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Effects of water stress on the expression of volatile compounds and
related genes in ‘ Cabernet Sauvignon’ grape berries

HOU Chenyang, ZHANG Yanxia, XUE Xiaobin, WANG Zhenping, LI Dongmei
(School of Wine and Horticulture ,Ningxia University, Yinchuan, Ningxia 750021, China)

Abstract ; In order to study the effects of water stress on volatile compounds in Cabernet Sauvignon grape ber-
ries, the experiment was conducted with 3 —year —old Cabernet Sauvignon grapes as test material. The four
treatments included control (CK) , mild stress (T1), moderate stress (T2) and severe stress ( T3). The volatile
compound fractions of the fruits were determined by gas chromatography-mass spectrometry ( GC—MS). The carote-
noid cleavage dioxygenase gene (VoCCDI), E—(B) —butene synthase ( VoEcar) and phytolipids hydrogen peroxi-
dase gene (VwHPLA) , and linalool synthase gene ( Vwlis) expression levels in grape berries were examined by qRT
—PCR. The results showed that at 110 d after anthesis, compared with CK, fruit 100—grain weight was significantly
reduced by 7.32% and 20.97% under T1 and T2 treatments, respectively, and by 31.80% under T3 treatment.
Fruit soluble solids (TSS) increased by 10.33% and 5.68% under T1 and T2 treatments ( P>0.05) , respectively,
compared with CK, but significantly decreased by 15.74% under T3 treatment. Fruit organic acid content decreased
by 11.66% (P>0.05) and 25.56% (P<0.05) under T1 and T2 treatments, respectively, and significantly in-

creased by 18.61% under T3 treatment. Total phenol content was significantly higher under the treatments compared
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with CK, fruit anthocyanin content increased significantly by 9.35% under T2 treatment compared with CK, and

the differences were not significant between T1, T3 treatment and CK. Tannin content under water stress treatments

of T1, T2 and T3 was 2.3 times, 1.3 times, and 2.8 times higher than that of CK, respectivly, and the differences

were significant in T3 treatment. For the synthesis of volatile flavor substances in Cabernet Sauvignon grapes, a total

of 42 main volatile substances were screened. T1 and T2 treatments reduced the content of aldehydes, ketones, es-

ters, and hydrocarbons in the fruits, but promoted the synthesis of alcohols. Aldehydes were the most abundant vol-

atile substances, among which 2—hexanal had the highest content during the whole fruit development period, which

was reduced by 24.61% and 71.95% in T1 and T2 treatments compared with the control at 110 d after anthesis. The

content of 2—hexanal in T3 treatments was two times higher than that of CK treatments. The expression of VoCCDI ,

VoEcar, VoHPLA, and Vulis genes was significantly elevated in T1 treatment and suppressed in T3 treatment under

water stress.

Keywords: Cabernet Sauvignon; water stress; volatile compounds; genes expression; fruit quality
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Table 1

Reference values of basic water potential under different degrees of water stress

b3 RS (y,)

FEKISHE]/ (min » d71)

it KA/ (L - BT

Total irrigation water

HER /(L - d™)

Treatment Base water potential Irrigation time Irrigation volume under siress
CK -0.2 MPa=y =0 10 30.1 250.83
Tl -0.4 MP =4 >-0.2 MPa 6 18.6 154.98
T2 -0.6 MPa=y, >-0.4 MPa 3 9.3 77.50
T3 -0.6 MPa>ys 1 3.1 25.83
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Fig.1 Experimental design diagram
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Table 2 Primer sequences
A SRS 3 e
Gene Sequence of primer/5’ =3’ Accession number
Forward GCTGGAGAAGCTGATAGTGAAG

WCCD1 NM_001280915.1
Reverse TGGAGAGGCTGTGAAGAATCGTGC

Forward CGCCACAAAGTACTCTTCAAATC

VoEcar JEF808010
Reverse AATAATGCCTGGCCTCTAGC
Forward CGGTGGCTTTACCATCTTCT

VoHPIA FJ861082.1
Reverse TCTTAGCGGCAAACCGGAGTTACA

. Forward  CTGTCACTTCCTCTTGTCTTCTC
Voolis AM428580.2
Reverse TTACACGCAACCACAACAAGCAGC
. Forward  TCCTTGCCTTGCGTCATCTAT
VwActin AF369524.1

