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Abstract In black tea manufacturing, one of the most impor-
tant steps is fermentation which influences the quality of tea.
The macerated tea leaves were fermented at various tempera-
tures (20, 25, 30, 35 °C) for different duration. Changes in
polyphenoloxidase and peroxidase activities, depletion pat-
terns of individual catechins, differences in individual
theaflavin levels and formation of thearubigins were measured
in leaves during fermentation. Higher stability of
polyphenoloxidase and peroxidase enzymes was observed at
lower temperature (20 °C), and increase in temperature, led to
enzyme instability. The rate of degradation of all the catechins
was found to be fastest at 35 °C and slowest at 20 °C. The
formation and depletion of individual theaflavins varied with
temperature and fermentation duration. The time required for
the formation of maximum total theaflavins (TF) was highest
at lower temperature and this time duration also varied for
different theaflavins formation. Maximum amount of
thearubigins (TR) content and liquor colour development
was observed at 35 °C, and decrease in temperature reduced
thearubigins accumulation. However, maximum brightness as
well as TF/TR ratio was obtained at 20 °C, which suggests
that fermentation at lower temperature is suitable for
manufacturing quality black tea.
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Introduction

Tea, one of the most popular drinks in the world, is processed
from young tender shoots (two leaves and a bud) of Camellia
sinensis (L.) O. Kuntze. To produce black tea, the plucked
biomass are withered, macerated, fermented and dried. In this
process, fermentation plays a vital role in determining black
tea quality. The fermentation step actually represents enzy-
matic oxidation of the polyphenols present in the leaves in
presence of atmospheric oxygen to produce various oxidized
pigments. Young tea shoots are rich in different kinds of
polyphenols (ca . 15–35 % w/w) of which, the flavon-3-ols
(catechins) are the most abundant (ca . 80 % w/w) compounds
(Chunlei and Liang 2007). The major tea leaf catechins are
(−)-epicatechin (EC), (−)-epicatechin gallate (ECG), (−)-
epigallocatechin (EGC), (−)-epigallocatechin gallate
(EGCG), (+)-catechin (C), and (+)- gallocatechin (GC)
(Hara et al. 1995; Liang et al. 2003). As the cellular integrities
of the leaves are disrupted by maceration, the catechins and
the enzymes (e.g., polyphenoloxidase and peroxidase) that are
present in different compartments within the cell are mixed
up. This results in fermentation process where a series of
biochemical reactions lead to the formation of oxidized poly-
phenolic compounds such as theaflavins and thearubigins.
Catechins along with their oxidation products are responsible
for the sensory characteristics of black tea (Roberts 1962;
Sanderson et al. 1972).

The catechins with different chemical structures and reduc-
tion potentials contribute to the astringent taste of tea (Bajaj
et al. 1987; Ding et al. 1992). During fermentation, initially
catechins are acted upon by the enzyme polyphenol oxidase
(PPO) to form quinones in presence of molecular oxygen.
Different theaflavins are formed during fermentation by oxi-
dative polymerization of the quinones produced from a simple
(dihydroxy) catechin and a gallo (trihydroxy) catechin.
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Theaflavins are composed of simple theaflavin (TF), theaflavin-
3-gallate (TF3G), theaflavin-3′-gallate (TF3′G) and theaflavin-
3,3′-digallate (TF33′DG). Theaflavins are responsible for the
astringency, brightness, colour (yellowish) and briskness of the
black tea. Thearubigins (TR) formed during fermentation con-
tribute to the mouthfeel (thickness) and colour (reddish brown)
of the tea (Biswas and Sarkar 1973). Therefore fermentation
time is very important in maintaining the TF/TR ratio.

The enzymes PPO and peroxidase (PO) are of considerable
importance in black tea processing. Tasters’ score of the tea
liquor correlates positively with PPO activity in leaf. It was
shown that high PPO activity produces larger amount of
oxidized pigments, and the changes in enzyme activity in
various processing steps have been studied (Ravichandran
and Parthiban 1998), however, how fermentation tempera-
tures affects these enzymes activities are yet to be studied.

