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Genome-Wide Association Study of Seed Vigor-Related Traits in Wheat
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Abstract : The germination vigor of wheat seeds is an important indicator of wheat quality, which is di-
rectly related to the seed germination and spike germination of wheat. To identify the genetic loci that
regulate wheat seed vigor-related traits and explore candidate genes, a natural population consisting of
163 wheat varieties(lines) from the Huang-Huai wheat region was used as experimental materials to
investigate three seed vigor-related traits of germination rate, germination potential, and germination
index. A genome-wide association study was conducted using a 90K SNP array. The results showed that the
seed germination rate, germination potential and germination index of the tested materials showed a rich vari-
ation, and the coefficient of variation ranged from 11.81% to 25.58. A total of 196 significant SNPs were i-
dentified that were associated with the three seed vigor-related traits using the 90K SNP array. Among them,
67 SNPs can be detected simultaneously for all the three traits. Through gene expression pattern and haplotype
analyses, it was speculated that TraesCS4B02G359600 and TraesCS4A02G494700 may be important genes regu-
lating wheat seed vigor.

Keywords: Wheat; Seed vigor; Genome-wide association study; Candidate gene analysis

NERPE =R EEREEYZ — AEREE BM T K MLl 8 A RE L B RN A T
FEMEZ e P RERREENMEN. St RN R AT R IRE R & i E
Bt /N A B FOKAERESR FbR . ANER TR DR BERERNY . RS /N R A KGR BAT R 2F

W A 399 :2024-10-17 & 18 H 3. 2025-03-07

EETIE M4 M S5 E S BRI H (25A210020) 5 7 5 48 B 5056 00 H (2321021111095 F E 1 H 5 Rl %X & W H
(2023M741067)

% —{E#& E-mail:dongzhongdong@163. com (# 1 75)

1B 1E#FE E-mail:leizhao2016@163. com (¥ %)



« 1018 - # K F W

2 45 %

PR T R PRl N PR SR | BE 2 T Y S R
R R AR N R R T R SN
FENE A R R TR . RN RS
W5 TR SR & 2R K A O TN Y A
RSB B S AR, FBUNE R A A K
N S B N S N s S AN e S B R )
98, Al R/ANE R AR P R FE MRS
Xof 2 /N F o L B R S,

Pl 738 30— A R WL 7 B I R A LA
AR R R AR L 2] LUK 4 o s AR
R AP RIS Z 07 G R 2R A 36 1wt
FEIERN P T 254 B BERAE R ZERR M LAk
G LOABER RN B E W M T A K & E B R K
JIE AR SRR R 2 R A B0 LA A 5
PR ARG N RIS 1K BB
WAL N R oo, [ e Z 2 M 4 K AT 5T,
TP 8 4% 4 L T Ak B 4 PR R S TR S Y, X R
M) /)N 22 i = 3% 77 9 a8t 1 ML 2 A7 00 5, 45 8 A G
AR PR, AT O 38 5 A T B RNl
T R AR

YEW B 05 7 305 SR R 2R R 2 R

BAC R IR R AR K O K R T R AR R AR
HEATLRG VRN L /NP7 IE T 02 32 22 56 TR 42 ol
1) 52 Z B0 AR I AT Sk [ 4% LA OC R IR 1Y 3t 1%
ML BT e — 26 TAE IR — e b e, fijan, 22
JEF I 35050 X 1 4% 483 B4 A 32 & (RIL) ##
KRR AR, K B 27 AN SR R R T4
T & MR A 1 QTL, A4y QTL T fiff Fg 3¢ 40
AF R 6. 97% ~22. 29 %0 /N E A
FRVGA 817 225 H e i RIL BEAK. & 17 7 28
NENEM TR R LS BT REMCM
QTL, FTEk M FE R 0. 83% ~13. 99% ", o HE
WA 175 43 /NE2 Bl CRO ¥4 BB B 20 B A
PRI 20 A5 15 7 A DGR 2 G
P75, R AR R B AE 6. 6620 ~35. 2102
B2, Zuo ZENEH) R 84258 Al [ # Jk 32 4
AR RIL FERXT A T2 4k 5544~ 19 Bl 735 71 41
KR AT QTL 7, 7E Y fk 2D 3D 4A F
6B Labdw 10 MaE M QTL, & AR
P RIL BERXT/INZE B 716 01 i MR iE 1T QTL
SENL L TE 3B Yo iR S B — A F 8% QTL. Hxt &
FRME FRNRBMBERIL 2000 1Y, X
W DL 10 IS % 14 NEARMER DH BEA
ARG AR AE N T A A R 2RI 2 50 5
INZE BTSSR AR S B i QTLY . Rk JE

