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Genome-Wide Association Studies of Kernel Color Traits in
Common Wheat and Mining of Candidate Gene

DONG Zhongdong, JING Zhenhai, PEI Dan, SUN Congwei, CHEN Feng
(College of Agronomy, Henan Agricultural University, Zhengzhou 450046)

Abstract: Wheat kernel color related traits L", a', and b" are important indicators of wheat quality. To
elucidate the genetic architecture underlying these traits, we conducted a comprehensive genome-wide
association study (GWAS) using 243 wheat accessions from Huang-huai wheat region. Phenotypic evaluations
were performed in four environments, complemented by genotyping using the wheat 660K SNP assay. We
identified 785 significant SNP markers associated with kernel color traits, collectively explaining 11.4%-23.4%
phenotypic variation. Marker-trait associations exhibited distinct chromosomal distributions: SNPs associated
with L” are mainly located on chromosomes 1A, 1D, 2B, 3D, 7A and 7D; SNPs associated with a" are
primarily distributed on chromosome 2A, 2B, 2D, 4B, 5B, 5D, 7A and 7D; SNPs associated with b’
are predominantly distributed on chromosome 2B, 5B, 5D, 6D, 7A, 7B and 7D. Notably, 51 SNPs
showed pleiotropic effects. Thirty-six candidate genes related to the kernel color traits were identified by
gene annotation, of which eight exhibited kernel-specific expression patterns. Polymorphism analysis
revealed significant associations between target traits and two key genes, Pinb (TraesCS5D02G004300)
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and UDP-glucose/GDP-mannose dehydrogenase gene T7raesCS5B02G399800. Haplotype analysis of
TraesCS5B02G399800 identified distinct allelic variants significantly associated with b". Therefore, these

findings provide valuable genomic resources for marker-assisted selection and genomic prediction strategies

for wheat kernel color traits.
Key words: wheat;kernel color; GWAS
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Table 1 The primers of qRT-PCR for candidate genes

TP BEIAR S5 M . B % SNP N HCR A GEC #5144
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e HE L B ok B % = T2 B (https: //cloud.
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1.4 qRT-PCRZ#7

FREL 100 mg Fli -, FT 5% J5 f FIAS P Fh F RNA
FEBGRA ] £ (Cat#082009, U1 U1 A= MR A FR 2N )
P HU RNA, f#i | dsDNase 1 pL, 5XRT All-in-One
Mix 4 pL (3b 503t DS AE YR A BRZA A |, ddH,O0
5 uL, RNA JF I 10 pL i & Z 6 RNA S F% 5% %
cDNA, ¥ 5 4% 37 °C 2 min, 55 °C 15 min,
85 °C 5 min, ¥ 53¢ 5¢ 5 N A 120 uL ddH,O # B .
{#i FH 2xSYBR premix UrTaqll {75 2% ik (db 50 ik
DSEAEYIRHE A B2 FD 47 qQRT-PCR 4341, LA/
Z (P EF ) B-actinfEH NS, VKR K 20 uL, H
WA FIRZE I 10 pL, B2 51445 0.4 uL, 5l
YA 1L 1, DNA AL 2.5 pl, ddH,0 6.7 uL. J2
AR 95 °C 120 5395 °C 55,60 °C 30 s,40 MG
F£;95 °C 55,60 C 55,95 C 55, 2418
FEDR AR Rk i b E R R AR IR E
1, XA R TR iEA
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Primer Name

EmFH(5'-3")

Forward primer(5'-3")

S yA(57-3")

Reverse primer(5'-3")

TraesCS2B02G180800 TGGCCCGATGAAGATGAAGA GGCTATTTGGAGGTTGCTGG
TraesCS4B02G346000 AGGGAAAATGAGCTCTACGTCA TAGGAGTTGGCCATTCTCGG
TraesCS5A02G003200 ATATGCTCGTGATGGCTCCG AAGATCACACCGCCATCCAT
TraesCS5B02G399800 AGACCTCACAATCAGTCAGCA TAACCTTCTGCAGTCTCCGG
TraesCS5D02G004300 CGTGATGGAGCGATGTTTCA GGATCACTCGCCGGATAGAA
TraesCS7A02G350100 TGGTGTCTGGGTGGTTCAC TTGGTATGGCGATTTCCCCT
TraesCS7A02G350800 ATGAGGTCGCTGATGGTCAT GCGATCGATTTGTCCCTCTG
TraesCS7B02G408900 CCTGTTGTACGGCCACATCT GTACGTCGGGGTGTAGATGA
DA HEA RN IEZS A0 (1) 0 7 250 s S
2 FERE54HH
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Table 2 ANOVA results of kernel color traits