Control of fermentation conditions is necessary for produc-
tion of superior quality tea. Fermentation temperature and
duration are the main determining factors to produce good
quality black tea. Optimum fermentation temperature and du-
ration vary from cultivar to cultivar (Owuor and Obanda 1995).
This manuscript reports the biochemical changes occurring
during fermentation of a ‘Crush, Tear and Curl’ (CTC)
macerated Assam cultivar TV25, aiming at producing
superior black tea by manipulating the fermentation time
and temperature.

Materials and methods

Plucking of leaves

Green tea leaves of Tocklai Vegetative clone TV25 (Camellia
sinensis var. assamica) were plucked from the tea garden at
IIT Kharagpur, India. Flushing shoots consisting of the apical
bud and first two expanded leaves were plucked early in the
morning and used for manufacturing of black tea. About
5–6 kg leaves were plucked for each trial.

Manufacturing of CTC black tea

To study the effect of fermentation parameters on the physical
and chemical changes in leaf, all the other processing steps
viz. withering, maceration and drying were carried out under
the same conditions for each experiment. An environment
control chamber developed at the institute was used for with-
ering and fermentation of the tea leaves under controlled
conditions. This device can control air temperature within±
0.1 °C and relative humidity within±2 % of the desired level
for withering and fermentation.

After plucking, the fresh shoots were withered over a
period of 12 h in an air blower-fitted trough of the environ-
ment control chamber, where temperature and relative

humidity were set at 30 °C and 75 %, respectively, to achieve
the moisture content of withered leaves within 69–70 %.
Withered leaves were macerated in a compact single-cut mac-
eration device. Macerated leaves were allowed to ferment in
the environment control chamber in a perforated tray and air
was passed through the macerated leaf from beneath at a
velocity of approximately 3 m/min.

For fermentation of the macerated leaves, air temperature
was maintained at one of four predetermined levels: 20, 25, 30
and 35 °C and the relative humidity was maintained at 92–
95 %. The fermenting ‘dhool’ (macerated tea leaves after
withering in black tea processing) was taken at 20min interval
for up to 2 h and dried with hot air at 90–95 °C for 25–30 min
to bring down the moisture content to 2–4 %. The black tea
samples were sorted using different sieve size. Mixture of
equal amount of Broken Pekoe and Pekoe Fannings grades
was used for biochemical analysis. Each treatment was repli-
cated thrice and results were statistically analyzed.

Determination of moisture content

The moisture content of withered leaves, fermenting ‘dhool’
and dried black tea samples were measured using a Halogen
moisture analyzer (Mettler Toledo), and expressed in terms of
percentage dry matter (DM).

Estimation of enzyme activity

The fermenting ‘dhool’ collected at each 20 min interval was
analyzed for PPO and PO enzyme activities. The activities of
PPO (EC 1.14.18.1) and PO (EC 1.11.1) in the fermenting
‘dhool’weremeasured as described earlier (Mahanta et al. 1993).

Analysis of individual catechins and individual theaflavins
by HPLC

Aqueous extract of black tea was used as the sample for
estimation of individual catechins and individual theaflavins
by HPLC analysis. The extract was prepared by adding 75 ml
boiling deionized water in 1 g of tea sample and brewing it for
5 min. After brewing, aqueous infusions were centrifuged at
8,000 g for 10 min. The supernatants were filtered through
0.45 μm membrane filter before analysis through HPLC.
HPLC analysis was done according to Yao et al. (2004) using
gradient elution system with slight modifications. The analy-
sis were performed using a HPLC Waters 600 Separation
Module (quaternary solvent delivery pumps, in-line degasser),
with a photodiode array detector (Model Waters 2998), and
the results were processed by Empower software (Waters
Corporation, USA). Separations were performed in an
Xterra RP C18 5 μm (250 mm×4.6 mm i.d.) column. The
composition of mobile phase was initially set at 8 % of
acetonitrile (B) and 92 % of 0.2 % acetic acid in water (A).
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Solvent B then gradually increased to 31% at 25 min, to 40 %
at 35 min, to 100 % at 37 min and hold for 3 min. The
photodiode array detector was set at 200–600 nmwavelengths
and the chromatogram was detected at 274 nm. The separa-
tions were performed at room temperature with a 1 ml/min

flow rate and the injection volume was 20 μl. Authentic
standards were used to identify peaks and calculate the con-
centration of components in tea samples. Each peak was
confirmed by comparing the retention time and absorption
spectra of tea samples to those of the standard compounds.
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a bFig. 1 Effect of different
fermentation temperatures and
durations on polyphenoloxidase
(a) and peroxidase (b) activities.
All values represented as mean
and SD were less than 10 %
(n =3)
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Fig. 2 Effect of different
fermentation temperatures and
durations on the individual
catechin contents and total
catechins content. a , b , c , d
and e are EGCG, EGC, ECG,
EC and total catechins,
respectively. All values
represented as mean and SD
were less than 10 % (n=3)
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Analysis of total theaflavins, total thearubigins, brightness
and total liquor colour

