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Abstract: [ Objective] Grape berry russet is a physiological disease due to adverse environmental
stimulation, which seriously affects the appearance and commercial value of grapes. To explore
the mechanism of berry russet formation in grapes and provide some scientific guidance and
suggestions for its effective prevention and control.{ Methods J6-year-old self-rooted Shine Muscat

grapevines cultivated in rain-shelter were used as the materials. Flower and fruit managements
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were carried out according to the conventional methods. Leave 6 cm of flower cluster tip during
the initial flowering period. After 1 to 3 days of blooming and two weeks later, 25 mg-L"!
gibberellic acid + 2 mg-L"! forchlorfenuron were applied for fruit preservation and enlargement
treatments, respectively. After softening period, grape berries with and without berry russet were
collected and divided into three levels: no russet (NR), mild russet (MR, the area of berry russet is
less than 10% of the whole peel and the color of berry russet is light ), and severe russet (SR, the
area of fruit russet is more than 25% of the whole peel and the color of berry russet is dark.)
according to the degrees of berry russet occurrence. The contents of related substances, enzyme
activities, and metabolome in the peels of different berry russet levels were studied through the
methods of biochemical and widely targeted metabolomics. [ Results] With the increase of berry
russet level, the contents of chlorophyll, cellulose, hemicellulose, and total pectin in the peel
decreased gradually, while the content of lignin, total flavonoids, and total phenol increased
gradually. There were significant differences in the contents of cellulose, hemicellulose, total
pectin, lignin, total flavonoids, and total phenol among three berry russet levels. The lignin content,
total flavonoid content, and total phenolic content of severe russet peel were 71.60, 2.89, and 2.04
mg-g’!, respectively. Furthermore, the activities of peroxidase, polyphenol oxidase, phenylalanine
ammonia-lyase, cinnamyl-alcohol dehydrogenase, and 4-coumarate:CoAligase in the peel
increased gradually, and the catalase activity increased first and then decreased, while the
cinnamate-4-hydroxylase activity decreased first and then increased with the increase of berry
russet level. There were significant differences in the activities of peroxidase, polyphenol oxidase,
and 4-coumarate:CoAligase among three berry russet levels. There were no significant differences
in the activities of phenylalanine ammonia-lyase and cinnamate-4-hydroxylase between no russet
and mild russet. A total of 1372 metabolites in 13 classes (Class I) or 52 classes (Class II) were
identified in the peel of Shine Muscat grapes, including 270 flavonoids, 223 terpenoids, 163
phenolic acids, 127 amino acids and derivatives, 115 lipids, and 106 alkaloids and so on. Among
them, there were 690 up-regulated metabolites and 682 down-regulated metabolites in the peel of
mild russet vs no russet. There are 920 up-regulated metabolites and 452 down-regulated
metabolites in the peel of severe russet vs mild russet. There are 835 up-regulated metabolites and
537 down-regulated metabolites in the peel of severe russet vs no russet. 485 differential
metabolites were determined by VIP (VIP > 1) and absolute Log2FC (JLog2FC|=1) in the peel of
Shine Muscat grapes with different degrees of berry russet. And 247, 287, and 386 differential
metabolites existed between mild russet and no russet, severe russet and mild russet, and severe
russet and no russet, respectively. Venn diagram analysis was performed and it was found that
there were 110 common differential metabolites in the three groups. Among them, 105 differential
metabolites were up-regulated in all three groups, accounting for 95.45% of the common
differential metabolites, including 37 phenolic acids, 31 flavonoids, 17 stilbene, five quinones, tree
terpenoids, three amino acids and derivatives, two lignans and coumarins, one alkaloid, one tannin,

one chromone, and four others. Two differential metabolites were down-regulated in all three



groups, including one lipid and one nucleotide and derivative. Three differential metabolites
(which were flavonoids) were down-regulated in mild russet vs no russet, and up-regulated in both
severe russet vs mild russet and severe russet vs no russet. The above 110 differential metabolites
were mainly enriched in 17 metabolic pathways through KEGG pathway annotation and Metware
pathway annotation, including biosynthesis of kaempferol aglycones II (six differential
metabolites), biosynthesis of kaempferol aglycones I (four differential metabolites), biosynthesis
of secondary metabolites (four differential metabolites), metabolic pathways (three differential
metabolites), biosynthesis of quercetin aglycones 1 (two differential metabolites), stilbenoid,
diarylheptanoid and gingerol biosynthesis (two differential metabolites), and tyrosine metabolism

