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Variations of fatty acid compositions, glycosides precursors, and lipoxygenase and glycosidase
enzymatic activities were used simultaneously to differentiate for nine genetically different cultivated
teas, four seasonal changes, and the affect of leaf maturity. The muscatel flavor of second-flush
teas was associated with increased activities of glycosidase and several terpenes, phenolics, and
aliphatic compounds bound to glycosides, whereas high levels of fatty acids and lipoxygenase activity
biosynthesized more green volatiles in monsoon teas. Sequential hydrolysis of lipids and lipoxygenase-
mediated reactions, during withering and rolling, showed a 3-fold increase of hexenol, hexenal, and
related volatiles, but they decreased to the levels of fresh leaf during drying. However, a 4-fold increase
of the floral bend of volatiles found in black tea developed due to the hydrolysis of the glycoside
precursors throughout processing stages. About 45 key volatiles were monitored for flavor superiority
among different clones. Various parameters affecting yield of volatiles were optimized and recom-
mended.

KEYWORDS: Clonal cultivars; fatty acids; terpenes; glycoside aroma precursors; flavor index; tea
processing; fermenting enzymes

INTRODUCTION aglycons, as well ag-glucosidase activity5—8). In addition,

The pleasant aroma, brisk taste, and slight sweetness of Assantﬂigher levels of disacc_haride flavorless glycoside precursors
and Darjeeling teas, when objectively analyzed, was shown to composed of sugar residugs-xylopyranosylg-p-glucopyra-

be controlled by a combination 630 aroma-active compounds nosides to essential oils such as geraniql, linalool, 2-.phenyle-
(1, 2). However, the introduction of several vigorously growing thanol, benzyl alcohol, and bot&k and ¢)-linalool 3,7-oxides,

vegetatively propagated clonal varieties, in garden plantations,'nCIUd'nQj 8-hydroxyger§nlol, were |solateo! and characterized
developed by cross-breeding @amellia cambodensiga from fresh _Ieaf (from different Chlna speme@_—(ll). It h‘?‘s
subtype of var. assamica), was reported to produce poorerbeen possible to stud_y the multiple hydrolytlc properties of
organoleptic quality compared to varieties derived fréamel- endogenpus@-o-glyco&dase and more parueular}&-p-pn- .
lia assamicaor Camellia sinensid. (China variety). Most of ~ Mevorosidase enzymes (Japanese tea plant Yabuchita, a hybrid
the research on conventional tea selection programs has mainlyOf _Chlna—_Assam)_, and their ch_anges of gl_y003|de precursors
been directed toward obtaining desirable agronomic character-" mcubr.;\tlon. studies have provided the major aroma formation
istics such as resistance to pests and diseases, better |eaﬁnd"_nechanlsm in fermented teaZ-16).

to-rooting ratios, also improved flavor quality in the brewed ~ Another important mechanism of flavor generation is lipid
liquor (3, 4). Another notable development in modern tea Metabolism, modulated through multiple lipoxygenase (LOX)
factories is that traditional orthodox processing has been action on linoleic acid and linolenic acid in the presence of

overtaken by crushtear—curl (CTC) and “Rotorvane” tech-  0xygen (7, 18). Typically during aging and mechanical injury,
nologies in the recent decades. the hydrolysis of lipids by lipases and the formation of 9- and

More recently, aromatic cultivars meant for oolong or 13- hydroperoxide intermediates decisively formed “fresh-green”
semifermented tea manufacturing were characterized for monogly-compounds such ag)-3-hexenol, £)-2-hexenal, hexanal, and
cosidic (3-p-glucopyransides) aroma precursors with benzyl other related products have been confirmé8—-21). Also,
alcohol, ¢)-3-hexen-1-ol, benzaldehyde, linalool, and geraniol Ccharacterization of the most odoriferoesimethyl jasmonate

in the seasonal flavors and in oolong tea has unequivocally

* Author to whom correspondence should be addressed (telephone 91-Proved their formation is influenced by environmental and
80-845 2959/845 3085; e-mail pk.mahanta@unilever.com). processing condition2@, 23). Independently, these naturally
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occurring plant pheromones were biologically synthesized from Amberlite XAD-2 column and (2) silica gel column chromatography.

linolenic acid, lipoxygenase, cyclization of hydroperoxide, and
p-oxidation @4).