SEXE 404 oy /NZE R BTASRLAY 11 ARl 3 7 AH G
PR AT 2 5 F 4 R BE 7 BF (genome-wide asso-
ciation study, GWAS) , % E i 28 N5 /NEFh 1
T 3 AH S MR 9 S 28 O IR A L, I AT 3 A4S 5
T —F 105 7 w0 B R G B i i 3 R 1 ROk
H FTEE X /N 22 T 1% 07 0 55 %) 08 38 AE X8R D
AL+ oA PR, m R S8 H I R Tz IR A
BT, LT G Rk 55 T/ N 22 B R R A 7

FIH SNP it 7 X VR 9 0 4 20 P L ik 55
PR AT 4 5L K 2H SCHR 4, mT LUV 4% 3] 5 H
PR AH SCHR (1 SNP A7 8, #F 17 A PR iy 25 7 A
KAWL, X FloE 7 HRBEE SNP Gt £ R Y
ICHE TN DG IR 43 B BHLEE 1 AN W8 5 5 1E 3 T R B A
WFoT e 2 T Mo skt . HEn e /b & b R
GWAS & ) % 5 22 A 12 R 00 oG 5 45
SEIN TR (0 PR S N TaRPPISLI ™ 25 3L Ji 06
otk £ N TaDIR-B1 "0, 4y BE ff1 & 15 ) 3%
TaHSTIL " it ¥ 3£ N TaSnRK1a Y45, JB IR
T AR A W T .

ABEFELL 163 B3 /N2 it Bl (RO A Y B SR
AR 255 90K SNP It Xt /INEE B 11 71 4H
KMR AT 2 B 2] G e i IR T 5 AN E R+
% JIAH G 1) SNP o7 8, I3 2k 43 A1 48 2t 52 1l /)N
22005 1 09 A DG EE A, DU Ry R /N 22 R
77 PR B R AR HE R AR

1 ARAR 7 i

1.1 #ikH R

AR FE LA /IN 22 ol Jo % O Bk 3k 11 Y 163 1y
RN/ 22 i B (RO F BB 1SR B A (R 3 1
BE AL Py s R BAR A BT A AR ]
M K2 /ANE o F B R SR = 4R, F
20212022 4F J& 43 51 Fh A F 100 B A ok K 2EFR M
B 0R 76 B X R0 5 BH BRI 5 s, B4 b S B 2
WHEE B NMERE 2 17,47 1.5 m, 17 23
cm, BRIE 10 cm, M [E] 48 R IA) — Ml o /1, e g
J5 A SR, SR 5 T TBORL, BCE T — 20 CUkAE
L 0 R
1.2 ZFHEXIBIRERNE

H RS0 CGRO H BEPLEE B 100 k7 Fp
FORAEIA K ZEA (B KD B — K R 3R,
BT EES IR 25 C T TR R R 1 & 2
IKAF . W & A R A R I R A Y K B K PR R
RIEAAE TR RS . SR il F 2 o v %
PEHLES 4 Kk ZEFhF RSB & 2 # (germina-



58 I

PR AR /NI A DG MR A 4 3 TR 20 DG IR 43 # + 1019 -

tion potential ,GP) , BEHU S 7 K & 2 Fp+ B 40T
B R 2 (germination rate, GR) , JF R 5 23 21T
B &k 48 8 (germination index, GD%) H
AT
GP=(n;+n,+n;+n,)/100%
GR=M/100%
GI=(7TXn, +6Xn,+5Xn; +4Xn,+3X
n;+2Xng+1Xn;) / (7X100%)

/E\:':F'ﬂ’llxnz\"‘\T’U %E%*\%:,*E@J
S5 T R O3IN XS RN A SERFRLEL, T MO FEAE 7 d
N 2R BRI

1.3 BEERSE

RN 90K SNP i % 163 £ Z ik b1k
AR AT DRI AG N oy b 5 BRI R A
FRZA R 58 185 X8 70 A 75 3 09 I 46 88 8Os 6 AT T
JoT i 4R SR T PR AL 2R 3N T 0. 1 R N AR
i F K A% 8 (minor allele frequency, MAF) X F
S5F 0. 05 BUARIE, F 20 0k ) 44 790 A A
Z M SNP i i TR g .
1.4 GWAS S R #E A E

il TASSEL 5. 0 R 4L, R IR & AR
7 (mixed linear model, MLM) (PCA-+K) X} 5
AR AT GWAS 20 Mt . P 7 22 56 B (KO 3 i
VanRaden J 318,87 4 4~ F W48 (PCA)
WABR DA IR S5 M . A B D =/ H
4 1Y) % AP 4 Bk A PLINK 800 Chttps: //
zzz. bwh. harvard. edu/plink/) , BE & 45 ¥ 43 #7 %
JH Structure 2. 3. 4 420 g F A S AR
EEE R 1077 PR UL Z AT s

