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Abstract To study caffeine biosynthesis and degradation,
here we monitored caffeine synthase gene expression and
caffeine and allantoin content in various tissues of four
Camellia sinensis (L.) O. Kuntze cultivars during non-
dormant (ND) and dormant (D) growth phases. Caffeine
synthase expression as well as caffeine content was found
to be higher in commercially utilized tissues like apical
bud, 1st leaf, 2nd leaf, young stem, and was lower in old
leaf during ND compared to D growth phase. Among fruit
parts, fruit coats have higher caffeine synthase expression,
caffeine content, and allantoin content. On contrary,
allantoin content was found lower in the commercially
utilized tissues and higher in old leaf. Results suggested
that caffeine synthesis and degradation in tea appears to be
under developmental and seasonal regulation.
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Introduction

Caffeine (1,3,7-trimethylxanthine) is one of the member of
group of compounds known as purine alkaloids. It is found
in more than 60 different plant species including tea, coffee,
mate, guarana, cola, and cocoa [1]. Caffeine accumulates in
young leaves, fruits, seeds, and cotyledons. Caffeine bio-
synthesis involves xanthosine — 7-methylxanthosine —
7-methylxanthine — theobromine — caffeine as a major
and 7-methylxanthine — paraxanthine — caffeine path-
way as one of the numbers of minor pathways operating in
tea leaves [2]. The first, third, and fourth steps in the major
pathway are catalyzed by N-methyltransferases that use
S-adenosyl-L-methionine (SAM) as methyl donor [3]. The
two final steps are catalyzed by caffeine synthase (CS), a
bifunctional enzyme in tea comprising two SAM-dependent
N-methyltransferase activities [4]. A gene encoding CS has
been cloned from young tea leaves of a Japanese culti-
var [5]. Also, cDNAs encoding N-methyltransferases
(CaXMTI1, CaMXMT?2, and CaDXMT]) that are catalyzing
the formations of 7-methylxanthosine from xanthosine,
theobromine, and caffeine, respectively, have been cloned
from immature fruits of coffee [6].

A high caffeine biosynthetic activity has been found in
stamens and petals of tea prior to the opening of flowers
[7]. Caffeine biosynthesis has also been detected in peri-
carp and seeds of tea fruits [8]. In addition, seasonal var-
iation studies of caffeine biosynthetic activity have been
investigated to a limited extent in tea. During spring, caf-
feine biosynthesis was restricted to young leaves of new
shoots [9]. Recent study on expression of caffeine synthase
(TCS1) gene in young and mature leaves, stems, and roots
of tea seedlings has shown its higher expression in young
leaves and proposed that caffeine biosynthesis could be
dependent on expression of 7CSI in young leaves [10].
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Caffeine catabolism in coffee and tea has been investi-
gated through tracer experiments using '*C-labeled purine
alkaloids. The main caffeine degradation pathway was
observed via theophylline [11, 12]. Conversion of caffeine
to theophylline has been assumed to be catalyzed by N7-
demethylase [13] and considered to be a major rate-limit-
ing step in caffeine catabolism in tissues of Coffea sinensis
and Coffea arabica [11, 12, 14]. Further, conversion of
theophylline to xanthine via 3-methylxanthine has been
expected to be catalyzed by NI-demethylase and N3-
demethylase. Hence, it is expected that demethylases might
be present in coffee and tea plants. Catabolism of theo-
bromine to xanthine via 3-methylxanthine has also been
reported in Theobroma cacao [15].

Allantoin and allantoate are the metabolites of caffeine
degradation in coffee [16], tea, and other caffeine containing
plants [17, 18]. Therefore, relative allantoin content mea-
surement in plant tissues containing caffeine alkaloid would
reflect the caffeine degradation. However, caffeine synthase
expression in different tissues of tea during dormancy and
non-dormancy has not been studied. In this paper, we
studied caffeine synthase expression in various tissues,
presenting different developmental stages, of four tea cul-
tivars during dormant and non-dormant growth phases.
Further, we monitored the caffeine and allantoin contents in
the same tissues and during the same growth phases.