Reverse CACCAATCACTCTCCTGCTACAA
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Fig.2 Predawn leaf water potential values of different treatments
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Fig.3 Effects of water stress on fruit quality of ‘ Cabernet Sauvignon’ grape
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Table 3  Effects of water stress on the content of major aldehydes during fruit development in ‘ Cabernet Sauvignon’ grape

L/l Ab P ANV IAHXT 5 i Relative content
Compound Treatment 70 DAA 80 DAA 90 DAA 100 DAA 110 DAA
CK 536.01+20.91a — — — —
4-FRE-3-HIBEIE T Tl 439.74+5.24b — — — —
4-hydroxy—3-methylbutanal T2 328.64+19.45¢ — — — —
T3 442.12+0.83b — — — —
CK — — — — 0.42+0.01b
3-SR T1 — — — — 1.21£0.01a
3—methoxy-propanal T2 — — — 0.15+0.02b 0.15+0.01¢
T3 — — 11.00+0.04 0.33+0.06a 0.45+0.01b
CK — — — — —
2- N T1 — — 0.21x0.01b 0.30+0.04 0.730.05a
2-propenal T2 — 0.47+0.01a — — 0.61+0.01b
T3 — 0.28+0.02b 0.77+0.02a — —
CK 2.00+0.05a 0.96+0.05b 0.68+0.08b 0.48+0.08b 0.23+0. 03b
E,E-2,4-C 0 Tl 1.13+0.05¢ 1.57+0.06a 0.61+0.06b 0.42+0.06b 0.17+0.06¢
E,E-2,4~hexadienal T2 1.43+0.06b 0.91+£0.05b 0.50+0.03b 0.49+0.02b 0.17+0.01c
T3 2.25+0.04a 0.60+0.08¢ 0.99+0.02a 0.85+0.04a 0.40+0.05a
CK 213.07+4.36¢ 106.46+0.51d 197.16+5.04a 164.05+3.83b 32.74+1.99b
- TE Tl 389.09+6.57a 167.89+6.27¢ 127.69+1.25h 73.86+3.38¢c 13.49+2.13d
3-methylbutanal T2 323.33+11.52b  280.79+12.08a 92.26+1.28¢ 43.59+1.13d 20.42+1.18¢
T3 327.78+9.28b 223.82+12.13b 203.28+11.03a 188.26+6.889a 40.55+0.51a
CK 740.05+6.25a 1097.82+53.28a 709.86+6.12b 164.05+1.14b 90.93+6.04b
2-CL Tl 671.39+5.54b 1183.80+14.86a 503.73+24.32¢ 157.11+12.90¢ 68.55+1.20¢
2~hexanal T2 531.86+6.08¢ 890.20+7.05b 365.55+4.30d 142.06+11.30c 25.51+1.15d
T3 212.36+29.37d 861.54+35.51b 839.00+2.18a 180.41+4.23a 184.48+4.52a
CK 0.52+0.04a 0.96+0.02b 0.17+0.01b — —
2,6- I HE-5- P T1 0.13£0.04b — — 1.74£0.044a —
2 ,6-dimethyl-5-heptenal T2 — 1.35£0.01a 0.30+0.01a 0.59+0.05b 0.50+0.03
T3 — — 0.29+0.02a — —
CK 1.77+0.04b 0.95+0.04a — 0.14+0.03¢ —
R T1 — — 3.89+0.05a — 0.32+0.05a
Benzenecarbonal T2 0.09+0.04c 1.16£0.17a 0.20+0.01¢ 0.25+0.05b 0.14+0.03b
T3 2.85+1.10a 0.38+0.10b 0.65+0.01b 0.41+0.12a —
T~ SRR S ARG SBR[ i AN TR Ab B A) 22 5 .25 (P<0.05) . Tl
Note ; — indicates that the content of the substance was not detected during this period. Different lowercase letters indicate significant differences a-

mong treatments in the same period (P<0.05). The same below.
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Table 4  Effects of water stress on the content of major alcohols during fruit development in ‘ Cabernet Sauvignon’ grape

