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Research advance on biosynthesis and regulation of Green leaf volatiles
(GLV5s) in grape berry

XIA Nongyu, MENG Nan, REN Zhiyuan, PAN Qiuhong’

(Center for Viticulture and Enology, College of Food Science and Nutritional Engineering, China Agricultural University/Key Laborato-
ry of Viticulture and Enology, Ministry of Agriculture and Rural Affairs, Beijing 100083, China)

Abstract: Aroma is an important sensory quality of grape berries and wines. There are hundreds of aro-
ma compounds in grape berries. According to the source of aroma compounds, they are mainly divided
into C6/C9 compounds derived from fatty acids, terpenes and norisoprenoids derived from isoprene, ar-
omatics compounds and methoxypyrazines derived from amino acids. Green leaf volatiles (GLVs) are
short- chain alcohols, aldehydes and esters formed through the oxylipin pathway, belonging to C6/C9
compounds. They are called GLVs because of their “fresh grass” and “crushed leaf” aroma. GLVs can
not only contribute “fresh” aroma to white wines, but also provide a direct precursor for the synthesis
of the fruity compound hexyl acetate in red wines. In addition, GLVs may be involved in the formation
of precursors of thiols, volatile thiols can provide “grapefruit” and “passion fruit” aroma, some studies
have found that volatile thiols contribute significantly to the varietal aroma of Sauvignon Blanc wines.
Therefore, the composition and concentration of GLVs have a significant impact on the aroma quality
of grape berries and wines. In addition to its effects on aromas, GLVs play a key role in plant defense,
plant-plant interactions and plant-insect interactions to participate in plant defense mechanisms to cope
with biotic and abiotic stresses. The first step in the synthesis of GLVs is that lipoxygenases (LOXs) en-
zyme catalyze the hydroperoxidation of linolenic acid and linoleic acid which contain Z,Z-1,4-pentadi-
ene moieties to form 9-or 13-hydroperoxides. LOXs can be divided into 9-LOXs and 13-LOXs respec-
tively depending on the oxygenation position (either carbon 9- or carbon 13-) on fatty acid backbone.
There was a study reported that 18 LOX genes were cloned in Sauvignon Blanc berries, V'vLOXA4 was
the most abundant lipoxygenases (LOXs) which belong to 13-LOXs across the whole developmental
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stages. Then, hydroperoxide lyases(HPLs) catalyze the hydroperoxide into aldehydes, according to the
substrates, HPLs can be divided into 13-HPLs, 9-HPLs and 9/13-HPLs, 13-HPLs, 9-HPLs can catalyze
13-hydroperoxides and 9-hydroperoxides into C6 aldehydes and C9 aldehydes respectively, 9/13-HPLs
can use both 13- and 9-hydroperoxides as substrates. The oxylipin pathway in grape berries is mainly
catalyzed by 13- HPLs. The C6/C9 aldehydes is further catalyzed by the alcohol dehydrogenases
(ADHs) and the alcohol-acyltransferases (AATs) to form the corresponding C6/C9 alcohols and esters.
The aroma compounds mostly exist as free forms and the bound forms, GLVs mainly present as free
forms in grape berries. The C6 compounds in the grape berries mainly contain hexanal, hexanol, hexyl
acetate, Z-3-hexenal, Z-3-hexenol, E-2-hexenal, E-2-hexenol, etc. The C9 compounds include £-2-none-
nal and E,Z-2,6-decadienal, etc. Currently, most studies have focused on C6 compounds, C9 compounds
are rarely studied. GLVs, especially hexanal, £-2-hexenal and hexanol are the most abundant volatile
compounds in grape berries. C6 compounds accumulate as esters, aldehydes and alcohols in the early,
middle and late stages of ‘Cabernet Sauvignon’ grape growth respectively. E-2-nonenal and E,Z-2,6-
nonadienal were detected only in small amounts in grape berries. The accumulation of GLVs from dif-
ferent fatty acids (either linolenic acid or linoleic acid) is related to grape varieties. In ‘Frontenac’
‘Cabernet Sauvignon’ and ‘Riesling’ grape berries, C6 compounds are mainly derived from linolenic
acid metabolism during the ripening stage. Most C6 compounds are derived from both the linolenic acid
pathway and linoleic acid pathway during the entire developmental period of ‘Marquette’ grapes. Envi-
ronmental factors such as water and area where grapes grow also influence the accumulation of GLVs a
lot. Regulated irrigation and rain- shelter cultivation are common measures to control water. Grapes
grown in areas with less rainfall can produce wines with more esters, the content of aldehydes and C9
compounds was negatively correlated with rainfall. A certain degree of water deficiency could increase
the content of GLVs in grape berries, especially aldehydes and esters. However, the simple rain-shelter
cultivation of ‘Cabernet Sauvignon’ was carried out in Miyun, Beijing by our laboratory, found that the
content of C6 esters was increased, but unlike other results, the content of £-2-hexenal was significantly
lowered. The cultivation techniques of grapes also affect the GLVs of grape berries, such as training sys-
tems, cluster thinning, bunch shading, defoliation, etc. In general, the type of training systems that can
provide the vines with more sunlight is more conducive to the formation of C6 esters in corresponding
wines. But a study found that the training system Ballerinas which exposed more can provide fewer es-
ters to ‘ Cabernet Sauvignon’ grape berries than vertical shoot positioned (VSP) training system, which
may due to different regions and climate the grapes grew. Our laboratory found that the wine treated
with cluster thinning has no significant changes in the ethyl hexanoate content of the berry, while the 1-
hexanol content is lower, so the ‘green leaf” odor in the wine can be reduced. The defoliation for two
years in three years has increased the concentration of hexyl acetate in wines, which is beneficial to pro-
vide fruitier aroma to red wines. The bunch shading generally reduces the content of C6 alcohol and al-
dehyde. This paper reviews the aroma characteristics of GLVs, the research progress of biosynthetic
pathways and key structural enzymes, as well as the factors affecting the production of GLVs in devel-
oping grape berry. Finally, it is suggested that the future researches could be focused on the identifica-
tion and regulatory mechanism of the transcriptional factors controlling the biosynthesis of GLVs.
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Table 1 Odour and content of some important green leaf volatiles in grape and wine

