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Abstract: [Objective]l This study investigated differences in flavonoid-related gene expression and metabolite profiles in the flesh
of red-fleshed grape berries and their self-pollinated progenies, aiming to elucidate the metabolic accumulation characteristics of
flavonoid biosynthesis, and provide insights into transcriptional regulation, so as to lay a theoretical foundation for improving
flavonoid contents in grape berries and breeding new grape varieties. [ Method] The red-fleshed grape germplasm
Zhongshanhongyu (ZSHY), its self-pollinated progenies Nan 19 (N19) and Nan 30 (N30), and Muscat (MGX) were used as materials.
Four pairwise comparison groups (ZSHY vs MGX, N30 vs ZSHY, N19 vs MGX, and N30 vs N19) were established for

targeting flavonoid metabolomics alongside transcriptome sequencing (RNA-seq) of berry flesh. Enrichment analyses were
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subsequently conducted to characterize flavonoid metabolites accumulation, identify key structural genes, and dissect the
transcriptional regulatory networks involved in flavonoid biosynthetic pathway. [Result] Based on targeted flavonoid metabolomics
technology, a total of 104 differentially accumulated flavonoid metabolites were detected, and 62 core metabolites exhibiting
significant differences were further identified. Notably, most flavonols and flavanols accumulated to substantially higher levels in
ZSHY and N19 than in N30 and MGX. KEGG enrichment analysis revealed that these differential metabolites were predominantly
enriched in flavonoid biosynthesis pathways, particularly responsible for anthocyanin, flavone, and flavonol biosynthesis.
Transcriptome profiling identified 758 differentially expressed genes (DEGs), which were significantly overrepresented in flavonoid
and phenylpropanoid biosynthesis pathways. Furthermore, 30 core DEGs directly involved in flavonoid biosynthesis were screened,
whose expression patterns were broadly consistent with the metabolite accumulation profiles, showing high transcript abundance in
ZSHY and N19, but low expression in N30 and MGX. In addition, 22 transcription factors (TFs) significantly correlated with
flavonoid structural genes were identified, mainly belonging to the WRKY, MYB, and ERF families. [Conclusion] Significant
differences existed in flavonoid metabolism between the red-fleshed grape and its self-pollinated progenies. The elevated flavonoid

accumulation in the flesh of ZSHY and N19 was closely associated with the upregulation of the key structural genes in the flavonoid

pathway, and the identified TFs might play important regulatory roles in this process.
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Table 1 The list of primers
K Gene F K ID Gene ID 5|41 %) Primers sequence (5'-3')
Actin — F: CTTGGCTGATAGGCTGGCGAAG

R: TCCACATCTGCTCAAAGGTGCTTAG
PAL VIT _1350019g04460 F: ATGAGGTGAAGCGGATGGTG

R: GCCTTTACTCCCTCTCTCGC
CYP7344 VIT 06s0004g08150 F: AATCCTGGTGAACGCATGGT

R: TTGGCCTCAACCTTGGACTC
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R: GCGTTGCGAATCCTCTGAAC
CYP75B2 VIT 175000007210 F: CCTCTACCACTTCCTCACGC

R: GCCCATACGGAGATGCATGA
CYP7541 VIT 0650009202970 F: TTATGGGGCAAGGTGGAAGC

R: TTAACATCTCCGGCACCACC
DFR VIT _18s0001g12800 F: AATGAAATCGTGTGCTGCCG

R: ACTCCAGCAGCTTTCATCGT
LDOX VIT 025002504720 F: ATGGTGACTTCAGTGGCTCC
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UFGT VIT _16s0039g02230 F: AATGGGAGGATGGTGGAGGA

