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KL AR 3AF B 45 5 GWAS 4 A (GLM, MLM 4= SUPER) #= 3 # % 12 % GWAS # & (BLINK , FarmCPU #=
MLMM)# 47 A K A X M, SFxT M 6 B E AR EHTL BN A E R EARNIEE, EREAN . &
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Identification of the genetic locus associated with maize bract
traits through diverse models of genome—wide
association study

MA Yibo, JIA Xiaoyan, LIU Yajie, HU Fanglin, YANG Zhongzhe, ZHAO Yongfeng,
GUO Jinjie, ZHU Liying”
(College of Agronomy/Hebei Sub-center of National Maize Improvement Center/Hebei Key Laboratory for Crop Germplasm

Resources, Hebei Agricultural University, Baoding 071001, China)

Abstract In order to explore the significant associated locus and candidate genes of maize bract traits,
205 maize inbred lines were selected and 5 bract traits were measured under 4 environments. Three single-
locus GWAS models (GLM, MLM and SUPER) and three multi-locus GWAS models (BLINK, FarmCPU and
MLMM) were used for genome-wide association analysis, and haplotype analysis and candidate gene
mining were performed for the significant association locus detected. The results showed that the coefficient
of variation of bract traits was 11.64% to 51. 62%, and the generalized heritability was 79. 45% to 84.52%.
A total of 332 significant associated SNPs were detected by six models, among which the SUPER model
detected the most and the MLM model detected the least. A total of 44 significant SNPs were detected by

two or more models, and the phenotypic variation explained by a single SNP was 0.01% to 3. 20%, among
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which 6 SNPs were the co-locus of bract number and mass. It was found that three haplotypes were

significantly correlated with the number of bracts at Chr5_65909914 by haplotype analysis, and their

distribution frequencies were 81.50%, 17.00% and 1.50%, respectively. A total of 14 candidate genes

related to bract traits were mined, among which 5 genes were highly expressed in ear primordium 2-4 mm

and mature leaves.

Keywords maize; bract traits; genome-wide association study; haplotype; candidate gene
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Table 1 Catalogue of 205 maize inbred lines

¥ 5 RS Fes FOBE 2 B IS 4 RE 2 B ¥ 5 FAOBE 2 B

Code Material name Code Material name Code Material name Code Material name
1 757 53 Col09 105 MDF-13D 157 XOP2
2 802 54 CRIHT 106 Ms71 158 y9961
3 1145 55 D1049 107 N138 159 Yd6
4 1313 56 D1139 108 N42 160 ys06
5 1614 57 d140 109 N68a 161 731B
6 2369 58 D20 110 NQ508 162 A 2142
7 3189 59 D33A 111 NS501 163 72
8 3335 60 D864 112 P0O07 164 598
9 4003 61 D869 113 P138 165 599
10 4722 62 D881 114 P25 166 F+ 9046
11 6103 63 D883 115 P39 167 15l
12 7236 64 D886 116 PH6WC 168 1§ 9-21
13 7922 65 D892 117 PHGS6 169 F 803
14 9058 66 DF20 118 PHJ33 170 B®E Db
15 9710 67 DF24 119 PHM10 171 w B 3
16 9711 68 DF27 120 PHR62 172 w4
17 17564 69 DF32 121 PHT22 173 17
18 20762 70 DH138 122 PHW20 174 H 4112
19 68122 71 DH149 123 Q1261 175 444
20 68139 72 DH65232 124 RO17 176 53
21 68202 73 DM101B 125 R136 177 % 14952
22 87001 74 E200 126 R1656 178 ” 926
23 5237 MR % 75 €220 127 R31 179 #8928
24 08-64 76 E600 128 R98 180 it 28
25 1205A 77 E601 129 S22 181 5% 68113
26 18-599 78 e 3 130 S8324 182 F 21-3
27 2FACC 79 e i 4 131 SC11-1 183 3% 205
28 3489a 80 F7584 132 SC24-1 184 3% 319
29 3H2 81 FAP1360A 133 SC30-1 185 Bk 89
30 433-7 82 GN4095 134 SC9 186 w137
31 4676A 83 GY3 135 Sgl533 187 7k 5005
32 468-3 84 H21 136 SS99 188 AR 1145
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#1 (8D

