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Abstract: In order to explore genetic loci that associated with grain number per spikelet in bread wheat
( Triticum aestivum L. ), a genome-wide association study was conducted using the wheat 55K genotyping assay
in a diverse panel of 384 wheat genotypes. Field trials for grain number per spikelet were conducted in one
location for three consecutive years. A total of 142 significant SNPs were detected for grain number per spikelet,
each of which contributed the phenotypic variation from 3.27% to 6.09%. Of these, eight SNPs were detected in
two or three environments. Three SNPs ( AX-109986855, AX-109875224 and AX-109843323 ) were located on
the 523.12~526.25 Mb on chromosome 2D, and the physical distance between two SNPs ( AX-111054388 and
AX-110671159 ) was only 0.62 Mb on chromosome 2B. Significant differences for grain number per spikelet
grouped by superior and inferior alleles in an SNP were detected ( P<0.01 ) across the three environments in each
of these eight SNPs. For example, cultivars carrying the G/G allele at AX-109843323 on chromosome 2D resulted
in an increase of 0.32, 0.37 and 0.39 grains per spikelet than that of cultivars with the C/C allele in the three

environments, respectively. The percentages of cultivars carrying each of the superior alleles at the eight SNPs
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were varied from 5.20% to 76.80%. Seven superior alleles were present with a percentage of less than 45.00%

in the accessions. Furthermore, the grain number per spike in these cultivars with superior alleles ( ranging from

48.45 to 53.61 )among the eight SNPs were higher than that of cultivars without superior alleles ( ranging from

45.04 to 47.37 ). Significant association in the number of favorable alleles to grain number per spikelet and grain

number per spike were observed ( r=0.97 and 0.94, respectively, P<0.0002 ). These loci associated with grain

number per spikelet are useful for improving grain numbers per spike in wheat.
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Table 1 Descriptive statistics of grain number per spikelet in 384 wheat accessions

S5 F 3.93 F13.95 ki (6 1), 1M 2007 FREE T F- 4
ANEREECH 3.57 Hio 1R, VR AR FE R
[FIPREE rh 34 5 TE S50, A5 SRR MR s AL R A
AT QTL i MO HT &I, 3 A~FR5E
Vi) By /DN 50 DR S A 8 3 TE AR DG, SR AH G R B

4 0.74 ( P< 0.0001 ),
INBRI B S B FH B KBRS

2.2

ZBR BT A SNP H fie /NS 67 5 PR3 %6 /N T 0.05
FE 2 38K T 20% 1) SNP b il &, 1 384 /N2
WA RE L F 3 4 R 5% 1Y /N FEORE B8 R D 48985 A4~
SNP i 17 4= 3 B 41 ¢ 8K 4 At (| 2), 6 &6 il

IR SFIE e/ IME BRI FrifEzE A5 AR (%)
Environment Average Min. Max. SD crv
2007 3.57 2.00 4.90 0.48 0.13
2008 3.93 2.50 5.30 0.52 0.13
2009 3.95 3.00 6.00 0.55 0.14
V¥4 Average 3.81 2.50 5.40 0.52 0.14
80 1 80 1 150 -
g g g
2 60 z 604 2
&8 =3 & § 1004
XS 404 L& 40- X3
=% =% BE 5
S 204 S 20 S V7
S 20 > 20 z
0- 0- 0-

Grain number per spikelet(2007)

/NEERIE(2007)

B 1

AN Nttt nnny

/NHECREAL(2008)

Grain number per spikelet(2008)
3 NIRRT AR N U AR S TR E

Fig.1 Sample distribution of grain number per spikelet in 384 accessions in three environments

