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Genome-wide Association Analysis of Wheat Grain
Related Traits
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Abstract: Grain size and morphology is one of the main factors that determine the wheat yield. It is of great
significance to mine the associated loci of grain size and morphology related traits and screen related candidate
genes for improving wheat yield. In this study, 300 representative natural populations of winter wheat were used
to identify the phenotype at nine grain traits, including 1000-grain weight, grain length, grain width, grain
thickness, grain length-width ratio, grain area, grain perimeter, grain shape and grain plumpness. This
collection was genotyped by 90K SNP chip, followed by genome-wide association study using mixed linear
model (MLM+Q+K). The results showed that these traits showed rich phenotypic variation, with the coefficient
of variation ranged from 3.80%~26.06% and the broad heritability from 56.25% to 91.98%. Sixty-six loci (P<
0.001) were detected by GWAS on 18 chromosomes except 3D, 4D and 5D, explaining 3.74%~14.34% of
phenotypic variation at each locus. Thirty-seven pleiotropic loci were found associating with two or more grain
traits. Especially, the BS00022512 51 marker on chromosome 3B was simultaneously correlated with 4 grain
traits (grain length, grain width, grain thickness and grain length-width ratio), with the largest apparent
contribution rate (7.06%~14.34% ). The wsnp_Ex_¢4480 8055475 markers on chromosome 6D were simultaneously
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associated with six grain traits except grain thickness, grain shape and grain plumpness, and the phenotypic
contribution rate was 3.81%~8.25%. Haplotype analysis of BS00022512 51 and wsnp Ex c4480 8055475
markers showed that there were three haplotypes of GC-Hapl, AT-Hap2 and AC-Hap3 in wsnp Ex c4480
8055475 loucs on chromosome 6D, and Haplotype GC-Hapl is a haplotype with large grains and high 1000-

grain weight. The three haplotypes accounted for 65.58% and 32.25% and 2.17% in population, respectively.

Haplotype GC-Hapl was predominant in four winter wheat regions in China. Nine candidate genes were

proposed based on 37 significantly-associated multiple effect SNPs.

Key words: wheat; grain size and morphology ; haplotype ; GWAS ; candidate genes
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Table 1 Phenotypic data analysis and heritability of grain size and morphological traits in wheat

PR 7825 AR S YEhRifE2E Pt £ R ABRRE(%) )Xk )1(%)
Traits Environment Range Mean+SD Ske. Kur. cv Vg
T (g) El 24.71~53.84 42.40+4.58 -0.38 0.40 10.81 84.75
TKG E2 26.54~57.49 43.64+4.54 -0.46 0.73 10.41

BLUE 25.58~53.11 42.97+4.27 -0.60 0.73 9.95
K (mm) El 5.60~7.52 6.63£0.29 0.07 0.38 439 91.98
GL E2 5.23~7.11 6.30+0.29 -0.03 0.69 4.62

BLUE 5.47~7.20 6.47+0.28 -0.02 0.50 435
HL5E (mm) El 2.90~3.79 3.47+0.16 -0.64 0.39 4.54 86.40
GW E2 2.82~3.76 3.36+0.15 -0.56 0.77 4.45

BLUE 2.86~3.71 3.4240.14 -0.76 0.83 421
5 (mm) El 2.62~3.68 3.13+0.16 -0.20 0.59 5.12 75.69
GT E2 2.64~3.68 3.1240.16 -0.12 0.86 5.09

BLUE 2.65~3.52 3.12+0.14 -0.36 0.37 450
FPRLATF (mm?) El 12.53~21.14 17.89+1.29 -0.35 0.67 7.23 84.74
GA E2 11.51~23.49 16.41+1.35 0.56 3.89 8.20

BLUE 12.14~21.38 17.15+1.22 -0.17 1.49 7.12
FARLE (mm) El 14.73~19.44 17.55+0.68 -0.19 0.83 3.86 87.55
GC E2 14.25~20.36 17.04+0.73 0.08 2.16 428

