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Abstract: [Objective] Grape berry russet is caused by adverse environmental stimulation, and serious-
ly affects the appearance and commercial value of grape. The study aimed to explore the mechanism of
berry russet formation in grape and provide some scientific guidance and suggestions for its effective
prevention and control. [Methods] 6-year-old self-rooted Shine Muscat grapevines (Vitis labrusca x V.
vinifera) cultivated in rain-shelter were used as the materials. Flower and fruit managements were car-
ried out according to the conventional methods. The flower cluster was kept 6 cm in length through cut-
ting during the initial flowering period. 1 to 3 days and two weeks after blooming period, the flower
clusters were treated with 25 mg- L gibberellic acid + 2 mg- L' rchlorfenuron for fruit preservation and
enlargement, respectively. After softening period, the berries were collected and divided into three
groups: no russet (NR), mild russet (MR, the area of berry russet was less than 10% of the whole peel
and the color of berry russet was light), and severe russet (SR, the area of fruit russet was more than

25% of the whole peel and the color of berry russet was dark.). The contents of related substances, en-
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zyme activities, and metabolome in the peel at 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 gradu-
ally, while the content of lignin, total flavonoids, and total phenol increased gradually. There were sig-
nificant differences in the contents of cellulose, hemicellulose, total pectin, lignin, total flavonoids, and
total phenol among the berries at three russet levels. The lignin content, total flavonoid content, and to-
tal 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 dehy-
drogenase, and 4- coumarate: CoAligase in the peel increased gradually, and the catalase activity in-
creased first and then decreased, while the cinnamate-4-hydroxylase activity decreased first and then in-
creased with the increase of berry russet levels. There were significant differences in the activities of
peroxidase, polyphenol oxidase, and 4-coumarate: CoAligase among the berries at three russet levels.
There were no significant differences in the activities of phenylalanine ammonia-lyase and cinnamate-4-
hydroxylase between the berries with no russet and mild russet. A total of 1372 metabolites in 13 class-
es (Class 1) or 52 classes (Class 1) 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 al-
kaloids and so on. Among them, there were 690 up-regulated metabolites and 682 down-regulated me-
tabolites in the peel with mild russet vs no russet. There were 920 up-regulated metabolites and 452
down-regulated metabolites in the peel with severe russet vs mild russet. There were 835 up-regulated
metabolites and 537 down-regulated metabolites in the peel with severe russet vs no russet. 485 differen-
tial metabolites were determined by VIP (VIP > 1) and absolute Log.FC (|[Log,FC|=1) in the peel of
Shine Muscat grapes with different degrees of berry russet. And 247, 287, and 386 differential metabo-
lites existed between mild russet and no russet, severe russet and mild russet, and severe russet and no
russet, respectively. The 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 stilbenes, five quinones, three terpenoids, three amino acids and de-
rivatives, two lignans and coumarins, one alkaloid, one tannin, one chromone, and four others. Two dif-
ferential 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 the ber-
ries with mild russet vs no russet, and up-regulated in the berries with 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 differ-
ential 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- hy-
droxykaempferol-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 the three groups, which might play an important role in berry russet formation of Shine Muscat.

While the metabolite of kaempferol-4'-O -glucoside presented down-regulated in the berries with mild
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russet vs no russet and up-regulated in the berries with severe russet vs mild russet and severe russet vs no

russet. [Conclusion] The occurrence of berry russet in Shine Muscat grape had a greater impact on the

metabolites of phenolic acids and flavonoids than others. The biosynthesis of kaempferol glycoside II

might would 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
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Table 1 Substances content of peel in different berry russet levels in Shine Muscat grape
R w550 w(EF4EZD) wCREAERD wCR R D wRFED) wCE TR w7
Berry russet Chlorophyll Cellulose content Hemicellulose Total pectin Lignin content/  Total flavonoids  Total phenol
level content/(pg-g") /(mg-g") content /(mg-g") content/(mg-g') (mg-g") content /(mg-g") content/(mg-g")
TR 10.84+0.65 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
LEIEE S 10.72£0.22a  53.90+2.31b  21.830.72b 8.43+0.32 b 57.66£1.12b  2.20£0.03 b 1.76£0.02 b
Mild russet
TR 8.98£0.11b  46.25+0.45c¢  18.66+0.41 ¢ 6.25+0.16 ¢ 71.60£1.00a  2.89+0.01a 2.04+0.07 a

Severe russet

T RN P B (AR 22 BB G AN NG - BEROR R — 1 oA R R R 2 ] 22 53 3 (p<<0.05) . Il
Note: The data in the table are means + standard deviation. Different small letters indicate significant difference among different berry russet levels

in the same column at 0.05 level. The same below.