L7015 Kb AR HAEXT & Relative content
Compound Treatment 70 DAA 80 DAA 90 DAA 100 DAA 110 DAA
CK 21.74+3.61b 52.98+3.07b 29.39+3.62d 118.39+6.59h 142.43+4.73b
IEC Tl 47.81+1.72a 100.65+4.83a 120.90+5.78a 135.77+2.85a 170.18+1.48a
1-hexanol iV 13.91+1.88¢ 108.87+4.11a 99.45+4.79h 126.71+8.86a 150.95+6.01b
T3 27.37+4.50b 10.15+2.29¢ 55.06+5.15¢ 81.47+4.25¢ 139.54+10.32b
CK 93.56+10.63¢  118.11+5.94d 69.01+2.86¢ 181.34+8.41b 12.25+2.80c
2- % J Tl 45.39+1.03d 152.64+4.26¢ 116.59+£10.68b  115.35+2.57d 7.45£0.54d
2-hexenol T 153.41+4.85b 240.44+4.06b 303.76+6.07a 156.79+7.85¢ 21.38+3.87b
T3 187.04+2.73a 382.90+8.99a 303.72+20.13a  231.19+8.62a 40.59+5.65a
CK 0.34£0.06a 0.43+0.01a 0.98+0.01a 0.73+0.02¢ 2.52+0.26b
1- P Tl 0.07+0.01b 0.12+0.01b 1.26+0.03a 1.86+0.01a 2.49+0.04b
1-heptanol T2 0.13+0.01b 0.59+0.05a 0.42+0.03b 1.07+0.08b 3.27+0.14a
T3 0.31+0.04a 0.10£0.02b 0.25+0.04¢ 0.28+0.01d 2.27+0.24b
CK 0.19+0.01¢ — 14.53+1.82a 0.55+0.01a
2,3 Tl 0.74£0.01b 0.44x0.01a 0.40+0.04c¢ — —
2, 3-butandiol T 0.28+0.01¢ 0.09+0.01b 0.07+0.01d — 0.35+0.03
T3 1.54+0.03a 0.10+0.03b 4.71+0.28b 0.07+0.02b —
CK 0.15+0.05b 0.73+0.05b 0.12+0.04¢ 0.54+0.03b 1.15+0.02¢
2 I I T1 0.16+0.02b 0.3420.04¢ 0.82+0.04a 1.54+1.38a 4.31£0.12a
2-pentanol T 0.17+0.01b 1.09+0.05a 0.51+0.02b 0.77+0.01b 2.01+0.06b
T3 0.39+0.01a 0.21+0.13¢ 0.17+0.01¢ 0.61+0.01b 1.49+0.01c
CK 0.19+0.01d 1.65+0.02a 0.27+0.04a 0.33+0.04b 0.37+0.04¢
-0 T1 0.95+0.09b 0.63+0.02b 0.13+0.02b 0.37+0.01b 3.75+0.15a
2—-hexanol T2 3.62+0.18a 0.09+0.01¢ 0.11+0.01b 5.62+0.04a 0.17+0.06¢
T3 0.53+0.03¢ 0.21+0.04¢ 0.26+0.02a 0.29+0.04b 2.92+0.12b
CK 0.19+0.01¢ — 0.36+0.02b 0.39+0.05b 0.93+0.06a
AT S5 H e Tl 1.49+0.01a 3.46+0.08b 0.07+0.01¢ — 0.49+0.03b
Tert-butylcarbinol T2 1.37+0.03a 13.52+0.17a 0.32+0.01b — 0.50+0.02b
T3 0.60+0.01b — 1.56+0.02a 0.63+0.05a 0.17+0.01¢
CK — 2.19+0.37a 4.15+0.05a 4.63+0.43a 0.13+0.02¢
2- B T1 0.22+0.01¢ 1.98+0.01a 0.09+0.01¢ 0.49+0.03b 3.17+0.21a
2-heptanol iV 3.24+0.14a — 0.15+0.01c 0.56+0.03b
T3 0.87+0.09b 0.29+0.01b 2.58+0.09b — 0.49+0.03b
CK 0.18+0.01¢ — 0.12+0.01b 1.04+0.04a 0.32+0.02a
4 e —4- 0 -2 - Tl 0.37+0.02b 0.69+0.10a 0.19+0.04b 0.33+0.01b 0.07+0.02¢
4-methyl-4-penten—2-ol T2 0.24+0.02b 0.46+0.06b 0.25+0.03b — —
T3 0.86+0.09a 0.15+0.01¢ 0.40+0.01a 0.10+0.01¢ 0.23+0.01b
CK 0.12+0.01¢ — 0.37+0.03a — 0.64+0.15b
3,3- " HHE-1-TEE Tl 0.47+0.05b — 0.27+0.04b — 0.86+0.08b
3,3—dimethyl-1-butanol T2 0.78+0.05a — 0.38+0.04a — 1.66+0.11a
T3 0.17+0.01¢ 0.69+0.10 — 0.29+0.02 1.59+0.05a
CK 0.16+0.01a — 0.26+0.04¢ 0.09+0.01b 0.66+0.13b
4-C 41— Tl — 0.41+0.01b 0.18+0.01d — 1.51+0.03a
4-hexen—1-ol ™ — 0.78+0.05a 1.52+1.35a — 1.52+0.02a
T3 0.02+0.00b — 0.55+0.02b 0.16+0.01a 0.71£0.09b
CK 0.13+0.00c 0.23+0.01b 0.71£0.09b 0.81+0.05a
KELIE 9 T1 0.06£0.01¢ 0.08+0.01¢ 0.32+0.02¢ — —
3-methyl~- 1 -pentanol T2 0.35+0.01a 1.55+0.02a 4.07+0.25a — —
T3 0.27+0.05b — 0.20+0.02d 0.57+0.06b —
CK 0.32+0.02b — 1.64+0.07b 2.14+0.16b —
4—H F— 1 - i T1 0.18+0.01¢ 0.62+0.17a 0.12+0.01c 0.37+0.04c¢ 5.17+0.51a
4- methy] 1—pentanol T 0.43+0.04a 0.29+0.04b 9.11+0.01a 14.82+0.51a —
T3 — 0.14+0.01c — 0.21+0.01c 0.54+0.03b
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Table 5 Effects of water stress on the content of major esters during fruit development in * Cabernet Sauvignon’ grape