BLUE 14.55~19.33 17.29+0.66 -0.23 1.29 3.80
PRI FE HE El 1.68~2.35 1.94+0.10 0.40 0.89 5.08 90.64
LWR E2 1.69~2.31 1.90+0.09 0.58 1.30 481

BLUE 1.68~2.33 1.92+0.09 0.50 1.38 473
KRR El 1.00~4.00 2.36+0.54 -0.36 0.28 22.83 61.94
KS E2 1.00~4.00 2.33+0.61 0.01 0.00 26.06

BLUE 1.00~3.63 2.34+0.47 -0.34 0.46 20.03
ARG El 1.00~3.00 2.15+0.52 -0.46 -0.17 24.17 56.25
GP E2 1.00~3.00 2.26+0.57 -0.39 -0.52 25.06

BLUE 0.97~3.07 2.2140.43 -0.51 -0.08 19.42

E1:2018-2019 4F BN MT PR 5105 E2: 2019-2020 4F BEFG A R85 17 s BLUE : fiefELR ML Al 113 TKG : TR H s GL AR s GW A1 58 GT ook
JE s GA PRI ; GC KPR R s LWR FPRL K FE HE s KS FPRIZAR ; GP KPR EE 5 T [F)

E1: Manas 2018-2019 environmental point; E2: Manas 2019-2020 environmental point; BLUE: Best linear unbiased estimate; TKG: Thousand-
kernel weight; GL: Grain length; GW: Grain width; GT: Grain thickness; GA: Grain area; GC: Grain circumference; LWR: Grain length-width

ratio, KS: Kernel shape; GP: Grain plumpness; The same as below
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TKG: Thousand-kernel weight; GL: Grain length; GW: Grain width; GT: Grain thickness; GA: Grain area; GC: Grain circumference; LWR:
Grain length-width ratio; KS: Kernel shape; GP: Grain plumpness; *: Significant at P<0.05; **: Significant at P<0.01; ***: Significant at
P<0.001; The same as below
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Fig.1 Correlation analysis of grain size and morphological characters in wheat
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A': Schematic of population structure; B: Population structure analysis A K as a function of K value; C: Principal component analysis
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Fig.2 Population structure and principal component analysis diagram
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(41.77+4.21 g) ki 9% (3.37+£0.14 mm) ., ¥ RE 1 F2
(16.81+1.17 mm?®) FUFFKL JE4< (17.1740.67 mm) ; 2
GC-Hapl BUA5 ALY 5L A (R ) IFFRL B8 HE (1.90+
0.09) {2 3 (P<0.05) ik T H AT-Hap2 S5 5L (1) 5 Fh
(Z) BRPR K 58 1 (1.940.10) ; . AC-Hap3 BAf5 50
() b Bl (R ) B FERL MR 7E P<0.05 7K F- 15 H GC-
Hap1 1 AT-Hap2 5LA5 8 & F (R ) FFRL MR 1Y
JC 35 2 5 BRI (E A T GC-Hapl 1 AT-Hap2 B

R i R (3R) Z 18] . H AT-Hap2 {3 750 1)
(R) BSRFEFPRL T8 LR T2 (P<0.05) & T
H GC-Hap HUA5HI 1) f B (FR) |, (HBAS PSR Y
Fi (R DR AR 25 22 5 R Vi i 2
Sto PRI 3B R BLfE T GC-Hap 1 PRI
FR) s T FE B AR