Materials and Methods
Plant Material

Four tea (Camellia sinensis (L.) O. Kuntze) cultivars, i.e.,
Kangra jat (KJ), Upasi-9 (U-9), Tocklai germplasm-270/2/
13 (TG), and Tocklai variety-23 (TV) used in the present
study were maintained at our Institute experimental tea
farm. We collected various tissues, i.e., apical bud (AB),
1st leaf (IL), 2nd leaf (IIL), young stem (YS; stem portion
up to third leaf), and old leaf (OL; fourth leaf from top) of
four different tea cultivars during non-dormant (ND; April—
September) and dormant (D; October—March) growth
phases. Specifically, ND samples were collected in the
month of July and D samples were collected during
December. Leaf positions represent different develop-
mental stages. During D growth phase, AB of these culti-
vars undergoes dormancy and is not available for making
tea extract. These tissues were used to study the endoge-
nous caffeine synthase (CS) gene expression as well as
caffeine and allantoin contents. In addition, fruits of these
cultivars were also collected to carry out similar experi-
ments in fruit coat and cotyledons. Fruits have no such
growth phases as their formation and maturation in tea
occurs once in a year.

Isolation of Caffeine Synthase Partial cDNA

To monitor the expression of caffeine synthase in tea, we
have isolated partial fragments of caffeine synthase cDNAs
using reverse transcriptase-PCR approach. The isolated
376 bp partial fragments of caffeine synthase cDNA from
Kangra jat (KJ), Upasi-9 (U-9), Tocklai germplasm (TG),
and Tocklai variety (TV) show very high sequence simi-
larity. Four cDNA sequences differ by only 1-2 nucleo-
tides and a representative sequence of partial cDNA of
caffeine synthase from KIJ cultivar has been submitted to
GeneBank (Accession number: FJ554589). Also the iso-
lated fragments show close sequence homology with the
reported TCS1 from tea [5].

RNA Isolation and Caffeine Synthase Transcript
Expression Analysis

One hundred milligrams of each tissue was ground in
liquid nitrogen and total RNA was isolated using Qiagen
RNasy Plant Mini Kit. cDNA was prepared according to
manufacturer’s protocol (Invitrogen, USA) using 2 pg of
total RNA from each sample, 250 ng OligodT,_;g, 200 U
of superscript III RT, and 10 mM dNTPs in a 15 pl reac-
tion volume. Equal quantity of cDNA was used as template
in PCR with caffeine synthase gene-specific primer set
(forward 5-CACAAACAGTGACCTCAATGAC-3' and
reverse 5'-CAGGAATGAACTAAATGCAAGC-3') to see
the expression of endogenous caffeine synthase (CS) gene.
Since primer sequences do not differ for four cultivars, we
used the same set of primers to see the expression of caf-
feine synthase in all the four tea cultivars. Linearity
between the amount of input RNA and the final PCR
products was verified and confirmed. After standardizing
the optimal amplification at exponential phase, PCR was
carried out under the conditions of 94°C—4 min for
1 cycle, 94°C—30s, 55°C—30s, 72°C—30s for
25 cycles, and amplified product was separated on 1%
agarose gel and visualized with ethidium bromide staining.
The 26S rRNA-based gene primers were used as internal
control for gene expression studies [19].

Caffeine and Allantoin Content Measurement

Caffeine content was estimated following the HPLC
method described earlier [20]. Briefly, 3 gm of each tissue
was dried at 80°C and used for caffeine extraction with
70% methanol. The caffeine content was estimated by
Merck Hitachi HPLC (Darmstad Germany) using C18 Li-
chrocart column (250 x 4 mm x 5 pm) and absorbance
was read at 210 nm. Pure caffeine (Sigma) was used as
standard in the assay. Allantoin content in various tissues
of tea was estimated using method described earlier with
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some modifications [21, 22]. Ehrlich’s reagent was pre-
pared by dissolving 1 gm of p-dimethylaminobenzalde-
hyde (Fluka) in a mixture of 1:3 HCI and methanol and was
refrigerated in a dark bottle. The 100 mg tissue was ground
in 1 ml of Ehrlich’s reagent. Allantoin present in the
sample forms a colored complex with Ehrlich’s reagent and
was stable at 15-40°C temperature up to 30 min. After
standing at room temperature for 10 min, absorbance was
optimized and read at 440 nm on an ND-1000 (Nanodrop
spectrophotometer). Pure allantoin (Fluka) was used as
standard in the assay.

