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Identification of genetic regulatory loci for anthocyanins in wine grape

skins

WANG Shanglin"?, ZHANG Huimin"?, SUN Qi"?, PAN Qiuhong"’, DONG Zhigang’, DUAN Chang-
qing"’, HE Fei"*

('Center for Viticulture and Enology, College of Food Science and Nutritional Engineering, China Agricultural University, Beijing

100083, China; °Key Laboratory of Viticulture and Enology, Ministry of Agriculture and Rural Affairs, Beijing 100083, China, *Pomolo-
gy Institute, Shanxi Agricultural University, Taigu 030031, Shanxi, China)

Abstract: [Objective] Anthocyanins impart the bright colors of pink, red or even purple to grapes and
wine, directly influencing their quality and economic value of wine grapes. There are differences in the
color characteristics of different structural anthocyanins, and we can understand the genetic predisposi-
tion of different structural anthocyanins and mine significantly associated single nucleotide polymor-
phism (SNP) loci and candidate genes. This series of work will provide solid theoretical support for mo-
lecular breeding of grapes with different colors. [Methods] The F, progeny of the cross between Caber-
net Sauvignon 685 (CS 685) and Syrah 100 (X 100) was used as the material, and the phenotypic con-
centration of each anthocyanin was detected by high performance liquid chromatography-mass spec-
trometry (HPLC-MS), which provided phenotypic data for the subsequent genome- wide association
analysis. In this study, we analyzed the correlation of different anthocyanins. We further analyzed the
phenotypic data of anthocyanins and the large amount of SNPs data obtained from whole-genome rese-
quencing, and screened the significant SNP loci and candidate genes associated with the anthocyanins.
We explored the intersection of significant SNP loci associated with the different phenotypes. Finally,
we analyzed the changes of anthocyanin concentrations caused by the variation of SNP loci, and ex-

plored the effects of the different genotypes of SNP loci on the anthocyanin concentration. [Results] A
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total of 20 anthocyanins were detected in the F, progeny population of the CS 685 and X 100, and all an-
thocyanins showed a broad and continuous distribution in the cross progeny population with very high
broad-sense heritability. The significant positive correlations were found between almost all the antho-
cyanins, but the concentrations of Cyanidin-3-0O-glucoside (Cy-Glu) and Cyanidin-3-O-caffeolygluco-
side (Cy-ca) showed relatively low correlations with the other anthocyanins. The genome-wide associa-
tion study (GWAS) showed that each phenotype was associated with SNP loci, with a total of 17 382
significant SNPs associated with all phenotypes, the majority of them were located on chromosome 2.
By studying the intersection of significant SNP loci in each phenotype, it was found that there were a
large amount of intersection in each set, suggesting that there would be a common genetic basis be-
tween different floral glycosides regulated by the same loci. The peak patterns of the Manhattan plots of
each phenotype were very similar, and all of them had significant SNP clusters on chromosome 2, indi-
cating that the loci related to the synthesis of grape anthocyanin were distributed centrally on the chro-
mosome, but the Manhattan plots of Cy-Glu and Cy-ca showed different characteristics, echoing the re-
sults of the correlation analysis. The localization of the genes within +100 kb of significant SNP sites on
the grape genome showed that all significant SNP sites corresponded to a total of 7, 127 genes. Based
on gene function annotation, three candidate genes related to the anthocyanin biosynthesis with SNP
sites located in the coding regions of genes were screened, corresponding to nine SNP sites. They were:
MYBA2 (VIT 202s0033200390): Chr2.14291946; MYBAI (VIT 202s0033g00410): Chr2.14351887,
Chr2.14352034, Chr2.14352082, Chr2.14352093, Chr2.14352108, Chr2.14352751; PI42 (VIT_
202s0087g00100): Chr2.17334610 and Chr2.17347491. The SNP sites screened above were associated
with 23 phenotypes except for Cy-Glu and Cy-ca. The SNP sites for Cy- Glu and Cy-ca were not
screened out probably due to the low density of them on chromosome 2. The most of the candidate SNP
sites and genes associated with the phenotypes were duplicated with each other. The V'vMYBA2 and
VvMYBA1 were transcription factors involved in the regulation of the biosynthesis of anthocyanins. The
homologue of gene VIT 202s0087g00100 in Arabidopsis was annotated as photosensitive phytochrome-
interacting ankyrin-repeat protein 2 (P/42), which was a positive regulator of anthocyanin accumula-
tion in Arabidopsis. The analysis examined the effect of SNP locus genotypes on the concentration of
acylated anthocyanins, unacylated anthocyanins, F3” H anthocyanins, F3” 5’ H anthocyanins and total
anthocyanins. The Chr2.14291946 had two genotypes, that was, GG and GC, corresponding to a signifi-
cantly higher phenotypic concentration of GC than GG. The Chr2.14351887 had three genotypes, that
was, AA, AG and GG, corresponding to a significantly higher phenotypic concentration of GG than
AG, and AG than AA. The Chr2.14352034 had three genotypes, that was, TT, TG and GG, correspond-
ing to the phenotypic concentrations. GG was significantly higher than TG, TG was significantly higher
than TT, but for F3” H anthocyanin, GG was not significantly different from TG. The Chr2.14352093
had three genotypes, that was, AA, AC and CC, corresponding to phenotypic concentrations. CC was
significantly higher than AC, AC was significantly higher than AA, but for F3” H anthocyanin, CC was
not significantly different from AC. The Chr2.14352108 had three genotypes, that was, CC, CA and
AA, which corresponded to a significantly higher phenotypic concentration of AA than CA, CA than
CC, but for F3’ H anthocyanin, there was no significant difference between AA and CA.
Chr2.14352751 had two genotypes CC and CT, and CT corresponded to a significantly higher pheno-
type concentration than CC. Chr2.17334610 had two genotypes GG and GT, and GT corresponded to
significantly higher phenotype concentration than GG. Chr2.17347491 had three genotypes TT, TC and
CC, corresponding to the phenotype concentration of CC was significantly higher than TC, TC was sig-