RS RUAEAR S A A %67, FL GC-Hap 1 FL5
) fb A () 5 65.58%, H. AT-Hap2 HLA% 7Y (14 & R
(%) 5 32.25%, . AC-Hap3 {5 R S Fh (£R) 5
2.17%, H. GC-Hap1 HLA5 B 5 Bl (R ) 23 A i 28
58 KT H AT-Hap2 1 AC-Hap3 FRA5 R Ll (£ ) .
B TR 43 A1 B R, HL GC-Hap 1 B4 78 (1 i A
() 5 A B3R IRV i 4 27 1X.(90.00% ) > KT
TUFAHZ X (89.74% ) > ¥ A F X (69.73%) >JL 3
A7 1X.(69.57% ) > [ A1 it Fi1 (32.26%) 5 B AT-Hap2
PG R G B (R ) 43 A1 AR 3R B & A A
(67.74%) > T W 4 72 X (27.52%) > b & 2% X
(26.09% ) > B 24 42 [X.(10.00% ) > KT Fh R iif & 3%
X (7.69%) ; H. AC-Hap3 HLA5 R (1) 5 Fil ( )X AE L
TRAFZ X B ZE KRN R VL R4 2 X 4 A
AR 2 KA AR A Bt 5% (1 4C) . 253k
Bl 3 F EAAE TR AE 45 22 IR I 0 A IR AP TE R K 22 57
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Fig.3 Manhattan and Q-Q plot display of partial traits

The black solid line at an ordinate of 3 in the left Manhattan plot represents the threshold (-log,,(P)=3), and a value greater than 3 represents the
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Table 2 Locus information significantly associated with multiple grain traits at the same time
FF5 LN () geafk IR E (Mb) P1H FAITIRA (%)
Number Traits Marker Chr. Physical position P value R’
1 GL/LWR Tdurum_contig60037_441 1A 23.97~28.62 1.54E-04~6.92E-04  4.15~5.65
2 TKG/GW Ex_c15768_799 1A 517.48 1.18E-04~9.59E-04  3.74~5.10
3 GT/KS wsnp_Ex_¢5780 10153638 1B 20.18~26.19  3.73E-04~7.88E-04  4.12~4.60
4 GL/GT/LWR BS00033332_51 1B 38.83~40.19 1.45E-04~9.56E-04  3.93~5.38
5 GW/GT/LWR GENE-0403_301 1B 109.73 2.72E-05~8.54E-04  3.89~6.24
6 GL/LWR Kukri_c19641_753 1B 275.67 4.65E-06~3.44E-04  4.36~7.36
7 GL/GC/LWR Excalibur_c10111 127 1B 637.62~642.68 1.70E-05~9.30E-04  3.80~6.50
8 GT/GP wsnp_Ex ¢38849 46284348 1B 661.63~668.25 3.59E-04~7.70E-04  3.95~4.64
9 LWR/GP TAAV426 1D 16.79 4.77E-06~6.51E-04  7.74~13.07
10 GL/LWR RAC875_¢259_1339 2A 759.83~760.56  4.69E-04~9.67E-04  4.12~5.79
11 TKG/GW/GA BS00099658 51 2B 2491 3.59E-06~7.97E-04  5.15~9.11
