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GWAS analysis of genetic regulatory loci and candidate genes for f-dam-
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Abstract: [Objective] S-damascenone is a key norisoprenoid compound responsible for the floral and
fruity aromas in grapes and wine, which significantly contributes to the sensory quality and consumer
acceptance of wine. However, the complex genetic regulatory mechanisms underlying its biosynthesis
and accumulation in grape berries remain largely unclear. This study aims to analyze its genetic loci and
provide a theoretical basis for molecular marker- assisted breeding of aromatic traits in wine grapes.
[Methods] This study used the F, population derived from a cross between “Cabernet Sauvignon 685”
and “Syrah 100” as the experimental material. After verifying the authenticity using fresh leaves collect-
ed in April 2018, mature berries were collected from August to September during three consecutive

years (2018—2020), ultimately yielding 151 qualified samples. Solid-phase microextraction combined
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with gas chromatography/mass spectrometry (SPME-GC/MS) was used to determine the contents of
free and glycosylated f-damascenone in the samples as phenotypic data. Combined with high-quality
SNP loci obtained from whole-genome resequencing, genome-wide association study (GWAS) was con-
ducted using a mixed linear model (MLM) to screen for significant SNP loci associated with f-damasce-
none (P<<8.99x107). The genes within 100 kb upstream and downstream of the SNP sites were annotat-
ed for gene function using the 12X.2 PN40024 grapevine reference genome. Candidate genes were fur-
ther screened using KEGG enrichment analysis and transcriptomic data from grape berry developmen-
tal stages. Finally, functional validation was performed by transient homologous overexpression of one
of the candidate genes in grape leaves and berries. [Results] This study detected both (E)-S-damasce-
none and (Z)-f-damascenone in the F, population, with the content of the (£)-f#-damascenone being sig-
nificantly higher than that of the (Z)-f-damascenone in grape berries. To better characterize the genetic
control loci controlling the f-damascenone content, the contents of both isomers were summed across
all samples for subsequent experiments, the results showed that - damascenone content exhibited a
skewed distribution toward low values in the F, population overall, though there were a few individuals
with extremely high content. The coefficient of variation over the three years was generally around
40%, and the broad-sense heritability was above 90% in all three years, and the genetic transmission
ability was high, with an average transmission efficiency above 90% over the three years, suggesting
strong genetic control of this trait. Through genome-wide association study (GWAS), five SNPs with ex-
tremely significant associations with f-damascenone content were identified, distributed across ChrUn
(ChrUn:13846350, ChrUn:23214460), Chrl (Chrl:12111316), Chr10 (Chr10:17566481), and Chrll
(Chr11:1006227). ChrUn:13846350 has two genotypes, AT and AA, corresponding to different pheno-
typic values, with AA significantly higher than AT; ChrUn:23214460 has two genotypes, AG and AA,
with AA significantly higher than AG; Chr1:12111316 has two genotypes, AC and AA, with AA signifi-
cantly higher than AC; Chr10:17566481 has two genotypes, AG and AA, with the AA genotype show-
ing significantly higher phenotypic content than the AG genotype; Chr11:1006227 has three genotypes,
GG, AG, and AA, with the AA genotype showing significantly higher phenotypic concentration than
both AG and GG. All five SNP loci are non-synonymous mutations, with mutations at the SNP loci Ch-
rUn: 13846350 and Chr10:17566481 causing the original amino acid to be replaced by a stop codon, po-
tentially leading to truncated protein products. Additionally, it was found that the f-damascenone con-
tent in the homozygous genotype (AA) of the F, population was significantly higher than those in the
heterozygous genotype and alternative homozygous genotypes. Based on gene localization within a +
100 kb range of significant SNP loci in the PN40024 grapevine reference genome (12X.2), a total of 86
genes were identified near to these significant SNP loci. KEGG enrichment analysis was first used for
screening, and only one gene related to monoterpene biosynthesis was identified (mannitol dehydroge-
nase, VIT 200s1389g00010), and no known genes associated with the isoprenoid metabolic pathway
were identified. Therefore, transcriptomic data from grape berry development were used to screen for
candidate genes positively correlated with norisoprenoid accumulation during grape fruit development.
Combined with gene functional annotations from the UniProt database, five candidate genes were se-
lected: Mannitol dehydrogenase (VIT 200s1389g00010): ChrUn:23214460; Heavy metal- associated
isoprenylated plant protein (VIT 210s0116g01340): Chr10:17566481; Cytochrome P450 72A225 (VIT _
21150016g01290): Chr11:1006227; Transcription factor MYB1 (VIT 211s0016g01310): Chrll:
1006227; and Transcription factor MYB1 (VIT _211s0016g01320): Chr11:1006227. Among these, ex-

