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Abstract: Tea is an aqueous infusion of dried leaves of the
plant Camellia sinensis L. and is the second most widely con-
sumed beverage around the world after water. Aroma com-
pounds of tea differ largely depending on the manufacturing
process, even from the same categories of different origins.
The flavor of tea can be divided into two categories: taste
(non-volatile compounds) and aroma (volatile compounds).
In the present study, we review the formation mechanism of
main aromas generated from carotenoids, lipids, glycosides as
precursors, and Maillard reaction during the tea manufactur-
ing process, with biological and chemical mechanisms.
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1. INTRODUCTION
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Fig. 1. (a) Enzymatic degradation of carotenoids [6]. (b) Flavanol oxidation participates in carotenoid degradation [7].
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Fig. 2. Formation mechanism of beta-damascenone [9].
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2. MECHANISM

2.1. Carotenoid
Carotenoid= 2} 37| S4 9] ALA| 24 o] &
FAE AT FAT Adolth o] HEEL

o= w
beta-damascenone, C13-spiroether & theaspirone 52 & o]

HH O
T

el

beta-ionone,

Oxidative

Cleavage
Grasshopper ketone

o
SN

p-Damascenone

Black tea, Green tea

Fruity, apple-like

o] | At} [6]. Carotenoid 3l = A Axof &J3F Abste} v & 4
Ak} (non-enzymatic reaction)o]] @]sfjA] o] F o] Xt} f 40
O3t AbSh= WA A of| A 24F4x3} 3 4 (dioxygenases)©] ]
3| Af o] Fof Xt (Fig. 1(a)) [6]. Carotenoidi= WA 124418k
= WFE0f A 24k4x3t 8 4 (dioxygenases)ol] 2] 3 4] 23] =] o]
Aok o] A4 WY o 2R F7] /AR AFAI7E B AL
T ol Fd s E S A 71 7] Sl A Tk
3|7} dojdth. Carotenoid®] d4of )3t AH3} 114 -2 beta-
carotene > zeaxanthin > lutein <= © 2 Y oj -t} 0] 2}3t caro-
tenoid E3 2 FE Y42 = F/|AEL 2 a HE= Fok AlstE
tea flavanolx} A7} qltkal A& Flct. 53] Abstatrg of A
catechol oxidase©]| ©]3%} flavanol AF3}= ATt} A o A X} &
71370l A Ao ® Hostar Qlrkar dEFt (Fig. 1(b))
[7]. AlckHg ol A vl A 3keha o 4k dojubA] b=
85 78S A H A gt whebA A T v e
3 SRR WAV & BAsk=T W S a3 840
t}. Beta-Damascenone (Fig. 2)3} beta-ionone+= carotenoid -
JERE P = xHQ F7] AR ddA Ut
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Fig. 3. (a) Primary oxidation of beta-carotene, (b) Secondary oxidation of beta-ionone [11].

Beta-damascenone-> ARk} H| 523t gF7] A Fo] il Fofl T gt
L) == - o} o] 212 1970 o) Bulgarian rose 2 & o]
A Agoz AR T2 a3 4JE o]t [8]. Neox-
anthin (Fig. 2)%= A aARSto] Of3fA] g Hth dxpyow
grasshopper ketone2] C-92} C-10 ©]5 23} Alo]of| Al dioxy-
genases©]| 93] A neoxanthino] E-2]% & ketone©| allenic
triol 2 3 =] 3L np| o = AbFufol ofgt g MY S A
2] Al =t} [9]. Beta-onone (Fig. 3(a)) =4} W $319] gk

£ 8% AEott o] B2 A Al 2T o A A
Ot EAHNS = G B of 93fA] [10] beta-carotene2] 1
Ap4tetE 5E A El ok webA Beta-ionones A8/d3517] ¢
ML HHe wm 2T A A2 o] Uasht Beta
ionone-> 5,6-epoxy-beta—ionone & & AFSIE = Q)3 ESH
dihydroactinidiolide = 2] 3 I} AF3}at-2-of 9Js)A EA} W
NP APHSS A A theaspirone 2 HFE ) (Fig. 3(b))
[11]. Carotenoids®] H] & AWM FALS}, AHFAksE 2 A7
3 5o A H Tt o] & 5™ UVof 93t beta-carotene A+
3}= 5,6-epoxy-beta-ionone, 3,3-dimethyl-2,7-octanedione, 2,
6,6-trimethyl-2-hydroxycyclohexanoe, dihydroactinidiolide %
beta-ionone 5= A X1t} o] HF-g-2 WA Kol Z =M A
©] beta-ionone ©f| FA| 2} §-g-0] o] F0} 2] 1L 71 thF-of cyclic
2} straight chain 7] & A4 5l+= epoxides, C-9 &} C-10 0|5
A% 2ol == C-79F C-8 o] S A Hafiofl oA o] Fol Xl