(two differential metabolites) and so on. In the biosynthesis of kaempferol aglycones II, five

differential metabolites of 6-hydroxykaempferol-3,7,6-O-triglycoside,
6-hydroxykaempferol-7,6-O-diglucoside, 6-hydroxykaempferol-3,6-O-diglucoside,
6-hydroxykaempferol-3,6-O-diglucoside-7-O-glucuronic acid,

6-methoxykaempferol-3-O-glucoside presented up-regulated among three groups, which may play
an important role in berry russet formation of Shine Muscat. While the metabolite of
kaempferol-4'-O-glucoside presented down-regulated in mild russet vs no russet and up-regulated
in severe russet vs mild russet and severe russet vs no russet.l Conclusion JThe occurrence of berry
russet in Shine Muscat grapes had a greater impact on the metabolites of phenolic acids and
flavonoids than others. The biosynthesis of kaempferol glycoside II might play an important role
in the formation of berry russet.
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Fig. 1 Berry samples of different russet levels in Shine Muscat grape
1.3 REMREE. BXEEMEANE
1.3.1 REpReAn MRS ERMOCEENE, 243K & 8 R H Rt i
€, FAAER S ERAEMENE, SRS BRI ORI E, RBR S &R O
I 5E, ey 25 & I SR AR AR € , el S 2 5 R FH NaNO2-AI(NO3)3-NaOH i
EENE
132 R A XS 2 S VIS R G2 8 , 2 My U it 14 R 408
RBNENE, RNARMGEBRETE. R 42 4-F UK. W A G
TEVE L AR T it S T M AT S A B T SR 0 O BRI E
1.3.3 #dEa s RIGHWEH SPSS 20 B AT Gt 0 #T -
1.4 RETZ8ERSERNS 5
141 B&ER KR E THTHL (Scientz-100F) HELA A T4, B (MM 400,
Retsch) ffi%E (30 Hz, 1.5min) ZEFAIK, HHTRF (MS105DMD FRHEL 50 mg #i K, M
A 1200 pL —20 °CHUIA 1 70% FHELK WAREEGE S, & 30 min JwJiE—K, &RREFZE 305, 3t
WHE 6 YK SRJGTE 12 000 rmin? F &0 3 min, B EFE, FIBALIERE (0.22 pm) i EFES,
ORAF- T HERER H F T8 0B (1% - FUE BCH. (UPLC-MS/MS) 43t
1.42 UPLC-MS/MS K & K4 WAHZAF: (1144 Agilent SB-C18 1.8 pm 2.1 mm x 100 mm;
WANHH: A AHABEZIK A 0.1%F ) , B AN UM 0.1% ) « BEMERE: 0 min
B HHEA N 5%, 9 min N B FHELGIZE PESE N 2] 95%, FHE4ERFTE 95% 1 min, 10~11 min, B
AEECHBIRE N 5%, HEL 5% AT A 14 min; i 0.35 mL-min'; fHE 40 °C; #FEE 2 ul. Ji
PO HBT S B TR (ESD JRE 550 °C; BS 1 Mi55 HiE (IS) 5500 V CIEES T4x0) /-4500
V (REFEAD o EFEAART (GSD L AR (GSID MIAHTIA (CUR) 7 al i BN
50, 60 F125 psi, RLEEVE TR ESHERE NE. ZHIIHEH (QQQ) i H MRM i,



IR R (RO WEAPEE. dEd R ERE (DP) MaH#ERE (CE) ik,
e T & MRM 257X} () DP A1 CE. ARSI I B it A A, 2R I 390 e —
HRFE M MRM B 14
143 Rtz 52 2o ACERIE 3 T aQPUE 4E A W HOR A BR A =] 5 a2 # E
(Metware database, MWDB) KAUI(E B ALEIRE, W —J08E BT ¥ e 1,
SRR T RS RAE S M E G T o AW E B AR =5 DU G TS 1) 22 S R AR =
(Multiple reaction monitoring, MRM) 74t 5E . I E A Analyst 1.6.3 AbF BT 4 . 1)
AP OR B I ) 508 (5 2, R AN I FEAS [RIAE A bk 0 38 1) 5 i g R AT R I, DA
PRE T 7 B FR HEAR o
1.4.4 %54 KA EEE 34T T8 I B W A5 20 B (Principal Component Analysis,
PCA) Ff I B 1) I 52 i g /)y — 3340 73 43 - (Orthogonal Partial Least Squares-Discriminant
Analysis, OPLS-DA) LAWLSESy 20 2 [A) M YRR AR 2 ) (038 e FEE K/IN e AR SRAR 1K 2 A8 & G
Fr OPLS-DA 57 ()75 B 8 E % 5% VIP 6 (Variable Importance in Projection, VIP>1) Fll
22 AEHE (Fold Change=2 Fll fold change<<0.5, FC) ik 2 BRI . 22 AU P
U5 2 KEGG ##s 2 M1 Metware database HVBEAT VRS, MR R 45 SR 4% O g b ) SR AL BEAT 70
%.
2 EREHH
2.1 FEIRFIEENAABEREEREYIREE