cept for the Heavy metal-associated isoprenylated plant protein, which was annotated as related to iso-
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prene, Mannitol dehydrogenase was annotated as involved in monoterpene biosynthesis via KEGG en-
richment analysis; additionally, both the CYP and MYB family have been reported in the literature to be
associated with monoterpene production in plants. Finally, one candidate gene, VvMYBI (VIT
211s0016g01310), was selected for homologous overexpression experiments in grape leaves and fruits.
The results showed a significant increase in norisoprenoids in grape leaves and fruits, with f-damasce-
none levels increasing by 5-fold and 1.2-fold in leaves and fruits, respectively, compared with the con-
trols. Additionally, the expression of V'vCCD1, VvCCD4a, and VvCCD4b in grape fruits was significant-
ly upregulated as detected by qPCR, confirming that V'vMYBI promotes the synthesis of norisoprenoids
by activating CCD gene expression. [Conclusion] Five significant SNP loci associated with S-damasce-
none content were identified in wine grape fruits. After screening, five candidate genes were obtained,
and one of them, V'vMYBI, was found to be involved in the accumulation of norisoprenoids in grape
fruits, providing a new target for molecular selection of grape aroma traits.

Key words: Grape; f-damascenone; Genome-wide association study (GWAS); Single nucleotide poly-
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Table 1 Primer sequences for cloning the VvMYBI coding region
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Gene name and ID
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SR 51 (531

Reverse primer (5'-3")

VvMYB1(VIT_211s0016g01300)
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Table 2 Gene ID and primer sequences used for fluorescence quantification

FOtE B K AFRE D 1R 5145(5'-3D SR 514 (53"
Quantitative fluorescence gene name and ID Forward primer (5'-3") Reverse primer (5'-3")
VvUbiquitin GTGGTATTATTGAGCCATCCTT AACCTCCAATCCAGTCATCTAC

VvMYB1(VIT_211s0016g01300)
VvCCDI1(VIT_21350064g00840)
VvCCD4a(VIT_20250087g00910)
VvCCD4b(VIT_20250087g00930)
VvNCEDI(VIT_21950093g00550)
VvPSY1(VIT_204s0079g00680)
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Table 3 Genetic tendency analysis of f-damascenone content in Vitis viniferia F, population

FEA% Index 2018 2019 2020 34E#E4A Three-year integration
7R ¥k 685 Cabernet Sauvignon 685/(pg-kg™") 20.9£0.20 22.82+0.88 45.22+1.80 28.67+10.54

P47 100 Syrah 100/(ug-kg™) 22.63+0.53 31.44+1.93 41.34+1.76 31.75+7.22

e E MP/(ug-kgh 21.77 27.13 43.28 30.21

TFARIME Mean/(ug-kg") 22.94 33.46 24.73 28.25

FARE VI R/(ug-kg" 14.01~40.43 16.03~104.56 9.29~65.13 9.29~104.56

5 R CVI% 31.87 40.81 43.23 43.90

IS8T % 99.78 98.83 99.94 80.99

IR H/% 6.69 18.93 ~72.24 -5.86

SRR HH % 41.94 49.23 1.92 8.61

HMERSEER LL/% 48.39 21.54 92.31 30.46

BLAEIS 7] T/% 106.69 123.35 58.06 93.49
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N KR EZEHIAER R T PR 3ERM (PCI~PC3) M 3% % ¢ 2 50 [ LR 1E 78 7 (1) B A4 45
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C ChrUn: 13846350 ChrUn:23214460 Chrl:12111316 Chr10:17566481 Chr11:1006227
:c\u _ * %k :o\o 150 C;D 150 C;o 150 :c:o 150~
<100 - - i I s *kkk = *Aok ok
o0 on on o0 on
= NG NG NG NG
“%% %E 100+ %E 100+ %E 100+ "%g 100
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& 0 L 0 L O— & 0 . O
AT AA AG  AA AC  AA AG  AA = AGIGG AA