Silica gel separations were obtained by eluting increasing amounts of
MeOH in CHCE and finally 40% MeOH in water. All of the fractions

Young vegetative parts, containing large numbers of secretaryVere further subjected to preparative HPLC analysis, and 12-glycoside

cells known as glandular trichomes, apart from transferring

fractions were detected as referred to in the literat@rel().

genetic character from parent to progenies, are also the site for Thin Layer Chromatography. Chromatographic mobility was

he biosynthesis of rnucopia of fragran mpounds,
the biosynthesis of a cornucopia of fragrance compou di HCOOH/HOAC/H20 (20:1:1:2) and (2) CHgMeOH/H,O (16:9:2).

predominantly monoterpenoids, and the oil content varies wit
habitat and environmental conditior2530). The other most

striking feature is the lack of consistency in the processed tea

quality, because of imperial methods of manufacturing. Con-

sequently, our objective is to examine the cultivar characteristics ¢,

determined on TLC silica gel plates in two systems: (1) EtoAc/

Three fractions (spots) on the TLC plate responded positively for
glycosides: (a) fluorescence using YVis scanning from 200 to 600
nm and (b) spraying anisaldehydsulfuric acid reagents3e, 33).
Identification and Hydrolysis of Glycosides.The three major spots

m the TLC plates and 12 fractions from preparative HPLC as well

from glycosidic and lipid precursor analyses and to manipulate s from the crude glycosides were individually hydrolyzed to establish

flavor attributes positively from hydrolytic and oxidative

reactions, relevant to the two main categories of black teas,

orthodox and CTC.

MATERIALS AND METHODS

Reagents and Reference Sample&nalytical reagent grade solvents
were used. The fatty acids, aroma standards, @ndrophenylf-p-

their aglycon composition. The hydrolyses were carried out by (1)
incubation with endogenous [acetone-washed enzyme powder or soluble
in ammonium sulfate, (36100% cut)] and (2) exogenous enzymes,
namely, pectinase anf-glucosidase. Typically a 0.1 mL substrate
containing 20 mg, incubated with 0. 1 mL of crude enzyme preparation
in a 50 mM citrate buffer (0.1 M pH 6.0) and a blank were kept at 40
°C overnight. After the completion of the reaction, the liberated aroma
was injected into a GC, and the glycoside-bound precursors before and

glucosidase (pNPG) as the substrate of glycosides in tea leaves were,gq, hydrolysis were compared with HPLC peak areiss 16).

purchased from Sigma Chemical Co. (St. Louis, MO). Commercial
Pectinex UPL and almong-glucosidase were procured from Rhom.

All other chemicals and reagents were purchased as described in ou

previous studies.
Plant Materials. Tocklai vegetatively propagated clonal cultivars

(TV series), consisting of two to three leaves, the apical bud, and the
included stem, maintaining 7-days plucking round, were used in each

experiment during 19941996. TV-2, TV-12 (Assam type, large leaf),
TV-7 (China type, small leaf), TV-1 and TV-17 (Assar@hina hybrid),
and TV-9, TV-19, TV-25, and TV-26 (Cambod hybrids, similar to

Qil Distillation and Concentration. Fifty grams of black tea, 100

e of fresh, withered, rolled, and fermented leaf samples, and 1 mL of

a 250ug/mL solution of ethyl caproate (as the internal standard) were
steam distilled under reduced pressureZd at 50°C as previously
described ). The concentrated aroma fractions were subjected GC
analysis.

Oil Analysis. A Netal GC (model Mchro-9100) equipped with an
FID detector and a 5% Carobowax x 20M on Chromosorb G-(BID
mesh) thick-film-packed column (5 nx 3 mm i.d.) was used for

Assam variety) as well as old seedling plants were obtained from the volatile analyses. The column temperature was programmed from 60

Tocklai model tea garden planted in 1981.

Manufacturing. After plucking, the fresh leaves-10—200 kg) were
spread (5-8 cm) on withering troughs and allowed to undergo natural
desiccation (1220 h) depending upon type of manufacture: orthodox
or CTC in the pilot factory. The hard withered leaves (moisture content
of ~65%) were subjected to “three crank roller” fod h for orthodox
manufacture. Soft withered leaves (moisture content80%) were
first subjected to a Rotorvane (a preconditioner), followed by three to
four CTC macerations in tandem. After rolling, fermentation (aerial
oxidation) was carried out for 4660 min for CTC teas and for2.5—-3
h for orthodox. Finally, at the completion of fermentation, the material
(dhool) was dried, using a tray dryer for orthodox tea and a fluid bed
dryer (FBD) for CTC tea, at a temperature of HI®0°C for 20—30
min, until the moisture contents were reduced-®5%. Samples during

to 180°C at a rate of 2C min™?, after a 2 min isothermal period at 60

°C. The injector and detector temperatures were kept at 200 and 210
°C, respectively, and nitrogen was used as the carrier gas at a flow
rate of 30 mL mint. The detector was connected to a recording data
processor model 600.

Identification of the compounds was made by comparing the GC
retention times with those of individual authentic volatiles. Further
individual compounds were matched with the reported MS fragmenta-
tion pattern analyzed by the same program. The individual peak areas
were expressed from the enhancement of peaks with pure substances
as percent area as well as peak area ratio to the internal standard area.

