0.6
All+Aln 1.0+0.1 1.9 £0.1 1.6 £0.7 1.1+0.6
Ad 13.6£0.7 40+1.1 14102 1.0+£0.3
Th 8.6+0.8 7.6+0.8 52+40.1 29+0.1
Tp 1.9+03 1.5£0.8 1.2+ 0.6 0.2+02
Cctf 7.7 £ 0.6 223+ 04 48.7+0.8 34.6 £3.0
NA 36.8+£2.1 408 + 0.4 20313 20916
“co, 0.7+ 0.0 43104 16.2 £ 0.7 35.9+0.8
Total 297+1.9 231 +21 31313 201 £3
radioactivity
recovered

Levels of residual [8-'*Cladenine (Ad) and radiolabelled metabolites, adenosine-5'-
triphosphate  (ATP), adenosine-5'-diphosphate (ADP), adenosine-5'-monophosphate
(AMP), allantoin (All}, allantoic acid (Aln), theobromine (Tb), theophylline (Tp),
caffeine (CI), nucleic acid (NA) fraction and 14C02 expressed as % of the total
radioactivity recovered + standard ertor (n = 2). Total radioactivity recovered expressed

as k dpm =+ standard error {n = 2).
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Table. 3.2.2. Summary of the metabolism of [8-14C]adem'nc (0.5 pnCi) by 100 mg of the

second leafl of Iranian tea seedlings after incubation for 6, 12, 24 and 48 h in a natural

photoperiod.

Time-> | 6h 12h 24h 48h
Metabolites\
ATP+ADP 155%0.7 83+1.4 33+05 1.6+ 0.1
AMP 20.1+0.8 4005 2.0+04 1.0+03
AlH+Aln 1.2+02 0.9+0.0 12402 1.3+02
Ad 293+04 2403 1.3+0.2 0.5+0.0
Th 8.9+ 0.6 92+0.1 47207 22102
Tp 0.6+0.2 0.5£0.2 04101 0.3+0.1
Cf 8.0+04 27.2+0.1 385+1.1 37.0+ 0.0
NA 353+1.3 37.9+23 343101 244+ 009
“co, 13401 9.7 £0.1 14.6 0.3 29.8 £ 0.3
Total 361+ 16 514 + 18 502 £0.1 470 %5
radioactivity
recovered

Levels of residual [8-'‘Cladenine (Ad) and radiolabelled metabalites, adenosine-5'-
triphosphate (ATP), adenosine-5'-diphosphate (ADP), adenosine-5-monophosphate
(AMP), allantoin (All), allantoic acid (Aln), theobromine (Tb), theophylline (Ip),
caffeine (CI), nucleic acid (NA) fraction and 14COz expressed as % of the total
radioactivity recovered + standard error (n = 2). Total radioactivity recovered expressed

as k dpm :* standard error (n = 2).
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Table. 3.2.3. Summary of the metabolism of [8»'4C]adcnille (0.5 pCi) by 100 mg of the

third leaf of Iranian tea seedlings after incubation for 6, 12, 24 and 48 h in a natural

photoperiod.

Time-> | 6h 12h 24h 48h
Metabolites-
ATP+ADP 142+ 1.0 6.6 0.8 214£0.0 1.2£02
AMP 19.4+0.2 44+09 2604 0.9:-0.0
All+Aln 1.2+0.1 12402 1.1+03 1.3£03
Ad 6.6+02 1.7+0.1 1.1£02 06+0.1
Th 11.4+0.1 143+1 92+1.1 3.5£0.2
Tp 24407 24+1.0 0.7 0.1 0.3+0.0
Cf 3.7+£03 177432 343 £0.0 30624
NA 39.8+0.2 34610 31.3+0.7 26505
*Co, 1.5+0.2 17.3+ 1.8 17.6 £0.7 353+1.3
Total 408 + 12 615121 670 + 26 666 + 23
radioactivity
recovered

Levels of residual [8-'"Cladenine (Ad) and radiolabelled metabolites, adenosine-5'-
triphosphate (ATP), adenosine-5'-diphosphate (ADP), adenosine-5'-monophosphate
(AMP), allantoin (All), allantoic acid (Aln), theobromine (Tb), thcophylline (I'p),
caffeine (Cf), nucleic acid (NA) fraction and 14CO2 expressed as % of the total
radioactivity recovered + standard error (n = 2). Total radioactivity rccovercd cxpressed

as k dpm i standard error (n = 2).
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Table. 3.2.4. Summary of the metabolism of [8-14C]aclenine (0.5 pCi) by 100 mg of the

mature leaf of Tranian tea seedlings after incubation for 6, 12, 24 and 48 h in a natural

photoperiod.

Time— | 6h 12h 24h 48h
Metabolitesl
Ad 85.4 +2.8 80.540.5 40.6+ 1.7 16.8£2.9
b 0.5+0.3 4,1+3.1 3.6+09 48+1.1
Tp 02+02 02+0.1 1.7+0.3 0.8+£0.8
Ct 31+28 0.3+0.1 1.34+0.2 24+1.0
NA 9.8+ 0.3 16.0+0.5 437419 36.7+2.3
*Co, 14+0.1 2.3£0.1 7.0+0.5 38.5+23
Total 112+2 1385+2.5 66.4 +4.1 95.5+28
radioactivity
recovered

Levels of residual [8-'"Cladenine (Ad) and radiolabelled metabolitcs, thcobromine (Th),
theophyiline (1p), caffeine (Cf), nucleic acid (NA) fraction and “CO, expressed as % of
the total radioactivity recovered + standard error (n = 2). Total radicactivity recovered

expressed as k dpm + standard error {n = 2).
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Table. 3.2.5. Summary of the metabolism of [8-'4C]adenine (0.5 nCi) by 100 mg of the

aged leaf of Iranian tea seedlings aller incubation for 6, 12, 24 and 48 h in a natural

photoperiod.