A, ST, A R KCOT B R 2R 3R R B KT 2 -Togie (0.05/3314995)= 6.00 B, A Ni% SNP 5 iZ MR & 2% <6 B. Q-Q A ;
C. GWAS Fifiift] 5 M REAARAL s RN IR R o e Flloos 73 IR R AE 0.001 F10.0001 7K B E AR
A. Manhattan plot, where the horizontal dashed lines represent the significance level. When —1og,(0.05/3314995)= 6.00, the SNP is considered to
be significantly associated with the trait. B. Q-Q plot. C. Correlation between the five significant loci identified by GWAS screening and phenotypes.
*** indicates a significant level of P<<0.001; **** indicates a significant level of P<<0.0001.
1 AEREP p-RDLESENEERARKITARERR LB X RE
Fig.1 Genome-wide association analysis of f-damascenone conten in grape berry and genotype-phenotype

correspondence diagram
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A. KEGG enrichment analysis; B. Transcriptome data, TPM represents the number of transcripts per million, WAF represents the number of weeks

after flowering.
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Fig. 2 KEGG enrichment analysis and transcriptome analysis of candidate genes
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Fig.3 Sequence alignment between the V'vMYBI coding region obtained in this study and the genome of Cabernet Sauvignon

i — DA ik 2 18 7 26 S S R R I A B
AR BB HE R R IE , 45 R I, 15 B0 A 28] S 5
VwCCDI . VwvCCD4a 1 V'vCCD4b ¥ & %% F i, 1fi
VvPSY1 F VwNCEDI Ji . 3 AL (F 4-E) , i 45 R 7]
FELE T 355 22k B iR A8 B SE (B 4-F) , Ui BH VwMYBI1
Al B CCD B )RR e it p- K LA 2

3 W ®

U AF 2K, GWAS 7E fif b7 7 %5 5 55 0 MR 16 4%
SRtk 7 TH OIS A0 SR B A SR
TR A F A A B ISR R B AL 420 .
Guo FEPILE 179 17 i %5 Mot a1 GWAS € £ 2] 5

@,WJ:E/J"% AH 2% SNP; Liang 5%} 185 4737
fmﬂlﬂﬁiﬁ TH U GWAS, KIN B- K+l 7 5 AH O
SNPJ 27 \%ﬁ$%mm@&k,%mﬁﬁ%$lm%
PR . Sun ZEULE T I 1L K x SRR F BRI
HRG B S I U A AL AT GWAS AT, 52
| B NI A ek N T B WA (=R S =N P IO
IR G GPPS-LSU #E AT D ge 5k , R I A
A [ B T S 1 M B SR K B R T R
AR 388 5 18] ) B (B R Az ML) o AN 7 DATIR PG 1 %6 7R
FLBR 685 5 U HL 100 25215 2| 1 F, AN KL, £
X f- K W & F AT GWAS, S 2 B 5 N A T 4
Uik I AR 5 25 SNP, HLJE R AU -3 AL B A

R SIX LAy pi AR S e SRR, 3 —
TAZ MR 22 5 DR s ) g a4 A R

5 EA AR L, ASHIE 5T % 5 1 B- K i I
A RS Ag A% FE PR3 o R, 3X — 22 Rt P e
T =TT B, RALE RIS AR . ASHIE U Ui
HEARMLEE L KD L2 & AR, MR
Eﬂm&a@/ﬂﬁ?%,u, g3, RS T BRI A RS BT
WLEIHEE 45 & AT 2, 7T e 3 305 7 S s A% 22 7
Wt . 2R WA R . IR I T 2 IR AR
W ECEE T2 M B R AR T AR D5 A 2 IR 2 AR AL
F AR T p- 0K S i (1) 3 A5 AL B T3 AE o B = o
=LA . ARBEFUAL I E 1) SNP LA A
A2 5 N HARSUF PR AL FLAEAR Gi o o 52 U GWAS
o DL R . S5 b AR AORAL T X - R
B SRR A, BN A E SR T8
FhERAL T T 2L (R B2 5 S5 BB LA

MY B #% 53¢ Rl 7 1E A8 4 5 K 1 3% R 7 K e
2, HN IR AR SF ) MYB 25 #3800 T 2 2 FEA L 1
B IRE, R IR AERE R FEZOIER™. Kobayashi
SR YR AR IS ] A MY B 1T L0 28 O R b L i
Pl (UFGT) £ Al 3Rk, IR Bh RSBt B R, %
B £E R 50 B 4 v 3R I HH 5 A b R s 4 Y
Zhang %t — B 378 MYB 5 il J7 1R 6 11 Ei%?%
W« MYBAI/2 B2 S 3 MYB24 3235 B, 5 & @t