Vb S B
Fik i et DU o CORKE 5%
Type Compounds e B Odour description Reference
Content/(pg-g')  (ug'L™")
c6 CfE tr® 5 (R EEI B R E, ik [14-16]
Hexanal Fruity aroma, bitter taste at low http://www.leffingwell.com/odorthre.htm
concentration
1-CmE 0.25-25000°* 2 500% R ANUREILS [14,16]
1-hexan-1-ol 8 000° Grass, toast http://www.leffingwell.com/odorthre.htm
LR g 20-1000" 1500° AN KR AT AR AE  [14]
Hexyl acetate Pleasant fruity aroma, pear aroma
E-2-C il 0.9-3.7° 17 [15]
E-2-hexenal http://www.leffingwell.com/odorthre.htm
E-2-CU ) nd® 400° [15]
E-2-hexen-1-o0l http://www.leffingwell.com/odorthre.htm
Z-3-C. )% Z-3-hexenal nd® 0.25 http://www.leffingwell.com/odorthre.htm
Z-3-C %l Z-3-hexen-1-0l  0.032-0.08° 70% [15-16]
400° http://www.leffingwell.com/odorthre.htm
C9  E-2-Flims tr” 0.08-0.1" AL B ek [17-18]
E-2-nonenal Cooked vegetables http://www.leffingwell.com/odorthre.htm
E,Z-2,6-T - Jfili& tr 0.09* VIS [9, 14, 18]
E,Z-2,6-nonadienal Cucumber http://www.leffingwell.com/odorthre.htm

O BB RS . LA AL LA 8 & s a. 7K b, 10% S REKIF T s c. 9.4% L REKIEH s nd s KA H s or. D EATH
Note: O. Grape berry:; ¥r. Red wine:; . Red or white wine; a. Water:b. 10% Water/ethanol 90+10 w/w:c. 9.4% Water/ethanol 90.6+9.4 V/V; nd.

Not detect; tr. Trace.
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sk R i R 2 % , MADS box RIN #4 5% [K 1 & 3
SRR — R e R IAER T RREZ N N E
FER 1T LOX 8480 o5 7% 2% i SR Iz s o 1 (1) 1) 2 <
M. 7ERIN AR RSz, Co b &9 & & AFH
% . TomloxC A1 ADH2 1 5 52 i 0 3k, TomloxC
SN 5 & S KT S, A ChIP A EMSA 43 #r #8322 1
RIN fEHEYI AN 0] 5 TomloxC F1 ADH2 W) J3 5 T 45
&, HEM AT BE 2 15 1K AN JE DR A 20 i
3 MAEGDR R &) R e Co/IC A
YYD ) e
3.1 K&y