12 LWR/KS BS00081406_51 2B 140.85~142.45 1.11E-04~9.23E-04  3.83~5.21
13 LWR/KS Excalibur_c42512 584 2D 577.11~580.19  3.34E-04~8.25E-04  3.94~4.55
14 TKG/GP Kukri_c14029 117 3A 53.34~55.09  6.68E-06~8.93E-04  3.76~7.19
15 GW/KS TAAV8990 3A 375.82 7.11E-04~7.87E-04  4.03~4.43
16 TKG/GP BS00097939_51 3A 729.58~732.04 1.29E-04~8.84E-04  4.65~5.84
17 GL/GC Excalibur_c18641 1849 3B 230.34~235.87 1.12E-04~8.32E-04  3.80~5.19
18 GL/GW/GT/LWR BS00022512_51 3B 687.76 4.05E-09~8.17E-05 7.06~14.34
19 TKG/GW Tdurum_contig31852_251 4A 734~734.07 1.24E-04~9.62E-04  5.07~6.76
20 TKG/GW TIAAV971 4B 37.69~40.75  3.45E-04~9.04E-04  3.82~4.44
21 TKG/GW/GT Excalibur_c56787_95 4B 59.21 2.40E-04~8.59E-04  4.11~5.88
22 GW/GT Excalibur_c52517_464 4B 167.35 6.01E-05~6.48E-04 4.01~5.59
23 LWR/GT wsnp_Ex_c25373_34639805 4B 480.59~482.65 3.51E-04~6.10E-04  4.12~5.53
24 TKG/GW GENE-2771_327 4B 526.73~526.93  6.66E-04~9.37E-04  3.74~4.26
25 GL/GA/GC wsnp_Ex_c831_1625061 5B 10.53 2.51E-04~8.32E-04  4.97~5.83
26 TKG/GW/GA BobWhite_c14575_323 6A 129.74 1.65E-04~6.06E-04  4.11~4.97
27 GW/GT/KS RFL_Contig6053_3082 6A 594.99~597.79  4.47E-04~8.11E-04 3.94~4.31
28 GA/GC/LWR/KS Jagger c555_ 287 6B 188.19~191.99  3.75E-04~9.48E-04  3.81~5.08
29 TKG/KS Kukri_¢50603_164 6B 451.93~456.76  3.41E-04~7.98E-04 4.05~4.75
30 GL/GA/GC Kukri_c65194 111 6D 98.13 1.56E-04~9.22E-04  3.89~5.04
31 TKG/GL/GW/GA/GC/LWR wsnp_Ex_c4480_ 8055475 6D 461.92~464.94 1.07E-04~9.95E-04  3.81~8.25
32 TKG/GT BobWhite_¢5396_296 7A 442.27~443.96  1.38E-04~9.95E-04  3.77~5.18
33 TKG/GC Kukri_c24408 743 TA 670.82 3.21E-04~9.55E-04  3.85~4.67
34 GW/GT/LWR Tdurum_contig29240_206 TA 702.40 3.50E-05~6.28E-04  4.02~5.97
35 GL/GA/GC/GP CAP7 _c1383_548 7B 23.44~26.24 1.16E-04~9.62E-04  3.74~5.17
36 TKG/GA/GP wsnp_Ku c665_1371121 7B 58.25~58.73  5.23E-04~8.78E-04  3.95~5.18
37 LWR/KS Excalibur_c32138 394 7D 633.20~633.60 1.45E-04~7.64E-04  4.10~6.29
TICHLASE 53 A T A B