Preparation of Chloroplasts. Ten grams fresh tea shoots was
homogenized with 40 mL of prechilled Mcllvine’s buffer (0.1 M citric
acid 0.2 M NaHP@), pH 6.3, containing 0.4 M sucrose and 10 g of

each processing stage, such as fresh leaves (FL), deactivated dried greeﬂolyclar AT. After the homogenate had been filtered through cheese-

leaf (DADGL), withered leaf (WL), fermented leaf (FL), and drier
mouth samples (DMS), that is, black tea, were regularly collected for
analyses.

Analysis of Lipids and Fatty Acids. Extraction of crude lipids,
their fractionation into neutral lipids (NL), glycolipids (GL), and
phospholipids (PL), hydrolysis of free fatty acids (FFA), and fatty acid

methyl ester (FAME) preparations were performed according to Bhuyan

et al. @1). FAMEs were measured in Netal gas chromatography (GC,
model Mchro-9100), equipped with a flame ionization detector (FID),

cloth, the chloroplast fraction was precipitated by centrifuging at
10000@. The suspension was further washed twice with prechilled
buffer without polyclar AT for lipoxygenase assa34j.

Polarographic Method of Lipoxygenase AssayThe activity of
crude lipoxygenase extract was measured immediately using a Clark
oxygen electrode (Gilson, model 5/6) on the assumption that there was
0.24 mM dissolved oxygen at Z%& in the saturated air. The reaction
mixture containing 0.30 mM substrate (10 mM linoleic acid, 99%) and

using DEGS-PS on Chromosorb WHP (80/100 mesh) packed on a 0.1 mL of the chloroplast suspension in 0.8 mL of Mcllvine’s buffer,

stainless steel capillary column (2 g in. 0.d.), and N as the carrier
gas (20 mL min?). The injector and detector temperatures were 220
and 200 °C, respectively, and programming of the column/oven
temperature was from 120 to 18C at 4°C min~t. Comparison of

their GC retention times with those of corresponding authentic standards

pH 6.3, and sodium dithionate (b#2Os) was used as standard. Oxygen
consumption was recorded on a chart (spee@l1 mm/s) at 30C for

3 min, and the results were expressed as micromoles peOminute
per gram of leaf §5).

Acetone-Washed Enzyme PowdefFresh young shoots (50 g) were

was used to identify and quantify the separated fatty acid components.homogenized repeatedly with chilled acetone for 3 min in a dispersing

Isolation of Glycosidic Aroma Precursors.The decaffeinated and
volatile-free fresh tea samples (500 g) on extraction with hot water

mix; the solvent layer was removed by filtration. The dried powder (4
g) was suspended in a prechilled sodium citrate buffer at pH 5 (in 40

yielded organic solid (150 g of plant extract). Polyphenols were removed mL of 50 mM) with 0.5 g of polyclar AT and homogenized twice for

by adding polyvinylpolypyrrolidone (PVPP) to the crude solution, and
on centrifugation a crude glycoside fractior {0 mg) was isolated.
The crude was further purified through sequential application onto (1)

30 s at O°C. After 1 h of storage at OC, the suspension was centrifuged
for 20 min at 10009 at 4°C. The clear supernatant was collected and
used as a crude enzyme solution for fhglycosidase assay.
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Table 1. Lipids and Fatty Acid Composition in Different Shoot Components (Average of Three Years' Analysis, with Standard Deviation)

lipid amount, fatty acid, «g/g of dry wt
shoot component lipid class 9/100 g of dry wt palmitic, 16:0 oleic, 18:1 linoleic, 18:2 linolenic, 18:3

bud NL 0.46 512 +41 152 £ 12 808 £ 71 737+ 60
GL 450 2719+24 155+ 11 282+23 2352 + 196
PL 0.90 1614 + 127 480+ 35 1249 + 111 1791 + 142
total 6.00 2405 787 2339 4880

first leaf NL 1.42 691 + 52 209+ 14 748 £ 64 582+ 54
GL 5.07 337x27 195 + 23 32017 3610 + 230
PL 121 2120 + 205 595 + 42 1115+ 73 2640 + 132
total 7.70 3148 999 2183 7102

second leaf NL 2.10 830 + 210 375+ 129 889 +93 914 + 209
GL 5.56 416 + 42 182+ 80 378+ 81 3920 + 109
PL 131 1986 + 137 869 + 249 1036 + 226 257770
total 8.97 3232 1424 2303 7411

third leaf NL 2.50 1169 + 253 575 + 248 1159 + 332 1535 + 354
GL 5.90 420 + 105 295 + 100 425+ 125 4738 + 450
PL 1.30 1849 + 469 840 + 152 906 + 220 3021 + 288
total 9.70 3438 1710 2490 9294

stem NL 0.72 575+ 82 211+40 556 + 124 525+ 123
GL 4.66 210+ 39 138+ 71 294 + 83 2152 + 526
PL 1.00 1855 + 458 450 + 155 1857 + 637 1775 + 351
total 6.38 2660 799 2707 4452