Source of variation REEL LR D
FUNIX41E Block in location  76.29%*%  62.61%%*%  ]6.58%**
b5 Location 2.19M8 8.91N 8.52N8
it 7 Lines 10.32%%% 03] %%% 7. 85%kx
Hb 5 x5 2 Locationxlines 1,94 1.65%** 1,71 %%
] SGEE ) (%) H 86.9 83.4 81.5

NSHIRTE P<0.05 7K B2 SRR, " FIRTE P<0.001 /K |22 5
e

NS and ™" represent not significant in P<0.05 level and significant in P<

0.001 level, respectively
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Fig. 1 Distribution of kernel color traits
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Fig. 2 Chromosomal distribution of significant SNPs
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Table 3 The stable significant SNPs associated with L*, a”, and b’

POCREN SNP PER 78

Chromosome Trait Environment

1D AX-108902473 L* V4 .BLUP

1D AX-111484181 L* JEFA 1A 2

1D AX-94556277 L* JEPH 1 JsRH 2

3D AX-110423300 L* FBI 1 . BLUP

3D AX-94663542 L* % JEH 1 .BLUP

5A AX-108947616 L* H5H 2 . BLUP

SA AX-95250489 L* HSJH 1. BLUP

5D AX-86170796 L* JECBH 1L J5EBH 2 #8JH 1 . BLUP
6A AX-108898115 L* JECRH 1 A 2

6B AX-110472468 L* M 2 . BLUP

6D AX-109898786 L* JRBH 1 KM 1 . BLUP

6D AX-94699483 L* J5LBH 1 454 2 . BLUP

2A AX-108736897 a* JECBH 1 J5EBH 2 8 1 .BLUP
2B AX-108736846 a* % PG M1 BLUP

2B AX-108984235 a* B PG M 1 BLUP

2B AX-110620516 a* B PG M 1 BLUP

4B AX-109333795 a* B JEFH T RRH 2 A5 1 . BLUP
4B AX-109368556 a* % JEFH 15 FH 2 . BLUP

4B AX-109552654 a* B P 15 FH 2 . BLUP

4B AX-110052982 a* P JERA 15 2 .BLUP

4B AX-110425610 a* B JEFH 1R 2 A5 1 . BLUP
4B AX-110517373 a* % JEFH 15 FH 2 . BLUP
4B AX-110648483 a* B JEPH 1R 2 A5 1 . BLUP
4B AX-111274839 a* % JEFH 15 2 . BLUP

4B AX-111465706 a* B JEFH 1R FH 2 . BLUP
4B AX-111516967 a* B P 15 FH 2 . BLUP
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x3(4)
efafk SNP (LN Wi
Chromosome Trait Environment
4B AX-111579343 a* B J5EH 1 2 . BLUP
4B AX-111747488 a* B J5EH 1R 2 . BLUP
4B AX-111820468 a* B JERH 1 JEFH 2 .BLUP
4B AX-86164894 a* B P 1 PR 2 . BLUP
5B AX-109877815 a* - D BE 1B 2 BN 1 R 2 . BLUP
5D AX-109549041 a* B JFBH 2 B 1 BLUP
4B AX-108837712 b* P J5PH 1 J5H 2 . BLUP
4B AX-109333795 b* B J5EH 1L 2 . BLUP
4B AX-110425610 b* EF- R PR 2 . BLUP
4B AX-110648483 b* - JEEH 15 H 2 . BLUP
5B AX-109050097 b* ZEF P 1P 2 . BLUP
5B AX-111077474 b* J5BH 2 SN 1 84N 2 . BLUP
5B AX-111468272 b* JEBH 1 B 1 65 2 . BLUP
5B AX-95004777 b* P JEPH 1S EH 2 461 2 . BLUP
5D AX-86170796 b* P JEBH 1SR 2 S T 6 2 . BLUP

BLUP: AT, 1.2 Rlal—4Ef 2 k&, T A

BLUP: Best linear unbiased prediction, 1, 2 is two repetitions in the same year, the same as below