SR R S

Wy Kb 3 ASTA] B AR 2 & Relative content
Compound Treatment 70 DAA 80 DAA 90 DAA 100 DAA 110 DAA
CK 4.15+1.09a 1.25+0.46a 0.25+0.05a — —
R s Tl 4.06+0.27a 0.40+0.20b 0.23+0.06a — —
Formic acid, hexyl ester ™ 3.22+0.21b 0.330.12b 0.2120.04a 0.18+0.01 —
T3 2.04+0.35¢ 0.26+0.07b 0.18+0.04a — —
CK 1.19£0.52a 0.44+0.06a — — 0.17+0.06
BT HE PSR g Tl 1.08+0.52a 0.42+0.06a — 0.24+0.11b —
Tert—Butyl acrylate T2 0.66+0.06b 0.36+0.01a — — —
T3 — 0.31+0.15a 0.25+0.02 0.44+0.07a —
CK 0.84+0.02a 0.36+0.01a 0.27+0.05a 0.17+0.06a —
I TR T TR i Tl 0.60+0.10b — 0.25+0.02a — —
Allyl propionate T2 0.52+0.03b 0.34+0.02a — — —
T3 0.42+0.06¢ 0.30+0.07a — 0.15+0.01a —
CK — — — — 0.43+0.02a
H R 5 T e Tl — — — — 0.37+0.02b
Formic acid, butyl ester T2 — — — — 0.21+0.01c
T3 — — — — 0.13+0.07¢
CK 1.10£0.01a — 0.22+0.03a 0.18+0.05a —
2- TR O I HE R Tl — 0.39+0.04a — 0.06+0.01b —
Vinyl 2—butenoate ™ 0.88+0.01b 0.29+0.07b 0.21+0.03a — —
T3 0.54+0.06¢ 0.22+0.04b — — —
CK — — — 0.56+0.08a —
3-H RSN IR -3-C TR Tl — — — 0.24+0.02b —
Ethyl (Z)-hex—3-enyl carbonate T2 — — 2.83+0.52a — —
T3 0.94+0.16 — 0.78+0.09b — —