Table 2. Changes of Different Lipid Fractions (Grams per 100 g) and Fatty Acid Composition during Processing (Micrograms per Gram of Dry
Weight) of Green Leaf [Three Years’ Average (+ Standard Deviation)]

sample total lipids neutral lipid glycolipid phospolipid palmitic acid oleic acid linoleic acid linolenic acid
green leaf 6.67 +0.37 1.63+0.142 4.08 +0.28 0.96 +0.01 3158 + 148 1963 + 132 3487 + 153 7287 £ 173
(24.44%)2 (61.17%) (14.39%)
withered leaf 5.69 +0.33 148 +£0.01 3.44+0.23 0.77 £0.02 2397* 1296** 2209* 4508**
[14.69%]° [9.20] [15.69%] [19.79%]
rolled leaf 45+0.13 1.14 £0.05 270+0.17 0.66 +0.02 1753+ 943** 1497** 1997**
[32.53%] [30.06%] [33.82%] [31.25%)
fermented leaf 440+0.21 1.12+£0.01 2.60+0.10 0.63+0.01 1633** 898** 1384** 1802**
[34.03%] [31.29%] [36.27%] [34.38]
made tea 2.89+0.17 0.69 +0.06 1.73+0.15 0.47 +0.02 862** 547+ 27 1056**
(orthodox) [56.67%)] [67.67%] [57.60%)] [61.04%]

a percent of each fraction in comparison to green leaf is given in parentheses. P Percent degradation in comparison to green leaf is given in brackets.

P-Glycosidase AssaysGlycosidase activities were measured from  the fresh green volatile contents that exist in the intact tissues
a 100uL extract, usig a 1 mM solution of pNPG as the substrate.  gr that develop during processing.
The mixture was incubated at 4@ for 10 min in 150 mL of a citrate
buffer (pH 5.0+ 0.5 g of polyclar AT+ 0.3 g of ascorbic acid). The Table 2 shows the changes in the various fractions of lipids
reaction was stopped by adding 1 mE @ 1 M sodium carbonate and fatty acids during withering, rolling, fermentation, and
solution, and the yellow color formed was measured at 400 nm in a grying, compared to fresh leaf. The decrease in different lipid

Beckman Spectrometer ugia 1 cmquartz Cel." The results expres§ed contents such as NL, GL, and PL and fatty acid contents such
the amount of liberatep-nitrophenol, determined from the calibration Imiti leic. linolei d linoleni id h of th
curve. One unit of-p-glucosidase activity was expressed in nanokatals as palmitic, oleic, linoleic, and linolenic acids at each of the

per milliliter of enzymatic solution, 12). Protein content in the  four stages of manufacturing is highly significaifigure 1
enzyme solution was determined by using Lowry’s method, and specific shows a typical profile of hydrolytic release of free fatty acids

activity was expressed as units per milligram of protein. (FFA) and the subsequent breakdown of unsaturated FFA during
withering by lipoxygenase. The continuous increase in FFA
RESULTS AND DISCUSSION contents was because hydrolysis is greater than degradation in

Leaf Maturity and Lipid Composition. The average results all four stages of manufacturing; therefore, FFA contents were
(three years’ analyses) of various lipid fractions, namely, found to be higher in black teas than in starting raw materials.
glycolipid (GL, 61%), phospholipid (PL, 14%), and neutral lipid
(NL, 25%), and the fatty acid (FA) compositions of different
parts of the shoot are shown Trable 1. In general, the levels

Enzymes versus PrecursorsTo evaluate the eventual role
of LOX and g-glucosidase activities on the development of

of accumulation of various lipids and their saturated and aroma precursors §uch as fatty acids and glycosides, their
unsaturated fatty acid contents found to increase with leaf ENZYmatic activities in different parts of shoots were measured
maturity. Surprisingly, although the GL content was highest, (Table 3). LOX activity was highest in the third leaf followed
the major fatty acids, palmitic acid (PA, C16:0), linoleic acid by the second leaf, first leaf, and stem and was lowest in the
(LA, C18:2), and linolenic acid (LNA, C18:3), were predomi- bud. The increased enzyme activity perhaps helped in the
nately present in the PL followed by NL fractions. Ultimately, synthesis of membrane metabolites, especially palmitic, oleic,
the LNA content determines (shoot parts or cultivar variations) linoleic and linolenic acids, along with the shoot maturidg,(
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Figure 1. Percent of free fatty acid released and degraded during withering
(average of three replications). 18 B

Table 3. Lipoxygenase and f3-Glycosidase Activities at Different
Stages of Leaf Maturity (Each Value Is the Replicated Mean of Three
Analyses)

p-glucosidase

LOX (umol of (specific activity,
shoot part O2/min/g of dry wt) units/mg of protein)
bud 5.03 354
first leaf 7.21 413
second leaf 9.85 3.28
third leaf 1151 1.17
stem 6.52 2.68