55

bk, S e BRIP4 R B AE O B AR R R L 2 935

nificantly higher than TT, but for F3” H anthocyanin, CC was not significantly different from TC.
Chr2.14352093, Chr2.17347491 were synonymously mutated, but could still have an effect on the phe-
notype because synonymous mutations could affect transcriptional level regulation, translation efficien-
cy, and other dimensions. The Chr2.14291946, Chr2.14351887, Chr2.14352034, Chr2.14352082,
Chr2.14352108, Chr2.14352751, and Chr2.17334610 had non-synonymous mutations encoding altered

amino acids. [Conclusion] All of these SNP loci seems to be possible to develope as molecular markers.

The results of the study would provide targets for the study of the regulatory mechanism of grape antho-

cyanin synthesis and theoretical support for molecular breeding of grapes with different fruit colors.

Key words: Wine grape; Anthocyanin; Genetic regulation; Genome-wide association analysis (GWAS);
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Table 1 Genetic indicators of anthocyanins in the F, population

LGN RE FAREEEH 5 2 ]
Character P/(mg-kg") R/(mg-kg™") CVI% H/%
EH F-3-0-H & Cy-Glu 41.75+37.37 1.02~128.64 105.11 96.75
LA IETT 3 -3-O-Hi & i 1T Cy-ac 5.76+4.88 0.00~50.53 175.02 96.29
F S BT £-3-0-H B HEH Cy-co 8.85+10.95 0.00~34.64 134.59 85.59
INHEBE L AE T R -3-0-F B HE T Cy-ca 0.02+0.02 0.00~4.26 327.82 96.06
FBEAE TS #-3-O0-H Z FE 1T Pe-Glu 239.12480.99 0.00~369.56 99.33 99.12
AL F TS 3R -3-O- I BT T Pe-ac 85.52+47.06 0.00~366.19 119.94 99.67
A AL AL TS 22-3-O- 1 B fE T Pe-co 130.22+130.66 0.00~291.94 98.05 98.15
WONHERSE £ A8 7 35 -3-O- 1 & Bl 17 Pe-ca 10.96+7.33 0.00~51.52 108.33 95.67
1EE 2-3-0- £ 4 Dp-Glu 199.30+122.21 0.00~813.11 128.36 99.59
LA EE R -3-0-4 & BEF Dp-ac 31.86+11.09 0.00~199.40 158.52 99.67
G A6 3 K -3-0- 4 A HEHF Dp-co 19.95+21.08 0.00~34.23 113.46 81.50
Ak 6 22 2% -3-O- 4 & B F Dp-ca 2.47+2.02 0.00~25.64 144.48 92.60
FBLAE 2R 35-3-O-H & i 1T Pt-Glu 209.94+136.25 0.00~604.19 109.00 99.55
AL PR AR 3 3R -3-O- i i HE T Pt-ac 179.95+17.91 0.00~277.19 93.94 99.78
A S AL H T8 2R 32 -3-O- i B Bl Pt-co 46.83+54.17 0.00~138.71 113.49 97.27
WOIHE P £ T8 28 35 -3-O- i & Bl 7 Pt-ca 1.44+2.04 0.00~7.14 107.02 63.15
ZHIERR R -3-O- M A B Mv-Glu 2163.79£1 161.95 0.00~3 336.27 101.12 99.92
A — TR AR R -3-0- i G HE T Myv-ac 1 677.48+262.58 0.00~4 083.77 103.86 99.98