With bold sites as newly discovered sites

2.5 REEEFE

g3 /N7 A S R 2 R 13 (TWGSC,
https: //www.wheatgenome.org/) , AW 57 X 15 2~ F
B R /INFTE MR i 35 OCIE SNP AR i1 77 51 ks
R, KT 9T REAYEEIL R (% 3) . 7E 1B
Yk EAAAEPIAMEBE L ] TraesCS1B03G0270700
Fl TraesCS1B03G 1104100, 43 ) 4w MYB ¥4 5 [H -+
(MYB transcription factor) F M (Kinase) . FI# 2
S5 ARGER, 5 & EEENIE S %5 K%
HE R EmiEhhRMEM. 2B aikn
TraesCS2B03G0104000 %% 5 /9 40 il {2 & P450
(Cytochrome P450) ZEAH WA B AE )5 LR T,

BAMREhUEE6E. AT 1D Y OIKAY TraesCSI
D03G0071600 F13A YK 1) TraesCS3403G0182600
Y i & 28 M 202 1Y 52 K K U (Cysteine-rich
receptor-like kinase) , 2RI A=A K T A
ARG . 3B YL EIARY TraesCS3B03G 1107
600 % % T Ik 5 52 J7 5] 11 28 11 JiT (Pentatricopeptide
repeat-containing protein) , = % 2 5 H ¥ 14 396 355 bl
BAERKEE . AT 6B Y AR TraesCS6B03G04
48200 %i %77 % (Ubiquitin) , 12 3 /5 #0211 ) %
fiff 12 FRIRAR S E AR YR TR/ NI E . AT 6D
YL 1A 1) TraesCS6D03G0893200 4 ith RING/U-box
A F 45 11 (RING/U-box superfamily protein) , 2 5
b Z MR ST 6T 7TA B iR
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TraesCS7A03G1260500 4 % F-box 5K 1 (F-box S5 S A1 A= ¥ K Al A= W30 55 v 3 45 Jy 1 e 3] o
family protein) , LK EEFIXEY AR LT A5 1EH.
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A TR R RLTE PRI PRI FPRK TE LU/ N ERE . B 6D YAty wsnp_Ex_c4480_8055475 Fric Ik A9 Bl I I .
C: 3FPAAERITER 51 300 (7372 it Fh (F2) B A3 AT AR S 3 Tl BAE RULE ry ] 4 A4S 4 22 DRI I S0 RIS ATARR s 1 3 b SR B A AR 18 43 A1 45
A& AR DG T U X TV RTTH A2 D VL T RA 22 X VI [F A
A': Violin diagram of 1000-grain weight, grain length, grain width, grain area, grain perimeter and grain length-width ratio. B: Linked regions
associated with wsnp Ex c4480 8055475 markers on chromosome 6D. C: The distribution frequencies of three haplotypes in 300 wheat varieties
(lines), and the distribution frequencies of three haplotypes in four winter wheat regions in China and foreign varieties; I: The overall distribution
frequency of three haplotypes; 1I: Huang-Huai winter wheat region; III: Northern winter wheat region; IV: Middle and lower Yangtze River
winter wheat region; V: Southwest winter wheat region; VI: Foreign varieties
El4 wsnp Ex_c4480 8055475 BB {E RIS 47
Fig.4 Haplotype analysis of wsnp_Ex_c4480_8055475
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Table 3 Screening to obtain candidate gene information