F 14240 FH LBERSNP(E2), 0 TR T
4A YA A DL AR 19 20 XT3 o iR T i B G R A
A5 5 R K 3.27%~6.09%, F- Y N 4.21%, i ic
AX-109843323-2D 7E 3 /™ 3 55 34 5 /)N Ok B B F
B, 7 R0 (AX-111054388-2B, AX-110671159-
2B.AX-109449257-2D . AX-109986855-2D .
AX-109875224-2D . AX-111121605-3B Hl AX-
108938830-7B ) 3l 78 2 I3 v 55/ Nk 4k b 2
Kk, Hrp AX-109986855 . AX-109875224 Fll AX-
109843323 {3 T 2D YL i {A I+ 523.12~526.25 Mb [X.
Bt, AX-111054388 Fil AX-110671159 7F 2B Jfafk -
Yy B E 2 A0 0.62 Mb., A 24 4~ Y {6 R X B A1 4B
SNP [8] it ) B E 25 /N T 10.00 Mb, Hih 2B e (o {4

SATOOAFTOR0OA T 00D

cnenenenantttFtrtTnnnnno

/NEERIE(2009)
Grain number per spikelet(2009)

190.66~195.50 Mb X Bl £ 3k 15 4~ SNP, 5A

YL {0 516.62~532.64 Mb X B4 10 > SNP, AX-

111169470, AX-94476971 F1 AX-108882993 43 S| {E

20072008 F1 2009 P 5 /N U 2 OCHE , Y47

T 5D YLk 410.40~420.28 Mb [X ],

23 HNTRUNIW
S HT 253 AN PR 5 N DR R I 2 OCHK

4 8 1~ SNP {7 i B S5 2%

SR S B, BEAS SNP f 2

ANEEN AR TR 3 ASIREE I/ IR R MR B TR B
KA (I 3), i, 2D G a4k I 1) AX-109843323
7 5 G/G &5 v 728 55 AE 2007, 2008 F1 2009 ¥4 55 1 F-
B/INEER R 3] L C/C 567 4% 5314 0.32.,0.37 F1
039 ;2B YA F 1) AX-111054388 117 15, G/G i



4 1 W B N NEERLECEIR 4 R PR 20 DG A3 H 1101
A 4 5r
3.2 ; . " . - = - 4 |-
= '.; 1.2 » y S 3L
S 2% e
» 52t
< I
| .
1F
: X U
0 = . ja= ) L L 1 1 )
1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B6D7A 7B 7D 0 1 2 3 4 5
Yefafk Chromosome I Expected -Log10(P)
B . 5 -
4 : ab
=
&3 1 S 3¢
S &
E, 2 4 2t
' 1
1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B4D 5A SB5D6A 6B6D7A 7B 7D 0 1 2 3 4 5
Yefafk Chromosome HIEH Expected -Log10(P)
C - S
4 al
~ =
g’ a S 3k
S 2 es e
2 s S 2}k
- [
1 1k
- R ) ’ I L | )
1A IB1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D 0 1 2 3 4 5
etk Chromosome JHERE Expected -Log10(P)
A.B il C 4354 2007, 2008 1 2009 ¥
A, B and C indicates the 2007, 2008 and 2009 environments, respectively
B2 /DMEREKESTHEREER Q-Q B
Fig.2 Manhattan plot and Q-Q pictures of grain number per spikelet
R 2 FEREMEIRMES SNP RE TR
Table 2 SNPs significantly associated with grain number per spikelet in 384 wheat accessions
tRic Yk iz (Mb) PfA P value Uk (%) R
Marker Chr. Position 2007 2008 2009 2007 2008 2009
AX-110732157 1A 237.22 0.00060 4.06
AX-111068675 1A 298.90 0.00096 3.80
AX-110517610 1A 299.49 0.00096 3.85
AX-89757632 1B 8.18 0.00050 4.65
AX-108755567 1B 47.63 0.00007 5.70
AX-110581259 1B 334.60 0.00046 4.16
AX-108876388 1B 637.58 0.00062 4.06
AX-89434674 1B 646.19 0.00073 3.88
AX-110488993 1B 646.47 0.00026 4.48
AX-108869099 1B 646.51 0.00017 4.73
AX-110489456 1B 646.53 0.00066 3.94
AX-109971975 1B 655.26 0.00021 4.64
AX-109627132 1B 655.31 0.00087 3.86
AX-110373057 1B 663.08 0.00076 3.93
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b Yok {5 (Mb) P{A P value Uk (%) R