The method described by Roberts and Smith (1963) was used
for estimation of total theaflavins (TF), total thearubigins (TR)
and brightness. Total liquor colour of tea brew was measured
by the method of Thanaraj and Seshadri (1990).

Results and discussion

Effect of fermentation temperature on enzymes stability

The results revealed that temperature and duration of fermen-
tation played key role in formation and depletion of various
biochemical compounds in tea leaves. Variation of PPO and

PO activities with fermentation temperature and duration has
been shown in Fig. 1. PPO, whichmainly oxidizes polyphenol
to theaflavins, exhibited maximum activity at 20 °C during
fermentation because of its higher stability at lower temperature.
At 35 °C, 30 °C and 25 °C, the PPO enzyme showed around
90% stability up to 40minwhile at 20 °C it showed above 90%
stability up to 80 min. Similar trend was observed in case of PO
which is responsible for the production of thearubigins. With
increase in temperature, the stability of enzyme decreased during
fermentation. PO exhibited 90 % stability at 35 °C up to 20 min
fermentation time while it exhibited 90 % stability at lower
temperature (20 °C) up to 80 min. This decrease in enzyme
activity during fermentation can be explained in two possible
ways. First, enzyme, being a protein, gets denatured due to rise
in temperature. Secondly, there may be a feedback inhibition
(Ravichandran and Parthiban 1998).
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Fig. 3 Effect of fermentation
temperatures and durations on the
individual theaflavins content and
total TF content. a , b , c , d and e
are simple TF, TFM3G, TF3′MG,
TF33′DG and total theaflavins,
respectively. All values
represented as mean and SD were
less than 10 % (n =3)
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Fermentation temperature affects catechin contents

Depletion of catechins is the most important feature of fer-
mentation as they get converted to theaflavins and further to
thearubigins. The effect of fermentation temperature and time
on individual and total catechins content has been shown in
Fig. 2. The degradation rates of total catechin compounds
increased with increase in temperatures. This is possibly due
to higher activity of PPO and PO at high temperature. At the
beginning of fermentation, EGCG was found in maximum
amount in leaves as compared to other catechins. Rate of
EGCG degradation increased with increase in fermentation
temperature and degradation was most rapid at 35 °C and
slowest at 20 °C. Degradation of EGC, EC and ECG showed a
similar trend as EGCG. The levels of EGCwere not detectable
approximately after 60 min of fermentation time at all sets of
experiments, as reported in the literature (Obanda et al. 2001).
Residual levels of different catechins declined in the order of
EGCG > EGC > ECG > EC at all fermentation temperatures
considered in this study.

Synthesis and depletion of theaflavins during fermentation

Variations in the amount of total theaflavins and individual
theaflavins at different temperatures have been presented in
Fig. 3. Total theaflavin levels increased up to 40 min at both
30 °C and 35 °C fermentation temperatures, and up to 80 min
and 60 min at 20 °C and 25 °C temperatures, respectively.
Maximum TF accumulation was observed with 20 °C