o} 3 £22}9] 3F7] A<l nerolidol, alpha-farnesene 2
geranylacetone 52 phytofluene A2 B g A E ] [12].
Table 1> =2}, 952t W Z-2}of| A carotenoid A 4 2] 37|
daolth @7l = TR A o Al mAnkg-of ofs A E Tt

Table 1. Contribution of carotenoid-derived aroma compounds [12]

Green Oolong Black

Compound
tea tea tea

beta-Damascenone v v
beta-lonone \/ \/
alpha-Ionone
6-Methyl-5-hepten-2-one
6-Methyl-E-3,5-heptadien-2-one
2,6,6-Trimethyl-2-hydroxycyclohexanone
beta-Cyclocitral
Safranal
2,6,6-Trimethylcyclohex-2-en-1,4-dione
alpha-Farnesene
alpha-Damascone
Geranylacetone
3,3-Dimethyl-2,7-octanedione
5,6-Epoxy- beta-ionone
Nerolidol
Theaspirone
Dihydroactinidiolide

2. 2 2 2 2 2
2 2.2 2 2 2 2 2 2 2]

2.2 2 2 2 2 2 2 2 2 2 2 2 2

2.2 2 2 2 2
2. 2 2 2
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)

Z Green tea, Oolong tea

coOMe Floral, sweet

Methyl jasmonate

Fig. 4. Methyl jasmonate biosynthetic pathway [16].

S Aol Al AW ILAL (withering)i= 371 & AB/d ok A4
Ot ARShkg-olth g2 9 d&Edl= =2 F7 15 FA
5= ] @ A2 " o] th, 352}of| A= beta-ionone, 5,6-epoxy-
beta-ionone, nerolidol ¥ dihydroactinidiolide 5©] Wo] 3+&
g o] Qlth 28y $A}o| A= dihydroactinidiolide, theaspir-
one, nerolidol, ¥ safranal 50| F2 -S-x]ojtt E3] &5
7o) 7 o= matol Fapo] Bol Qe F7) HRES BE
9ot U BE ol w7 YR} S o) 242 o)

27 Yehte Aoz & A 9t} [13].

2.2. Lipid

323} X494t (alpha-linolenic acid, linoleic acid, oleic acid,
2 palmitoleic acid)> 2} F=Eofu} E9t 2P o A AlAdskaL
S W 7] Aol Tolstal Qlal 6 E= 10 T4 aroma
3}5HE2l (E)-2-hexanal, (E)-2-hexanol @ (Z)-3-hexanol®] #
A oot [14]. 2k 2] (Tea lipid) 2] AFs}ol 27 31247
P dutA o g = A= (pathway)oF 4| 7} Qlehar H 1
= leh A WA= A7}, FARE 9 E 4k} (thermal oxi-
dation)@} 7> Apfrete]Zo] o3t 4tahikg-o] il 2| H o) &
A3 = A HAS S ol ek P bl S st F
WA= 2ZF F7lo] A A= Hostal Q= lipoxygenase
(LOX)ell ozt A & AFstol ek LOXe| &J 3t tf 322191 2] 24t
3} bet-linolenic acid®} linoleic acid=2 5-E] A4 = 6 carbon
aldehydes?} alcoholso|t} [15]. A 22 LOXo] ]3] lipid hyd-
roperoxides”| A A = 11 1o} hydroperoxide lyases (HPLs)]|
O] 5ff A= oFelRh=E (Z-3-hexenal©} n-hexanal) 5-0] 473
Flt}. Aldehydest alcohol dehydrogenases (ADHs)of &J 3} &
FEZ 3YE £ A3 EE frans isomersE 0| A2 EH £

13S-Hydroperoxylinolenic acid

o]