Analysis of Data

Means and standard deviations were calculated according
to the standard methods. One-way ANOVA statistical test

Fig. 1 Caffeine synthase

was used to determine the differences between means of
the caffeine and allantoin contents accepting the signifi-
cance level at P < 0.05.

Results

Caffeine Synthase Expression in Various Tissues
of Tea Cultivars

Caffeine synthase (CS) transcript expression analysis was
carried out in various tissues such as AB, IL, IIL, YS, OL
in Kangra jat (KJ), UPASI9 (U9), Tocklai germplasm
(TG), and Tocklai variety (TV) tea cultivars during dor-
mant (D) and non-dormant (ND) growth phases, while in
fruit coat and cotyledons only for one season. Leaf
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positions are representing different developmental stages.
Tissues collected during D and ND growth phase represent
two seasons.

The CS transcript expression level was observed to be
higher during ND growth phase compared to D growth
phase in all tissues of four tea cultivars. During ND growth
phase, the expression of CS was higher in AB, IL, IIL, and
YS compared to OL in all four tea cultivars. The CS
expression was highest in AB of KJ, U9, and TG cultivars
during ND growth phase. While, in TV cultivar CS
expression was highest in YS during ND growth phase
compared to other tissues. During D growth phase, CS
expression was decreased in AB, IL, IIL, and OL of all four
tea cultivars compared to ND growth phase. In YS, the
decrease in CS expression during D growth phase was less
in KJ and U9 compared to other tissues. While no effect
was observed on the CS expression in YS of TV and TG
cultivars during D growth phase compared to ND growth
phase (Fig. 1).

Further, CS expression was monitored in fruit coat and
cotyledons of fruit in all four tea cultivars (Fig. 2a). The CS
expression was found to be higher in fruit coat compared to
cotyledons in all tea cultivars. The expression of CS gene
was highest in fruit coat of KJ compared to U9, TV, and
TG tea cultivars (Fig. 2b).

Caffeine Content in Various Tissues of Tea Cultivars

Similar to CS expression, caffeine content was also
observed to be higher in all tissues of these four tea cul-
tivars during ND growth phase compared to D growth
phase (Fig. 3a). Caffeine content was higher in AB, IL, IIL,
and YS of all the cultivars compared to OL. Note the
highest caffeine content in YS of TV that also showed
highest CS expression level in this cultivar. Caffeine con-
tent decreased significantly during D growth phase in all
the tissues of these four tea cultivars. Even in YS of TG
and TV cultivars caffeine content was decreased to the
similar extent as in other tissues where CS expression was
unaffected. Caffeine content was highest (4.7%) in U9
during ND growth phase and lowest (0.1%) during D
growth phase in KJ tea cultivar. From the data, effect of
dormancy on caffeine content was quite prominent in KJ as
compared to other tea cultivars. Therefore, on the basis of
CS expression and caffeine contents, these tea cultivars can
be ranked as U9 >> KJ > TV > TG.

Caffeine content in fruits of these four tea cultivars also
showed similar trend to that of CS expression. Caffeine
content was estimated in fruit coat and cotyledons of all
four tea cultivars and was found to be higher in fruit coat as
compared to cotyledons. Similar to CS expression, caffeine
content was highest in fruit coat of KJ compared to U9,
TV, and TG tea cultivars (Fig. 3b).
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Fig. 2 Caffeine synthase transcript expression in fruit parts of
different tea cultivars. a Different parts of tea fruit. b Gel pictures
represent expression levels of caffeine synthase in fruit coat and
cotyledons of all the four tea cultivars. Lower panel in gel pictures
shows expression of 26S rRNA as internal control. Bar diagram
represents relative levels of transcript expression