T K A3 O R R e AR AL 4 (GLVs) I &
&, UH R BEEREE S, KA B v] fE R LOX Al
HPL [ %% 5% K F 5 W 520 1 S S04 52 14X

2B TS TP g SR 2H 43 (GLVS) & B 2 IR B 7T 13 e 1079

-Igﬂ‘[“vﬂ]o

ARSI 58 #E B H N B Kb B AR R iE
BR A AT R EUIE, 3B T B N IR B XA G HY
oK ) e 2] BE T T e T VP BE 2 IR SR RE SR, HLRE
HNR A7 X AR R T E2-CR L O Z-
3-UmEE ORI & E#H T B8 IX,CONE
()5 B 5 R B LA DG Ju SRR A B AT
WL, —E R R 7 BB = 1A E R R T
AEE,JUHZ CoMCIRE,

BRI 7 REE L R R S R A RO K A .
ThE R Bk 35 38 0 1 6 £ 5 %) < 62 T 45 (Gold Finger) "
HRARESE, UHZ2RABEERN 2-C S,
CAREEER U R A T S SRR AR B T A
P im™e AR SEEG = B AL JL U8 o0 R iR BR T
A7 18] by BERS R 5, $ v 7 CO PRI & & (0 5 HoAth 25
KA AR, E-2- O I 1) 2 & 0 35 FRAIK, (H 8
AR, 36 Y AR5 6 U9 5% A1 T ) R AU, X SRS
A A T AE AR TR
32 #HEAN
321 EHH X BRI E R R RO i
KMEHF THENF CoNMAERK. AL EL
20112012 K FH“T T ”(M-VSP). X F & J¥(F-
TT) & % £ & J%(F-MT) =F ¥ 77 ARt IR 2k
HE R ATIE R, 2 3 SR v B AR BRI Ot
A RS, A G C6 R AR, A AT Co BE T
s TR R LG A ORI AR F
B 7MW &Y RE I 9 R brot & A SRS — €
FRREE Bt TR ComM &=, KT COtb s
VIR & &, R IR A 1w Co BRI R, U
JR A Fy — AN, W7 R - BAR JE (Smart-
Dyson, SD) 5 #r A B 37 43 4fi 7 (Vertical shoot-posi-
tioned, VSP)AH L HL A 4T 1) 6 & A Ra 5, 1% 4
WA EE T S AR SRR ORI 1-C
B, H A A B 55 2R B BRI 2 () 75 % 0P (Bal-
lerina) Fl3#T A BL 57 50 A T (VSP) 55 1 ¢ 7R 85 Bk
) R SAH LG, BR SR B /D ET X A] g 7 X R A AN [
LiP qiil-AlR

TE 391 A8 B L 9 A 2 (VSP), 7 BFRF « 5 R 22
(Scott Henry), i & - 3 £k J¥ (SD), i & T /¥ (High
cordon), Al H P TL XL 73 J¥ (Geneva double curtain) Fi.
Fh#E T AL B R B L4 AT TR (VSP) AT 25 5 - 3
X (SD)HE 10 ¢ 85 B P (Traminette) " i % 5 52 43
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A B AR AR & B ) Co ™Y . Fragasso 45 iE
TR EOKF Y < BLK IR (Primitivo) " 4 &) #E4T Y
KA ¥ (Four Rays, FR). /N A JE (Little trees, LT)
W T (Bilateral Guyot, BG) ¥ & 4b B, PU K £
(FR)Z& I, 1) % % CO 8 H iy , CO B FE /b,

322 BARKAE B AEAL B R A A R A — R
55 B, X PR R B 0 o435 R 1 16 e 2T B PR 2R U G
R, M VR 15 6 A0 SR S I AR S0 K 5
AN A TR R 5 Tl 1 ¢ s R Bk 3k AT RE AR D 73.3% 1
50% B REACFE , B REACFRAE — @ FESE LR T
ERLH R OB E, R T CoREMCIMEN & &,
L 22 ek i A Ak TR )T 5 DT kA IR SR A R
LS WA BEAA, M 1-CF A 2 5K, H 5
Tl Ak P i A O 0 57 3 P I € ST RO, B v R A
R S i
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331 BRG0P E HEAT 4 R A D Ak B
AT DA 2 0 S B 1) e B B LI -
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3 5 17 AN o oA A% R M A 0 e AR R, AR SR
AT ITE R K £ ) Bt € 4 TR 3 il € AR iR
TR A B RREEAT A 2 R IR A Bt
A A AR R AT B B A R T SR S i
A Co A Z e AT B A 7 SR SE b B B S
COMmE (HFE T 7 2 & CORE M 2 FR TG , [N T
HEWH OB AN SR, 2808 b B AR i
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SR, B ' A B AR = A o IR AR R v T A
LROBE & &, AR T4 T a8 E R AL E 21
“UERRE,