COOH COOH

OPDA

.CO;, w Green tea, Oolong tea

Floral, jasmin-like

cis-Jasmone

T Gtk LOXZ o] WlAYZo A =8 a0 g 2l g5
Aol o] ehrE o] glow AFEE ZAdo] o} th=A Lt
Epeh LOX &4 & o S48 of) 7H =31 A Aol WA et
otz & Ak [16]. 1-Octen-3-one} 1-octen-3-0l-2 linoleic
acid=2 K-8 A& 1 1-penten-3-one, 1-penten-3-ol, cis-3-pen-
ten-1-one, 2 cis-3-penten-1-ol 52 alpha-linolenic acid= 5§
A A =t} Oleic acid®} palmitoleic acid+= n-nonanal, #-nona-
nol, n-heptanal, ¥ n-heptanol®] ZFA| o]t} dutzlo g2 ¢
% &4}o] A= 1-octen-3-one, hexanal, & carbonyl 3}¢H& &
T = o A YErd} [17]. A A &)= methyl jasmonate,
cis-jasmone, X jasmine lactoness< A4 Stc). o] & V)=
Jasminum grandiflorum ZLo]| &) E-2] 3} fragrant volatiles©] 11
A A ZApol| A wol T o gtk [18]. Methyl jasmo-
nater= 92 x}0]| A] alpha-linolenic acidof| A E-3f| ¥ o) F 2] 2l
7)1 E-o]tt. 3] methyl jasmonate-> 1 -5 2o A o
FA F F7Y oA (IR, 2R 9} 1R, 28)= EA7Ith.
IR, 2R o] HA A = o2 o] E A (IR, 2S)of| H] A3l A] of=
2 threshold valueS ZFal QI x|t dof 934 IR, 2S= H
&= 4+ it} (Fig. 4) [16]. Alpha-Linolenic acid= LOXo|
o)af) 714 W] A3}E| 11 allene oxide synthase (AOS)o]| ]3]
13S-hydroxylinolenic acid7} & 43 %l T} allene oxide cyclase
o 9J&f 12-oxo-phytodienoic acid (OPDA)7} & A EIt}. Jas-
monic acid &= 4= OPDAZEE] beta A3}9} 314 S
7] 4 hydroxylation, O-glycosylation, = conjugation®]] 2|3}
&A=t} [19]. Jasmonic acids= cis-jasmone ($-Z2} & =4}
9] FQ 7| AHE)ZE E = jasmonic acid carboxyl methyltrans-
ferase (JIMT)o] ]St methyl jasmonate= WHEHE 4= U},
Table 2= Altha} Fofl A A4tst 2 EE B L7
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Table 2. Tea lipid oxidation-derived aroma compounds [14]

Oolong tea  Black tea
v v

Compound Green tea
Hexanal
Pentanal
Jasmine
Nonanal

cis-Jasmone
Heptanal
1-Penten-3-ol
(E)-2-Hexenal
(Z2)-3-Hexen-1-ol
(E,E)-2,4-Hexadienal
(E)-2-Hexen-1-ol
Methyl jasmonate V
Nerolidol v

2 2 2 2 2 2 2]
2 2

2 2
2. 2 2 2 2 2

AES UERH Zl o]t} &2}of &= hexanal, pentanal, jasmine,
nonanal, cis-jasmone, heptanal, (E)-2-hexenal, ¥ (Z)-3-hexen-
1-ol 50| gF§-xlo] 9l o, &Z2}o]| = hexanal, cis-asmone,
1-penten-3-ol, (E)-2-hexenal, methyl jasmonate, 2 nerolidol 5
o] &G xlo] glt}. 1t F2}o| = hexanal, cis-Jasmone, (E)-
2-hexenal, (£)-3-hexen-1-ol, (E,E)-2,4-hexadienal, (F)-2-hexen-
1-ol, methyl jasmonate, ¥ nerolidol 5-¢| $H5-% o )T} [14].

2.3. Glycoside

Glycoside+= 7] (sugar group)]] ZA3}+= o} =™ B4 (ano-
meric carbon)7} T2 7)2} Zgsto] el TA|E AL o] %
T A BARE Ik o gk v A= Al RE 2} Yol A
EA AR 71 7F = Sk ol v ey Atk F
monoterpene &= (linalool, linalool oxides, & geraniol) T
= aromatic &= (benzylalcohol & phenylethanol)@} 72
A F71/3 2ol A E T [20] A} Aol Al G714 ol
o]3}= glycosidic enzymes EA]-2 A AHZE 2}o]7} Qlon,
TR B> o8> 7hE w02 ek 21). 4w
(Tea flavor)ol| A 7} T34 Q1 A E-LS (2)-3-hexenol (leafy
alcohol)o] 1 357, 923} W F kol 1% ah-5]o] 9t} o]
22 A A B3] = withering stage (F ¢ Z14)o)| A glycoside
AFA7 Aol E ol G A E T [22]. 53] o] HRL %3}
o 7P wo] &5-5 o] Qlth. Linalool, geraniol (threshold
value: 7.5 ppb), benzyl alcohol, & 2-phenylethanol-> 8-2}¢f
A )z A el 394 3HgHEolt) [23]. Geraniol 2} linalool-