Fo6 KSWET FRRFK AARLLEIBRPEIEMEYRESE (ug- L)

Table 6 Effects of water stress on the content of major ketone during fruit development in ‘ Cabernet Sauvignon’ grape

LY/ioid Ab PR ARIRIHAAE XS % 5 Relative content
Compound Treatment 70 DAA 80 DAA 90 DAA 100 DAA 110 DAA

3,6-—H3E-1, CK — 3.09+£0.93a 0.58+0.07a — 0.25+0.12a
4-"HEHN-2,5- T1 1.34+0.02b 2.17+0.34b 0.56+0.10a — 0.16+0.01b

3,6—dimethyl- 1, T2 1.48+0.11b 0.33+0.02¢ 0.57+0.05a 0.17+0.01 —
4-dioxane—2,5-dione T3 2.68+0.30a 0.24+0.09¢ — — 0.36+0.02a
CK 12.20+0.31¢ 10.92+0.04¢ 8.97+0.01b 9.66+0.10b 6.17+£0.01a
R A Tl 14.99x0.01a 12.51+0.20a 9.87+0.13a 10.73£0.07a 5.26+0.08b
Damarenone T2 13.70+0.13b 12.44+0.19a 10.13+0.36a 8.05+0.03b 3.82+0.09¢
T3 13.24+0.02b 11.11+0.03b 8.93+0.03b 5.56+0.04c 3.12+0.03¢

CK 1.20+0.11a 0.93+0.02a — 0.11+0.05b —

4-H1 k-6 PEdfi-3-Ti T1 0.63+0.07b — — 0.32+0.03a —
4-methyl-6-hepten—3—one T2 0.37+0.03¢ 0.46+0.09b — — 0.33+0.02

T3 0.15+0.01d 0.17+0.01c — — —

CK — 5.30+0.05a 2.43+0.18a — —

3—H B -2 TR R Tl — — — — —
3—methyl-2-cyclopentenone T2 — 5.64+0.17a 2.24+0.28a — 0.86+0.06

T3 — — 1.68+0.08b — —

CK — — — 1.20£0.01b —

BZ N T1 8.80+0.28a 6.69+0.07 6.37+0.34a 2.18+0.01a —

Tetrahydroquinone T2 8.39+0.23a — 3.47+0.32b — —

T3 — — 0.25+0.02¢ — —




55 2 39

R SRBHAE /K 73 RSB XT ¢ AREEER A0 480 2R S R A B W) B SRR 18 (Y 5 195

2.3.5 Ky kil at ok R E B MR E Y R
W 7 PR RIS 10 MR R R,
& 6 P kY I, 4 Fhle ke 2 i, Forpr | £ 45 Ak
A G SRS R AE 5 AN N R TR B | &
110 DAA B, 5 CK A H, T2 4B R 552 thFr 4
SR EEWINT 51.22% ,T1 Al T3 AbBR4» 5 R & T
6.50% (P>0.05) #129.27% ( P<0.05) , 3,3,5-=Hl
H-1-CO.2,6- -1, 5- B 2@ ARG TE 70
DAA~90 DAA Bf 3, Bl &£ B HIHER , & i
Wi R, 7E 110 DAA BRI E)
2.4 KRS EMB XY IR ER BRE A 4R A M XUBK 4 BT 4B 3k

AREER RN

VoCCDI (& 4A) JEZEHHE N 3 i XU 4 il
SR H E WS IR ARSI R A
KRR, VwCCDI A EAER TR T o Sk R

SebFHE TREMES, 5 CK # L, 7E 90 DAA K,
T1.T2 F1 T3 Kb3 R 3R R 70 i 42 5 T 9.09
5 3.39 f55F0 4.55 £ ;76 110 DAA B, T1 T2 SR 2k
AP R T 3.56 5 A 1.64 £%, T3 5 CK 8] TC
WEZS T, T AAT BT WwCCDI FEHFRE