37). On the other handj-glycosidase specific activity was
higher in younger leaves, which decreased as the leaf aged, andigure 2. Green volatiles (A) and terpenes and phenolic aromatics (B)
was exceptionally high in the stem. The lower specific activity from different parts of a shoot (peak area ratios: average of three
of B-glycosidases (although reported major enzymg-jsri- replications).
mevorosidase), in the matured leaf and higher value for the
younger ones, suggesting that glycosides be synthesized de novenzyme preparation (1 g, acetone-washed powder). The volatiles
rather than releasing by hydrolysi3g-41). liberated were considered to be roughly proportional to the
Floral and Green Volatiles. We then compared the volatile ~amounts of the corresponding aroma precursors. Similarly,
profiles in black teas manufactured from different parts of shoots S-glycosidase activity was determined by incubating crude
(Figure 2). We categorized the aliphatic alcohols and aldehydes €énzyme prepared from each part of the shoot with a crude
(derived from fatty acid oxidation), responsible for fresh green solution of aroma precursors. The hydrolytic activity was
aromas, as group | volatiles, whereas several terpenes andxpressed in terms of the volatiles released.
benzenoids (hydrolysis of glycosides), responsible for sweet and It is interesting to note that a considerable amount of the
flowery fragrances, were denoted group Il volatiles. It was characteristic major floral compounds (linalool, linalool oxides,
noticed that with leaf maturity, the C-6 to C-8 components were geraniol, benzyl alcohol, 2-phenylethanol, including methyl
found to increase, because of higher polyunsaturated fatty acidssalicylate) were found to be present in bound glycoside at the
and their degradation due to LOXifjure 2A), whereas the  fresh leaf level. Their contents of free volatiles was found to
terpenes and bezenoids showed a decreasing trend with leaflecrease with leaf maturity in the order budsfirst leaf <
maturity, because they bind to sugaFsgure 2B). second leak third leaf and least in the sterfigure 3A). With
The reason for the liberation of larger amounts @j-8- regard tg3-glycosidase activity, a sharp maximum in extractable
hexenal andH)-2-hexenal from the third leaf as compared to enzyme activity profile in the juvenile second leaf, which
the tenderer parts may indicate that they are derived from suddenly dropped from the thirrd leaf level, was notedgre
glycopyranosidases and tifeglycosidase hydrolytic pathway  3B).
(6). Another probable mechanism is due to enzyme alcohol Although different sources showed variationgiglycosidase
dehydrogenase, whereif)¢3-hexenal reduces t@)-3-hexenol activity, a multiple hydrolysis might take place simultaneously.
in coarse leaf42, 43). However, such a relationship does not The results also indicate that juvenile parts contain mainly free
exist in the stem, and the higher production of hexanol is volatiles due to higher levels g§-glycosidase activity, and
assigned to a higher ratio of linoleic to linolenic acid than is thereafter they are metabolized into glycosylated form via
found in the immature leaveg4). variousf-glycosidases (mainly due fBprimevorosidase) with
Leaf Maturity: Glycosides and GlycosidasesTo investi- physiological age38—41). This situation is similar to that of
gate the relationship that exists between volatile formation and blooming flowers, where thg-glycosidase activity and head-
their contents of glycoside aroma precursors gsglycosidase space fragrance volatiles, attained maximuth)(
enzyme, each shoot part was measured indirectly (clone TV- Species Variations and Flavor Index.As monoterpenoids
1). A crude aroma precursor was prepared from each part of contribute significantly to the varietal character, the terpene
steamed shoot (30 g) and incubated with crgedglycosidase index (TI) (ratios of linalool plus its oxides divided by linalool
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Figure 3. Aglycons (A) and (B) glycosidase enzyme activity (B) of different

parts of fresh shoot (each value is a replicated mean value).

Table 4. Volatiles Variation and Flavor Index in Different Clonal CTC

Black Teas (Peak Area Ratios; Each Value Is the Replicated Mean of

Three Analyses)

TV1, TV2, TV7,  TV9, TV17,
Assam-— Assam China Cambod  Assam-—
VFC China hybrid type hybrid  type  China hybrid

hexanal 0.05 0.07 0.04 007 0.06
hexanol 0.11 012 0.16 0.12 0.17
(E)-2-hexenal 0.54 079 043 0.80 0.59
(2)-3-hexenol 0.18 016 0.19 0.16 0.19
hexenal 0.15 0.14  0.06 0.05 0.15
green total, group | 1.03 098 0.88 12 11
linalool oxide | 0.27 026 0.14 0.06 0.57
linalool oxide Il 0.94 0.76  0.86 0.72 0.92
linalool 332 232 193 173 2.78
phenylacetaldehyde 0.54 027 098 0.68 0.47
methyl salicylate 0.84 0.74 082 0.90 0.92
geraniol 0.59 036 0.66 0.23 0.58
benzyl alcohol + 2PEA 0.78 055 0.72 0.59 0.85
o-ionone 0.56 0.16 0.70 0.18 0.36
f-ionone 0.35 0.16  0.56 0.17 0.26
floral total, group Il 8.19 558 7.37 5.26 7.71
total area ratio 9.22 6.86 822 6.46 8.87
group ll/igroup | 7.95 7 8.39 4.38 8.06
terpene index? 0.88 090 0.82 0.92 0.88