Time— | 6h 12h 24h 48h
Metabolites
Ad 842x1.2 480+ 04 13.4£0.2 8.0+1.1
Th 1.1 £0.1 1.2+ 0.6 20101 0.6%0.5
Tp 0.6 £ 0.1 03+0.1 0.8+0.7 02+0.1
Cf 1.1+0.5 0.8 +£0.6 1.7£0.3 20%0.5
NA 11.3£0.5 47.9+£04 74.5+0.5 71.1£0.1
“co, 1.8+0.2 1.8+0.1 7.6 £0.5 18.2+0.1
Total 110.6 £ 4 182.2 £ 0.7 1425 +£83 213+ 2
radioactivity
recovered

Levels ol residual [8- "Cladenine (Ad) and radiolabelled metabolites, theobromine (Tb),
theophylline (Tp), caffeine (Cf), nucleic acid (NA) fraction and 14(‘,02 expressed as % of

the total radioactivity recovered = standard error (n = 2). Total radioactivity recovered

expressed as k dpm & standard error {(n = 2).
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3.2.2, Metabeolism of [ 8-“C]adcnine by young Iranian tea leaves in light and darkness

Sections of the first and second leaves of lrantan tea, weighing ca. 100 mg, were
incubated with 0.5 pCi [8-]4C]adenine in light and darkness for the 12, 24 and 48 h afier
which the leaves were extracted and processed as summarised in the previous section.
‘The dala obtained are presented in Tahles 3.2.6 and 3.2.7 and Figure 3.2.2 and 3.2.3. In
light there was a much greater release of 14CO2 than in darkness and a lower level of
incorporation of label into nucleic acids than in darkness. In darkness, however, more
label was associated with adenine nucleotides and also with the purine alkaloids. After
12 h in darkness, 29.6 + 1.4% of the recovered radioactivity from the first feaf was
associated with theobromine compared to 6.6% in parallel incubations in light. A
greater incorporation of label into theobromine in the dark was also observed in
incubations with the second leaf of Iranian tea seedlings. There was also much more
extensive accumulation of radioactivity associated with caffeine in incubations with first
and second leaves in darkness (Tables 3.2.6 and 3.2.7 and Figure 3.2.2 and 3.2.3).

The lower incorporation of label from [8-14C]adeniuc into caffeine in light, and
the reported accumulation of lower levels of endogenous caffeine in tea callus incubated
in light compared to darkness (Ogutuga and Northcote, 1970a) are both suggestive of a
reduced rate of caffeine biosynthesis and/or an enhanced rate of caffeine catabolism in
light. Tt is also feasible that in light, adenine is directed preferentially to alternative
pathways. The possibility is supported by the observation that the reduced production of
[MCcaffeine from [8-14C]adeninc in light compared to darkness was accompanied
elevated 'CO, output and an increased incorporation of label into adenine nucleotides

(Fig 3.2.2 and 3.2.3). In an earlier study, Suzuki (1972) demonstrated that light did not
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influence the incorporation of radiolabel from [methyl—MC]methionine into caffeine in
tea leaves. This indicates that light does not effect directly the three methylation steps in

the caffeine biosynthesis pathway.

3.2.3. HPLC analysis of radiolabelled metabolites

In selected instances, the methanclic extract obtained from the leaves with [8-
(‘Jadenine was analysed by HPLC-RC. Although purine nucleotides and nucleic acids
did not elute from the column and the ureides were usually present in quantities below
the limits of detection, this facilitated the confirmation of the TLC-based identification
and quantification of caffeine and theobromine. A exiract typical IHIPLC-RC frace
obtained by analysing a 30k dpm aliquot of a methanolic from the first leaves of [ranian
tea following incubation with [8-"*CJadcnine for 48 h in darkness is illustrated in Figure
3.2.4. The data obtained with HPLC-RC confirmed the resulis of the TLC analyses and
in the case of 48 h incubations which were examined in detail, confirmed that the first,
second and third leaves had a much higher capacity of caffeine biosynthesis than mature

and aged leaves of lranian tea (Figure 3.2.5).
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Fig. 3.2.2. Summary of the metabolism of [8-"*Cladenine (0.5 p Ci) by 100 mg

of the first leaf of [ranian tea seedlings after incubation in light and darkness for 12,
24 and 48 h. Incorporation expressed as a percentage of recovered radioactivity.
AN- adenosine nucleotides, Ad- adenine, Tb- theobromine, Tp- theophylline,
Cf-caficinc and NA- nucleic acids.
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Fig. 3.2.3. Summary of the metaholism of [8-'*Cladenive (0.5 p Ci) by 100 mg of
the second leaf of Iranian tea seedlings after incubation in light and darkness for 12,
24 and 48 h. Incorporation expressed as a percentage of recovered radioactivily.
AN- adenosine nucleotides, Ad- adenine, Th- theobromine, Tp- theophylline,
Cf-caffeine and NA- nuclcic acids.
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Table. 3.2.6. Summary of the metabolisn of [8-'*CJadenine (0.5 uCi) by 100 mg of the

first leaf of Iranian tea seedlings afier incubation for 12, 24 and 48 h in light and dark.

Dark Light
Metabolites | 12h 24h 48 h 12h 24 h 48 h
ATP+ADP 6.9£0.5 51102 | 15406 34208] 24102 | 13402
AMP 0402 02+£0.1 | 0.1+01 | 07£0.1 | 02+0.0| 0.6£0.2
Al+ Aln 1.0 +0.0 03+02 | 0201 | 05402 0400} 0.6+0.2
Ad 0.6 +0.1 0302 01401 0702 0.4x0.1 |nd
Th 296 1.4 84423 | 13x0.1{ 6.6+05 ] 2.8£0.1 | 1.4 0.1
Ty 1.4 £0.9 09402 03£00! 06102 | 0.240.0| 0.[20.0
Cf 274417 |[51.643.5|37.54£0.7 { 11.541.1 | 123 211 | 123 +1.2
NA 26.7+02 (23.0+0.4 | 223+0.3 [ 127206 | 104401 | 84 %1.1
“co, 6.2:+05 | 15240.4 [ 37.1 £0.9 | 66.2 £2.6 | 71.0£1.3 | 75.1 £0.6
Total 597+29 | 583+28 [620+4 |379:%35 {44023 | 526+24
radioactivity
recovered

Levels of residual [8-‘Cladenine (Ad) and radiolabelled metabolites, adenosine-5'-
triphosphate (ATP), adenosine-5'-diphosphate (ADP), adenosine-5'-mounophosphate
(AMP), allantoin (All), allantoic acid (Aln), theobromine (Tb), theophylline (Tp).
caffeine (Cf), nucleic acid (NA) fraction and *CO, expressed as % of the total
radioactivity recovered + standard error (n = 2). Total radioactivity recovered expressed

as k dpm :+ standard error {n = 2). nd - not dctected.