Allantoin Content in Various Tissues of Tea Cultivars

Allantoin content measurement in different tissues could be
an important aspect in measuring caffeine degradation as it
has been reported as one of the important products of
caffeine catabolism in coffee and tea [22]. To check caf-
feine degradation, we estimated allantoin content in all
tissues which were used for CS expression and caffeine
content study. Higher allantoin content was observed in
AB, IL, IIL, YS, and OL during D growth phase as com-
pared to ND growth phase. Allantoin content was highest
in OL (3.3 mg/ml) of KJ cultivar during D growth phase
and was lowest in YS (0.30 mg/ml) of TV cultivar during
ND growth phase. In tea manufacturing tissues, AB, IL,
and IIL, lower allantoin content was measured as compared
to OL during both ND and D growth phases in all the four
tea cultivars (Fig. 4a).

Interestingly, among fruits the same tissue fruit coat that
contains higher levels of CS expression and caffeine con-
tent showed higher levels of allantoin compared to
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cotyledons. KIJ fruit coat showed highest level of allantoin
followed by U9 > TV > TG (Fig. 4b).

Discussion

Tea is essentially an out-breeding crop and is found in three
major races Chinary, Assamica, and Cambod. Morpho-
logically, Chinary tea plant is shorter and its leaves are
smaller compared to Assamica. Cambod tea has morpho-
logical characteristics in between the Chinary and Ass-
amica. These cultivars are highly interfertile and therefore,
the present tea populations are highly heterogenous [23].
Kangra jat (KJ) is a Chinary type of tea clone possessing
small serrated leaves and multiple stems at bottom. UPASI-
9 (U9) is a Chinary hybrid possessing more Assamica type
of morphological and systematic characteristics. Tocklai
variety-23 (TV) is an Assamica type of tea clone pos-
sessing single stem at bottom and broad leaves. While,
Tocklai germplasm-270/2/13 (TG) is a Cambod type of tea
clone. In the present study, these four tea cultivars
belonging to different races were used for developmental
and seasonal regulation of caffeine metabolism.
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Tea (Camellia sinensis (L.) O. Kuntze) is a perennial
and the cheapest non-alcoholic caffeine containing bever-
age crop grown in the world. Its young shoots including
two leaves and a bud are commercially utilized for making
tea drink. However, during winter (October to March), tea
undergoes a dormancy period. During this, growth of apical
bud almost ceases, severely reducing the commercial yield
of tea [24]. Rate of caffeine biosynthesis depends upon the
amount and activity of enzymes, availability of substrates
such as xanthosine and SAM, stage of development, tissue
specific, and environmental growth period. In tea, single
N-methyltransferase (NMT) catalyses the methylation steps
of caffeine biosynthetic pathway. High expression level of
gene encoding NMT (TCSI) has been reported to be
responsible for the production of high caffeine content in
tea leaves [5]. Lower expression of CS in OL of tea com-
pared to other younger tissues documented developmental
effect on its expression. Constitutive production of caffeine
in relevant tissues has also been reported in coffee, where
transcript accumulation for CS was detected predominantly
in immature fruits. However, other N-methyltransferase
genes of the caffeine biosynthesis pathway accumulated in
leaves, floral buds, and immature fruits [6]. Higher CS
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expression and caffeine content during ND and lower
during D in various tea tissues documented the seasonal
effect on caffeine biosynthesis.