taster's flavor quality ~ better than Assam good  best poor very good

@ Area of linalool and its oxides/area of linalool, its oxides, and geraniol.
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Figure 4. (A) Potential hydrolyzed products of individual clones (average
of three replications); (B) clonal variations of volatile profiles in CTC made
teas (each value is a replicated mean value).

Assam-China hybrids, TV-7 is a China hybrid, and TV-9 is a
Cambod type. It is quite clear that levels of monoterpenoids
play the key role in determining genetic variations as well as
manufacturing potential of vegetatively propagated teas.

Furthermore, variability with other non-terpenoyl substances
such as benzyl alcohol, 2-phenylethanol, benzaldehyde, noriso-
prenoids, andr- and-ionones also exists among the various
clones. We have developed a flavor index (FI) to evaluate
objectively the variations of different black tea characters. The
higher the FI, that is, the higher the sum of peak areas of the
hydrolyzed volatiles (group 1l) divided by oxidized products
(group 1) ratios, the better is the flavor qualig#-49). From
the sum of released volatiles, terpene index, flavor index, and
taster’s score, clonal superiority was found to be in the following
order: China> Assam> Cambod varietiesTable 4).

To investigate their cultivar variability with respect to
glycoside precursors TV-17, S3 A3, TV-1, and TV-26 (all from
second flush) were isolated individually and subjected to
enzymatic hydrolysis by acetone-washed enzyme powder and
commercially available pectinase enzynfégure 4A shows
their potential volatiles derived from glycoside precursors,
whereagFigure 4B shows volatiles actually developed during
manufacturing from the individual clones. From the result

plus its oxides and geraniol) has been used to differentiate flavorist clone was found to be of the following order: TV-17

cultivar variations 46). Table 4 illustrates the Tls in black teas
manufactured from five genetically different clonal teas, the

> S3 A3> TV-1 > TV-26.
Quantitatively, however, free volatiles released during pro-

most popular in northeastern Indian plantations. Usually, the cessing were much lower than the direct hydrolysis by enzyme

Tl of pureassamicavar. Assam is nearly 1.0 and thatsihensis
var. China is close to 0.5. From the TI value, TV-2 is
predominated by Assam character, TV-1 and TV-17 are

preparations. TV-17, a cultivar well-known for its bright color
and aroma (the taster’'s sensory evaluation), contained highest
amount of essential oils and glycoside aroma precursors,
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Figure 6. (A) Lipoxygenase and 3-glucosidase activities in different flushes
[April, May, July, and October (replicated mean value of six different
clones]; (B) seasonal changes of aroma profiles [May, July, and October
(each value is the replicated mean of six clonal teas)].

followed by S3 A3/TV-1, and the least was found in TV-26.
Figure 5 clearly demonstrates that tea manufactured from the
clonal mixture produced-68 times higher terpenes, aliphatics,
and phenolic aromatics than did tea from inherently inferior
seedling shoots.

Seasonal Variations. Figure 6Ashows the seasonal varia-
tions of lipoxygenase an@-glucosidase enzymatic activities
of six clonal plants (same trend by individual clones) during
the four flushes: first (MarchApril), second (May-June),
third/monsoon (JulySeptember), and autumn or fourth flush
(October-November). Importantly, it can be seen that LOX

Saikia and Mahanta

Table 5. Seasonal Changes of Fatty Acid Composition (Micrograms
per Gram of Dry Weight) of Green Leaf (Three Years' Average)

fatty acid second flush rain flush autumn flush
palmitic acid 1113+ 52 3987 £ 123 2508 + 96
oleic acid 694 + 35 2599 + 102 1504 + 101
linoleic acid 1677 79 4627 + 212 2986 + 150
linolenic acid 2418 83 8676 + 313 4892 + 209

[B-glucosidase enzyme activity was highest for the second-flush
teas Figure 6A). Figure 6B summarizes the characteristic
volatile profiles in different flushes: highest amounts of linalool
and its oxides, geraniol, phenolic aromatics, and ionones were
found in second-flush teas, whereas higher levelsE)f2¢
hexenal, Z)-3-hexenol, and other aliphatic compounds pre-
dominated in rain-flush teas.