R
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‘Table. 3.2.7. Summary of the metabolism of [8-'*Cladenine (0.5 pCi) by 100 mg of the

second leaf of Iranian tea seedlings after incubation for 12, 24 and 48 h in light and

dark.

Dark Light
Metabolites |12 h 24h 48 h i2h 24 h 48 h
ATP+AMP |(17.1+14 | 7.1£1.5 | 25400 | 4808 | 2.0+05 | 1.1x0.1
AMP 08+02 | 03202 02:x0.1 | 06+02{ 0.7+03 | 0210.2
A+ Aln 1.0£01 | 05403 | 02£0.0 | 1202 0.5+£0.0 | 02402
Ad 02401 0100 03+02 | 05%03 | 0403 | 02£02
Tb 245+1.0 (13719 | 7.2+£0.9 | 83400 | 34102 | 24+03
Tp 1.0+04 | 03403 | 05+£02 | 031402 | 02402 | nd
Cf 150103 | 343421 [40.2%19 | 89401 | 12.2+1.1 | 104 +]1.7
NA 31.9+0.9 | 26905 | 23.8+2.1 | 11.34£0.7 | 123 +0.2 [ 8.510.5
*co, 8.6+0.4 | 17£0.5 |253+2.0 |64.720.6 | 68.6+0.2 |77.2%1.8
Total 563 0.7 [564£25 [ 566136 (43012 |457+2 |559+13
radioactivity
recovered

Levels of residual [8-"*Cladenine (Ad) and radiolabelled metabolites, adenosine-5'-
triphosphatc  (ATP), adenosine-5'-diphosphate (ADP), adenosine-5'-monophosphate
(AMP), allantoin (All), allantoic acid (Aln), thecbromine (Tb), theophylline (Tp),
caffeine (Cf), nucleic acid (NA) fraction and *CO, expressed as % of the total
radicactivity recovered + standard error {n = 2). Total radioactivity recovered cxpressed

as Kk dpm + standard error (n = 2). nd - not detected.




CHAPTER 3 RESULTS AND DISCUSSION 80

Radioactivily

Tb B
\//\ ;‘ l\
N T N e, T \Ww. A

0 10 20 30

Retention time

Fig. 3.2.4. Gradient reversed-phase HPLC-RC analysis of [8~'4C]adenine metabolites
from first leaf of Tranian tea seedlings. Column: 250 x 4.6 mm i.d. Sum ODS Hypersil.
Gradient: 25min, 0-40% methanol in 30mM sodium acetate (pH 5.0). Flow rate: 1 ml
min”. Detector: radioactivity monitor operating in heterogenous mode. Sample: 30 K
dpm aliquot of a methanolic extract of 150 mg of first leaves of Iranian tea seedlings

following a 48 h incubation with 0.25 pCi [8-"*Cladenine. Tb-theobromine, Cf-caffeine.
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Fig. 3.2.5. Incorporation of [8—I4C]adenine into caffeine by first, second, matwe and
aged leaves of Darjecling tea seedlings. 150mg of leaves incubated with 0.25uCi [8-
14C]a.de,nine for 48 h in natural condition at 25 °C. Leaves extracted with methanol and

aliquots analysed bby HPLC-RC. Incorporation in label into [:AC]caffeine expressed as

a percentage of recavered radioactivity + standard error (n = 3).
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3.3. Pulse-chase experiment

To obtain further information on caffeinc biosynthesis in young tea leaves, pulse-chase
experiments were carried out in which leaves were incubated in a natural photoperiod ai
with either [8-'“CJadenine or [8-'*C]guanine. The incubation medium was replaced with
fresh medium devoid of radiolabelled substrate after an initial 4 h pulse after which the
leaves were incubated for a further 44 h. Samples were collected for analysis after 4, 8,

12,24 and 48 h.

3.3.1L. Metabolism of [6‘-14C]adenine

The data obtained in pulse-chase experiments with [8-""Cjadenine and first lcaves of
Darjeeling tea seedlings are presented in Table 3.3.1 and Figares 3.3.1. At the end of
the 4 h pulse the leaves contained relatively little ['*CJadenine and most of the
radioactivity was associated with theobromine, adenine nucleotides and nucleic acids.
During the course of the subsequent chase, the level of radioactivity incorporated into
the adenine nucleotides fell substantially while '*C in the nucleic acid pool declined
only slightly. The gradual decline in the size of the ['4C]theobromine pool during the
chase was accompanied by increased incorporation of label in to caffeine, which after
48 h was the major radiolabelled product. Although relatively little '*CO, evolved
during the 4 h pulse, substantially quantities, equivalent to 26.4 & 0.2% of the recovered
radioactivity, were produced by the end of the 44 h chase. In contrast w “CO,, the
amount of radioactivity incorporated into the ureides, allantoin and allantoic acid, which
are intermediates in the purine catabolism pathway, was minimal. Incorporation of label
into the caffeine degradation product, theophylline, was also very low. TLC analysis of

the hydrolysed NA fraction, in which purine residues of RNA and DNA bave been




CHAPTER 3 RESULTS AND DISCUSSION 83

converted to purine bascs, revealed incorporation of [8-"*Cladenine into not only
adenine residues of nucleic acids but also guanine residues (Fig. 3.3.2). This indicates
conversion of [**Cladenine - AMP — IMP — XMP —» GMP — GDP —» GTP as part
illustrated in Figure 1.3

Identical pulse-chase experiments were carried out in with [8~]4C]adenine was
incubated with second leaves of Darjeeling tea seedlings. The data produced, which are
very similar to those obtained with the first leaves, are presented in Table 3.3.2 and

Figure 3.3.3.