F 5 IR EE N ) BB R F5 BB B F 5 LR E RN

Code Material name Code Material name Code Material name Code Material name
33 698-3 85 1B014 137 T24 189 R4 1611
34 6M502 86 1B02 138 Va26 190 X HE 31413
35 7026B 87 K10 139 W172 191 # 109
36 7903E 88 K12 140 W182bn 192 T 230
37 806A 89 KP3130 141 w222 193 478
38 811A 90 LO61F 142 W499 194 T 488
39 98F1 91 L127 143 W64da 195 # 515
40 A554 92 L135 144 W66 196 # 52106
41 A619 93 1.473 145 Wo67 197 % 8112
42 A801 94 La2-4 146 W968 198 % 832
43 B100 95 LD61 147 W969 199 % 87-1
44 B68 96 LH150 148 W9706 200 £ 3
45 B76 97 LH162 149 WIL500 201 K72
46 B8 98 LH194 150 WIL900 202 * 32
47 Beck 99 Los-6 151 WIL901 203 #B 58
48 BM 100 M1016 152 WNI11H 204 H 330
49 BS110 101 M131-5 153 XF134 205 253
50 C521 102 M22 154 XF197
51 C8605-2 103 M3 155 XF27
52 CN104 104 Max 156 XF77

Analytics £, %F BLUE {8 # 47 #H 44 43 #1 5 & 1] Knapp
SRV A A AR B T U35 4% % (Broad -sense
Heritability, A7)
hi= 65/(62 +op/r+ cf/yr)

K o) A EE IR T7 2% s 0f, R LR 5 038 BAE T
20 HIRETT 2y WIRBERG r N R HL
1.4 EFEZNFRSE

K CTAB 34 L 205 0 oK [ 38 & B3
K2 DNA 3 if GBS 77 19 %) 205 3 [ 38 & #E 47
SCPE RN P B0 R R 1.8 X A F
M) A % B 4R A MaizeGDB  Chttps://www.
maizegdb. org/) H B73 AGPV4 2% JE K 4 #E 17 kb
Xt 25 B g /N S5 A6 35 R 56 <0, 05 A 2 R =20 %
M A5 TR, i 218 B A &L bR ] B (Effective
Numbers, Ne) K 620 368 1, Ne f£55 1—10 5 4L {4
TR W 43 A A% B 43 A R 87 927,67 862,71 917,

81 898.59 895,47 225,63 775,52 196,44 864 F
42 8091,
1.5 2EFAXEKS T RIFEZEFREZE

FIH R 7 GAPIT 4 42 19 GLM (General
Linear Model)  MLLM #I SUPER (Settlement of
MLM Under Progressively Exclusive Relationship)
3l B {37 5 B2 8 A BLINK , FarmCPU K& MLMM
3T 22 A s AL ) PR AT O BR 0 BT L B 2
B M BRAE . DL 1. 61E-06 (P=1/Ne) 1k Jy )i &2
A TR A ORI 23 A Y S 3 AL, 5 T i R Y
# #1758 5 (Phenotypic Variation Explained, PVE) R
PR PE A 77 33 A . R PLINK 3R 47 34
Bi K 7 fif (Linkage Disequilibrium, LD) 4 #7 , B
r=0. 2 I B 56 9 BE A Ay e 0k ik P A i 08 S L .
B F MaizeGDB % ¥ 2 B73 RefGen_V4 £ % J
HIF I B A ek B K . {1l NCBIChttps://
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www. ncbi. nlm. nih. gov) . Uniport Chttps://www.