332 EAAE HEKET1-COFFE . E-2- O
()5 &5 H BRI 5 TEAE 9G, SR A R i v I A
K FH G A R 58 A 2, LAY 55 SR S o] LA 55 b 2 4
I, %61 & R SR I E-2- O S K Z-3- O 2 4 TR T
M BB TR, A STIg = 0 H ok L AL
CIREE TR R A R SR AT S [ A B, R I
Ab PR A BREAR T COREREEM & i, AL J 2RI
RO TRBURIR S CORE M & & A I
JEALE 3 € I 06 B SR SO D' 1) 6 A SR SRR A 1)
HEWP EEESSENGLVSY. AARFLHE,
7t Bureau 5¢ W 55 o, M AL BE AR R R fr T 2R

S C6 1 A =, U C6 BE & B PR . Scafidi
S0 M\ A TR 38 SR USCHE AT 4 8 e R TR s ) B
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FE ) 0I5 Bt V% BR (ABA) [ oK Fi R F R I, RENS B3
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GLVs 53 2 8] 5% Ak Cln i B 5% 44O 1 B PR - S
207 IX e EE S (R OS2 I WIR LR 2R RS 21X L pr)



2 8 1

B 5 R SRS SR AU A 4 (GLV ) & LS T (1 iF 7t

1081

AT RR IR 1 A 4875 1 4 R S GLVs 400 1Y
AR EC IR I R - S RN w2
HETER AR AR EERE L

S Hk References:

(1]

[2]

[3]

(4]

[5]

(6]

(7]

[8]

9]

[10]

FFAEHE i, da i, WK 2L . R AR B ¢ AR R BR T
HERMA S BRI [I]. R 253, 2017, 34(12): 1566-
1579.

FU Yaqun, GAO Yuan, MENG Nan, PAN Qiuhong. Effects of
rain- shelter cultivation on green leaf volatiles of ‘Cabernet
Sauvignon’ Grape[J]. Journal of Fruit Science, 2017, 34(12):
1566-1579.

MATSUI K. Green leaf volatiles: Hydroperoxide lyase pathway
of oxylipin metabolism[J]. Current Opinion in Plant Biology,
2006, 9(3): 274-280.

I AT, SRR W KAL, B, B F W A S
S DR 2R B TTRE R[], R AR 2012, 29(3): 454-460.
WEN Kerui, HUANG Jinghan , PAN Qiuhong, DUAN Changg-
ing, WANG Jun. Research progress of aromatic compounds
and influencing factors in grapes[J]. Journal of Fruit Science,
2012,29(3):454-460.

DENNIS E G, KEYZERS R A, KALUA C M, MAFFEI S M,
NICHOLSON E L, BOSS P K. Grape contribution to wine aro-
ma: Production of hexyl acetate, octyl acetate , and benzyl ace-
tate during yeast fermentation is dependent upon precursors in
the must[J]. Journal of Agriculture and Food Chemistry, 2012,
60(10): 2638-2646.

CLARKE R J, BAKKER J. Wine flavour chemistry[M]. Ox-
ford UK: Blackwell Publishing Ltd.,2004: 120-148.

UL HASSAN M N, ZAINAL Z, ISMAIL 1. Green leaf vola-
tiles: Biosynthesis, biological functions and their applications
in biotechnology[J]. Plant Biotechnology Journal, 2015, 13(6):
727-739.

JUERGEN E, ALBORN H T, SCHMELZ E A, TUMLINSON
J H. Airborne signals prime plants against insect herbivore at-
tack[J]. Proceedings of the National Academy of Sciences of
the United States of America, 2004, 101(6): 1781-1785.

KAORI S, KYUTARO K, RIKA O, SOICHI K, SOICHI U,
GENICHIRO A, JUNICHIRO H, TAKAAKI N, KENJI M,
JUNJI T. Changing green leaf volatile biosynthesis in plants:
An approach for improving plant resistance against both herbi-
vores and pathogens[J]. Proceedings of the National Academy
of Sciences of the United States of America, 2006, 103(45):
16672-16676.