3.3.2. Metabolism of [8—”C]guanine

Pulse-chase cxperimonts were carried out in which the first leaves of Darjeeling teca
were incubated with [8—14C]gua11ine. The data obtained are presented in Table 3.3.3 and
Figure 3.3.4. Although the amount of ['*CJcaffeine produced appears slightly less than
in the pulse-chase experiments with [8-'*Cladenine, the overall kinetics are very similar
(Table 3.3.1 and Figure 3.3,1). At the end of the chase, proportionally much more
[MC]guanine was present in the leaves than [14C]adenine in the earlier experinent, alsa
14CO;Z production was higher than in the initial stages of the puise-chase feeds with 8-
“Cladenine. During the course of the experiment, there appeared to be less label
associated with guanine nucleotides than the equivalent adenine nucleotides in feeds
with [8-"*Cladenine. Although initially lower, the mucleic acid fraction was labclled
extensively in the pulse-chase experiments with [8-'‘Clguanine than when [8-
140,

adenine was used as a substrate. 'This may reflect the fact that the cellular guanine

nucleotide pool is always smaller than the adenine nucleotide pool (Suzuki et al. 1992).
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Tabke. 3.3.1. Summaty of the metabolism of [8~14C]adenine in pulse-chase experiment
in which 100 mg of first leaves of Darjceling tea scedlings were incubated with 1 pCi
[8-""Cladenine for 4 h after which the leaves were incubated without radiclabelled
substrate for a further 44 h. Samples taken for analysis 4, 8, 12, 24 and 48 h after the

beginning of the incubation with [8-”C]adenine.

Time—> { 4 h 8h 12h 24 h 48 h
Metabolites
ATP+ADP 23545 11.8+1.3 39+0.6 33x109 23+1.3
AMP 105£1.3 4.6+£2.0 1.4£0.8 0.5+£0.1 0.3+0.0
Al+Aln 12+£0.6 0.9£0.6 0.9+04 33101 0.1+ 0,1—
Ad 27+1.2 1.4+ 0.8 0.4+0.2 0.1 +0.0 nud
Tb 209+4.0 22308 13.0£0.5 29+0.2 1.0+0.2
Tp 1.7+ 0.5 1.0+0.1 1.3 +0.7 04+0.1 0.1£0.0
Cf 7.0+£08 |31.6£02 [4911£02 [582X26 |44642.0
NA 35.0+0.8 25.6+03 289103 25.7+0.2 253408
"co, 0.7+0.1 12+00 | 1.3+01 | 83+05 |264+02
Total 358216 31311 346 £ 38 256+ 1 327+ 19
radioactivity
recovered

Levels of residual [8-""CJadenine (Ad) and radiolabelled metabolites, adenosine-5'-
triphosphate (ATP), adenosine-5'-diphosphate (ADP), adcnosine-5'-monophosphate
(AMP), allantoin (All), allantoic acid (Aln), theobromine (Tb), thcophylline (Tp),
caffeine (Cf), nucleic acid (NA} fraction and MCOZ expressed as % of the total

radioactivity recovered * standard error (n = 2). Total radioactivity recovered expressed

as k dpm * standard error (n = 2). nd, not detected.
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Tuble. 3.3.2. Summary of the metabolism of [8-'*CJadenine in pulse-chase experiment
in which 100 mg of second leaves of Darjeeling tea seedlings were incubated with 1 uCi
[8-*Cladenine for 4 h after which the leaves were incubated without radiolabelled

substrate for a further 44 h. Samples taken for analysis 4, 8, 12, 24 and 48 h after the

beginning of the incubation with [8-14C] adenine.

Time — 4h 8h 12h 24 h 48 h
Metabolites<
ATP+ADP 178+1.5 1103%1.2 93+1.4 54+2.2 22+0.1
AMP 129 £3.7 74413 42+04 1.9+0.3 0.8+03
Al+Aln 1.8+0.0 1.9+1.0 1.1+04 0.5+ 0.1 0.4%0.1
Ad 24+0.6 1.0+02 0.6+0.1 0,100 0.2+0.90
Th 186+£20 [239+£13 [17.7£02 55+006 0.8+£0.2
Tp 28+1.4 1.6 £ 0.4 1.0+ 04 0.2+0.1 02+0.1
Cf 59200 | 196220 (32711 |4974£23 |37.7+£32
NA 369+14 33422 (312+18 |271x01 [247£04
*co, 15+03 | 21£02 | 26£01 | 98+02 |333+29
Total 257+ 13 23921 235t 16 259+2 355 +23
radioactivity
recovered

Levels of residual [S-MC]adeniue {Ad) and radiolabelled mctabolitcs, adenosine-5'-
triphosphate (ATP), adenosine-5'-diphosphate (ADP), udenosine-5'-monophosphate
(AMP), allantoin (All), allantoic acid (Aln), theobromine (Tb), theophylline (Tp),
caffeine (Cf), nuclcic acid (NA) fraction and "CO, expressed as % of the fotal
radioactivity recovered * standard error (n = 2). Total radioactivity recovered expressed

as k dpm + standard error (n = 2).
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Table.3.3.3. Summary of the metabolism of [8-]4C]guanine hydrochloride in pulse-
chase experiment in which 100 mg of first leaves of Darjeeling tea seedlings were
incubated with 1 nCi [8-1*C]guanine hydrochloride for 4 h after which the leaves were
incubated without radiolabelled substrate for a further 44 h, Samples taken for analysis

4,8, 12, 24 and 48 h after the beginning of the incubation with [8—'4C]guanine

hydrochloride.

Time—> {4 h 8h 12h 24 h 48 h
Metabolites|
GTP+GDP 474+ 1.0 1.8+04 1.0+ 0.1 1.1+0.1 0.6£02
GMP 1.4£04 07£03 07400 0.4+0.1 0.4+0.1
All+An 1.8+0.1 1.3+£0.2 L14£0.1 0.6+0.1 0.4+0.1
Gu 613x£29 (26608 [207+23 |11.5+06 47+0.3
Th 51+13 |13.8+02 [102+0.3 46+04 1.4+£0.2
Tp 0.2+0.1 02+0.1 03402 0.1%0.1 0.1+£0.0
Ct 1.7+£03 |[113£3.7 |21.1x22 (35122 |348:£08
NA 19.1+£0.1 136.0+£3.0 ([357+05 [367+£08 [3531£04
"“co, 52+0.1 85+07 | 93420 | 97+05 |[225+1.7
Total 344 + 4 304 £19 3341 324 £ 4 27212
radioactivity
recovered

Levels of residual [8-'*Clguanine (Gu) and radiolabelled metabolites, guanosine-5'-
triphosphate (GTP), guanosine-5’-diphosphate (GDP), guanosine-5'-monophosphate
(GMDP), allantoin (All), allantoic acid (Aln), theobromine (Tb), thcophylline (Tp),
caffeine (Cf), nucleic acid (NA) fraction and '*CO, expressed as % of the total
radioactivity recovered + standard error (n = 2). Total radioactivity recovered expressed

as k dpm + standard crror (n = 2).
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(100 mg) were incubated with 1 w Ci [8-"*Cadenine for 4 h, after which the
radioactivity was chased for a further 44 h. Incorporation of radioactivity
expressed as a percentage of the recovered radioactivity. Ad, adenine; AN,
adenine nucleotides; Tb, theobromine; Cf, caffeine; NA, nucleic acids.