KM Excel 2013 X 32 51 8 8 ¥E 47 %% 3 A1 4>
Br o TH 5 & A48 bp de KB B /IME L 21 B 1
% AF 5 ZH T SPSS 26. 0 X B kAT 7 22 4%
B B BE 241
L5 SMERFESN

FIH Ensembl Plants R34 # (http://plants. en-
sembl. org/Triticum_aestivum/Info/Index) f¢) H

] 7 10 B 5L P 20 (IWGSC RefSeq vl D) X 5%
I AES W SNP SCHE Y T B BE B 5 F) /N 22 K
BARAE L 5 WheatOmics(http://wheatomics.
sdau. edu. en/) 7E £ T H X H A5 3 [ Y & 38 81
R [R5 R R AT 437
1.6 qRT-PCR %3 #f

XF 23t AW & B A 7 AT B R
Trizol Reagent (Invitrogen, 15596026 ) #f 17 &
RNA $#25,f#f F RNAclean Kit CRARAE4LB 4
BR 2> 7). DP412) Pt 47 4l 4k, A ] SuperSeript™ Il
Reverse Transcriptase (Invitrogen, 18080044) 17
BESRAA EE — 55 cDNA, FIJH H 09 2 B 45 5 15
W) Be/NHE NS 3N Actin (Genbank: AB181991. 1)
e AT R H Rk B Hr . 78 CFX96 52 %t
5E it PCR X (BioRad) -, %) H A5 3 K] ) A X 235
TR, AT 3 UK, A XS Rk
2T WY I IR RS R AT AT LA

2 HREAMN

2.1 MFFHARERRESEITHH

XF 2 ANEREET 4 R EE SRR RO T
KZESLY, IR AR (Y 3 AN B TE 45 AR ok ok
iR geit. mE 1 ars, 2 163 /N M
BHOF TR ZER R ZERME FIRBON AR
AR S AR S R B L2 11, 81% ~22.58% . H
e, R 2SR e K RO R R A B
JERZER, T ESNERW K TG T4 T8 bRk
WM B E2ZR GE D — L Ui S8
IRAEFD TR 250G SR EAF AT 2 A L ks
AR ORI AT 4 DR A I A A BE E T T
S IME T, & 2ER R TR R 2R T8 Bk I )
A7 A0 S 3 A S L AR SC R B HE 0.9 L L
Hi R 2FR 5k FFRMHICRECH 0. 915 6, k2
RERIFREBNMCRECH 0. 921 4, RFH MK
FEFSECA R 2 R BGAF) 0. 983 9, BEHA T 3 48
P 5 A D 0 1K S AR — B R S R A5 R

®1 MFBEHAEXERBRERTESH

Table 1 Statistical descriptionand analysis of variance for the three seed vigor-related traits

PEAR I /ME SN} RESE P v 22 8 S R ¥75 F A& P 1A
Trait Minimum Maximum  Average Standard deviation CV/% Mean square F value P value
GR/% 27.00 100 92. 26 10. 89 11.81 219. 46 4.57 <20.000 1
GP/% 10. 00 100 82.56 18. 65 22.58 437. 65 6.27 <20. 000 1
Gl/% 14. 71 100 80. 89 16. 11 19.92 275.14 5. 64 <0. 000 1

GR: B HH GP R GL E M., £ 2 MEA 4.