2 HER545H
2.1 RBZTHH

uniprot. org/uniprot) \DAVID Chttps://david. nciferf.
gov/ ) B Wk AT DI REERE . AR IS oK CB73°

It S LA, 23 T A8 I DR A R TR 1) 2H 2R
PE B B, A TBtools #1144 k47 3 P 41 21 4% 5+

P 2% R PR 2 1
1.6 HBERSH

Hy 2% 2 Al 0, A i (BMD LK (BL)
58 B (BW) 5 2 50 (BN I -0, 32 B (BW D))
5 S Z R A 11, 64 % ~51. 62% , F W ALRBHARY
A PEREAFEFENAS . BL.BW.BNABWD Y
BLUE W B i B 46 5% i U] 45 << 1. 00, & B 3k 6 P R

M Haploview4. 2 ¥4 i 47 H A% 84 43 By , £l
=1%14r A5 AU (Haplotype Block) .

WK TEAS M 5B SRR 5 T PR T 45

£2 BHEREOGIHT
Table 2 Statistical analysis of bract traits
LN 2% S A7 S i A £ b i 22 it £ W 52 A5 R
Trait Environment Variation range Mean + SD Skewness Kurtosis Cv
21BD 12.87~33.50 22.09+3.22 0. 20 0.12 14.58
22BD 12.00~30. 67 22.21£2.95 0.14 0.11 13.28
AR /em
Bl 21X7J 11.10~32.53 20.73+3.28 0.27 0.18 15.82
’ 22X17 10. 50~28. 27 18.56=+3. 35 0.14 —0. 30 18.05
BLUE 15.32~27.16 20.88+2.43 0.26 —0.19 11. 64
21BD 4.20~15.23 9.34+2.04 0.06 —0.38 21.84
) 22BD 4.50~16.43 9.72+2.18 0.50 0.21 22.43
£ 5EE /em
bW 21XJ 3.50~16. 60 8.99+2.23 0.28 0.10 24.81
22X7J 3.43~15.37 8.59+2.35 0.47 —0.12 27.36
BLUE 4.51~13.99 9.134+1.66 0.04 0.01 18.18
21BD 4.50~12. 67 7.93+1.49 0.44 —0.04 18.79
22BD 3.33~14.33 7.4441.85 0.56 0.29 24.87
A )2 4
BN 21X7J 3.00~12.33 7.29+1.61 0.45 0.12 22.01
22X7J 3.00~11.00 6.79+1.54 0.29 —0.05 22.68
BLUE 5.06~11.29 7.37+1.19 0.45 —0.02 16.15
21BD 2.156~27.72 10.45+4.53 0.94 1.02 43.35
22BD 2.64~33.10 10.19+4.92 1.22 2.86 47.30
it /g
BM 21X7 1.20~20.99 6.9543.48 0.98 1.02 50. 07
22X7J 1.07~17.73 5.56+2.87 1.41 2.50 51.62
BLUE 2.50~23.13 8.274+3.09 0.97 2.18 37.36
21BD 0.97~3.06 1.50=+0. 28 1.66 4.98 18.67
N 22BD 0.96~2.48 1.49+0. 24 0.73 0.79 16. 11
el 2
21X7J 0.99~3.73 1.66=+0.32 1.53 5.89 19.28
BWD
22X17 0.93~3.08 1.54+0.32 1.19 2.60 20.78
BLUE 1.16~2.28 1.55+0. 20 0.88 0.90 12.90

1 :21BD, 2021 4E {1 5 ; 22BD, 2022 44 1 ; 21X, 2021 4E 4 5 22X T, 2022 4E 3¢ 48 s BLUE 6 & B8 T A04A ; BL, i K B8, BW , 45 i 5 B

BN, #2580 BM, &M T 5 ; BWD, g5  . F .