22 FERFEEMRAABRBBREMEXEDE  GREOSEAEE . 2 WAl RN AR
4 ity AV RE I i S0  4- 7 ST - I A SR S
HIZR 2 T, B RABREFE ROIE I, BHOCECBR A B0 v, o S SO VS T v e AR, AR

R 2 TREIRFIEE PR BEREE R HEKEE M
Table 2 Related enzyme activities of different berry russet levels in Shine Muscat grape peel
NN PR 4-FHE: R-4-¥%
e R g 4T IUERL-4HE
e HAENEIRG T RIS 2B RS Enzyme activit AERREEYE LA
£ Enzyme activity Enzyme activity Enzyme activity Enzyme activity y Y Enzyme activity Enzyme activity
Berry russet . . of cinnamyl-alcohol . ;
of catalase/ of peroxidase/ of polyphenol of phenylalanine of 4-coumarate:  of cinnamate-4-
level . : dehydrogenase/ .
(U-gH (U-ghH oxidase/(U-g') ammonia-lyase/ U CoAligase/ hydroxylase/
(U-g" J (U-g" (U-g"
To R 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
B 88.37+0.95 a 198.56+1.71b 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
L 84.16+0.79 a 234.04+5.08a  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

I — 4K i@fﬁﬁid I — Gy K i@oﬁﬁgd |21 Up regulation I Down regulation
Class [ Class 11 pound MR ys SRvs SRvs MRvs SRwvs SR vs
number number NR MR NR NR MR NR
#21if Flavonoids 270 HE Wi B Flavonols 96 41 87 66 55 9 30
¢ Flavones 50 20 41 35 30 9 15
4 HERE 2 Flavanols 41 19 18 13 22 23 28
167 % Anthocyanidins 16 8 12 8 8 4 8
T4 Flavanones 15 7 14 11 8 1 4
HiAth 234 Other Flavonoids 14 7 13 13 7 1 1
2 H-fill Chalcones 14 2 11 8 12 3 6
S 3% W Tsoflavones 12 4 8 6 8 4 6
&34 ¥ Flavanonols 10 5 4 5 5 6 5
P EiZ Aurones 1 0 1 1 1 0 0
& 5 H Dihydroisoflavones 1 0 0 0 1 1 1
i 2 Terpenoids 223 =il Triterpene 120 24 81 7396 39 47
1l Monoterpenoids 39 22 28 27 17 11 12
5241 Sesquiterpenoids 26 12 13 13 14 13 13
il Ditepenoids 21 11 14 15 10 7 6
i S Terpene 10 8 9 8 2 1 2
=i ' 1 Triterpene Saponin 7 4 4 4 3 3 3
HAthJ Others 188 HAth Others 63 33 37 3430 26 29
BE2% Saccharides 44 39 19 31 5 25 13
2 Stilbene 36 33 32 32 3 4 4
FE 2464 Ketone compounds 13 6 6 5 7 7 8
4k 2E # Vitamin 8 4 5 4 4 3 4
fiE 251644 Alcohol compounds 7 3 4 6 4 3 1
W iE2E1E &%) Lactones 7 3 4 1 4 3 6
2% Chromone 6 6 6 6 0 0 0
1% 24k &4 Aldehyde compounds 4 2 2 2 2 2 2
fi3 22 Phenolic acids 163 P53 RS Phenolic acids 163 98 123 107 65 40 56
IR AT 127 SR L AT 127 83 77 85 44 50 42
Amino acids and derivatives Amino acids and derivatives
JIF i Lipids 115 VW 85 i W7 1% Free fatty acids 50 20 33 22 30 17 28
‘H-ith 5 Glycerol ester 20 4 8 5 16 12 15
LA IR AR AR LPC 18 10 18 18 8 0 0
WML e £ B e LPE 17 4 17 16 13 0 1
#%/15 Sphingolipids 10 2 7 4 8 3 6
A= Pl Alkaloids 106 £k Alkaloids 62 20 36 26 42 26 36
15 W2 A= P, Plumerane 17 6 14 10 11 3 7
1%} % Phenolamine 8 3 5 4 5 3 4
W 22 086 Pyrrole alkaloids 5 4 3 2 1 2 3
I 2 2E )86 Pyridine alkaloids 4 2 4 3 2 0 1
SEEMRSEA T, Tsoquinoline alkaloids 4 3 3 4 1 1 0
R A4 ¥ Quinoline alkaloids 4 3 3 4 1 1 0
Wk e 2 2 W04, Piperidine alkaloids 2 1 1 1 1 1 1
VN IEIT 53 K HE 2 Lignans 36 24 21 2 12 15 14
Lignans and Coumarins 7 5% Coumarins 17 7 11 9 10 6 8