VoEcar (&l 4B) J2 g ik 2516 & W A& A i
B OCHE (E) -B-AMTIE A MR . VoEcar %
IREAERLEE LR P R LTHE TR B,
1E 80 DAA B ZARfb i K, 5 CK AL, T1 . T2 F1 T3 4k
PN R Ak o 4 s T 43.77 4% .15.78 &5
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Table 7 Effects of water stress on the content of major hydrocarbons during fruit development in ‘ Cabernet Sauvignon’ grape

L1 Ab 3 AN[R)E HAAH YT 2 Relative content
Compound Treatment 70 DAA 80 DAA 90 DAA 100 DAA 110 DAA
CK 5.01+0.18a — 2.23+0.08b 3.17+0.16a 2.4620.19b
FrigE i Tl 3.46+0.08b 5.16+0.05a 1.16+0.01¢ 3.95+0.57a 2.30+0.18b
Limonene ™ 3.49+0.05b 5.20+0.20a 2.89+0.10b 1.67+0.33b 3.72+0.49a
T3 2.68+0.11¢ 3.43£0.08b 4.54+0.24a 3.49+0.43a 1.74+0.24¢
CK — 0.67+0.10¢ 13.41+0.63a — —
R DU s Ti — 22.36+1.27a 2.74£0.37b 19.01+0.99 24.90+0.77a
Cyclooctatetraene T2 12.31+0.04a 15.50+0.08b — — —
T3 4.04+1.58b — — — 11.57+0.42b
CK 3.50+0.04b 1.06+0.41c 0.35+0.08a — —
3,3,5-=HH-1-c Tl 1.51+0.26¢ 0.95+0.04b 0.40+0.11a — —
3,3,5-trimethyl- 1 -hexene T2 0.36+0.15d 1.04+0.22¢ — — —
T3 5.71+0.36a 1.91+0.75a — — —
CK — — 0.79+0.23 — 0.93+0.08b
2Bl Tl — 15.08+0.18a — — 3.36£0.13a
2-heptene T2 — 2.52+0.32b — — —
T3 — — — — 0.37+0.19¢
CK 0.16+0.03¢ 0.160.07b 0.13+0.02¢ — —
2,6- W1 5-FF 4 Tl 1.70+0.13a 0.55+0.15a 0.52+0.06a — —
2,6~dimethyl-1,5-heptadiene T2 0.47+0.17b 0.17+0.09b 0.25+0.09b — —
T3 0.14+0.01c¢ 0.25+0.12b — — —
CK — 2.89+0.10a — — —
B2 Tl — 0.56+0.24b 0.43+0.06a — —
Cyclopentene T2 — — 0.18+0.04b — —
T3 — 0.67+0.63b 0.34+0.11a — —
CK — 5.43+0.38b — 0.67+0.09b 0.2120.07
BT RO T1 0.13+0.02a 19.83+2.15a — — —
Tert—butylcyclohexane T2 — — — 7.92+1.11a —
T3 0.09+0.06a — — — —
CK — — 0.65+0.11a 0.07+0.01¢ 2.77+0.39a
L3 Tl 2.70+0.64a 1.28+0.52a 0.50+0.072a 1.35+0.07a 0.72+0.31b
1 —methoxyhexane T2 — 0.46+0.07b — — 0.64+0.13b
T3 2.60+0.21a 0.14+0.03b 0.25+0.05b 0.30+0.18b 0.67+0.06b
CK — — — 0.22+0.04a —
S ik Tl — — — 0.48+0.25a 0.24+0.06
Isopentyl methyl ether T2 0.11+£0.02b 1.19+0.35a — — —
T3 1.15£0.16a 0.16+0.03b 1.20+0.17 — —
CK 4.21£0.57a — — — —
Ik T1 6.87+1.99a — — — —
Cyclohexane T2 7.51+1.77a — — 0.72+0.40 —
T3 — 4.05+0.36 — — —
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Fig.4

Effects of water stress on the expression of genes related to the synthesis of

aroma substances in ‘ Cabernet Sauvignon’ grape
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