Apparently, yellow leaves found in second-flush teas can be
characterized by higher levels of several terpenes and noriso-
prenoids: linalool, its oxides, geranial;ionones, angb-ion-
ones, formed either directly from degradation of carotenes or
by their hydrolysis of glycoside precursors. Similarly, the
prominent benzenoid components, namely, benzyl alcohol,
2-phenylethanol, and others are formed either from hydrolysis
of fibers or from glycoside hydrolysis (enhancing group I
volatiles in the second flush). On the other hand, the intense
green leaf of the monsoon-flush teas better correlates with a
higher amount of green volatiles and highest fatty acid content
(Table 5) together with higher LOX activity.

In the course of these studies, we obtained that due to warm
sunshine hours with cold nights and desiccating wind could
stimulate maximum biogenesis of floral components in May-
June than those of July-August. In the latter months, the
vigorously flushing shoots in the heated and rainy days, and so
they’re endogenous enzymes progressively decline in reducing
terpene biosynthesis to minimum. However, at the end of rainy
seasons (October-November), flavor picks up, albeit with a
different character, and is usually referred as autumn flea@r (

52).

ATTEMPTS AT PROCESS OPTIMIZATION

Enzyme Activity and Volatile Development.The stimula-
tory and/or inhibitory activities of lipoxygenase afiejlycosi-
dase enzymes during withering, rolling, and fermentation stages
are illustrated irFigure 7A. LOX activity increases steeply from
6 h onward up to 14 h (optimum time for withering) and the
rise is ~1.6 times, whereag-glycosidase activity increases
steeply as withering progresses and reach2s times that in
the fresh leaves. Peak activity of both enzymes was observed
during rolling (increased at 2680 min) and fell steeply
thereafter, which continues in the fermented leaf. The sharp
decline in the level op-glucosidase and LOX activities seems
to be due to the precipitation or binding of the enzymes by the
high polyphenol content in tea and their oxidation produss; (
54). Their inhibitory action could also be due to stripping of
cofactors during processing, especially divalent metal i66s (
56).

Effect of Temperature. Temperature shift experiments,
during withering and fermentation (leaf heated af@), caused
a remarkable reduction in th@-glycosidase enzyme activity
compared to that at a cooled temperature ofQgFigure 7B).
Initially, however, at higher temperature, the activity increased
up to 6 h ofwithering, which subsequently decreased, whereas
at lower temperature, activities were enhanced. The fall in LOX

exhibited highest activities during monsoon flushes, whereas activity (lower oxygen consumption), greater than that of
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257 Table 6. Changes in Volatile Flavor Compounds and Flavor Index

ol (Peak Area Ratios) during Different Stages of Processing (Each Value
20 Is the Replicated Mean of Three Analyses)
——
15 green  withered rolled fermented made
VFC leaf leaf leaf leaf teas
07, - Oxidized Volatiles, Group |

— 1. hexanal tr 0.35 0.93 221 2.15
5- 2. (2)-2-pentenol and tr 0.25 3.77 1.45 1.30
(2)-3-hexenyl actetate
O R e S S B 3. (2)-2-hexenal tr 0.66 0.23 2.75 125
: 4. (E)-3-hexenal tr 1.25 3.35 517 3.45
xftshz: 4 10 16 i‘):\','l?r? % 20 =0 5. (2)-3-hexenol 725 830 1139 246 221
6. hexenol 0.25 3.53 4.25 2.88 1.23
\ = LOX 4 GLC| 7.(2)-3-hexenal 326 810 1625 985 122
8. (E)-2-hexenol 0.25 2.92 8.26 5.28 0.97
40 ®40deg A 25deg ‘ Hydrolyzed Volatiles, Group Il
v 9. linalool oxide | 0.68 2.25 3.40 2.15 2.27
10. linalool oxide I 2.94 324 6.11 493 6.95
% 11. linalool 434 1222 2446 2153 1235
28 12. phenylacetaldehyde 1.29 3.28 7.42 14.00 6.75
20 13. a-terpeniol 0.65 0.95 2.96 1.20 247
15 14. linalool oxide IlI 0.18 0.07 0.16 0.15 0.22
10 15. linalool oxide IV 1.13 2.56 3.36 4.94 4.28
s 16. methyl salicylate 1.95 324 1291 4.37 3.95
. L \. L 17. a-ionone 091 0.67 2.86 247 4.66
P 18. geraniol 0.86 3.79 453 5.75 424
&0 NN N LS S S 19. benzyl alcohol + 2PEA  0.97 4.07 7.85 7.38 3.99
JS <8 20. f-ionone 023 tr 187 254
S Q
< ((e}@ sum of fresh green, 19.03 2536 4843 32.05 13.78
Figure 7. (A) ﬁ-Glycosidase_ and |ipo>_<ygenase activities at different stages sun?roofuspm:eet, floral, 1613 3634 76.02 70.74 5467
of processing (each value is a replicated mean); (B) effect of hot and group Il
cold temperature on S-glycosidase activity during withering and fermenta- flavor index, 0.85 1.43 1.57 221 3.97
tion (each value is a replicated mean). group ll/group |

pB-glycosidase during later stages of withering (after 14 h), and
in fermentation may be due to the relative stability of the ] RGreenaroma  #Floral  [@Spicy  Ellonone
enzymes. Furthermore, heat generated during withering and , |
fermentation, at temperatures80 °C, creates deleterious effects

and deactivates the enzyme system, resulting in loss of flavor 1o+
volatiles (data not shown).