R: TAGGACCAACTGCCCTGTCT
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Fig. 1 Determination of flavonoid content in flesh of different grape germplasms
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16 14 R BT R 5 A A T 40 P A 2 B B AT R AR A S SR AR AE 3663
R 2 RNA-Seq XEMREM~ELRIT
Table 2  Quality and yield statistics of RNA-Seq libraries
T g6 Ry =k 6 SEEHELRYE FAEWEASH WEREHE GC&&E LS e S
Sample Raw reads (M)  Clean reads (M) Clean bases (G)  Valid bases (%) Q30 (%) GC content (%) Unique map (%)
MGX-1 44.82 44.71 6.70 99.77 97.94 46.24 86.00
MGX-2 46.83 46.74 7.00 99.80 97.89 45.98 88.42
MGX-3 45.39 45.27 6.78 99.73 97.95 46.56 86.93
N30-1 46.26 46.12 6.90 99.71 97.99 46.26 86.66
N30-2 46.78 46.68 6.99 99.79 97.86 46.32 85.48
N30-3 46.69 46.56 6.97 99.72 97.96 46.35 86.81
ZSHY-1 46.35 46.22 6.92 99.72 98.00 47.08 83.65
ZSHY-2 46.29 46.14 6.91 99.68 98.02 46.56 86.76
ZSHY-3 46.15 46.05 6.90 99.77 98.01 46.80 86.10
N19-1 46.91 46.67 6.97 99.47 97.94 46.17 85.52
N19-2 46.70 46.50 6.95 99.55 97.92 46.33 85.43
N19-3 47.25 47.11 7.05 99.70 97.89 46.30 85.44
2.3.2 EZRXFEAHANEEIN WRAERRE MG RER, KXEILELE YR 40 s F
JLIK (DEGs) WIZED)%Dhfie, AWFONTRERIN 758 » 7 Uhfe 3 MR BEEE (8 5) o fEEYY
/> DEGs #1T GO w4/ KEGG w501, GO w4 RIS, W LR fRm AT+ 4 H 1 2R
T 2400 £ il B2 Flavonoid biosynthetic process [} Cou‘:
AR A% Flavonoid metabolic process ) n;lmz(e)r
#F MR FE Toxin catabolic process ) ® 4
Vﬂfhﬁiﬁfﬁﬁ Secondary metabolic process B
PR . : ® 4
2 Z QL F4 Toxin metabolic process ™ 1 IS
FAEHE ZME AW FE Anthocyanin-containing compound biosynthetic process ® s 80
FHE-3-OM 4 BT £ & it 2 Cyanidin3-O-glucoside biosynthetic process ° Adjusted
B 25 A2 ) I 4 Beta-glucoside biosynthetic process ° P value
X BRI 2240 JF ¥ ) Y Response to acid chemical | @ ds
fif 2 Detoxification () :
@ 0.20
£ R T 41 [ Plant-type cell wall ® [ ols
= A4} 4514 External encapsulating structure | @ i 0.10
g FEBEAR K3 Large ribosomal subunit PY 0.05
3 A1uBE Cell wall | @
5 it 5 KA B A W7 L Cytosolic large ribosomal subunit ® A
8 Z ¥ M4 Polysomal ribosome aQ
o Ji4ki 5 411 Anchored component of membrane | ®
& HBE 447 2 Ribosomal subunit | @
ﬁé 4l fu#hH Cell periphery (@
o % 4K Polysome
&)
B IKEE R BEREPE Glutathione transferase activity [ ]
HREBEEYE, HRHILE R (BRFJL) Transferase activity, transferring alkyl or aryl (other than methyl) groups
Z5F 4 1 Structural molecule activity
RAGIRA YRI5 Aspartic-type endopeptidase activity o
FIETRRG R E, AR T B ik, K BRI KA PE Aspartic-type peptidase activity ° z
S FREI5 N BUE R Oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen | @ =
B4 EE 1 Monooxygenase activity | @
O- FILEERS BEE P O-methyltransferase activity o
A RS TE, NADPYHAE Jy— M4k, KRR 4544 4> Structural constituent of ribosome | @
4t — AR T Oxidoreductase activity, NAD(P)H as one donor and incorporation of one atom of oxygen { J

01 02 03 04
‘& 4E A7 Rich factor

5 GO0 EEN
Fig. 5 The GO enrichment analysis
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KEGG %= HEar (B 6) TR, Xe87: it
DR = 2 4R T AN B R A ) 5 i R AR
e ARNBERA WA ORI R B AL & 0 AR R 155
g, ZERYE GO BEMTEEYIE, Bk
B B D 1) i DRI R 41 PR R B o T < L 41 %
FMILAR R R A T BRI