100 —

|

N
[a)

40

% of radioactivity in hydrolysed nucleic acid fraction

20 '* e e Ad

|
M —ig—Gu

4h 8h 12 h 241 48 h

Duration of incubation (h)

Fig. 3.3.3. Distribution of radioactivity (%) in the hydrolysed nucleic acid

fraction obtained in a pulse-chase experiments in which the first leaf of
Darjecling tea seedlings were incubated with [8—I4C]adeninc undcr the
conditions outline in Fig.3.3.1. Ad-adenine, Gu-guanine.

89



Incorporation (% of total radioactivity)

36

Duration of incubation (h)

48

—— GN
—tg— (Gu
-—2—Tb

- g -Cf
Qe A

- 8- 14C0O2

g0

Fig.3.3.4. Distribution of radivactivity in metubolites from [8-'*C]guanine
hydrochloride after a pulse-chase experiment with the first leaf of Darjeeling tea

seedlings. Leaves (100 mg) were incubated with 1y Ci [8-‘4C]guanine for 4 h,
after which the radioactivity was chased for a further 44 h. Incorporation of
radioactivity expressed as a percentage of the recovered radioactivity. GN,
guanine nucleotides; Gu, gnanine; Tb, theobromine, Cf, caffcine; NA, nucleic
acids.




CHAPTER 3 RESULTS AND DISCUSSION 91

3.4. Catabolism of [8-14C]caffeine by the first leaves of Iranian tea

A recent study has shown that caffeine accumulates in tea leaves because the conversion
of caffeine to theophylline is blocked. In contrast to caffeine, theophylline is
metabolised rapidly to 3-methylxanthine and on to xanthine which is degraded to 14C02
via the purine catabolism pathway. In addition, sizeable amounts of theophyliine and
xanthine are salvaged for the synthesis of caffeine via theobromine (Ashihara et al.
1997) (see Fig. 1.5). In the present study, the catabolism of [8—14C]caffcinc, in light and
dark, by first leaves of Irantan tca was investigated using 4, 12, 24 and 48 h incubation
periods, after which the methanol extracts were analysed by TLC and ]4(302 evolution
was determined. The data obtained are presented in Table 3.4.1 and Figure 3.4.1. Based
on both the lower recovery of ['*Cleaffeine and the increased production of 1"COZ
following incubation in the light for 48 h, it is ciear that light enhances the ratc of
catabolism of caffeine. However, during the first 24 h of incubation, caffeine
degradation is not affected by light. Trace levels of xanthine were detected in samples
from incubations in the light and small amounts of theobromine and theophylling were
present in both light and darkness.

These data demonstrate that the lower levels of incorporation of label from [8-
“*Cladenine into caffeine in tea lcaves incubated in light compared to darkness,
described in Section 3.3.2, are, at least in part, a consequence of light-induced
enhancement of the rate of caffcine catabolism. However, other factors would appear to
be influencing caffeine metabolism, because the light-mediated enhancement of the rate
of [MC]caffeine degradation was not detected until 48 h alter the beginning of the
incubation period (Fig. 3.4.1) while the reduced rate of incorporation of [*Cladenine

into caffeine in light starts to become apparent after only a 12 h incubation (Fig. 3.2.2).
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‘Table. 3.4.1, Summary of the catabolism of [8-""Cleaffeine (1 1Ci) by 100 mg of the

first leaves of Iranian tea scedlings incubated in light and darkness for 4, 12, 24 and 48

h.

Incubation Dark

time—

Metabolites! |4h 12h 24 h 48 h
Caffeine 99.2 £0.3 98.9+0.3 97.4 1 0.7 90.7+ 0.7
Theophylline | 02+0.1 0.6 + 0.4 1.1£0.7 10405
Theobromine 0.1+0.0 0.1+0.0 0.2%+0.1 04+£02
"“co, 0.1+0.0 0.1%0.0 1.0£0.1 7.5+0.2
Total 1178 :£ 136 2046 + 24 2173 £ 97 20209
radioactivity
recovered
Incubation Light
time—

Metabolitesy |[4h 12 h 24 481
Caffeine 97.2+£1.0 973x03 956+ 04 572x15
Theophylline 1.1+06 1.2+0.2 09+04 0.6+£06
Theobromine 02£0.2 0.5£0.1 0.4£0.0 0.4-£0.0
Xanthine 0.5+ 0.0 03+£03 0200 0.2+0.1
“co, 0.1£0.0 0.2£0.0 2.5+0.0 41111
‘T'otal 1092 + 57 1535+ 0.1 17829 1880 £25
radioactivity
recovered

Levels of residual [8-°CJcaffeine and radiolabetled mectabolitcs cxpressed as a
percentage of the recovered radioactivity -+ standard error (n = 2). Total radioactivity

recovered expressed as k dpm # standard error (n = 2).
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3.5. The effects of phytohormones on the metabolism of purine
nucleotides and caffeine by tea [eaves

Unlike purine alkaloids, such as caffeine, phytohormones are present in plant tissues in
only frace amounts, typically at the 10-50 ng g' level. Phytohormones, including
abscisic acid (ABA), gibberellins, such as gibberellic acid (GA,), the auxin, indolc-3-
acetic acid (IAA) and the cytokinin, zeatin (Fig. 3.5.1), co-ordinaie growth,
development and responses to environmental stimuli. They act by altering the
expression of genes, changing the properties of membrances and by both inducing the
synthesis of new enzymes and modulating the activity of existing enzymes. The
responsc of cells to these actions can redirect metabolism and alter development (Clarke
1996). Tt was therefore of interest to investigate the cffcct of phytohormones on the
metabolism of purine nucleotides and purine alkaloids. To this end, 100 mg samples of
the first leaf of tea seedlings were incubated in the presence and ahsence of 10° M
ABA, GA,, TAA and zeatin. The leaves were pretreated with phytohormone for 4 h
prior to the addition of either 0.5 pCi [8-'*Cladenine or [8-'*C]caffeine and incubation
in either light or darkness, Samples were collected after 12 h and 24 h and radiolabelled
components in methanolic extracts and the nucleic acid fraction analysed as described in

Section 2.4.