e PEIR SNPHRic Jetafk  PPIE (Mb) B L REER

Number Traits SNP marker Chr.  Physical position Gene ID Functional annotation

1 GW/GT/LWR GENE-0403_301 1B 115.97 TraesCS1B03G0270700 MYB #% 5%+

2 GL/GC/LWR Excalibur ¢10111 127 1B 644.63 TraesCS1B03G 1104100 T

3 LWR/GP IAAV426 1D 18.15 TraesCSID03G0071600 & 1Mt 2 R (1) 22 VA B iR 26 1

4 TKG/GW/GA BS00099658 51 2B 27.54 TraesCS2B03G0104000 AN 4,38 P40

5 TKG/GP Kukri_c14029 117 3A 53.51 TraesCS3403G0182600 a Tl e SR 1) A7 AR

6 GL/GW/GT/LWR BS00022512_51 3B 703.84 TraesCS3B03G1107600 T HIKER P E AR

7 GA/GC/LWR/KS Jagger c555 287 6B 198.25 TraesCS6B03G0448200 T EE

8 TKG/GL/GW/GA/ wsnp_Ex_c4480 8055475 6D 484.02 TraesCS6D03G0893200  RING/U-box HZHE M , I

GC/LWR

9 GW/GT/LWR  Tdurum_contig29240 206 7A 707.89 TraesCS7403G 1260500 F-box X E M

3 Wi 3.2 AR GWAS LRSI AMRLE
Wk GWAS {4y 0 5 DAL 5 GF A 56 T 28 52 1 43 )

3.1 FRMERHRENR T H TEA Y S F R b R R R T
INZERERL R INRTE & AR 5 B /NZERPRLR/NFTE 25 AH SRR s Tl 22 3 DR 4

RN T S A A B DR 2R, LB A% A b % 3R AR
B HAEEZE L R, N FERR /N
UG 5 A0 S MR B ik 52 TE 28 0 A, A% 0 7
56.25%~91.98% Z [a], I A H AR IR B A BRHY
RAVES EA AT RIEFA AP, TR EE
R ) E RN R 2 —, 2 BAPRA B TR
JE B R R TR R AE TR R (W e [m] 2 . A 5T 2R B
BRFFRLC TE LA, Hor MR 5 TR R R 2 (P<
0.001) IEAH G F , s 11 AR TR 2 A9 AH JC 1 1
= (r=0.90) o FERLTEFRSZ BRAS R 58 A 2L [R5
VAR N YA b i R R AT R 1) R 1B £ SO [ 1A
Fi 5 TR A A G PR B B KRR S TR A A
Ktk [RIE R TE -5 Tk EE 0 AH DGRt B B R TR
JE5 TR E AR DG , X R B H Fi /N - w3
32 BIRLGE 1550 A, X S 2 AR TR BIF 5T
AUEHIR S [RIEF ASIE 5 R AR 5 B9 A g
(B Y, 5t DR AT RE 55 8 i GO0 /N A KA B B e 434
PAFTEN KRB E R . Gegas 52 i T RZHEH
IINZZ JE TR B RFRE R /INFTE SRR, &30/ INZZ (kR
AT 2R 1 S A R Ak B — i B | B R A
RUPRARKFRL . Marshall 552056 /N2 g7 F T Lfr]
YT, R ISR R/ INFITE 25 B R S M A A —
FE 255 KT/ RERE R B TG, WO I3 /N 22
R R A e o X SN R WA A T AR AR K
AINPRAR AR ST 7 BBy o BT A S I B R, AR
) D AR A T R R 2 A B B IR AR

il S PR , JLAA% A AT 1R 1 A2 0 SE R R R BRI
HAERZIR , DH AR AS ) R85 o 2 A B b i -
PRGN S A A &S HME™ . At
58 Lh—log,,(p)=3 FBUE , TE P A S L IREE Hp LA
5 66 4~ Fa 2 19 b i - 1R S 67 o5, AT i BR
3.74%~14.34% W R AR 5 Forp 1B YL i e 47
AL SR (1245) 35X 1247 520 B ks K
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Ko AT 4A Yo pAE 07 21 1 550 58 i 2 Gk
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Frpr A BE A 3500 PT RESR IR T % 3L [ . Zhao %5 F
1D G A 44 28 A B 42 i FF R K 98 L 1Y 7 8 AX-
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380 92 ] -7 T R T8 AU 1T ALK BS00099658
514 55, Daba Z8PFEIZ YL 414K 16.90 Mb AL 5]
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Malik 2552 FE3% A0 5 T U7 16.59 Mb AbAS I E] 14 K
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SERERL/INT [ 119614 ; RING/U-box 88 5 % 5 I 1E
ZERBIERIEM , M2 2R KRR T
FERIR/NE S48 THER4 . AR5 2 AR
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Table S1 Information on stable loci significantly associated with wheat grain traits