24 —EZMEZESNP O

TEFRIRSEE JCHR A B v, A 21 51 1~ it 2% SNP
[ 55 AP AR DG IR (3 4) , Hor PR B 7E [R]
— IS N R E A SNP A 354, AR

F4 LTy XBEM—ESISNP
Table 4 The pleiotropic SNPs associated with L*, 4", and b’

AL TR 2] SNP A 164, —IA
223 SNP % B AT 58 A7 78 AH [] 55 PR A8 4R A T i Hp
R, E—LEH T UMb o F b YA
?é‘rio

POEREN SNP EIN 7857 PSRN SNP PEAR 7827
Chromosome Trait Environment Chromosome Trait Environment
2B AX-111049983 a*.b* & 5B AX-109499327 a*.b* E

2B AX-109459969 a*.b* B 5D AX-95142657 a* b* M 1 %
4A AX-110468618 a*.b* JEBH 1 G 5D AX-94562472 a*.b* B

4B AX-110648483 a*.b* & 5D AX-86170796 L*.b*  JFFH 1 5 2 5P
4B AX-110425610 a*.b* B 5D AX-111710883 a* b* %
4B AX-109333795 a*.b* & 5D AX-111608176 a*.b* o
4B AX-108837712 a*.b* JFPH 2 & T 5D AX-111553017 a* . b* E
4B AX-108731779 a*.b* B 5D AX-111548818 a* b* %
5B AX-95004777 a*.b* & 5D AX-111462611 a*.b* HOM 1
5B AX-110994024 L* b* FRH 2 5D AX-111441725 a* .b* -

5B AX-110921294 L* . b* FRH 2 5D AX-111185783 a*.b* -

5B AX-110064547 a*.b* & 5D AX-111061951 a*.b* o
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F4(8)
ATEREN SNP PER 75073 PASEEREN SNP PER 78073
Chromosome Trait Environment Chromosome Trait Environment
5D AX-110996413 a*.b* & TA AX-111483986 a* .b* FRM T JEFH 1
5D AX-110985232 a*.b* B 7A AX-110943976 a*.b* BRI B
5D AX-110576250 a*.b* B 7A AX-110524850 a*.b* HEM 1
5D AX-110532402 a*.b* & 7A AX-109958382 a*.b* HH T ERE 1
5D AX-110504529 a*.b* BT TA AX-109877102 a* .b* FRM T JHBH 1
5D AX-109760956 a*.b* e TA AX-109050060 a*.b* FBIN 1 JBH 1
5D AX-109549041 a*.b* B 7A AX-108858065 a*.b* FBM 1 JEBH 1
5D AX-109426744 a*.b* & TA AX-108774375 a*.b* FBM 1 JEBH 1
5D AX-109387951 a*.b* B 7B AX-89724805 L*.b* FRM 1
5D AX-108772796 a*.b* B 7D AX-94890186 L* b* JEFH 2
6D AX-94699483 L*.b* JEFH 1 35 7D AX-94749119 L*.b* JEBH 2 35
7A AX-89444413 a*.b* HM 1 7D AX-94470386 L*.b* JUBH 2
TA AX-86165096 a*.b* M1 R 7D AX-86162668 L*.b* JRPH 2 & T
TA AX-111737274 a*.b* JRBH 1
25 REEESH Xof e 5 G — [R] 28 SNP 7E | i 2 kb 75 Bl G

RAEEREN . 421 2 SNP Hhd2 4 3] 36 Mk 5t
(e 5), Horp 27 AL — R 2308 1A

251 RIZEFEEZHE WP EESEZILAA 1]
W AR 3 A 1 B {5 B, (https: //urgi. versailles. inra. fr/
download/iwgsc/IWGSC_RefSeq Annotations/v1.1/) ,
x5 MFHEFEXIHEEER

Table 5 The candidate genes related to the kernel color traits

Ytk SNp JEETN HEH D w5
Chromosome Trait Gene ID Environment

1D AX-111484181 L* TraesCS1D02G390900LC BB 1 s BH 2

1D AX-94556277 L* TraesCS1D02G291400 JEPH 1 J5BH 2

1D AX-108902473 L* TraesCS1D02G409500 P§F . BLUP

2B AX-110620516 a* TraesCS2B02G180800 B PEF M 1 BLUP
2B AX-108736846 a* TraesCS2B02G252100LC B U M 1 .BLUP
2B AX-108984235 a* TraesCS2B02G253300LC B U M 1 BLUP
3D AX-94663542 L* TraesCS3D02G354800LC %V J5FH 1 .BLUP