3.5.1. Effect of phytohormones on the metabolism of [8«”(,]Iadenine
Data obtained following the incubation of [8—”C]adenine with the first leaves of Iranian
tea seedlings in the presence and absence of 10° M ABA, GA;, TAA and zeatin in light

and dark are presented in Tables 3.5.1 and 3.5.2. In control incubations in darkness 37 £

1.0% and 38 + 2.0% of the recovered radioactivity was associated with caffeine after 12
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and 24 h respectively. The equivalent figures for theobromine were 8.3 £ 0.5% and 2.2
+ 0.1% while *CO, evolution represented 12.1 = 0.1% and 28.8 + 0.5% of the
rccovered radioactivity. The phytohormones did not have a particularly marked effect
on adenine metabolism although there is trend lowards a slightly lower level of caffeine
accumulation with no obvious pattern to the extent of 14COz release (Table 3.5.1).

In light 13.8 + 0.4% and 24.6 + 0.4% of the recovered radioactivity was
incorporated into caffeine after incubations of 12 and 24 h, respectively, with values of
6.9 + 0.9% and 2.8  0.4% for theobromine and 35.1 + 1.1% and 45.5 + 2.3% for *CO,.
In the 12 h incubations, the presence of ABA, GA,, IAA and to a lesser degree zeatin,
resulted in slight increase in the incorporation of label into theobromine and caftfeine, in
some instances with lower, and others with higher, 14CO2 output. After 24 h, however,
this trend appeared to be reversed and there was a small reduction in the level of
caffeine accumulation in the presence of all four phytohormones (Table 3.5.2). Thus,
the data obtained demonstrate that ABA, GA,, IAA and zealin do not have any
substantial effects on cither adenine metabolism or purine alkaloid biosynthesis in the

first leaf of Iranian tca seedlings.
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CHAPTER 3

RESULTS AND DISCUSSION

Table. 3.5.1. Summary of the metabolism of mm-zﬂmmmabo (0.5p Ci) by the 100 mg fresh weight of the first leaf of Iranian tea seedlings after incubation

for 12 and 24 h in darkness in the presence and absence of 10° M ABA, GA,, TAA and zeatin.

Metabolites Control ABA GA, T1AA Zeatin
12h 24h 12h 24h 12h 24h 12h 24h 12h 24h

ATP+ADP |51+11 [45£09 [56+15 54414 [98+£05]7.1+01 6.7+£0.7 4.210.5 5.3+1.3 4.5+0.8
AMP 1.7=11 [13£03 (243203 1420 25+0511.61£04 1.7£02 1.2+0.4 1.620.3 1.3+0.4
AlH+Aln 04+01 |08+04 106+02 |05+01 (0401 ]07x01 0.5+0.1 0.5+0.3 0.210.1 0.5+0.3
Ad 03=0 0201 (04£01 (0320 04+01[03+£02 03£02 0.2+0.1 0.4+0.1 0.3+0.1
Th 83105 |22%0 64+02 2301 |76+£03(2.7+02 49+03 2.6£0.9 6.4+] 1.8+0.1
Tp 0501 |[03+01 [03£0 0201 (06x£01]102%02 0.2+0.1 0.240 0.3+0.2 0.4+0.2
Cf 371 38+2 278+0.8 [349+02 |29.7+1 |31.8+05 |254+33 322409 |325+0.6 |2069+0.9
NA 344+03 24122 [39.6£09 |347+21 [32+0.6 |26£1.6 33+0.8 271404 130.9+0.3 [ 30.6+0.6
Co, 121£0.1 [28.8+05 [ 17x0.1 20307 | 1727 |292%1 273124 32.1+0.8 122.8+1.2 [339:09
recovered 412+16 45420 {487+14 |553%2 365+4 | 48016 357117 336 £9 350+2 424+ 16
radioactivity

Tevels of residual [8- CJadenine (Ad) and radiolabelled metabolites ATP, ADP, AMP, allantoin (All), allantoic acid (Aln), theobrimine (Tb),

theophylline (Tp), caffeine (Cf), nucleic acid fraction (NA) and :OOM expressed as a percentage of the total recovered radioactivity & standard error (n =

2). Recovered radioactivity expressed as kdpm + standard error (n = 2).
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Table. 3.5.2. Summary of the metabolism of E-EQm&oE.ha {0.5uCi) by the 100 mg fresh weight of the first leaf of Iranian tea seedlings after incubation
for 12 and 24 h in light in the presence and absence of 10® M ABA, GAs, TAA and zeatin.