A HLER Organic acids 37 A MLIR Organic acids 37 22 16 19 15 21 18
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%3 (&) Table3 (Continued)

W — g W W YK R s L Up regulation T Down regulation
Class T Compound - 41 Compound MR ys SR vs SRvs MRvs SRvs SR vs
number number NR MR NR NR MR NR
MR AT A=) 36 TR L AT A=) 36 19 22 21 17 14 15
Nucleotides and derivatives Nucleotides and derivatives
4771 Tannins 29 #2J51 Tannin 16 8 7 4 8 9 12
J5U{£ 7 & Proanthocyanidins 13 8 1 4 5 12 9
fiE 2% Quinones 15 T Anthraquinone 6 3 5 5 3 1 1
JEME Phenanthraquinones 5 5 5 5 0 0 0
fi£ 2% Quinones 4 4 3 4 0 1 0
{14 Steroids 10 44 Steroid 5 3 2 3002 3 2
{44 7 ‘2 ¥ Steroidal saponins 5 1 2 1 4 3 4

30
N‘R2 © NR
& NR3 * MR
20 | NRI . SR
* QC
g 10 - SR3
= SR2,
S £
~ 0+ SR1
QCl
-10 - ° QC2MRI
QC4 % .
QC3 3 MR2
MR3
_20 1 1 1 1 1 1 1
-30 -20 -10 0 10 20 30 40 50

PC1 (41.20%)

B2 TERFIEENIAAKREEREHEEARRIER PCA R
Fig. 2 PCA results of different berry russet levels in Shine Muscat grape and quality control

T4 TERFIEEHALBIREERK
EFERKRFVNE

Table 4 Numbers of significant differential metabolites of

MR vs NR SR vs NR

different berry russet levels in Shine Muscat grape peel

Z ~RAW BRI
P! Numbers Numbers ~ Numbers
Group of all of down- of up-reg-

differential  regulated ulated me-

metabolites metabolites tabolites

SR vs MR

BERSES5LRE 247 65 182
Mild russet vs No russet
BERESEERE 287 3 256 3 FRIRGRENELRRASREAGRFLER
Severe russet vs Mild russet
RigEE2E
HERS S LR 386 65 321

Severe russet vs No russet Fig.3 Common differential metabolites Wayne diagram

between groups of different berry russet levels in Shine
Muscat grape berry peel
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25 T 11 A9 6 i Biosynthesis of kaempferol aglycones 11 ) P value
TR T BB I A P14 Stilbenoid, diarylheptanoid and gingerol biosynthesis ® | wm 1.00
12wyt 1 496 X Biosynthesis of kaempferol aglycones [ (] 0.75
fi% Z R AR Tyrosine metabolism: °
H/TE1% ¥ Sphingolipid metabolism: . 0.50
Y AE 57 F Plant hormone signal transduction . 0.25
12 B AN LA 5 SR 1K 4 476 % Ubiquinone and other terpenoid-quinone biosynthesis . . 0.00
Hit e 2570 T FI24EW) 4 ik Biosynthesis of quercetin aglycones | ’
FETE A/ 54 Glycolysis / Gluconeogenesis: Count

FKREMEY A ) Zeatin biosynthesis .
1675 R MEY) A A Anthocyanin biosynthesis °

Witz 25 oIl A9 & X Biosynthesis of quercetin aglycones I11
Mt Bz A 0 1T ZE) 6 B Biosynthesis of quercetin aglycones 1T o
B AN 3 A 5 04 £ 404 B Flavone and flavonol biosynthesis ®
IR T A9 4 X Biosynthesis of cofactors o
AR D)4 K Biosynthesis of secondary metabolites ()