Before this study, seasonal variation in capacity of
caffeine biosynthesis in tea leaves has been studied by
measuring the rates of incorporation of radiolabeled 8-'*C-
adenine in caffeine and has suggested the biosynthesis of
caffeine occurs in tea young leaves during April to June
month of the year [9]. Dormancy had a down regulation
effect on the expression of CS. During dormancy, the CS
expression was decreased significantly in the tea manu-
facturing tissues AB, IL, and IIL. However, the expression
of CS in YS seems to be cultivar specific. There was no
effect of dormancy on CS expression in YS of TG and TV
cultivars. In contrast, expression of CS was decreased in
YS of KJ and U9. Further, caffeine content and CS
expression showed direct relation in various tissues except
in YS of TG and TV, suggesting caffeine synthase as one
of regulatory enzymes of caffeine biosynthesis. The
decrease in caffeine content of YS of TG and TV cultivars
during dormancy and had no effect on CS expression
suggested that other caffeine biosynthetic pathway genes

might be regulating the caffeine synthesis in YS during D
growth phase. Secondly, this could also be due to post-
transcriptional regulation of CS in YS. The expressed CS
transcript might not be translated to active caffeine syn-
thase protein and resulted in lesser caffeine content during
D growth phase in YS compared to ND growth phase. Tea
fruits have lower levels of CS expression and caffeine
contents compared to other tissues used in this study.
Higher caffeine content in fruit coat compared to cotyle-
dons was also in direct correlation with higher expression
levels of CS in the same tissue.

In spite of caffeine biosynthesis, a degradation pathway
has been documented in coffee which is a close relative of
tea in terms of caffeine containing plants. In coffee, caf-
feine is catabolized to xanthine via theophylline and 3-
methylxanthine and these are then degraded further by the
conventional purine catabolism pathway to CO,, NH3, and
urea via uric acid, allantoin, and allantoic acid [11]. Caf-
feine degradation pathways have also been well studied in
lower organisms such as bacteria [25], fungi [26, 27], and
yeast [28]. Demethylase(s) activity for caffeine degradation
has been documented in smaller organisms but it has not
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been elucidated in tea. However, based on tracer experi-
ments several catabolites of caffeine degradation have been
identified in Coffea arabica leaves and tea [29].

Caffeine is mainly produced in young leaves of tea
plants and it continuously accumulates during its matura-
tion. It has also been observed that caffeine is slowly
catabolized as the tissue ages [1]. From this, it is expected
that demethylase(s) might be present in tea plants and is
responsible for the removal of methyl groups from caffeine
to convert it into xanthine. Caffeine degradation measured
in terms of allantoin content was higher in OL during ND
growth phase. Hence, low CS expression and caffeine
content and high allantoin content in OL during ND growth
phase document the faster degradation of caffeine in OL. In
contrast, AB, IL, IIL, and YS have higher rate of caffeine
biosynthesis than degradation during ND. Furthermore, the
decrease in CS expression and caffeine content and
increase in allantoin content in all tissues of all the four tea
cultivars during D growth phase has suggested that dor-
mancy might be activating caffeine degradation and
inhibiting caffeine biosynthesis.

Interestingly, fruits show different behavior than other
tissues. High level of allantoin along with CS expression
and caffeine content in fruit coat compared to cotyledons
suggested caffeine biosynthesis as well as caffeine degra-
dation might be simultaneously operative at a competitive
pace in fruit coat. Earlier reports based upon physiological
and biochemical studies have documented that the ratio of
caffeine biosynthesis and degradation in fruit and leaves
determines the caffeine content. Furthermore, degradation
of caffeine in fruits has been reported faster as compared to
leaves [30-32]. Among fruits, fruit coat was found to be
possessing higher rate of caffeine biosynthesis and degra-
dation compared to cotyledons. However, a high rate of
caffeine biosynthesis accompanied by a slow rate of caf-
feine degradation has been reported in endosperm of
developing seed of Coffea arabica, while Coffea dewevrei,
which is characterized by low caffeine content, has been
reported to catabolize caffeine much more efficiently than
C. arabica [32, 33].

The mature fruit and old leaves of tea have minimum
amount of caffeine compared to young leaves [17]. The
similar observations were concluded in our present study
and this could be due to differential regulation of the bio-
synthetic and degradation pathways of caffeine in different
tissues of tea. In conclusion, data shown here provide
evidence for regulation of caffeine in different tissues of
tea by caffeine synthase. Further results also document that
caffeine biosynthesis and degradation in tea seems to be
cultivar-specific, tissue-specific, and season-dependent.
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