Count

o 1 1 85 i 4 ) 4 )% Flavone and flavonol biosynthesis o m:llier

S Wi A=) & ) Flavonoid biosynthesis [ ) @ 10
HoAh R AR 111 2E )& K Biosynthesis of other secondary metabolites - . Adjusted

BrAR I Metabolism . P value
KB4 A Bk Phenylpropanoid biosynthesis - () 0.30
B WEH AR Glutathione metabolism () - 025
T, IR PERE I AN A4 K Stilbenoid, diarylheptanoid and gingerol biosynthesis - ) - 0.20
Tk AW A R E Polyketide biosynthesis proteins [ ] - 0.15
HABZIERE 110 Metabolism of other amino acids - - 0.10

44 H KEGG enrichment terms

KEGGH

o
FHY AT Circadian rhythm-plant - [ )

4 il {4, 2% P450 Cytochrome P450 4 @

FRE3E B Environmental adaptation - @)

#3157 [ Transporters @
- FLBEARI Galactose metabolism -
W4k 2 48 Organismal systems
03010 #%H 4 03010 Ribosome
030114% 544 03011 Ribosome
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N1 Propanoate metabolism o

FARFE: (55165 5905272 Protein families: signaling and cellular processes - .
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T T T
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& 4K Rich factor
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Fig. 6 The KEGG enrichment analysis
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Table 3 Flavonoid-related differentially expressed structural genes

HFE LR #FE R 1D HE w®S

Gene name Gene Gene ID Count KOID

RINZRf#2H Phenylalanine ammonia-lyase ~ PAL VIT_1350019g04460 1 K10775

W HEIR-4- 7 4LHff Cinnamate-4-hydroxylase CYP734 VIT_06s0004g08150 1 K00487

A-TF GG A A 4CL2 VIT_1150052g01090; VIT_16s0039g02040 2 K01904

4-coumarate coenzyme A ligase

R R CHS VIT_16s0022g01020; VIT 0550136g00260; VIT 14s0068200920; 7 K00660

Chalcone synthase VIT_16s0022g01140; VIT _16s0022g01190; VIT_00s1492g00010;

VIT_16s0022g01000

AR S R R CHIL? VIT_1350067g02870 1 K01859

Chalcone-flavanone isomerase-related

1 /R i 5 A Chalcone isomerase CHI VIT_ 135006703820 1 K01859

FRHR O-FA3E W LR B il HCT VIT_1150037g00440 1 K13065

Shikimate O-hydroxycinnamoyltransferase

Heli 3'F2LEE Flavonoid 3'- hydroxylase CYP75B2 VIT_17s0000g07200; VIT 1750000g07210 2 K05280

ST 3', 5 HALH CYP7541 VIT_0650009g02970; VIT_0650009g02840; VIT 065000902860 3 K13083

Flavonoid 3', 5-hydroxylase CYP7542  VIT_0650009g02830 1 KI3083
CYP7543 VIT_0650009g02920; VIT_06s0009g02880; VIT 0650009202810 3 K13083

F ] O-HIILHER M FAOMT VIT_01s0010g03510; VIT_01s0010g03470; IT_01s0010g03490; 4 K13272

Flavonoid O-methyltransferase VIT_01s0010g03460

AT - 418 R DFR VIT_1850001g12800 1 K13802

Dihydroflavonol 4-reductase

T ALTE FE X4 LDOX VIT_0250025g04720 1 K05277

Leucoanthocyanin dioxygenase

UDP 3% li-3-O-7 % Wi 5L 6 R UFGT VIT 165003902230 1 K12930

UDP flavonoid-3-O-glucosyltransferase

2.5 HKEMEMEXERETF

S AR S A )6 B i AR i A B
YER o J8 I R0 22 S ik BE DRI 1B 5 &5 AR DGR 23 it
(Kl 8-A) , JLFfik th 22 /> 22 ik i s N 7 15 28
Wil AR DG A G L D B A W AROGHE (| r | =0.8)
X S 743 5 B T WRKY. MYB. ERF. bZIP.
GATA. PUR. MYB-CC. NF-Y fll Trihelix &% A
TH, Ut B IS T ) R 4 D 48 o B A FE