VPRETT . COREEER A AR R Bl PR A A s sk R
TR 5T AR [D]. B 5T [ Ol R A, 2016.

XU Xiaoqing. A study on green leaf volatiles from oxylipin

A

pathway of ‘ Cabernet Sauvignon’ grapes during berry develop-
ment[D]. Beijing: China Agriculture University , 2016.
SCHNEIDER R, CHARRIER F, RAZUNGLES A, BAUMES

R. Evidence for an alternative biogenetic pathway leading to 3-

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

mercaptohexanol and 4- mercapto- 4- methylpentan- 2- one in
wines[J]. Analytica Chimica Acta,2006,563(1): 58-64.

LUND C M, THOMPSON M K, BENKWITZ F, WOHLER
M W, TRIGGS C M, GARDNER R, HEYMANN H G, NICO-
LAU L. New Zealand Sauvignon Blanc distinct flavor charac-
teristics: Sensory, chemical, and consumer aspects[J]. Ameri-
can Journal of Enology & Viticulture, 2009, 60(1): 1-12.
ROLAND A, VIALARET J, RAZUNGLES A. Evolution of s-
cysteinylated and s-glutathionylated thiol precursors during oxi-
dation of Melon B. and Sauvignon Blanc musts[J]. Journal of
Agricultural & Food Chemistry,2010,58(7): 4406-4413.
FORDE C G, AGNIESZKA C, WILLIAMS E R, BOSS P K.
Associations between the sensory attributes and volatile compo-
sition of Cabernet Sauvignon wines and the volatile composi-
tion of the grapes used for their production[J]. Journal of Agri-
cultural & Food Chemistry,2011,59(6):2573-2583.

ZEAE A G A A M. R BEE AR 2006: 33-43.

LI Hua. Wine Tasting[M]. Beijing: Science Press,2006: 33-43.
PODOLYAN A. A study of the green leaf volatile biochemical
pathway as a source of important flavour and aroma precursors
in Sauvignon Blanc grape berries[D]. Lincoln: Lincoln Univer-
sity , 2010.

GUTH H. Quantitation and sensory studies of character impact
odorants of different white wine varieties[J]. Journal of Agricul-
tural & Food Chemistry, 1997, 45(8): 3027-3032.

ESCUDERO A, ASENSIO E, CACHO J, FERREIRA V. Sen-
sory and chemical changes of young white wines stored under
oxygen. An assessment of the role played by aldehydes and
some other important odorants[J]. Food Chemistry, 2002, 7
(3): 325-331.

TERANISHI R, BUTTERY R G, GUADAGNI D G. Odor
quality and chemical structure in fruit and vegetable flavors[J].
Annals of the New York Academy of Sciences, 1974, 237(1):
209-216.

KALUA C M, BOSS P K. Evolution of volatile compounds
during the development of Cabernet Sauvignon grapes (Vitis vi-
nifera L.)[J]. Journal of Agricultural & Food Chemistry, 2009,
57(9):3818-3830.

KARINE P, MARTINE D, PAUL A. Flavor of cold- hardy
grapes: Impact of berry maturity and environmental conditions
[J]. Journal of Agricultural & Food Chemistry, 2013, 61 (44):
10418-10438.

KALUA C, BOSS P K. Comparison of major volatile com-
pounds from Riesling and Cabernet Sauvignon grapes (Vitis vi-
nifera L.) from fruit- set to harvest[J]. Australian Journal of
Grape & Wine Research,2010, 16(2): 337-348.

ZHU B Q,XU X Q,WU Y W, DUAN C Q, PAN Q H. Isola-
tion and characterization of two hydroperoxide lyase genes
from grape berries: HPL isogenes in Vitis vinifera grapes[J].
Molecular Biology Reports,2012,39(7): 7443-7455.

QIAN X, SUN L, XU X Q,ZHU B Q, XU H Y. Differential

expression of VVLOXA diversifies C6 volatile profiles in some



1082 x® )

i

[ F364

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Vitis vinifera table grape cultivars[J]. International Journal of
Molecular Sciences, 2017, 18(12): 2705.

HASHIZUME K, SAMUTA T. Green odorants of grape cluster
stem and their ability to cause a wine stemmy flavor[J]. Jour-
nal of Agricultural & Food Chemistry, 1997,45(4): 1333-1337.
HOWE G A, SCHILMILLER A L. Oxylipin metabolism in re-
sponse to stress[J]. Current Opinion in Plant Biology, 2002, 5
(3): 230-236.