G AR 2R -3-O- 1 EI T Mv-co 379.07+315.03 0.00~1 254.96 101.62 99.76
WERE £, FH A 28 25 -3-O- 71 % B Mv-ca 45.82+25.01 0.00~155.81 85.50 99.24
AL AE (T Acylated Anthocyanins 2 626.21+386.67 0.00~6 415.86 97.16 99.99
JEBL L€ (1 Unacylated Anthocyanins 2 853.89+1 538.76 1.66~4 899.10 97.31 99.94
F3"H At A1 F3’H Anthocyanins 522.19+319.26 1.66~1 023.88 92.49 99.68
F3’5’HAt1F F3’5 H Anthocyanins 4957.91+1 606.17 0.00~9 762.85 98.19 99.98
S £ (0 1F Total Anthocyanins 5480.10+1 925.43 1.66~10 482.84 96.18 99.98
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The full Chinese nomenclature of the compounds illustrated in the figure is provided in Table 1. The same below.
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Fig. 1 Distribution frequency of anthocyanin concentrations in hybrid F, population
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The color intensity and circle size indicate the strength of the relationship. The crosse represents a lack of correlation at the significant level of 0.05.
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Fig.2 Correlations among the concentrations of various anthocyanins in the F, population
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Table 2 Information of significant SNP loci within genes CDS and their gene annotation.

£ 1D FRAFR SNPALmALE XK HE AR

Gene ID Gene name SNP loci location Corresponding trait Gene annotation

VIT_202s50033g00390 MYBA2 Chr2.14291946  5.7.8.11.13.14.17.19.20.21.22.23.24.25 Regulation of an-
thocyanin biosyn-
thetic process

VIT_202s50033g00410 MYBAI Chr2.14351887  5.7.14.21 Regulation of an-

thocyanin biosyn-

Chr2.14352034  5.6.7.9.10.11.13.14.15.16.17.18.19.20.21.22.23.24.25 -
thetic process

Chr2.14352082  18.20

Chr2.14352093  3.5.6.7.9.10.11.12.13.14.15.16.17.18.19.20.21.22.23.24.25
Chr2.14352108  5.6.7.9.10.11.12.13.14.15.16.17.18.19.20.21.22.23.24.25
Chr2.14352751  5.7.14.20.21.24.25

VIT_202s0087g00100 P42 Chr2.17334610  5.10.13.15.21.22.23.24.25 Biological Proce-
ss: positive regu-
lation of anthocy-

Chr2.17347491  6.10.11.13.15.16.17.18.19.20.21.22.23.24.25 anin biosynthetic
process

VE MR B 5 ¢ 1. Cy-Glu; 2. Cy-ac; 3. Cy-cos4. Cy-ca; 5. Pe-Glu; 6. Pe-ac; 7. Pe-co; 8. Pe-ca; 9. Dp-Glu; 10. Dp-ac; 11. Dp-co; 12. Dp-ca;
13. Pt-Glu; 14. Pt-ac; 15. Pt-co; 16. Pt-ca; 17. Mv-Glu; 18. Mv-ac; 19. Mv-co:20. Mv-ca; 21. B4k 16 (43 ;22. EBEb 16 (43 :23. F3'H £ (a7 24,
F3’5’H (125 BAECTT.