MR 1 AR, B RS AE RGN, FHOCBOR A & R4 3R . LP4ER . P 4ER A
SRS R AR, TR ZR . S A T A IR . b, TC RS R
REMGREEZMERALE, BARESTEERBERENH SRS, TR, BE
RABE IR R AR LA BMERIRE B2 W Z R R %, HE R R4
RHEN4625mg gl ERE. BRERFMNEERERY AR E. SERMNSH 82
2R R, HEEREREMATR. SHEEALAm S5 58 71.60. 2.89 F12.04
mg-gl,

*x1 TRRGEEMNAARREEREZYRESE

Table 1 Substances contents of peel in different berry russet levels in Shine Muscat grape

ST
SRR R % L% LK SR AR % am
Total
Berry russet Chlorophyll/ Cellulose/ Hemicellulose/ Total pectin/ Lignin/ Total phenol/
flavonoids/
level (pggh (mg-g") (mg-g") (mg-g") (mg-g") (mg-g"H)
(mg-gh
FR
10.8440.65 a 61.48+0.78 a 27.65+1.20 a 10.04+0.33 a 50.89+4.36 ¢ 1.64+0.06 ¢ 1.16+0.03 ¢
No Russet
R
10.72+0.22 a 53.90+2.31b 21.83+0.72 b 8.43£0.32 b 57.66+1.12 b 2.20+0.03 b 1.76+0.02 b

Mild Russet



RS
8.98+0.11b 46.25+0.45 ¢ 18.66+0.41 ¢ 6.25+0.16 ¢ 71.60+1.00 a 2.89+0.01 a 2.04+0.07 a

Severe Russet

e R Bdn o T EEbR e, Bl A RN FRFORE - SIPAFRRBIE I L MER R (p<0.05) , TH.

Note: The data in the table are means + standard deviation. Different lowercase letters indicate significant differences among different berry russet levels in

the same column at 0.05 level. The same below.
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Table 2 Related enzyme activities of different berry russet levels in Shine Muscat grape

peel
A EERR-4- 2 Jk
N . EAmman  WHEEREE A-FGIR: T 7
AR BURER e SUR=RE& ) LY EAL B fa.
Phenylalanine Cinnamyl-alcohol A TR
Berry russet Catalase/ Peroxidase/ Polyphenol Cinnamate-4-hy
ammonia-lyase/ dehydrogenase/ 4-coumarate:Co
level (U-gh (U-gh oxidase/ (U-g™) droxylase/
(U-ghH (U-gH Aligase/ (U-g")
(U-gh
TR
62.35+1.16 b 107.22+1.96 ¢ 81.55+5.58 ¢ 72.29+4.26 b 0.45+0.01 b 10.78+0.24 ¢ 33.20+0.92 b
No Russet
IR
88.37+0.95 a 198.56+1.71 b 164.96+4.33 b 78.25+1.98 b 0.49+0.01 b 17.35+0.90 b 31.29+0.60 b
Mild Russet
IR
84.16+0.79 a 234.04£5.08 a 221.03+2.74 a 105.64+4.04 a 1.01£0.08 a 27.85+1.85a 48.02+1.24 a

Severe Russet
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Table 3 Class and number of metabolites in different berry russet levels of Shine Muscat grape peel

- LUl YR I Up regulation "~ i Down regulation
MR — R YR oy
Compound Compound
Class I Class I MR vs NR SR vs MR SR vs NR MR vs NR SR vs MR SR vs NR
number number

# i i Flavonols 96 41 87 66 55 9 30
5 Flavones 50 20 41 35 30 9 15
# i RE 2 Flavanols 41 19 18 13 22 23 28
1675 & Anthocyanidins 16 8 12 8 8 4 8
— & ¥ Flavanones 15 7 14 11 8 1 4