ELIZABETH B. Impact of phyto-oxylipins in plant defense[J].
Trends in Plant Science, 2002, 7(7): 315-22.

WRAS R, BRI, IS RN T, b5 AR . S 45 R X
5 J 4y 7 HUER A 70 (0], R B RO B A2, 2012, 45 (8):
1545-1557.

CHEN Shuxia, CHEN Qiao, WANG Congying, HAO Lining,
FANG Yulin. Progress in research on the metabolic regulation
and molecular mechanism of green leave volatiles (GLVs)[J].
Scientia Agricultura Sinica,2012,45(8): 1545-1557.

MWENDA C M, MATSUI K. The importance of lipoxygenase
control in the production of green leaf volatiles by lipase-de-
pendent and independent pathways[J]. Plant Biotechnology,
2014,31 (5): 445-452.

FEUSSNER I, WASTERNACK C. The lipoxygenase pathway
[J]. Annual Review of Plant Biology , 2002, 53(1): 275-297.
AGRAWAL G K, TAMOGAMI S, HAN O, IWAHASHI H,
RAKWAL R. Rice octadecanoid pathway[J]. Biochemical and
Biophysical Research Communications,2004,317 (1): 1-15.
BAYSAL T, DEMIRDOVEN A. Lipoxygenase in fruits and
vegetables: A review[J]. Enzyme & Microbial Technology,
2007 ,40 (4): 491-496.

BANNENBERG G, MARTINEZ M, HAMBERG M, CAS-
TRESANA C. Diversity of the enzymatic activity in the lipoxy-
genase gene family of Arabidopsis thaliana[J]. Lipids, 2009, 44
(2): 85-95.

GRECHKIN A. Recent developments in biochemistry of the
plant lipoxygenase pathway[J]. Progress in Lipid Research,
1998,37(5): 317-352.

PODOLYAN A, WHITE J,JORDAN B, WINEFIELD C. Iden-
tification of the lipoxygenase gene family from Vitis vinifera
and biochemical characterisation of two 13-lipoxygenases ex-
pressed in grape berries of Sauvignon Blanc[J]. Functional
Plant Biology,2010,37(8): 767-784.

VANCANNEYT G, SANZ C, FARMAKI T, PANEQUE M,
ORTEGO F, CASTANERA P, SANCHEZ-SERRANO J J. Hy-
droperoxide lyase depletion in transgenic potato plants leads to
an increase in aphid performance[J]. Proceedings of the Nation-
al Academy of Sciences of the United States of America, 2001,
98 (14): 8139-8144.

MORANT M, BAK S, M LLER B L, WERCK-REICHHART
D. Plant cytochromes P450: Tools for pharmacology , plant pro-
tection and phytoremediation[J]. Current Opinion in Biotechnol-
ogy»2003, 14 (2): 151-162.

MITA G, QUARTA A, FASANO P, DE P A, DI S G, PER-

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

ROTTA C, IANNACONE R, BELFIELD E, HUGHES R,
TSESMETZIS N. Molecular cloning and characterization of an
almond 9-hydroperoxide lyase, a new CYP74 targeted to lipid
bodies[J]. Journal of Experimental Botany, 2005, 56 (419):
2321-2333.

MATSUI K, UJITA C, FUJIIMOTO S H, WILKINSON J, HI-
ATT B, KNAUF V, KAJIWARA T, FEUSSNER I. Fatty acid
9- and 13-hydroperoxide lyases from cucumber[J]. FEBS Let-
ters , 2000, 481(2): 183-188.

CHEHAB E W, RAMAN G, WALLEY J W,PEREA J V,BA-
NU G, THEG S, DEHESH K. Rice hydroperoxide lyases with
unique expression patterns generate distinct aldehyde signa-
tures in Arabidopsis[J]. Plant Physiology, 2006, 141(1): 121-
134.

ONO E, HANDA T, KOEDUKA T, TOYONAGA H, TAW-
FIK M M, SHIRAISHI A, MURATA J, MATSUI K.
CYB74B24 is the 13-hydroxyperoxide lyase involved in bio-
synthesis of green leaf volatiles in tea (Camellia sinensis)[J].
Plant Physiology & Biochemistry,2016,98: 112-118.