geranyl pyrophosphate (geranyl-PP)= £-E| geraniol synthase2}
linalool synthaseo]] ]3]} AJ At} AlX 5 2} Yo A] linalool
oxides?] Tk} £ k7| = linalool oxides B GAH 2 HE AY
A =t} [24]. Linalool oxide 12} II+= beta-D-glucoside®} beta-
primeveroside 2 5 €] & AJ Ft}. Beta-D-glucoside?} beta-pri-
meverosideZ A| 2|5} 17 linalool oxide I} [V 22} 4]
beta-acuminoside moiety?} 2351 QI (Fig. 5) [25]. 2,5-
Dimethyl-4-hydroxy-3(2H)-furanone (DMHF)2 A1} = of &
Aok ket 9 sfelo| 23} 2.8 37] 4 2ol o] W71 4
FL 1967 o] A2 E2] %22 DMHF 9] beta-D-glucopyra-
noside:= DMHF 9] %8 3t t ARz 2 4] B E| Sl 7| th7} D-
glucose 2 D-fructose@} 7H2 D configuration F-2 D-fructose-
1,6-bisphosphate = 23| =l T} (Fig. 6) [26]. Y& H|L=A 3]
vFk7] A& (benzaldehyde, coumarin, @ beta-damascenone)-
A e o2 ek aj A S e Ze Y
AF71E HE5H7] Sl WA o G 7 EE T
wo A4S Azt [27]. 9& £, prunasin2 mandelonit-
rile 714 %7142l benzaldehyde2 AZHE T} (Fig. 7) [16].
Coumarin =2}of| A Sk 615 gl Y132 Zhp 7] A F o]
o Aok Foll @A e A7 9 1% 22 coumarin &
Lof IS Fu}h R E coumarin Al A3 =2} Qlof| A &
2] Fe|2 25t YE L= primeveroside A LF A glot
t}. o] A& 2-coumaric acid primeveroside 2 £ ¥ 7}<=H3)
hydroxycinnamic acid®] intramolecular esterification®] 2|3}
3 €t [28].

Wi

¢

2.4. Maillard reaction

Maillard BH-3-2 o}u] 1= AFQ] ofn] - 7] 9} 3k I Tto] 715 Y 7]
7} &I 27]- 50 D% GAE A A 2L Blol @
EolA = diolrh

2.4.1. Strecker degradation

A} Qlof) EA 3}z ofn| AR W H I Fof Strecker 23 E
&3l carbonyl 2}51= 2t Bh-g-ghc}. o] ¥h-3-2 F<54] 2] L pan-
firing -5-7g ol A ojidrt [30]. ] M|A Y FE-2 hemiaminal-Z:
& A]3}= carbonyl group®] amine group®] XA A7} HH-&-
o]t}. o] hemiaminal2- decarboxylationo]] 23} Schiff baseS
st & o BAF AA R o2 3 EA s BT
amino alcohol & 2 A H t}S Z£2 0 F alpha-ketoamine
2} aldehyde©. & E3|Flc} [31]. Amadori SFHE-2S carbonyl

OPP OH
NS"Non N"opp
geraniol synthase Linalool synthase | |
| | I |

Geraniol Geranyl-PP

Fig. 5. Formation of geraniol and linalool [16].

Linaloyl-PP Linalool
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D-glucose D-glucose 6-phosphate

E—

D-fructose-6-phosphate =—

b

D-fructose 1,6-bisphosphate

1

HO, O

Black tea

caramel-like

sweet 0

DMHF

|

DMHF 3-D-glucopyranoside R

H H%Té:;x,

DMHF 6-O-malonyl f-D-glucopyranoside R=COCH,CO,H

D-fructose

L-Rhamnose
/ -—H—

L-fucose

A

Fig. 6. 2,5-Dimethyl-4-hydroxy-3(2H)-furanone (DMHF) and its glycoside precursors [26].