Metabolites Control ABA GA, IAA Zeatin

12k 24h 12h 24h 12h 24h 12h 24h 12h 24h
ATP+ADP 26t0.0 21+09 52%0.1 3+08 72+02 12+03 6.3+03 1.5+05 3.8+£0.7 22105
AMP 1.9+03 1.0£0.1 {25202 (1801 |29%01 1202 33£04 |11x01 (23x02 1.5+0.1
All+Aln 0.5+0.2 0.3£0.1 1.1+£0.2 |03+01 [0.7+0.1 0.7+0.1 0.9+03 |03+0 0.6+0.1 03+0
Ad 0.1+0.1 0.03+0 02+0.1 1002+0 0.12+0.1 |0.1=0.1 0.2+0 01+01 [0.1£0.1 0.1 £0.03
Tb 6.9+ 0.9 28+04 {88+£0.1 [50+1.8 (10.8+01 (3.0+£0.7 103+09 (3.1+04 |86£06 34+06
Tp 0.4£0.1 0401 {05+01 [03+0 060 0.1£0.1 06+01 [02%£01 [05£0.1 0.2+0.1
Ccf 138+04 (246204 (168415 [209+03 |202+1.7 }182£08 [19.5+1 164£0.1 | 13.8+0.7 183+04
NA 30.7+0.1 |21.8£22 [303£0.3 [379£54 |360+£0.7 (24101 [323£0.1 |205£0.7 [29.6+07 |256+0.2
“co, 35111 455423 (347411 [31.1£44 |216£06 (51.8+£12 [267+£1.7 |57&0.2 41.0%1.6 |48.6%038
recovered 506 £16 73083 (615£5 383+£33 612149 425 £ 36 612£50 |682+19 |469%2 718 £27
radioactivity

Levels of residual [8- CJadenine (Ad) and radiolabelled metabolites ATP, ADP, AMP, allantoin (All), allantoic acid (Aln), theobrimine (Tb),
theophylline G. p), caffcine {CI), nucleic acid fraction (NA) and :OOM expressed as a percentage of the total recovered radioactivity £ standard error (n =

2). Recovered radioactivity expressed as kdpm + standard error (n = 2).
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3.5.2. Effect of phytohormones on the catabolism of [8~}4Cjcaj}bine

The effects of phytchormones on the metabolism of [8-14C]caffcinc by the first leaf of
Darjeeling tea seedlings incubated in light and darkness are presented in Table 3.5.3
and 3.5.4. In darkness, phytohormone treatment resulted in a more rapid rate of decline
in ["Clcaffeine accompanied by an increased evolution of 14COZ. This effect was
apparent aficr 12 h and was further enhanced future afler a 24 h incubation (Table
3.5.3). ABA and IAA were especially effective in increasing the rate of caffeine
catabolism in darkness. In the light, a weaker promotion of [MC]caITeine catabolism was
observed, but only after 24 h, in the presence of zeatin and to a lesser extent ABA and
GA; (T'able 3.5.4). The data provide no indications as to how the promotory cffects of
the phytohormones on caffeine degradation are mediated. This is a topic that requires

more detailed investigation.
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Table. 3.5.3. Summary of the mctabolism of [8-"*Cleaffeine (1 uCi) by 100 mg fresh weight of the first leal of Darjeeling tea seedlings after incubation
for 12 and 24 h in darkness in the presence and absence of 10°M ABA, GA;, IAA and zeatin.

Metabolites Conirol ABA GA; 1AA Zeatin

12h 24h 12h 24h 12h 24h 12h 24h 12h 24h
Xanthine 08035 [05+01 ([02+£01 (010 0.5£02 010 03+£01 (02+£01 (02+01 |03%02
Theobromine |1.8+02 [05+0 0602 (024£01 |12£02 105z02 (0504 (02zx0 1.0x0.1 0220
Theophylline |03+0.1 [04%0 0201 [01£0 03£01 (0301 (03402 {02201 (06105 |02+0.1
Caffeine 96+ 0.6 925£03 | 87509 [244£08 |83.1+14 |63.8£02 |{709+09 |325+12 |686+1.2 [49.7£14
“CO, 13201 |63£02 |11.6+1.1 |753+09 |15+£09 354%05 {282+03 [67+1 207+0.6 [49.7+1.2
recovered 1626425 | 1837+18 | 1622+26 |2111+£10 | 1536173 | 1696+40 | 145114 | 180621 | 1560+20 {1700+ 4
radioactivity

Levels of residual Mm-zﬂom@&um and metabbolites expressed as a percentage of the total recovered radicactivity + standard error (n = 2). Recovered

radioactivity expressed as kdpm + standard error (n = 2).
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Table. 3.5.4. Summary of the metabolism of _,m-zouowmw&bw (1 pCi) by 100 mg fresh weight of the first leaf of Darjeeling tea seadlings after
incubation for 12 and 24 h in hight in the presence and absence of 10°M ABA, GA;, JAA and zeatin.

Metabolites Cotrol ABA GA, IAA Zeatin

12h 24h 12h 24h 1Zh 24h 12h 24h 12h 24h
Xanthine 0.8+0.05 [0.1£004 [05+£03 |0.1£003 {04201 |03+01 [08x05 (0.1£004 [06+£03 |05+0
Theobromine | 1.3 +0.2 0.6 £0.2 1104 05+04 0501 1+0.2 0.8+0.6 05+03 14+05 1.8+0.7
Theophylline |1+04 0.7£05 [05+03 |02+£01 (062+02 |02£0 06+03 (02+£01 |[0.740.4 0.2£0.1
Caffeine 95.6+0.8 [952+£0.7 (947 %1 856+04 | 96301 |834+£09 [978+12 |91.2202 |974+1.1 [549+£38
“co, 15203 |36+£02 |34+01 [I138+08 |23+£02 |[152+11 (0240 81+£0.1 [01%0 433+2.7
recovered 1453 £ 71 | 1812+27 | 1477222 [ 1627+54 | 1416+£41 | 1498+28 | 1558+49 | 1676+64 | 149063 | 1619129
radioactivity

Levels of residual [8-14C]caffeine and metabbolites expressed as a percentage of the total recovered radioactivity + standard error (n = 2). Recovered

radioactivity expressed as kdpm + standard error (n = 2).
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4. Conclusions

Caffeine and smaller amounts of theobromine were detected by HPLC in aqueous
extracts of the shoot of Iranian tea seedlings. Some samples that were analysed also
containcd trace levels of a compound which co-chromatographed with paraxanthine, one

of the less frequently detected purine alkaloids. The highest concentrations of cafleine