Note: 21BD, Baoding 2021; 22BD, Baoding 2022; 21X7J, Xinji 20215 22XJ, Xinji 2022; BLUE, value in joint environment ; BL, bract length;

BW ,bract width; BN, bract numbers; BM,bract mass; BWD,bract wrapping degree. The same below.
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1Y 4 355 R 20 S B T 0.50; BL 5 BW .BM 1 BWD ¥ 2 #% . 3 1F 4 ¢,
2.2 MHESWRERAEDH FAR IR 0.41.0. 61 F10. 27; BW 5 BM 21 i % 1F
1A, BN 5 BM 2% 8 & EAE, r 0 K, M 0.59,

. 0.8

0.2

BW 0.09 0.41 "II’ ‘I'} 0

-0.2

Mtk Trait

BM 0.50 0.61 0.59 0.4

-0.6

BWD 0.09 0.27 -0.02 0.07 -0.8

BN BL BW BM BWD
PEAR Trait
s e o Il RN AE P<<0. 001 f1 P<<0. 01K FF 278 E. T,
#kk and ** indicate significant differences at the levels of P<C0. 001 and P<<0. 01, respectively. The same below.

1 &HMMIX BLUE B X 94

Fig. 1 Correlation analysis among BLUE values of bract traits

IS STLAL, X 4R T BRI PR AT T SR B R 5 /K (P<<0. 01 , Ul W40 - PEAR [] i) A2 38t %
ZE5 T B, BN .BM \BL . BW .BWD iX 5/~ PR 9 ALEZ A IS U B A P e R) i SR VNI <918 e S
LA BUAGN, FREERLN, LA S D R S ERSE ) EARRON X 79.4500~84. 5206 , ARBHAL AR 32 A2 1545 R 350

R3 EMHHEKNEETESN

Table 3 Joint analysis of variance for bract traits

HE R X B B IS Y

IERTN JE PR Y g

) . Genotype X Broad-sense
Trait Genotype Environment ) o

Environment heritability
K BL 14.017 324.82" 2.43" 83.68
M 2% BN 9.27" 82.39" 1.59" 83.88
B 58 BW 10.03™ 47.53" 1.70" 84.52
T & BM 12.22" 385. 46" 2.24" 83.27
2504 35 BF BWD 7.69° 55. 87" 1.72° 79.45

2.3 £EEAXBESH BM Al BWD & % 5 BE i) SNPs 43 51 & 29,135,115,

I 6 Ffops 20 5%of g o P DR A ) R 858 R A 26 280 147 A1 6 A~ (L 4) o A [A] 455 780G I 3] A9 I 2% ¢ Bk
{8 & BLUE 43 5l #4742 3 X 41 SC B o0 i, L T SNP %t H A A, B SUPER Bi#l & £,k 155 14 ;
1 35 A, 2K I F) 3324~ SNPs, BN.BL.BW . MLM £ Bt 20 A 154>
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F4 6MIEEHFIEN 2K EZE SNPsH B
Table 4 Number of significant SNPs detected by six models

L HOFER MK ASEE AT E e it
Model BN BL BW BM BWD Total
BLINK 11 2 5 7 2 27
FarmCPU 6 2 5 44 3 60
MLMM 1 1 3 20 1 26
GLM 3 1 2 43 0 49
MLM 0 0 0 15 0 15
SUPER 8 129 0 18 0 155
41t Total 29 135 15 147 6 332
i 35 2 Fh Kz 2 Fh DA b AR 7 A [ RS ) # Y OG Bk & I, PVE }0.10%~3. 20% ; 55 M-1 % i % Kk
SNP 7 55, A5 5] 44 4>, Horp 2 FiAss 8 46 I 21 7 157 ) SNPs A 224 ,PVE 5 0. 01%~1.00% , /3 i {E 55

S 264, 2 Bk L SRR I A 07 45 184 . #E
[ 60 380 () SNP A i i, A 38 AN i 5 1 Fp g i
PR B2 5B, 6 M7 A5 5 2 T I bR 3 G R (3R
5o SR K W E LB SNPs 7 24, ¥ 0 A 1
15 gk L, PVE N 0.90% ~1.10% ; 542
B 2 G SNPs AT 74, A A AESE 3.8 F 95 e fa