X158 Metabolic pathways{ @

0.00 0.25 0.50 0.75 1.00

& #£ A7 Rich factor

5 FRIRFIEEHMIAKRABREABERR PPN KEGG ZEE
Fig. 5 Differential metabolite KEGG enrichment map of Shine Muscat grape berry peel of different berry russet levels

lipid metabolism) « & >K 3 ] 4E ) & i (Zeatin bio- O-triglycoside)  6- 235 1L 25 1)-7,6-O- i %) B5 1 (6-
synthesis) I 3 15 5 ¥ 3 (plant hormone signal hydroxykaempferol-7,6- O-diglucoside) . 6- ¥ & (1] 4%
transduction) %A 1 F. DL &5 S 150 B BH Y R 3 %) 1%y -3,6- O- % % ¥# 1F (6-hydroxykaempferol-3,6-O-
R R A C A& RIS E  diglucoside) «6-F7 7 111 23 1-3,6-0- il & #i 1-7-0-
ER Hij %] BE & B2 (6- hydroxykaempferol- 3,6- O- digluco-
245 LWEBRFALINGEHEREESH W6  side-7-O-glucuronic acid) Fl 6- F 48 3 111 25 193 -3-O-Fj
P, e 1L 22y T 1 A& Basie b gk 2 %] T (6-methoxykaempferol-3-0O-glucoside) 7F 3 21
() 6 A 22 AR P 25 & T B 38, For, 6-FR k1l 2% W AR IE T L 2% -4'- O-76 %) B 1 (kaempfer-
1y-3,7,6-O- = % % B F (6-hydroxykaempferol-3,7,6-  ol-4'-O-glucoside) 7E MR 5 NR HH N ifi3RiA, 7/ESR 5

2.00E+02 6.00E+06
1.50E+02
4.00E+06
1.00E+02
2.00E+06 |
5.00E+01 |
0.00E+00 0.00E+00
NR MR SR NR MR SR
6-FHE I A M)-3,7,6-0- =M E T o ______ 6-F I B/ -7,6-0- A NET  _______ 6-F23k 1L 3= ) -7-O- 11 & Bl 17
6-hydroxykaempferol-3,7,6-O-triglycoside 6-hydroxykaempferol-7,6-O-diglucoside 6-hydroxykaempferol-7-O-glucoside
3.00E+06 A
2.00E+06 E
1.00E+06 E
0.00E+00 E
NR MR SR
6-F2 k1L R WY-3-O- 5 AT -6-O- M G B TF 6-F2 3k 1L 2R -3,6-0- “HIE M ___ -GN FA'GT
6-hydroxykaempferol-3-O-rutinoside-6-O-glucoside 6-hydroxykaempferol-3,6-O-diglucoside 6-hydroxykaempferol l
v v A A
6-F2FE 1 5 13-3,6-0- HI & 1T -7-O-H £ HEEEIR 6-FH 4L 111 22 ) -3-O- I AT HE 17 Ll 2R -4-O- T 2 Bl
6-hydroxykaempferol-3,6-O-diglucoside-7-O-glucuronic acid 6-methoxykaempferol-3-O-glucoside kaempferol-4'-O-glucoside
4.00E+05 6.00E+07 3.00E+07
4.00E+07 | 2.00E+07
2.00E+05 |
2.00E+07 1.00E+07
0.00E+00 0.00E+00 0.00E+00
NR MR SR NR MR SR NR MR SR

6 ERoLEEE T AEYIERIRE
Fig. 6 Part of the biosynthesis of kaempferol aglycones Il
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RHRELR G IR —FEB XIS,
WEER AR A R USSR S R A RS, WP
B %] e R R RLE Y, O PR RS
miE R EE R . B EE A ES YA KR
VAR B i 0 25 5 0ok PR SRR 1 R A0 19, T
B vk HREAE — e FERE LRVER , AN BE S A il vk
S R A I I R, 5 TR R R % T A B4R AR
(1) R AL

MR ERLRER N T EREOOR, S
PSERE R R 00 SR R SR 2 PR AR
IECY . FEAHFT AT, AR SR IR BH G BB 4 2R B2
ST, HEEE LB, B8 E IR,
MRS EBRE, AFEERBMNEET SRS E
REMTRRG R, U5 B R0 R 5 4 ik
BATE B EIR . YA IRE > ) BE 5 IR
AR RE YA RE R B A AR R AR R IR
FIA R s VR AR BE R B 4P 4 25 R A e SRR R =4
J s DRI, T4 R AT 3R IR T 2 & s 4
R o BE ) R R LA BB E AR B B
FLFE I, BH 6 2 A 5 AR 1 A o 40 AN B
S, F I S 5 R R AR IR L 3R Bz s IO ) A X A, 3 R
IREE R AR, KRB S EEERE. £
HAEAT A 45 R 5 AL, Bl A S5 R AR AR
(RIBE N, S R AT 4 2 R AT R AR R IR S BIE
T BARARG , AR 25 A B R A0 Py BB T e, HLG
TR B SRR B R AR R e Fe bR 2 1) 2 S R
= USRS — 2R A, B R 14 M B 235 1wl 1 3l
N AN R N