Note: Corresponding trait numbers: 1. Cy-Glu; 2. Cy-ac; 3. Cy-co; 4. Cy-ca; 5. Pe-Glu; 6. Pe-ac; 7. Pe-co; 8. Pe-ca; 9. Dp-Glu; 10. Dp-ac; 11. Dp-
co; 12. Dp-ca; 13. Pt-Glu; 14. Pt-ac; 15. Pt-co; 16. Pt-ca; 17. Mv-glu; 18. Mv-ac; 19. Mv-co; 20. Mv-ca; 21. Acylated anthocyanin; 22. Unacylated an-
thocyanin; 23. F3’H anthocyanin; 24. F3’5”H anthocyanin; 25. Total anthocyanin.
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Table 3 Candidate SNPs mutation information

FE[A SNP i iz SNP fif s R B RASM IR R
Gene SNP loci location SNP loci mutation information Mutation type Amino acid mutation
MYBA?2 Chr2.14291946 GCUR—#D R [F R E—D
G—C (Low-High) Non-synonymous mutations
MYBAI Chr2.14351887 A-GUE—ED EHEEN: 3 V—A
A—G (Low-High) Non-synonymous mutations
Chr2.14352034 T->GUE— ) AR [F SCR AR QP
T—G (Low-High) Non-synonymous mutations
Chr2.14352082 GCUK—#D R LR AR R—P
G—C (Low-High) Non-synonymous mutations
Chr2.14352093 A—-CUIE—ED 7] SRR T
A—C (Low-High) Synonymous mutations
Chr2.14352108 CoAUI—ED AR SRR R—S
C—A (Low-High) Non-synonymous mutations
Chr2.14352751 CHOTUR—@D AR [R) CR AR V=l
C—T (Low-High) Non-synonymous mutations
PIA2 Chr2.17334610 GHTUE—=D EHEPEN3 L—1
G—T (Low-High) Non-synonymous mutations
T-CUE—=D EPEE'S

Chr2.17347491 T—C (Low-High)

. S
Synonymous mutations

VERERAES D RAARE. A& V. a8 A WA Q. & BIZ P IHEE R AR T. &L S. LA L L& L. &

}

P

Note: Amino acid abbreviations: D. Aspartic acid; E. Glutamic acid; V. Valine; A. Alanine; Q. Glutamine; P. Proline; R. Arginine; T. Threonine; S. Ser-

ine; 1. Isoleucine; L. Leucine.

MYBA2 LK) CDS [X 38, 1% A7 s Ab FE R 2 9 G/C 1)
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B, Bz A U B R G RN CH, 5l T
e R LRAL , T BUZ K A BB 7 51 b (1) 4 R
(E) B 4% 202 (D) HUAR , AH B & 3R AL I & & 1
piis

3o i

SRR R AR S 2R e, (]
FLAH ARNAR O] B R B AR R R e P, At
DR 2H I 3 BT A2 AT X — B A B MR s R S5 M 1
G807 ORGSR k2 A HEF
(A LA PRI 3% 25, B AT AR U AP0 i
17O W, A5 G RO B (1) 45 7 2 TR ) g
ZR, RN PR SEOT ERBR RN E
TR FES,

BB FC W], A2 T Chr2 B AH AR 3 R v y-
BAI R VvMYBA2 &8 1), vl — A — A A%
AU, WL R AT DAL 4% VUFGT3ER R IA , Y
TR RS S, R UL 20 & TR S b
KA ThRE MRS SE IR, &5 7 36 DR 20 A AN 7] 11 B

F5 R 7R A A 2 SR R B AN [R] 2, AT TR B
VVMYBAI J& 2 F X 38 /) SNP i ji R S8 T 4.t
R 57 1] Benitaka 21| 2 €2 52 57 11 Brazil 1 2748, 2
FAEARWE AP IOCELR] T VwMYBAL F VvMYBA2 %
Pl 28 5 X 1) SNP A7 £, £E JT N (0 50 b R g ki
VN R 5T 4 R e R 1 AL SR A AR . VIT
2025008700100 7EFLL e 71 H (1] [F] U 2 5 oy PLA2, LA
A K PIA2 WA E R D, 54U 5 I %)) 1 PIA2 4
RILATE I G UFGT 2 R R 1A S s e tatf 1)
WA R PIA2 AT DL R 3R A A 311 PIF3
PR AL , By B RERR KI5 1R PIF3 #2252 gk
AR A, #e 54K PIF3 J& T bHLH Sk, /2 4%
1 A B A2 T % B 45 F Bk R CHSS 1 IE i 4% A
T, gE B RE, PIA2 (RS ML (A1 & U 1%
WREEZEEH. EHERTA P EIRER
PIA2 A §e2 5 1 4 4 SR e 6 0 & i 4%, L
BB FFRANIR T o

FEAT A, K2 BRI S &2 0] 2 2 IEAH G,
H QT 21 1) SNP A f0 R 5 (R #0487 b 8 & . LA e
B 9N E 2 SNP A f, KRELB 3 N A7, dd &
IUE 2 5w A (A & I MYBA2 \MYBAT VL 1%
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