1.2.6 F1 75 Je ik |5 540 50 3 25 OCHK i) SNPs
AE5D B e 55 44k I ,PVE 0. 040~
0.42% ; 54 2 5 W 3% G SNPs A 24~ ,PVE
H0.12%~0.54% , 3 HAES 6.9 5 Y talk b 54
P J22 50ORT A T S MR I ] DGR 9 SNPs A 64,
YINAE s S YRk E ,PVE 0. 20%~2.45%.,

RS5 2R 2F LB R A E AT 2 B B B B SNP i =

Table 5 SNPs significantly associated with bract traits detected by two or more models

LERIN Y o A Y #E 7 & (bp) e l0(P) B78: RKIAR SRR/ % it}
-lo
Trait Chromosome Physical position & Environment Phenotypic variation explained Model
A g 1 95 497 607 5.86~6.73 22X7J 0.90 1,2,3,4,6
BL 1 95 446 893 5.78 22X] 1.10 1,3
3 8 107 632 5.93~11. 39 BLUE 0.10 1,2,4,6
8 91 621 032 5.79 22X]J 1.50 1,3
8 104 879 052 5.87 22XJ 0.50 1,3
w2 8
BN 8 104 879 284 5.87 22X7J 0.50 1,3
9 20 172 487 5.80 22X17 2.50 1,3
9 20 181 610 6.16 22X7J 2.90 1,3
9 20 216 404 5.99 22XJ 3.20 1,3
5 4 464 455 5.99~6.75 22BD 0.04 1,3,6
5 4 367 074 5.90 22BD 0.42 1,3
L v
5 4 464 230 5.99~6.75 22BD 0.04 1,3,6
BW
5 4 475 799 5.99~6.75 22BD 0.04 1,3,6
5 4 485 158 6.45 22BD 0.25 1,3
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5 (8
PR AR RN YA E (bp) logl0CP) 725 AR RBER/ % HEL 7Y
Trait Chromosome Physical position Environment Phenotypic variation explained Model
1 262 895885  6.21~6.92 21X7J 0. 20 2,3,4,5
1 262 893 375 6.21~6.92 21XJ/22XJ 1.00 2,3,4,5
1 262 893 376 6.21~6.92 21X]J 0.20 2,3,4,5
1 262 893 683 6.27~8.03 21X]J 0.30 1,2,3,4,5,6
1 262 895 824 6.28~7.12 21XJ 0.30 2,3,4,5
1 262 896 007 6.21~6.92 21X]J 0. 20 2,3,4,5
1 262 896 140 6.28~7.12 21X1J 0.30 2,3,4,5
2 30988 004  5.79~6.26 21BD/21X]J 0. 20 1,2,3,4,6
2 242 358 608 6.02~9.49 21XJ/22XJ 0. 80 1,2,3,4,5,6
2 242 358 831 6.02~7.93  21XJ/22XJ 0. 80 2,3,4,5,6
AR 2 242 358 985 6.02~7.92 21XJ/22X]J 0. 80 2,3,4,5,6
BM 6 608 003 5.86~6.47 22X]J 0.20 3,6
7 44 972 598  5.86~6.19 22BD 0.10 3,6
7 44 972 602 5.86~6.19 22BD 0.10 3,6
7 46 409 458 6.38~9.00 22BD 0.02 1,3,5,6
7 58 898 723 6.18~6. 52 22BD 0.43 3,6
7 61818 263  5.84~6.16 22BD 0.11 3,6
7 69 556 744 5.86~6.19 22BD 0.02 3,6
7 69 670 736 6.19~6.53 22BD 0. 26 3,6
7 74 916 105  6.11~6.45 22BD 0.01 3,6
7 76 107 190 5.86~6.19 22BD 0.02 3,6
7 76 751 481  6.19~6.53 22BD 0.25 3,6
4 o, g 6 66 054 171 6.28 22X]J 0. 54 1,3
BWD 9 128 022 314 6.05~6.27 21BD 0.12 1,3.6
5 65911823  5.84~6.05  BLUE 0.92 2,4
5 65709 243  6.01~6.19  BLUE 1.53 2,4
5 65909 914  6.26~6.28  BLUE 2.22 2,4
BN/BM
5 65911828  5.84~6.04  BLUE 0.93 2,4
5 65968 448  5.87~6.17  BLUE 2.45 2,4
5 65970302  5.86~9.43  BLUE 0.20 2,4