WF 72 B, S5 10 & AE B R R AR AR A 45
R IR AR AR 2R A R T 2R AR
JE 7 B8 & S5 A 0%, 5 AR AE O 1 PAL L C4H.
4CL.POD.CAD.PPO.CAT %5 {135 14 5 FL45 1 T ik
AR, 2R IR SR B SN T R R
Fe 40 5 B 92 PALPPO.4CL . C4H & PE 2 A7k 5%,
5 POD.CAD.CCR [ 1 5 1A 9% s #6430 S 146
15 % 5 PAL.PPO.CAD.CCR. C4H f 3% 7 5 971 A
5%, 5 POD4ACL % I 2 IEAH . X1 T 252 1F
TR, R E AR S R S R SRR RS
R M % i PAL.C4H.4CL.CAD.PPO HiE VL & |

T ARRESELDEHEMRR., AT, 5 R
J5£ (P 14 0, BH %6 B 2R %) 3 K2 1 PODL PPO. PAL
CAD.4CL [P35 M 12 i F+ &1, 1 CAD 3E 1 26 i Ja
FAAR , CAH V% 14 50 AR 5 T » 150 B B Y R A 7 2R
55 %4 5 POD.PPO.PAL.CAD.4CL [ 14 % 1E4H
K, CAD £ BB Y i F AL AE H , C4H 72 RAF TE 1
JE MR AE R o X5 Hou 25U B 78 45 SR wg A AN A,
FLHH AT A B G BCER A %) SRS 198> 5 PALPOD %
PRI B A ACL VG MR T R ok

R BOE— N E RIS, F 8
JAAE: A SR B A (AR R A 2 AT D R AR U 2
P BN, ARSI K AR A A
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JE AR RIS N B AR o - AR P AT S A e
BT — T 158, A A AR & AR i
PO TARGF M1 . A 1 FT S50 F AR T 20 2 T v
Pei T 95 381 5 (TR Bl A 45 R B FLAL AR 3R e
CH 5 SR BEAREER RS SO MR 2 57, K
I 22 S AR U ) A R T R 2 IR DR SR AN B I 2K )
Jii . Wang 6P LA T A B R0 JC 45 3% B R B AR i
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B o R E AN R R R S AT AR A
FEa R E R . EARWT TR, £ R VR R AA
LI 1 PH O BB A 2 SR R A 4 1 T B R
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X 105 M LRI AR A 37 MR IR (31 FhiE
fi 17 FHEESE S PR S 3 Ml 284, R IA M 2
R A 1 B IR T (4- 32 5 B S B A 1 A AZ IR
e FATA ) (N6~ e B4, 15 B 7 B L B B A
W R R E R, TR SR S R R
HAR BB 1T T SRR R S AT AR A R B D
X5 T B 5T 45 SAH B, Huang 55978 BH 6
BRI LB R SH B RE P RINA 60 P2 7
AU, b, 43 Fh ERRIE 17 BN IR, B
FIE AP A 29 MY SRY BT, R0 10 R B2 3%
FHICHEH , 838 EAHIE 50 b 0 R I 4 Pl B2 = AH
KWBEF A BB R b LFRE. EEE,
R R E BOEAEZ AR i iam B, H S
A7 T R Rz 4 i EE 27, Suehiro 252 A 7L R W, FH
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I 2 A D BRI B A B
T 7l AT AR IS . Wang 5
W TR B, AR R, R RN bR A6 Ak
BRI A B TR e~ IR I RHILE e A= 0k ) A= P
S H5ERBFER KA. BETREN, FERELEA
W, ZAEACHS, RAEARU, nhobRAT S 2 AR, SR Y
WG I SR 2R S B AR B, S N RN
WG 1 UM R AR » - P S BR AR 5 £ 57 AR S5 Al
R A A R ES SR RE IS, KN
A& R EDE S S AE R E KRR S S
FH ' TP e ) B T . FE AT TR, 3B X 110
Pl 2 A AT IR T, R 33 M 2R
AR M R B 17 AR 12 b, Horp, iR R
32 SR 2 ARSI A L 2R oo 1 e
W R 2B T T A& B IR A=
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O ~ 5 3 B AT RN 22 Wy 1) AR B R T A R AR
e, fEEMTF LI KAEDE REEF 6 ff R
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6-O- =R G HEF 6-F 2L L 25/ -7,6-O- B A BT
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M7 L1 25 fy-4'-O- % 4 B 7 /£ MR 5 NR 1 R IR IX,
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