HO

HJEQ&.E :

o 0<-CN HO~—CN
OH

Prunasin

COOH

2-Coumaric acid primeveroside

COOH
/
HO

Fig. 7. Formation of benzaldehyde and coumarin [28].

315HE 9] Fej = Eof Q131 Strecker degradation2 £-3f o}u]

A A3 Y E= Strecker aldehydesol] A metalions 2
AFSHEITH [32]. Fig. 82 Attt Sofl BAE ofm| At}
Strecker aldehydeso| T} [7]. 2} & of| 4] ofm] = AF2] Strecker de-
gradation2 carotenoid £} 2} 72 tea flavonolS: A+3}8)=
Ao A dojudtt. AE ofu| - Abgto] Strecker aldehydesE
FHShaL Tt 71 o] = F1'4] aldehydes ThAl ]S =
Zo] WA E 7] wio]tt. Strecker aldehydes:= E<FA4 s}l
cyclization, coupling, '+ dehydration®]] 2]3f t}& 3|4+ &F
712 B3] E ). TheanineS 180°CE 7} 3d}lH W2 oFo] A
ethyl formamide, ethyl amine, propyl amine, 2-pyrrolidone, N-
ethyl succinimide, @ 1-ethyl-3,4-dehydropyrrolidone 5-©] 2§ A
=t} [33]. 181} D-glucose FE+= monosaccharides”} 150°C ©]
Ao g2 7FEE M 1-ethyl-3,4-dehydropyrrolidone, 1-ethyl-5-
methyl-pyrrole-2-aldehyde, 1-ethylpyrrole, ethylmethylpyrrole,
1-ethyl-2-acetylpyrrole, 2-acetylpyrrole, 2,5-dimethylpyrazine,

CHO
O

Benzaldehyde

HOOC: }

@j Green tea

sweet-herbaceous

Coumarin  cherry flower-like

trans-O-Hydroxycinnamic acid

trimethylpyrazine, 2-ethyl pyrazine, 5-methyl-2-furfuryl alco-
hol, 2-acetyl furan, 5-methyl-2-furaldehyde, 2 2-furaldehyde
Sol A E T [34].

2.4.2. Sulfide compounds

Methionine-> sulfurg -3t SHES FAst=d $43
o 5k-S- shet. Strecker aldehyde+= methanethiol (Fig. 9) [35]9]
Z LA o]t} Methanethiol-2 sulfide compounds®] Tt 32 2]
LA o] t}. Dimethyl trisulfide= 3-x}o]| 4] putrid flavorS &t
<33l ¢lth. Dimethyl trisulfide+= methional©] A+s}% sulfone
S 2 HE A=) Dimethyl disulfide (threshold value: 7.6
pPbYE F AL A vhs ] 8715 gt oL,

2.4.3. Pyrrole derivatives

Pyrrole §- =452 Attty Fof| EAE
e F7IE A Fas gt

==
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Catechol o o

HO O Oxidase m

1SS RA RIS
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’ (o) R 2
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and other degreadtion product:

-

)

0 Ry Ry R3
R (-)-Epicatechin (EC) H OH H
1 (-)-Epicatechin-3-gallate (ECG) H Gallate H
(-)-Epigallocatechin (EGC) OH OH H
(-)-Epigallocatechin-3-gallate (EGCG) OH Gallate H
(+)-Catechin (C) H H OH
(+)-Catechin-3-gallate (CG) H H Gallate

Fig. 8. Oxidation of tea flavanols driving force of the Strecker degradation [8].

o} R; ey S
s o /S\/\HKOH -CO, e \/\|
- OH *+ o ——™ N) . —_— N OH
NH, R, )\\(,
. R R Ry
Methionine 1 2
[O], H,O )
NH3, R1-(CO),-R;
o S I OH
S S N — | CHssH " No
Methional ; Acrolein
(Strecker aldehyde) Methanethiol
Strecker degradation of methionine l [0]
1 L+ 3 R-SH | S S}
S~ = /S‘JNOH — Hos

Fig. 9. Formation mechanism of sulfide compounds [24].

2 e

zines> §-F Ak} FAfo| A F .3t 4 F-0|t}. Pyrazines
S A ARAIZE pH, £, B4 B, W 54 T

Hk=t}, E3] 2-Acetyl-2-thiazoline (AT)2 733
33} 9l a1 2-(1-Hydroxyethyl)-4,5-dihydrothiazole (HDT)
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