WA 1,2,3,4,5,6 43948 BLINK, SUPER, FarmCPU, GLM ,MLM,MLMM .

Note:Model 1,2,3,4,5,6 are BLINK,SUPER,FarmCPU,GLM,MLM,MLMM, respectively.
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Xof A It J22 0RN A - A [R] G HE 1 SNP A
AT HAG T A7, LT 55 AR Y 34 SNP FRid
TR 1A% 8 A 1 kb 9 LD Block (18 2) . % Block

SRER RN
Chromosome 5

\

\

\

Chr5_65911823 \\\
\
\

Chr5_65709243
Chr5_65909914
Chr5_65911828
Chr5_65968448
Chr5_65970302

Block 1 (1 kb)

2 HEAAIAEE LD Block 4 #7

Fig. 2 LD Block analysis of co-associated locus
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Table 6 Haplotypes analysis of Co-associated locus
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Haplotypes Alleles Numbers Frequency
Hap 1 CAC 167 81.50
Hap 2 TGA 35 17.00
Hap 3 TAC 3 1.50
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Table 7 Candidate gene information obtained by screening

PEAR I I A A Yy o A fi 35 3 X pery
Trait SNP Chromosome Candidate gene Annotation
1 Zm00001d029937 BEH
BL 95446893
1 Zm00001d029938 ARABIDILLO 1% 14
1 Zm00001d033455 P21 &
1 Zm00001d033447 BRE A
BM 262893375
1 Zm00001d033448 7% G.OF -3 3
1 Zm00001d033446 B 35 7R 1 1
20172487 9 Zm00001d045373 DUF 1995 4 #4) 3 # 2%
20181610 9 Zm00001d045378 AP2/EREBP # 5 P -1
N 20216404 9 Zm00001d045389 K E R 7 B ok IR R A
91621032 8 Zm00001d009945 Bl E
20216404 9 Zm00001d045388 EHMBEREEA
20181610 9 Zm00001d045383 1- I8 A5 A TR W -5- B T8 4 L i 220
5 Zm00001d014858 DNAZ5 A HEH
BN/BM 65709243
5 Zm00001d014850 24 53 1R / I B4 R #R (1 Uk PIX131
HEH BEPH ik it
Gene Gene expression quantity

| I 2n00001d009945 T 00
s R ] /05 >0
s O 7700001d029937 200

I 5 5 B 7000014035.145 150
DR W nooosansssy 1%
B 7000014033448 0

[ | [ [ Zm00001d033455 -0.50

DU I 200001005373 100

I 5 505 O B S 0001145375 o

| B B 7000014045383
BN W R zmo00o1do4ssss
7 8 9

1 2 3 4
I Stage

1, MR AL 2~4 mm; 2, MERE R L 6~8 mm; 3,58 6—7 A ;4,55 7—8 Wi ; 5, X 1; 6,0 X 2;7, 11X 3; 8,55 8 i LM ;9, 55 16—19

KB4y HE L (https : //maizegdb. org/search_engine/search? term)

1, ear primordium 2-4 mm; 2, ear primordium 6-8 mm; 3, 6-7 internode; 4, 7-8 internode; 5, leal zone 1; 6, leaf zone 2; 7, leaf zone 338,

mature leaf 8;9,vegetative meristem 16-19 d. Chttps://maizegdb. org/search_engine/search? term)
4 EEEEEBIBEHBNREST
Fig. 4 Expression analysis of candidate genes at different stages of B73
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