Marker Chr. Position 2007 2008 2009 2007 2008 2009

AX-109439707 1B 664.08 0.00054 4.13

AX-110451117 1D 9.83 0.00011 4.94

AX-111645896 2A 75.51 0.00045 3.48

AX-109576676 2A 658.98 0.00062 3.99

AX-109344070 2B 72.75 0.00053 429

AX-108896991 2B 164.89 0.00078 3.84

AX-109432306 2B 164.93 0.00004 5.52

AX-108825214 2B 165.11 0.00046 4.16

AX-110974562 2B 190.66 0.00050 4.18

AX-109883545 2B 190.67 0.00068 3.93

AX-109346747 2B 190.97 0.00080 3.90

AX-110363849 2B 190.98 0.00070 3.99

AX-111054388 2B 191.88 0.00016  0.00078 4.84 3.93

AX-109443559 2B 192.24 0.00037 4.28

AX-111017707 2B 192.39 0.00047 4.19

AX-110671159 2B 192.50 0.00012  0.00077 4.93 3.89

AX-108811229 2B 192.74 0.00045 424

AX-111653012 2B 192.93 0.00012 5.14

AX-111776193 2B 193.01 0.00094 3.79

AX-110932694 2B 193.40 0.00080 3.87

AX-108942164 2B 193.58 0.00053 4.13

AX-108923397 2B 194.64 0.00075 3.93

AX-111575746 2B 195.50 0.00087 3.80

AX-110982032 2D 2.20 0.00036 434

AX-109839294 2D 17.24 0.00079 3.83

AX-108988107 2D 19.62 0.00004 549

AX-111247754 2D 45.88 0.00098 434

AX-108937964 2D 114.54 0.00005 5.49

AX-110549806 2D 134.80 0.00081 3.87

AX-110126855 2D 134.93 0.00036 429

AX-109502940 2D 140.55 0.00071 3.96

AX-109449257 2D 450.99 0.00054  0.00024 4.13 4.61

AX-111516380 2D 519.13 0.00024 457

AX-110410377 2D 520.53 0.00015 471

AX-109843323 2D 523.12 0.00091  0.00070  0.00053 3.80 3.95 4.07

AX-109986855 2D 523.95 0.00073  0.00022 3.93 455

AX-110982403 2D 525.90 0.00003 5.89

AX-111566799 2D 526.21 0.00002 5.98
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i Pefalk [ (Mb) P{H P value FUkH (%) R
Marker Chr. Position 2007 2008 2009 2007 2008 2009
AX-109875224 2D 526.25 0.00035 0.00030 434 4.42
AX-109041417 2D 527.39 0.00022 4.63
AX-108767381 2D 528.10 0.00069 3.96
AX-110554752 3A 531.95 0.00052 4.11
AX-110417260 3A 566.33 0.00074 3.98
AX-110407403 3A 567.97 0.00066 3.96
AX-109067326 3A 714.16 0.00053 4.19
AX-108873227 3A 734.27 0.00082 3.90
AX-110923116 3B 4439 0.00071 3.96
AX-111031175 3B 720.68 0.00054 3.27
AX-109877153 3B 720.75 0.00034 3.45
AX-111145295 3B 814.29 0.00010 5.00
AX-109465395 3B 814.47 0.00047 420
AX-111121605 3B 814.49 0.00049  0.00002 4.13 6.09
AX-111521991 3B 814.94 0.00006 528
AX-111131164 3D 195.15 0.00070 3.88
AX-109221308 3D 204.57 0.00052 4.05
AX-108886572 3D 212.15 0.00063 3.94
AX-111495485 3D 212.53 0.00077 3.83
AX-109190189 3D 217.25 0.00094 3.74
AX-110401717 3D 234.60 0.00100 373
AX-110965214 3D 239.56 0.00084 3.80
AX-110944192 3D 24491 0.00100 3.71
AX-110032043 3D 247.58 0.00056 4.02
AX-109928549 3D 249.20 0.00015 4.76
AX-109163107 3D 250.60 0.00077 3.83
AX-111571032 3D 281.09 0.00027 4.43
AX-109783478 3D 289.60 0.00080 3.81
AX-110511459 3D 308.34 0.00096 3.72
AX-109693734 3D 329.48 0.00039 426
AX-109892627 3D 345.45 0.00003 5.87