fermentation temperature. This could be explained by the fact
that the optimum activity of PPO as detected at 30 °C. In all
the trials, theaflavins content after reaching a maximum de-
clined with time. This declination is due to the conversion of
theaflavin to polymeric thearubigins and low levels of cate-
chins. At high temperature, TF degraded rapidly as compared
to low temperature because TF converted to TR rapidly at
high temperature. It was apparent that during fermentation,
change in total theaflavin levels occurred in three distinct
phases (as well observed at 35 °C): a linear phase, where the
theaflavin formation occurs; a plateau phase, where the TF
levels attain maximum and level off; and a declination or
consumption phase, where TF levels decline with further
increase of fermentation time. Cloughley (1980) reported that
TF formation and consumption rates are dependent on tem-
perature, as the temperature raises the rate of formation and
consumption also increases and vice versa. Simple TF content
attained a maximum at around 60 min of fermentation time at
25 °C and beyond that it declined. At the highest fermentation
temperature (35 °C), maximum simple TF content was
attained at 40 min while at the lowest temperature (20 °C),
maximum amount of simple TF was formed at 100 min.
Maximum amount of TF3MG was formed at 20 °C followed
by 25 °C, 30 °C, and eventually 35 °C but the time taken was
maximum at 20 °C which was about 80 min. Maximum TF3′
MG was formed at 25 °C at around 60 min of fermentation
time. Maximum amount of TF33′DG was formed at 20 °C at
around 80 min of fermentation time. It was found that all
theaflavins are not formed at the same rate and in same
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Fig. 4 Changes in total
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brightness (b), total liquor colour
(c) and TF/TR ratio (d) with
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J Food Sci Technol (April 2015) 52(4):2387–2393 2391



amount under the same fermentation conditions in all sets of
experiment as also observed by Owuor and Reeves (1986)
and Owuor and McDowell (1994).

Brightness, colour development and thearubigins formation
during fermentation

Variation of thearubigins (TR) content with temperature is
shown in Fig. 4. TR content clearly increased with increase
in fermentation temperature and duration. Owour and Obanda
(2001) and Cloughley (1980) reported similar results. At high
temperature TR formation increased may be due to high
activity of peroxidase at high temperature. Initially brightness
increased with increased in temperature but it declined with
fermentation duration (Fig. 4). Theaflavin primarily contrib-
utes to the brightness of tea (Hilton and Ellis 1972; Roberts
and Smith 1963) and Ngure et al. (2009) reported that TF
content have positive effect on brightness of black tea infusion
but total TR levels have negative effect on it. As maximum
amount of TF and relatively low amount of TR was formed at
20 °C of fermentation temperature, brightness was found to be
the highest at 20 °C at around 80 min of fermentation time. As
a strong correlation exists between the quality of black tea and
the coloured TF content, the TF value is considered to be an
important measurable parameter for assessing the quality of
tea (Owuor and Reeves 1986; Owuor and McDowell 1994).
Depletion of different catechins and formation of TFs and TR
depend on air temperature and duration of fermentation. With
extended fermentation time and rise in temperature, a decline
in the levels of total theaflavins, liquor brightness and brisk-
ness have been reported (Owuor and McDowell 1994;
Sanderson et al. 1976). The TF/TR ratio varies with changes
in fermentation times (Robertson 1983; Tufekci and Guner
1997).With increase in temperature, TF/TR ratio increased for
low range of fermentation time, and beyond that TF/TR ratio
decreased with increased in temperature (Fig. 4). Black teas
containing higher ratios of theaflavins to thearubigins are
always in higher demand in the auction market (Roberts and
Smith 1963). Variation of total liquor colour with temperature
(Fig. 4) showed the same trend as that of TR because TR
content mainly determines the colour and body of tea (Hilton
and Ellis 1972; Roberts and Smith 1963). Maximum liquor
colour was obtained at 35 °C, and it decreased with decrease
in temperature.

Conclusion

The above study provided an insight on the importance of
fermentation time and temperature for manufacturing of qual-
ity CTC black tea. The role of PPO and PO in transforming
catechin compounds to TF and TRs have also been highlight-
ed here, which has direct bearing on the quality of black tea.

Tea PPO is reported to have optimum activity at 30 °C. This
study also supports this finding as catechin degradation which
is carried out by PPO is most pronounced in the temperature
range of 30–35 °C. Slight variations in temperature for opti-
mum enzyme activity may be attributed to clonal and
agroclimatic variations. Optimum temperature for tea PO
activity or its mechanism of action is not clear till date. The
study has also showed that the formation of TR is favoured at
high temperature, which suggests that PO may have optimum
activity at higher temperature. However, more efficient con-
version of catechins to TF was shown to occur at a lower
temperature (20 °C); this temperature also favours catechins to
TR conversion, but with a prolonged fermentation time.
Further investigation is needed to resolve this issue.
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