I



1706 R P) 2 e H43 %

A B FRYLE g Rl g SRS g pIRFTERRE
2 g~ " .§ p-damascenone g Vitispirane 'z TDN Z p-Cyclocitral
g % 151 & oo4ar & o1s- 2.012-
5 e & o 5 ok s o 5 ns
o [ C>) o [ |_|
.Z 0.03F 2 2
% E 1.0r = = 010- = 0.08F
—_— - Q Q
& 4 ;:3 & 000 ~ ~
I8 18 05t b = o5 = ool
oo2r X oo} X X
® : ® ® ®
oy K ® = z
< =
Z o & 00 = 000 = 000 = 0.00
= CK OE-/'wMYBI < CK OE-VwMYBI CK OE-V'wMYBI CK OE-VwMYB1 CK OE-V'wMYBI
C D ) . I -
e PRI L G S ELE
4 f-damascenone Vitispirane 25 TDN 3 f-lonone
seokkosk 101 seokok
. . . 20 stk

[¢)]

A% e 15 B Relative expression
o = N
T T 1

8_
4_
0

CK OE-/wMYBI

15~
10
o)

CK OE-/vMYBI

il |

CK OE-IwMYBI

A%t 15 B Relative expression

A%t 215 B Relative expression
ok N
T T T 1
A%t 15 B Relative expression
o N Y

AH%T % IE B Relative expression

CK OE-/vMYBI CK OE-/wMYBI

E WCCDI g YWCCD4a g neeps 2 VVNCEDI 2 YvpSYl
2 3 2 3 . ﬁ 2.5~ . ﬁ 2.0 % 2.0r ns
0 wn = — S
O o o o ns o
£ * & 5 20- ! 5 15 515 |
52 o 2F z z | 2 T
Z = = 15r = = 1
T? % !:92 T ;EZ) 1.0r &) -OF
&b = g 10r 18 g
il g <) =) 05F «) 0.5F
X ) #® 05 ® K
® ® 24 4 =
-]I;, ‘VI;' 0 = 00 = 0.0 = 0.0
= CK OE-lwMYBI E CK OE-VvMYBI CK OE-VvMYBI CK OE-VvMYBI CK OE-VvMYBI

F 5
S . WCCDI g VwCCD4a @ WCCD4b
2 x Z 3r S 3r
= o " =
& S 5
o 3r < .

[} © 2 g 2+ *

= 2 £

L £ 3

~ &

LTS W T % 1

X ) ;

® ® i

= 0 & O E»'E o

=z CK OE-"'wMYBI E  CK OE-WwMYBI CK OE-VvMYBI

A.qPCR 7347 VwMYBI £ BV & R R K3k . B AE EVEHTE LB PR N B0 e 7 L IR R S8 & . C. qPCR 20T VwMYBI {E 5
BEM PR RE . DL AE DB S E R PRI B B R TR A S & R B EIEIAR i s yeMYBL MR TS
BOBAE R BERGFE R A IR o F. D3R 22 i P ik voMYB L KRR IR A g AR DS B B SR IR A 1 . CKARFK F AR B
P /RS R IR OB- oM YBI ARFER AR Yt /RS F35 oMYBT B H . *F R P<0.05 IR KCF ++3o) P<0.01 IR K
S IR P<0.001 B KT #0048 P<<0.000 1 [ 53 /K

A. gPCR analysis of V'vMYBI expression in Kyoho grape leaves. B. Concentrations of norisoprenoids detected in Kyoho grape leaves. C. PCR
analysis of V'vMYBI expression in Marselan grapes. D. Concentrations of norisoprenoids detected in Marselan grape fruits. E. Effect of V'vMYBI1 over-
expression on the expression of key enzyme genes in the norisoprenoid synthesis pathway in Kyoho grape fruit. F. Effect of V'vMYBI over expression
on the expression of key enzyme genes in the norisoprenoid synthesis pathway in Marselan leaves. CK represents the control group from uninfected
leaves/fruit; OE-VvMYBI represents the experimental group with V¥vMYBI overexpression from infected leaves/fruit. * indicates a significant level of
P<<0.05; ** indicates a significant level of P<<0.01; *** indicates a significant level of P<<0.001; **** indicates a significant level of 7<<0.000 1.
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Fig. 4 Functional analysis of the V¥'wMYBI gene in Marselan leaves and Kyoho berries
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