SALAS J J, GARC A-GONZALEZ D L, RAM N A. Volatile
compound biosynthesis by green leaves from an Arabidopsis
thaliana hydroperoxide lyase knockout mutant[J]. Journal of
Agriculture and Food Chemistry, 2006, 54(21): 8199-8205.
HOWE G A,LEE G I,ITOH A, LI L, DEROCHER A E. Cyto-
chrome P450- dependent metabolism of oxylipins in tomato.
Cloning and expression of allene oxide synthase and fatty acid
hydroperoxide lyase[J]. Plant Physiology, 2000, 123(2): 711-
724.

DELUC L G, QUILICI D R, DECENDIT A, GRIMPLET 17,
WHEATLEY M D, SCHLAUCH K A, M RILLON J M,
CUSHMAN J C, CRAMER G R. Water deficit alters differen-
tially metabolic pathways affecting important flavor and quality
traits in grape berries of Cabernet Sauvignon and Chardonnay
[J]. BMC Genomics 2009, 10(1): 212.

BO Z,SHENJY,WEIW W, XI WP, XU C J, FERGUSON
I, CHEN K S. Expression of genes associated with aroma for-
mation derived from the fatty acid pathway during peach fruit
ripening[J]. Journal of Agriculture and Food Chemistry, 2010,
58(10): 6157-6165.

GONZ LEZ-AG ERO M, TRONCOSO S, GUDENSCHWA-
GER O, CAMPOS-VARGAS R, MOYA-LE N M A, DEFILIP-
PI B G. Differential expression levels of aroma-related genes
during ripening of apricot (Prunus armeniaca L.) [J]. Plant
Physiology & Biochemistry , 2009, 47(5): 435-440.

TESNIERE C, VERRIES C. Molecular cloning and expression
of cDNAs encoding alcohol dehydrogenases from Vitis vinifera
L. during berry development[J]. Plant Science, 2000, 157(1):
77-88.

TESNIERE C, DAVIES C, SREEKANTAN L, BOGS J,
THOMAS M, TORREGROSA L. Analysis of the transcript lev-
els of VvAdhl, VvAdh2 and VvGrip4, three genes highly ex-
pressed during Vitis vinifera L. berry development[J]. Vitis,



2 8 1

B 5 R SRS SR AU A 4 (GLV ) & LS T (1 iF 7t

1083

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

2006,45(2): 75-79.

MARCO C, ANDREA B, DIANA D S, RINALDO B, MARIA
CHIARA C, ROSARIO M, FABIO M. Temperature and water
loss affect ADH activity and gene expression in grape berry
during postharvest dehydration[J]. Food Chemistry, 2012, 132
(1): 447-454.

XU X Q, CHENG G, DUAN L L, JIANG R, PAN Q H,
DUAN C Q, WANG J. Effect of training systems on fatty ac-
ids and their derived volatiles in Cabernet Sauvignon grapes
and wines of the north foot of MT. Tianshan[J]. Food Chemis-
try, 2015, 181:198-206.

QIN G, WANG Y, CAO B, WANG W, TIAN S. Unraveling
the regulatory network of the MADS box transcription factor
RIN in fruit ripening[J]. Plant Journal for Cell & Molecular Bi-
ology,2012,70(2): 243-255.
JUYL,LIUM,TUTY,ZHAO X F, YUE X F, ZHANG J
X,FANG Y L, MENG J F. Effect of regulated deficit irrigation
on fatty acids and their derived volatiles in ‘Cabernet Sauvi-
gnon’ grapes and wines of Ningxia, China[J]. Food Chemis-
try,2018,245: 667-675.

XU X Q,LIUB,ZHU B Q,LAN Y B, YUAN G, DONG W,
REEVES M J, DUAN C Q. Differences in volatile profiles of
Cabernet Sauvignon grapes grown in two distinct regions of
China and their responses to weather conditions[J]. Plant Physi-
ology and Biochemistry,2015,89: 123-133.

AR, SO, B, WOV R ORI R Ak
XF e T A AR SR AR R A S A 2 (RS (D). SR
2£9,2015,32(5): 894-902.

CAO Meng, GUO Jingnan, WEI Zhifeng, GAO Dengtao,
CHENG Dawei, SUN Xiaowen. Effects of rain- shelter cultiva-
tion on development and aromatic component of ‘ Gold Finger’
grape[J]. Journal of Fruit Science, 2015, 32(5):894-902.

PR XS, I SRR S Rk X R e R S
st AN 77 U BT R R [1]. &  RLE, 2016,37(7): 27-32.
CHI Ming, LIU Meiying, NING Pengfei, ZHANG Zhenwen.
Effect of rain- shelter cultivation on fruit quality and aroma
components in wine grape (Vitis vinifera L.)[J]. Food Science,
2016,37(7):27-32.