e
2.6 XEWMEMBXEHNERNBEFINXIER
T

hy AT S B 5 SR S 5 R R R e sy A 1K) S TR
PE, AWFFERe IR 2 i A G A 5 S by R R 4R
5 b3 2 000 bp JA3 T /¥4, FIH PlantCARE
(https://bioinformatics.psb.ugent.be/) X H AT AE
Moot o, a5 8r (B 8-B) , FEMZ LI

L AEH oA ] BAoy Sk &8 m B o fF (4l ABRE .
TCA-element. TGACG-motif %) , FRIEPHiA A 60
Mot (1 LTR. DRE. MBS %5) LM% &
Mot (B CAT-box. O2-site Z5) ; b4k, BRI
5 MYB # 5% A DG oo, Ads 5 288 &
FRAR G MYB sk R F il oo, 27 b, Rl &
JAE LR (1 2 1 b F B R A T - PRI I 2 i [
DA S R R S PR SR R R 1 1 B2 2% 1 22 2 R 4%
ZETeE
2.7 FEEIEMREXEMERE M RIEEIE

h IR A s 2 2E B W HERR P, AT BT Y
12 AN G BAF DG &5 74 255 DRLEA T 5 I 96 Ol 1 4y
#r (RT-qPCR) HiF. &R Wx (B9, Z124%
SERIEILNAE ‘ZSHY Al “N197 v [k 7K1 1 &t
T ‘MGX? F ‘N307 , S skl Fdn g I AR
R 30, U0 e s 20 Bt B B R ME R P R ] SE 1
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Fig. 7 Flavonoid biosynthesis pathway map
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1: 60K protein binding site; 2: Auxin-responsive element; 3: cis-acting element involved in salicylic acid responsiveness; 4: cis-acting element involved in the
abscisic acid responsiveness; 5: cis-acting regulatory element essential for the anaerobic induction; 6: cis-acting regulatory element involved in circadian
control; 7: cis-acting regulatory element involved in light responsiveness; 8: cis-regulatory element involved in endosperm expression; 9: Light responsive
element; 10: MYB binding site involved in drought-inducibility; 11: Part of a conserved DNA module involved in light responsiveness; 12: Part of a light
responsive element; 13: Part of a light responsive module; 14: Part of a module for light response; 15: cis-acting element involved in light responsiveness; 16:
Element for maximal elicitor-mediated activation (2copies) ; 17: MYBHvV1 binding site; 18: cis-acting element involved in defense and stress responsiveness;
19: cis-acting regulatory element involved in auxin responsiveness; 20: Enhancer-like element involved in anoxic specific inducibility; 21:
Gibberellin-responsive element; 22: cis-acting element involved in cell cycle regulation; 23: cis-acting element involved in low-temperature responsiveness; 24:
cis-acting regulatory element involved in the MeJA-responsiveness; 25: cis-acting regulatory element related to meristem expression; 26: Wound-responsive
element; 27: cis-acting element involved in gibberellin-responsiveness; 28: Involved in endosperm-specific negative expression; 29: cis-acting element involved
in phytochrome down-regulation expression; 30: MYB binding site involved in light responsiveness; 31: Element involved in differentiation of the palisade
mesophyll cells; 32: MYB binding site involved in flavonoid biosynthetic genes regulation; 33: cis-acting regulatory element involved in zein metabolism
regulation; 34: cis-acting regulatory element involved in seed-specific regulation
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Fig. 8 Correlation analysis between transcription factors and the expression of flavonoid biosynthesis pathway genes (A), Analysis

of cis-acting elements in the promoters of flavonoid biosynthesis pathway genes (B)
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Fig. 9 Relative expression levels of flavonoid biosynthesis pathway genes
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