3D AX-110423300 L* TraesCS3D02G027800 FBH 1. BLUP

4A AX-110468618 a*.b* TraesCS4402G424200LC JRBH 1 5

4B AX-108731779 a*.b* TraesCS4B02G404100LC &

4B AX-111747488 a* TraesCS4B02G346000 % JEFH 15 FH 2 . BLUP
4B AX-86164894 a* TraesCS4B02G346000 B 15 2 . BLUP
4B AX-109552654 a* TraesCS4B02G346100 B JEEH 15 H 2 . BLUP
5A AX-95250489 L* TraesCS5402G003200 F5H 1. BLUP

5A AX-108947616 L* TraesCS5402G487600LC F5H 2 . BLUP

5B AX-109877815 a* TraesCS5B02G358300 A R 1T UERH 2 5 1 48 2 . BLUP
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Chromosome Trait Gene ID Environment
5B AX-95004777 a*.b* TraesCS5B02G399800 B
5B AX-110064547 a*.b* TraesCS5SB02G591600LC B
5B AX-110921294 L* b* TraesCS5B02G753200LC HEH 2
5D AX-86170796 L* b* TraesCS5D02G004300 JRBA 1%
5D AX-94562472 a* .b* TraesCS5D02G565100 et
5D AX-110504529 a* b* TraesCS5D02G565400 &
5D AX-111185783 a*.b* TraesCS5D02G567700 B
5D AX-111553017 a*.b* TraesCS5D02G661900LC E-
5D AX-110985232 a*.b* TraesCS5D02G568300 &
5D AX-95142657 a*.b* TraesCSSD02G568800 M1 EF
5D AX-109549041 a*.b* TraesCS5D02G663600LC e
5D AX-111710883 a*.b* TraesCS5SD02G663600LC et
6A AX-108898115 L* TraesCS6402G416500 JEBH 1 A 2
6D AX-94699483 L*.b* TraesCS6D02G401700 JRFH 1 3%
TA AX-111737274 a* .b* TraesCS7A02G150400 JELBA 1
7A AX-110524850 a*.b* TraesCS7402G350100 HH 1
TA AX-86165096 a*.b* TraesCS7402G350100 M1 JERA
TA AX-89444413 a*.b* TraesCS7402G350300 HM 1
TA AX-109050060 a*.b* TraesCS7A402G502900LC HM 1 JEBE 1
7TA AX-110943976 a*.b* TraesCS7402G350800 KM 1R 1
TA AX-109877102 a* .b* TraesCS7402G350800 HEM 1B 1
7B AX-89724805 L*.b* TraesCS7B02G408900 M1
7D AX-86162668 L*.b* TraesCS7D02G638500LC JEFH 2 2
7D AX-94890186 L* b* TraesCS7D02G638500LC JiBH 2
7D AX-94470386 L* b* TraesCS7D02G467100 JiBH 2
7D AX-94749119 L* . b* TraesCS7D02G467100 JFFH 2 3%
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Fig. 3 ¢RT-PCR analysis of candidate genes in kernel
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Table 6 The highly expressed candidate genes related to the kernel color traits

PSRV PR A 1D L ThRE wERS
Chromosome  Trait Gene ID Function of gene Enrichment ID
2B a* TraesCS2B02G180800 emp24/gp25L/p24 F it GO:0033116, GO:0030134, GO:0005793,
G0:0032580, GO:0016021
4B a* TraesCS4B02G346000 PLACS ZjikEN -
5A L* TraesCS5402G003200 Core-2/1-Branching fif} GO:0016021, GO:0008375
5B a*.b* TraesCS5B02G399800 UDP-#j458/GDP-H 24k k000053, GO:0003979, GO:0006065,
J A TR GO:0006024
5D L* b* TraesCS5D02G004300 FE PRI 590D/ LTP 0 -
7A a*.b* TraesCS7402G350100 A RIS 1 £ 1 k000330, GO:0006596, GO: 0006597,
GO:0004766, GO:0016768
7A a*.b* TraesCS7402G350800 SR E LB B K B A 5 12 k004075, GO:1905183, GO:0010427,
GO:0004864
7B L* b* TraesCS7B02G408900 HE TR 2 AL BEHER S 1% -

- FRABI A B

- indicates not significant enriched in this study
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