# 7 Flavonoids 270 HoAth 257l Other Flavonoids 14 7 13 13 7 1 1
¥ F fil] Chalcones 14 2 11 8 12 3 6
S+ ¥ Isoflavones 12 4 8 6 8 4 6
& ¥l B% Flavanonols 10 5 4 5 5 6 5
FEMA Aurones 1 0 1 1 1 0 0
4B Dihydroisoflavones 1 0 0 0 1 1 1
= Triterpene 120 24 81 73 96 39 47
%1% Monoterpenoids 39 22 28 27 17 11 12
%1 Sesquiterpenoids 26 12 13 13 14 13 13

12 Terpenoids 223
1 Ditepenoids 21 11 14 15 10 7 6
i % Terpene 10 8 9 8 2 1 2
=i '2FF Triterpene Saponin 7 4 4 4 3 3 3




HAth Others 63 33 37 34 30 26 29
F#35 Saccharides 44 39 19 31 5 25 13
T Stilbene 36 33 32 32 3 4 4
254k 44 Ketone compounds 13 6 6 5 7 7 8
HiAth 2% Others 188 4/ % Vitamin 3 4 5 4 4 3 4
EZ2 4k 4 1 Alcohol compounds 7 3 4 6 4 3 1
WL A9 Lactones 7 3 4 1 4 3 6
£ 2% Chromone 6 6 6 6 0 0 0
%251k &%) Aldehyde compounds 4 2 2 2 2 2 2
3R 25 Phenolic acids 163 T2 35 Phenolic acids 163 98 123 107 65 40 56
REERR K HATEY)
Amino acids and 127 R S H A7 4E M) Amino acids and derivatives 127 83 77 85 44 50 42
derivatives
U7 B4 HE T % Free fatty acids 50 20 33 22 30 17 28
H i & Glycerol ester 20 4 8 5 16 12 15
fig i Lipids 115 A MU AR T AR LPC 18 10 18 18 8 0 0
Vi I 5 AR 2B % LPE 17 4 17 16 13 0 1
#4f1 Sphingolipids 10 2 7 4 8 3 6
A=W Alkaloids 62 20 36 26 2 26 36
W Wk S AE P Plumerane 17 6 14 10 11 3 7
A=, Alkaloids 106
[l Phenolamine 8 3 5 4 5 3 4
IEE s 225 P Pyrrole alkaloids 5 4 3 2 1 2 3




MLk E 254 708 Pyridine alkaloids 4 2 4 3 2 0 1

SR MEIRRSEAE M0 Isoquinoline alkaloids 4 3 3 4 1 1 0

bR 2R A= P08 Quinoline alkaloids 4 3 3 4 1 1 0

R IE 25 2E Wi, Piperidine alkaloids 2 1 1 1 1 1 1
KA A& H & Lignans A JIE % Lignans 36 24 21 22 12 15 14
and Coumarins . 7 5.3 Coumarins 17 7 11 9 10 6 8
A HLIR Organic acids 37 H HLER Organic acids 37 22 16 19 15 21 18
W R S HAT )
Nucleotides and 36 8 L FAi7 44 Nucleotides and derivatives 36 19 22 21 17 14 15
derivatives

¥R Tannin 16 8 7 4 8 9 12
#25i Tannins 29

J54¢ 7 & Proanthocyanidins 13 8 1 4 5 12 9

B Anthraquinone 6 3 5 5 3 1 1
{2 Quinones 15 3R Phenanthraquinones 5 5 5 5 0 0 0

{22 Quinones 4 4 3 4 0 1 0

{§ 4 Steroid 5 3 2 3 2 3 2
& 14 Steroids 10

{48 A& 2 FF Steroidal saponins 5 1 2 1 4 3 4
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Table 4 Numbers of significant differential metabolites of different berry russet levels in

Shine Muscat grape peel
HRKREYSHRE
ZRRBIHE TRREMEE
S
Numbers of up
Numbers of all differential Numbers of down
Group regulated
metabolites regulated metabolites
metabolites
1% B4 5 0 4% Mild russet vs No russet 247 65 182

T AR 52 B 914K Severe russet vs Mild russet 287 31 256




ERAEYHE

ERREIHE TRARDHE
o h
Numbers of up
Numbers of all differential Numbers of down
Group regulated
metabolites regulated metabolites
metabolites
P2 L5 5 T8 B 4% Severe russet vs No russet 386 65 321

MR vs NR SR vs NR

SR vs MR

3 FRRFIEEMEAKREER KA EHEZEZRRGFIFEEE

Fig.3 Common differential metabolites Wayne diagram between groups of different berry

russet levels in Shine Muscat grape berry peels
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