AX-109655008 3D 373.83 0.00058 4.05
AX-109918023 3D 561.01 0.00097 3.75
AX-111218157 3D 561.03 0.00002 5.84
AX-94498250 4B 77.02 0.00067 3.94
AX-111671500 4B 664.56 0.00093 3.80
AX-110934942 4D 3.40 0.00031 4.42
AX-110212463 4D 3.42 0.00074 3.90
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i Pefalk [ (Mb) P{H P value FUkR (%) R
Marker Chr. Position 2007 2008 2009 2007 2008 2009
AX-109092092 4D 47.59 0.00061 4.06
AX-110834217 4D 59.18 0.00070 3.98
AX-111130929 5A 2831 0.00080 3.82
AX-110936465 5A 480.81 0.00070 3.94
AX-108813018 5A 481.20 0.00016 4.79
AX-111578708 5A 481.53 0.00029 4.41
AX-110462709 5A 516.62 0.00047 4.19
AX-111602736 5A 522.11 0.00018 4.73
AX-109825580 5A 522.11 0.00067 3.97
AX-111450931 5A 522.13 0.00016 471
AX-110927943 5A 522.24 0.00065 3.92
AX-111577464 5A 523.07 0.00034 430
AX-109980421 5A 523.10 0.00015 4.79
AX-109451517 5A 523.36 0.00073 3.89
AX-109370992 5A 523.61 0.00047 4.11
AX-109936179 5A 532.64 0.00072 3.92
AX-109491013 5B 456.84 0.00089 3.84
AX-109286283 5B 518.08 0.00095 3.80
AX-108882993 5D 410.40 0.00055 4.05
AX-94476971 5D 418.46 0.00043 430
AX-111169470 5D 420.28 0.00091 3.79
AX-111695480 5D 548.48 0.00063 4.05
AX-109528569 6A 549.64 0.00021 4.62
AX-111134280 6A 586.84 0.00041 425
AX-109512759 6B 227.92 0.00050 4.64
AX-110024963 6B 656.59 0.00099 3.81
AX-111520648 6B 656.87 0.00089 3.79
AX-110565716 6B 673.83 0.00056 4.06
AX-110414478 6D 6.39 0.00031 433
AX-109752244 6D 155.82 0.00056 4.08
AX-111579048 6D 209.40 0.00058 4.04
AX-109292525 6D 270.79 0.00085 3.79
AX-110599765 6D 294.02 0.00063 3.94
AX-110840987 6D 303.67 0.00048 426
AX-110614938 6D 438.89 0.00100 3.77
AX-110231283 6D 465.05 0.00052 4.14
AX-108764477 6D 467.03 0.00034 433
AX-110482447 7A 16.52 0.00079 3.91
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piic Yok {5 (Mb) P P value Uk (%) R
Marker Chr. Position 2008 2009 2007 2008 2009
AX-109476858 7A 624.82 0.00045 424
AX-108857319 7A 691.16 0.00090 3.89
AX-109838868 TA 708.29 0.00051 4.05
AX-109431444 7B 24.40 0.00097 3.80
AX-109908635 7B 27.30 0.00013 485
AX-109410489 7B 43.57 0.00089 3.84
AX-109821333 7B 47.00 0.00015 476
AX-108814191 7B 4730 0.00067 3.94
AX-111211429 7B 4733 0.00062 3.99
AX-86171205 7B 451.08 0.00093 3.78
AX-110602843 7B 451.49 0.00091 3.80
AX-109373058 7B 549.18 0.00082 3.86
AX-108938830 7B 673.68 0.00096  0.00087 3.79 3.80
AX-110075521 7D 566.32 0.00094 3.82
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The P and R* values were not shown in the SNP markers which were not significantly associated with grain number per spikelet in the three

environments
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Table 4 Grain number per spikelet and grain number per spike in these accessions with 7 or 8 favarable alleles

st o sty oM
No. of No. of . . No. of No. of . .