PR fLA Yetfk  WEALE (Mb) P1{H RATTHR(%) 28
Trait Marker Chr. Position P value R’ Environment
T Ex_c15768_799 1A 517.48 1.18E-04 ~7.77E-04 3.84~5.1 E2/BLUE
TKG BS00099658 51 2B 2491 1.37E-05 ~3.59E-06 8.05~9.11 E2/BLUE
D_contig04313_517 6D 462.46~462.47 1.07E-04 ~6.80E-04 4.32~6.73 E1/BLUE
Kukri_c24408_ 743 TA 670.82 3.21E-04 ~9.55E-04 3.96~4.67 E1/BLUE
PR Tdurum_contig60037_441 1A 23.97~28.62 1.54E-04 ~6.14E-04 4.93~5.65 E1/E2/BLUE
GL BS00033332 51 1B 3891 1.45E-04 ~9.56E-04 3.93~5 E1/E2/BLUE
Kukri_c19641_753 1B 275.67 1.86E-04 ~3.44E-04 436~4.8 E1/E2/BLUE
Kukri_c5357_323 1B 637.62~641.2 1.70E-05 ~9.30E-04 3.87~6.5 E1/E2/BLUE
BS00097481 51 3B 230.34~235.87 1.12E-04~6.37E-04 4.06~5.19 E2/BLUE
CAP7_c1383_548 7B 26.24 9.16E-04 ~9.62E-04 3.74~3.79 E2/BLUE
L BS00035883_51 2A 694.45~694.59 4.63E-05 ~5.02E-04 4.4~597 E2/BLUE
GW BS00099658 51 2B 2491 1.19E-04 ~1.50E-04 6.54~6.66 E2/BLUE
Tdurum_contig51995_377 3A 532.65 1.48E-04 ~7.14E-04 5.48~5.76 E1/BLUE
Ra_c63818_731 3A 564.94~565.36 1.58E-04~6.14E-04 4.13~4.96 E1/BLUE
BS00022512_51 3B 687.76 1.40E-05 ~1.78E-05 7.98~8.16 E1/BLUE
Excalibur_rep_c74900_73 4A 624.12~625.08 6.12E-04 ~9.78E-04 4.95~5.25 E2/BLUE
Tdurum_contig31852_251 4A 734~734.07 1.24E-04 ~9.62E-04 5.07~6.76 E1/E2/BLUE
TAAV971 4B 37.69~40.75 3.45E-04~9.04E-04 3.82~4.44 E1/E2/BLUE
Excalibur_c56787_95 4B 59.21 2.40E-04~4.60E-04 4.42~49 E1/BLUE
Excalibur_c52517_464 4B 167.35 6.01E-05~2.30E-04 4.67~5.59 E1/E2/BLUE
GENE-2771_327 4B 526.73 9.17E-04 ~9.37E-04 3.74~3.78 E1/BLUE
Excalibur_c13536_202 5B 34.04 9.03E-05 ~1.32E-04 5.1~5.38 E2/BLUE
BobWhite c14575_323 6A 129.74 2.01E-04~2.87E-04 4.61~4.84 E1/BLUE
D_contig04313_517 6D 461.92~463.22 1.09E-04~9.95E-04 3.81~7.89 E1/BLUE
Tdurum_contig29240 206 TA 702.4 3.50E-05~1.83E-04 4.87~5.97 E1/E2/BLUE
R wsnp_Ex_¢5780_10153638 1B 26.19 4.17E-04 ~7.88E-04 4.12~4.6 E2/BLUE
GT BS00022512_51 3B 687.76 3.15E-05 ~6.74E-05 7.06~7.68 E1/BLUE
Excalibur_c56787_95 4B 59.21 6.43E-05~8.59E-04 4.11~5.88 E1/E2/BLUE
wsnp_Ex_c25373_ 34639805 4B 480.59~482.65 5.94E-04 ~6.10E-04 4.12~5.53 E1/E2
RFL_Contig6053_2072 6A 597.79 4.47E-04 ~7.95E-04 3.98~4.31 E1/BLUE
Tdurum_contigl 7421 310 6B 686.69~686.8 7.39E-04 ~8.30E-04 4.03~4.23 E2/BLUE
RFL_Contig5285_365 TA 246.27 4.61E-04 ~5.08E-04 4.15~4.23 E2/BLUE
BobWhite_c5396_296 TA 442.27~443.96 1.38E-04 ~7.13E-04 4.06~5.18 E1/E2/BLUE
Tdurum_contig29240 206 TA 702.4 1.32E-04 ~2.52E-04 4.7~5.09 E1/BLUE