JCAR TP B ¢l B Bk A R 92 R 6 1 AR I B AT
[D]. V5% VG JL R MEBHR 2015,

CHENG Guo. The research on anthocyanin biosynthesis in
‘Cabernet Sauvignon’ berries regulated by microenvironment
[D]. Xi’an: Northwest A&F University , 2015.

ZOECKLEIN B W, WOLF T K,P LANNE L, MILLER M K,
BIRKENMAIER S S. Effect of vertical shoot- positioned,
smart- dyson, and Geneva double- curtain training systems on
Viognier grape and wine composition[J]. American Journal of
Enology & Viticulture, 2008, 59(1): 11-21.

MORRISON J C, NOBLE A C. The effects of leaf and cluster
shading on the composition of Cabernet Sauvignon grapes and
on fruit and wine sensory properties[J]. American Journal of
Enology & Viticulture, 1990,41(3): 193-200.

JI T, DAMI I E. Characterization of free flavor compounds in

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Traminette grape and their relationship to vineyard training sys-
tem and location[J]. Journal of Food Science, 2008, 73(4):
C262-C267.

FRAGASSO M, ANTONACCI D, PATI S, TUFARIELLO M,
BAIANO A, FORLEO L R, CAPUTO A R, NOTTE E L. In-
fluence of training system on volatile and sensory profiles of
Primitivo grapes and wines[J]. American Journal of Enology &
Viticulture , 2012, 63(4): 477-486.

R, WhR A L R, R E  TE W AKAL B AR B R
BBk R IHE VIR B I TR R E R R R
[7]. B2 38,2018, 35(2): 185-194.

LI Yue, YAO Guanrong, CHEN Wu, CHEN Xinjun, WANG
Jun, PAN Qiuhong. Effect of cluster thinning on sugar/acidity
and the accumulation of isoprene-derivated volatiles in ‘ Caber-
net Sauvignon’ grape berries[J]. Journal of Fruit Science, 2018,
35(2):185-194.

DOWNEY M O, HARVEY J S, ROBINSON S P. The effect of
bunch shading on berry development and flavonoid accumula-
tion in Shiraz grapes[J]. Australian Journal of Grape & Wine
Research, 2004, 10(1): 55-73.

ZHANG P, WU X, NEEDS S, LIU D, FUENTES S, HOW-
ELL K. The influence of apical and basal defoliation on the
canopy structure and biochemical composition of Vitis vinifera
cv. Shiraz grapes and wine[J]. Frontiers in Chemistry, 2017, 5:
48.

DIAGO M P, VILANOVA M, TARDAGUILA J. Effects of
timing of manual and mechanical early defoliation on the aro-
ma of Vitis vinifera L. Tempranillo wine[J]. American Journal
of Enology & Viticulture,2010, 61(3): 382-391.

LIU D,GAO Y, LI X X,LI Z,PAN Q H. Attenuated UV radi-
ation alters volatile profile in Cabernet Sauvignon grapes under
field conditions[J]. Molecules, 2015 ,20(9): 16946-16969.
BUREAU S M, BAUMES R L, RAZUNGLES A J. Effects of
vine or bunch shading on the glycosylated flavor precursors in
grapes of Vitis vinifera L. cv. Syrah[J]. Journal of Agricultural
& Food Chemistry , 2000, 48(4): 1290-1297.

SCAFIDI P, PISCIOTTA A, PATTI D, TAMBORRA P,
LORENZO R D, BARBAGALLO M G. Effect of artificial
shading on the tannin accumulation and aromatic composition
of the Grillo cultivar (Vitis vinifera L)[J]. BMC Plant Biology ,
2013, 13(1): 1-11.

JUY L, LIU M, ZHAO H, MENG J F, FANG Y L. Effect of
exogenous abscisic acid and methyl jasmonate on anthocyanin
composition, fatty acids, and volatile compounds of Cabernet
Sauvignon (Vitis vinifera L.)[J]. Molecules,2016,21(10): 1354.
i, 5K, B M W RKAL . P T R T R R o
FRR A VBN R A R S B T R M R E S
S [T AR, 2015, 32 (4): 620-632.

LIU Di, ZHANG Ye, YANG Yumei, PAN Qiuhong. Effects of
foliar spray of trace and rare earth elements on mineral ele-
ments and main volatiles in developing grape berries[J]. Jour-

nal of Fruit Science,2015,32(4):620-632.