Biotransformations. Table 6 shows the amount of aromatic 81
compounds present in fresh leaves and developed during
withering, rolling, and fermentation and in orthodox made tea.
The amounts of group Il volatilesuch as linalool, linalool 41
oxides (all four isomers), geranial;terpeniol, 2-phenylethanol,
benzyl alcohol, and phenyl acetaldehyde, increased during 2-%

withering and rolling, whereas the amounts of group | volatiles,

such as pentenol, hexenol, and others, drastically decreased to °"
the levels of fresh leaf in the dryer month black teas. By contrast,
the enhanced characteristic volatile aglycones that are not
originally present, imply that they are generated from the
nonvolatile mono- or oligoglycoside aroma precursor due to temperatures and increases in the contents of total odor-active
p-glycosidase activities throughout processing of tea leaves. volatiles and flavor ratios (group ll/group | volatiles) in black
Figure 8 summarizes how the amount of “green”, “floral”, and tea by~4 times (i.e., from 0.85 to 3.97)T&ble 6).

?
?
/
/
/
/
/
/
/
g

6-HW ‘ 12-HW ‘ 18-HW ‘ 10min Ferm ‘ 30min Ferm ‘ 60min Fer
Figure 8. Summary of volatile compounds development during withering
and roll fermentation (peak area ratios: average of three replications).

“spicy” volatile flavor compounds (VFC) increases with wither- Volatiles of Orthodox and CTC Teas.From time to time

ing (maximum at 12 h) and fermentation time (optimum at 30 there has been a greater demand for conventional orthodox teas

min after rolling) and thereafter declined. (large leaf grades), because of its high aromatic character com-
The increased levels in the contents of fatty acid degradation pared to CTC teas (small particle size, for tea bags). This led

products, for exampleZj-2-pentenol, )-3-hexenyl acetateZ}- to the development of “dual manufacture”, where fine shoots

3-hexenol, Z)-3-hexenal, E)-2-hexenal, Z)-2-hexenal, Z)-3- (10%) are processed for orthodox teas with harder withering

hexenal, and 4)-3-hexenol, were due to their activities of and rolled by three crank rollers and coarse and soft withered
enzyme isomerase and alcohol oxidoreductase (NADPH) during leaves (90%) are subjected to the Rotorvane and processed for
withering, rolling, and fermentatiorb{). The decrease in green  CTC teas simultaneously. The distribution of flavor constituents
volatiles in made teas, lower than the levels found in fresh leaf, between orthodox and CTC manufacture varied considerably,
is due to their high volatility; also, they may escape very easily not only between classes of volatiles such as terpenes, ben-
on drying. The glycoside-derived volatiles, instead of evaporat- zenoids, and aliphatic carbonyls but also between the individual
ing, may be hydrolyzed, because of their better stability at higher components.
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Figure 9. Variations in terpenoid contents (A), phenolic aromatic
compounds (B), and green volatile compounds (C) of CTC and orthodox
teas.

Figure 9A illustrates the higher levels of release of several

terpenes such as linalool and its four oxides geranidkrpe-
niol, nerolidol, andx- andg-ionones in orthodox teas compared

with CTC teas. Similarly, levels of spicy/phenolic compounds
such as benzaldehyde, 2-phenylethanol, methyl salicylate, and
phenylacetaldehyde peaked during orthodox manufacture com-

pared to CTC Figure 9B). Furthermore, higher amounts of

green volatiles such as aliphatic aldehydes and alcohols were

also observed in orthodox compared to CTC teBgyre
9C).

Our findings suggest that hard withering and mild prolonged

rolling facilitate efficient hydrolysis and oxidation of precursors,

producing more floral components. For example, 16% higher
fatty acid degradation takes place in rolled orthodox teas,
whereas certain glycoside aroma precursors remain unaffected
in the 3-min cut CTC processing (results not shown). In addition,
the higher rate of catechin oxidation products such as theaflavins

and thearubigins, strongly inhib#-glycosidase and lipoxyge-

nase activities in cutting, crushing and curling (CTC) fermented
teas B8). It is worth mentioning that teas manufactured under

cooled withering and rolling by traditional roller were found to

Saikia and Mahanta

have enhanced yellow color and higher aroma, whereas hot
withering and RotorvaneCTC teas are redder and have poorer
flavor (data not shown).
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