Ku_c109041_258 7B 393.86 5.68E-04 ~6.79E-04 3.98~4.1 E2/BLUE
T1AAV1218 7B 498.89 6.08E-04~7.82E-04 4.22~4.25 E2/BLUE
D_contig04799 479 7D 393.03 1.24E-04 ~6.36E-04 5.16~6.25 E2/BLUE
PRI BS00099658 51 2B 2491 1.61E-04~7.97E-04 5.15~6.28 E1/E2/BLUE
GA BobWhite c14575_323 6A 129.74 1.65E-04~5.32E-04 4.17~4.97 E1/BLUE
bR RIS Excalibur_c10111_127 1B 637.83 6.95E-05~6.55E-04 4.06~5.52 E1/BLUE
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EZN i85 Jetafk  P)ERALE (Mb) P FAITTHR(%) R
Trait Marker Chr. Position P value R Environment
GC wsnp_Ex_c831_1625061 5B 10.53 2.51E-04 ~8.32E-04 4.97~5.83 E1/BLUE
wsnp_Ex_c17667_ 26408733 6B 188.19~191.99  3.75E-04 ~8.22E-04 3.94~4.36 E1/BLUE
Kukri_c65194_111 6D 98.13 1.56E-04~9.22E-04 3.89~5.04 E1/BLUE
wsnp_Ex_c4480_8055475 6D 464.94 3.53E-04 ~5.35E-04 5.22~5.6 E2/BLUE
g A Tdurum_contig60037_441 1A 23.97 5.06E-04~6.92E-04 4.15~4.39 E2/BLUE
Kt RACS875_c140_338 1B 30.73 1.45E-04 ~2.19E-04 5.99~6.31 E2/BLUE
LWR BS00033332_51 1B 38.91~40.19 1.92E-04 ~5.97E-04 4.59~5.38 E2/BLUE
GENE-0403_301 1B 109.73 2.72E-05~8.22E-04 3.94~6.24 E1/E2/BLUE
Kukri_c19641_753 1B 275.67 4.65E-06 ~1.54E-04 4.94~7.36 E1/E2/BLUE
Tdurum_contigd3910_1429 1B 408.66 4.68E-04~5.92E-04 4.24~439 E2/BLUE
Ra_c18630_284 1B 637.83~642.68  4.49E-05 ~9.00E-04 3.8~5.86 E2/BLUE
IAAV426 1D 16.79 4.77E-06~2.42E-05 10.84~13.07  EI/E2/BLUE
RACS875_c259 1339 2A 759.83~760.56  7.69E-04 ~9.67E-04 4.12~5.36 E2/BLUE
BS00022417_51 2B 140.85~142.45  1.11E-04 ~7.03E-04 3.94~5.21 E1/BLUE
Excalibur_c42512_584 2D 577.11 3.34E-04 ~8.25E-04 3.94~4.55 E2/BLUE
Jagger ¢765_61 3A 521.31 6.27E-05 ~4.04E-04 4.33~5.63 E1/BLUE
BS00022512_51 3B 687.76 4.05E-09 ~1.30E-07 11.62~1434  E1/E2/BLUE
wsnp_Ex_c25373_34639805 4B 482.65 3.51E-04~4.61E-04 4.23~4.41 E1/BLUE
Tdurum_contig29240_206 7A 702.4 2.57E-04~6.28E-04 4.02~4.62 E1/E2/BLUE
FFRIEIR  Excalibur_rep ¢105429 528 1D 7.87~7.95 1.81E-05 ~8.49E-04 4.02~7.31 E2/BLUE
KS BobWhite_c7114 237 5A 0.64 2.35E-04 ~9.88E-04 3.92~5.02 E2/BLUE
CAP11_c991_160 6B 577.18 4.42E-04 ~8.53E-04 3.85~4.29 E2/BLUE
Excalibur_c32138_394 7D 633.2 1.45E-04 ~3.71E-04 5.8~6.29 E1/BLUE
g A CAPI2_¢590 300 1B 661.63~668.25  6.62E-04~7.70E-04 3.95~4.01 E2/BLUE
YL BS00067163 51 3A 704.58 7.37E-05~9.26E-05 5.45~5.69 E2/BLUE
GP GENE-1785_118 3B 760.14 1.08E-04 ~5.70E-04 4.42~5.36 E2/BLUE

IAELE SR AT TR R B R

The thickened marker is a new marker found in this study
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