(>30 mg gl frosh weight) were present in the apical bud and first leaf and the
concentrations of both caffeine and theobromine declined progressively as the age of the
leaves increased. Cotyledons and roots had a vory low purine alkaloid content.
Analysis of Iranian tea seedlings from May 1993 to March 1994, during which period
they increased in age from 5.5 to 15 months, demonstrated fluctuations in the
concentrations of caffeine and theobromine with highest amounts present in swummer
months and the lowest in winter in November and January. While this could be due to
the increasing age of the plants, it is more likely to be due to seasonal factors. A parallel
investigation of the purine alkaloid content of Darjeeling tea seedlings produced very
similar data to the study with lranian tea seedlings, with the exception that paraxanthine
was not detected in any samples of Darjeeling tea. A number of carlier, and less
detailed, studies have provided indications of the existence of a purine alkaloid gradient
within tea seedlings and Fujimori et al. (1991) have demonstrated seasonal variations in
the levels of the three N-mcthyltransferase activities involved in caffeine biosynthesis
(see Fig. 1.3) in desalted preparations from young tea leaves. There are no reports in the
literature on long distance transport of caffeine within either tea or coffee plants which
implies that high levels of caffeine in young leaves and the peak concenirations in mid-

summect indicate that caffeine biosynthesis activity is highest in the summer months and
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that the biosynthetic capacity of young leaves greatly exceeds that of older, more basal,
leaf tissues

The study by Kato et al. (1997) on the NMT activitics involved in the conversion
of xanthosine to caffeine in cell-free preparations from young leaves of Camellia
sinensis, 18 of interest in view of the detection of paraxanthine in some samples of
Iranian tea (Table 3.1.3 - 3.1.5). In substrate specificity studics with partially purified
NMT, Kato et al. (1997) showed that 7-methylxanthine, formed from xanthosine via 7-
methylxanthosine is metaboliscd to theobromine at a ten-fold faster rate than its
conversion o paraxanthine. The N-1 methylation of theobromine yielding caffeine is
much slower than the N-3 methylation that converts paraxanthine to caffeine. However,
because of the preferred conversion of 7-methylxanthine to thcobromine, the major
route to caffeine most probably procceds via xanthosine — 7-methylxanthosine — 7-
methylxanthine — theobromine — caffeine pathway (see Ifig. 1.5). The alternative 7-
methylxanthine — paraxanthine — caffeine is likely to function as onc of a number of
minor pathways that also contribute to the production of caffeine (Kate et al. 1997),
However, the appearance of paraxanthine in shools of Iranian tea harvested in
September and November 1993 and January 1994, in concenfrations higher than those
of theobromine (Tables 3.1.3 - 3.1.5), raises the possibility that at cerfain times of the
year the role of paraxanthine in caffeine biosynthesis in tea may be more tmportant than
is currently realised. Had lime permitted, this possibility would have been investigated
by comparing the metabolic fule of methylxanthines fed to cell-free preparations
obtained from young Iranian tca leaves harvested in mid-summer and mid-winter in

which endogenous paraxanthine was, respectively, absent and present.
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Metabolism studies demonsirated that [8-14C|adenine served as an effective substrate

for [14C]caffeinc production and tha( there were large differences in the metabolism of
adenine by young mature and aged leaves of Iranian tea. The young, first, second and
third leaves were much more active sites of caffeine biosynthesis than mature and aged
leaves. [or instance, in {8-14CJadenine incubations with the first lcaf, 48.4 + 0.9% of
the recovered radioactivity was associated with [14C]caffeine after 24 h, while with
maturc and aged leaves there was a <2% incorporation. Thus, the apical to basal
endogenous caffeine gradient in the shoot of tea seedlings is mirrored by a decline in the
capacity for caffeine biosynthesis as the leaves age.

In studies with [8-14CJadenine and first and second leaves of Iranian tea in light

and darkness, therc was a much more extensive accumulation of [14C]caffeine in
darkness than in light which became evident after a 12 h incubation, The first leaves of
Iranian tea seedlings also catabolised to [8—14C]caffeine more rapidly m light than in
darkness but this effect did not become apparent until 48 h after the beginning of the
incubation period. The lower rate of incorporation of [8-14CJadenine into caffeinc in
light is, therefore, not a consequence, at least initially, of a light-induced increase in the
rate of catabolism of caffeine. These findings are in keeping with both the report of
Konoshi et al (1972) who demonstrated that the calfeine content of tea shoots is higher
in darkness than in light and the work of Ogutuga and Northeote (1970a) showing that
tea callus accumulates more caffemne in light than in darkness. Exactly what steps in the

pathway between adenine and caffeinc arc affected by light remains to be determined.

The high levels of 14C0O2 produced when leaves are incubated in the presence of [8-

14Cjadenine (see Tables 3.2.6 and 3.2.7), implies that in light the purine catabolism

pathway may be more active and thereby limit the amount of substrate available for
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purine alkaloid biosynthesis. It is, however, possible that light may also down-regulate
some of the steps in the caffeine biosynthesis pathway (scc Fig. 1.3).

Pulse-chase experiments were carried out with [8-14CJadenine and [8-
14C guanine. The kinetics of the metabolism were similar with an initial accumulation
of label in theobromine declining as the level of [L4C]caffcine incrcased. This supports
the widely held view that theobromine is the immediate precursor of caffeine and is not
in keeping with the proposals of Nazzario and Lovatt (1993a,b) that caffeine is
synthegized from xanthine and that theobromine, produced by two separate de novo and
salvage pathways, is not converted (o caffeine. [8-14C]Adenine was also converted to
guanine which was incorporated into nucleic acids. The amount of [14C]caffeine
produced from [8-14C]gnanine appeared to be slightly less than the levels produced in
parallel incubations with [8—14C]adenine.

The effects of ABA, GA3, [AA and zeatin on [8-14(]adenine metabolism by the
first leaf of Darjeeling tea seedlings were investigated in light and darkness. Overall, the

phytohormones had rclatively litile effect on either adenine metabolism in general or,

more specifically, the conversion of adenine to theobromine and caffeine. Incubations

with [8-14C]caffeinc showed that in darkness the phytohormones, most notably ABA
and TAA, increased the rate of catabolism of caffeine after 12 h. In light the effect was
less marked with caffeine degradation being enhanced by zeatin, and to a lesser degree

ABA and GAj3, but only after an incubation period of 24 h. Exactly, how these growth
regulators exert their effect remains to be determined. As yet it 1s unclear whether they

activate specific steps in the caffeine degradation pathway, such as the conversion of

caffeine to theophylline, which is the rate limiting step in purine alkaloid catabolism
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(Ashihara et al. 1997) or whether their influence is an indirect consequence of their

hormonal e[fects on plant growth and development.
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