GR: Germination rate; GP:Germination potential; GI: Germination index. The same in table 2 and figure 4.
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PR bric £ FR PSSR L/ BLE DALY
Trait SNP Name Chromosome Position/bp
Tdurum_ contigl0222_68 1B 581 306 097
RFL_Contig3621_596 4A 742 336 183
GR  BobWhite_rep c63804_353 6B 451 926 960
BobWhite c36415_378 6D 285 184 825
Tdurum_contigb4532_ 206 7B 438 009 059
- Bsooozz158 51 1A 516373 257
Tdurum_contigl0222_68 1B 581 306 097
RFL_Contig3621_596 4A 742 336 183
Kukri ¢19909 434 1B 650 037 247
oP RACS75_¢202 474 4B 650 037 663
BobWhite_rep c63804_353 6B 451 926 960
BobWhite_c36415_378 6D 285 184 825
Tdurum_contig54532._206 7B 438 009 059
o Tdurum_contigl0222.68 1B 581306097
BS00070426_51 2D 14 899 552
RFL_Contig3621_596 AA 742 336 183
Kukri ¢19909_434 iB 650 037 247
o RACS75_¢202 474 1B 650 037 663
BobWhite_rep c63804_353 6B 451 926 960
BobWhite_c36415_378 6D 285 184 825
Tdurum_contig54532._206 7B 438 009 059
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Fig. 1 GWAS results of germination rate
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Fig.3 GWAS results of germination index
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Table 3 67 SNPs significantly associated with the three seed vigor-related traits
s brid Ye o A LY/ R A G5 bric RUREN Py A
No. SNP Chromosome  Position/bp || No. SNP Chromosome Position/bp
1 BS00022158 51 1A 516 373 257 35 BobWhite c27885 197 5B 462 127 639
2 Tdurum_contigl0222 68 1B 581 306 097 36  Tdurum_contigl0691_270 5B 536 322 869
3 CAPIIL rep 4760 280 1B 643 246 671 | 37 RACS875 c21299 439 5B 539 074 104
4 BS00062875 51 2A 34 656 500 38 RAC875_c60758 585 5B 597 220 574
5  Kukri ¢3701_570 2B 9 731 156 39 Excalibur ¢23709_938 5D 384 069 073
6  Kukri c24081 1386 2B 744 383 628 40  Excalibur c23709_358 5D 384 069 653
7 Kukri c94792 69 2B 785 890 205 || 41 Kukri ¢10530 1013 5D 384 070 240
8  BobWhite c20158 834 2B 786 035 733 42 RAC875_c7364 659 5D 437 336 975
9 RACS875_cl12741 101 2B 786 229 394 43 BobWhite ¢23609 292 5D 441 104 304
10 Tdurum_contig27848 179 2B 786 225 768 44 Excalibur_c27114_442 5D 443 251 771
11 BobWhite c17047 352 2D 274 944 45 Ex cl17055 911 5D 444 548 843
12 Kukri c49826 589 2D 674 692 46 BobWhite c9761_225 5D 445 640 850
13 BS00070426_51 2D 14 899 552 47 Excalibur_c11929 1019 5D 446 278 510
14 D contig05584 210 2D 31 897 703 48 RFIL _Contigd244 680 5D 446 399 412
15 tplb0051b16_ 1324 AA 473 688 828 | 49 Kukri_rep c101121 477 6A 47 902 464
16  Kukri c61419 550 4A 488 252 138 50 BS00065870_51 6A 91 900 694
17  RFL_Contig3621_596 4A 742 336 183 51 Excalibur c62326_253 6B 8 418 602
18  Kukri c100377 52 AB 301 702 217 | 52 RACS75 rep 72457 638 6B 84 128 786
19  Kukri ¢19909 434 4B 650 037 247 53 RACS875 ¢49970 229 6B 149 469 940
20 RACS875 c202 474 4B 650 037 663 54  Kukri c29591 1356 6B 149 469 981
21  Excalibur_rep c68301_1546 4D 207 708 687 55 RAC875 _rep c119363_ 99 6B 175 342 473
22 RAC875 c5827 554 4D 337 152 963 56  BS00041505_51 6B 219 214 809
23 GENE—3078 101 4D 346 130 219 57  Excalibur c6416_ 1712 6B 446 837 457
24 RACS75 c5145._ 1920 5A 3402 090 | 58 BobWhite rep c63804_353 6B 451 926 960
25  Excalibur c6742 352 5A 3404 297 || 59 Jagger c1503 348 6D 213 392 813
26  Tdurum_contig39869_ 138 5A 547 792 153 60 BobWhite c36415_ 378 6D 285 184 825
27 RACS75 rep c117766_ 423 5A 551 045 842 | 61 Kukri ¢22032 619 6D 289 216 937
28  Kukri 9522 994 5A 552 954 988 | 62 Kukri ¢36213 211 7A 221 680 793
29 RACS875 cl18065 1521 5A 558 321 777 63  Excalibur c10902 1264 7B 216 657 373
30 RACS875 c2651 403 5A 564 242 047 64 Tdurum_contigb4532_ 206 7B 438 009 059
31  Excalibur c26711_222 5B 439 059 956 65 Excalibur c62227 545 7B 680 117 131
32 RAC875_c9150 2945 5B 459 477 456 66 BobWhite c12078 316 7D 205 133 422
33 BS00069866_51 5B 461 829 096 67 RFL_Contigd842 579 7D 600 967 796
34 BS00069867_51 5B 461 829 067
BHap1 Hap 2
A B
- 1207 )
3 B ok 85 83 S 2o o 3
F100p Tax £ 100} 82
< sof I 5k &
© % 60 % 80fF
@ o
=
= 60T 3 2 L 33
< oor N \ Bl \
\ % s N
g 40} % § g 40} §
£ 201 I N\ 2 20 N
# N \ N A l
GR GP GI GR GP GI
TraesCS4B02G359600 TraesCS4A02G494700
* %, P<C0.01

4 2NMEEEEMAEFERSH
Fig. 4 Haplotype analysis of the two candidate genes
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