accession favarable Name.of of grain of grain accession favarable Name.of of grain of grain

alleles accession num.ber per numb‘er alleles accession num.ber per numb‘er

spikelet per spike spikelet per spike
ZM010211 7 MAR8S 3.77 44.46 || ZM022235 7 77 158 421 51.22
ZM014210 7 Iy 5064 4.12 4491 || ZM009520 7 B3 4.09 51.47
ZM010370 7 SR 3 3.78 4541 ZM009470 7 HM 722 434 51.92
ZM009506 7 JFH 70-18 3.95 45.50 ZM026718 7 W17 4.11 52.02
ZM010261 7 Y35 3.73 4558 || ZM016330 7 21161 4.42 52.31
ZM017931 7 Tk 851 4.01 45.71 || ZM014848 7 T 6 4.38 52.37
ZMO15139 7 £ 7630 4.48 46.08 || ZM009472 7 ol 15 437 52.95
ZM015308 7 17 80 4.08 46.39 || ZM016512 7 P55 3.97 53.13
ZM015479 7 R 35 4.10 46.53 || ZM016120 7 % 30691-3-6(4)  4.29 53.34
ZM024954 7 B4R 96C076 3.80 46.65 || ZM016703 7 J1] 78001 453 54.12
ZM009526 7 Wz 173 4.04 46.93 || MY001072 7 [GIPN 428 54.33
ZM026715 7 4 14 3.83 47.01 ZM009465 7 FBI 17 4.22 54.52
ZM010332 7 M 66 = 3.77 47.65 || ZM009636 7 PUERg 4.38 54.57
ZM014785 7 415 3.84 4775 || ZM015988 7 HH 741 4.61 54.60
ZM014972 7 I 7906 4.12 48.01 ZMO009515 7 X 24 4.19 54.88
ZM014978 7 Ml 7946 4.07 48.05 || ZM026691 7 TH 9 471 55.46
ZMO016597 7 WA 3099 1k 2 4.13 48.11 ZM010221 7 HiE 13 4.72 55.51
ZM009508 7 BB 15 4.09 48.13 || ZMO16116 7 # 30691-1-3 4.49 55.55
ZM010392 7 TS 4.03 48.45 || ZM014926 7 I 8-1-2 431 56.31
ZM015195 7 W15 3.80 48.53 || ZM017180 7 Bk 7587-1/81 4.04 56.33
ZM026712 7 WZ 1 4.20 48.55 || ZM026717 7 %7 16 4.28 56.76
ZM013405 7 HUF 70-5321 4.19 48.59 || ZM010194 7 TE3EG 439 57.10
ZM015036 7 b1 4.13 48.69 || ZM014889 7 THE 8628 5.06 57.47
ZM026713 7 W3 12 3.94 48.83 || ZM009616 7 AR 68 476 58.42
ZM010242 7 WA 3T 4.05 4898 || ZM015126 7 %37 429 58.57
ZM010197 7 B 439 49.09 || ZM016946 7 X 3 434 58.75
ZMO016368 7 25 26046 3.86 4920 || ZM015948 7 15 128 478 59.20
ZM015987 7 M 721 4.06 4926 || ZM009597 7 P4 6028 4.18 60.20
ZM014971 7 IR 7829 4.29 49.32 || ZM016945 7 XK 2 4.52 60.25
ZMO016876 7 KFew 391 50.36 || ZM015557 7 % 16 4.59 60.26
ZMO016606 7 & 105 4.01 50.63 || ZMO015488 7 W& 73 4.65 60.38
ZMO009469 7 HH 683 4.10 50.66 || ZM014434 8 420 4.11 51.10
ZM022994 7 B 76144-0-6-1 4.06 50.78 || ZM009909 8 e 12 4.68 59.30
ZM026800 7 HE 65 (1) 4.00 50.86 || ZM010450 8 %6 4.57 59.63
ZM025075 7 # 92-90 4.07 50.86 || ZM009911 8 e 14 4.47 63.36

ZM010384 7 WA15 411 51.19
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