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Genome-Wide Association Study of Plant Height in
Wheat and Validation of the Candidate Loci

Sun Shengjie' , Guo Xiaoran', Chen Jun®’, Zhang Xin', He Jiale' , Zhang Aoyan',
Zhang Chuanliang' , Song Pengbo' , Zhao Wensha', Zhao Huiling' ,
Lu Jia', Wei Junjie' , Sun Daojie'
(1. College of Agronomy, Northwest A&F University, Yangling. Shaanxi 712100, China;

2. Sanyuan County Agricultural Science and Technology Center, Xianyang, Shaanxi 713800, China)

Abstract: Plant height(PH) is an important agronomic trait affecting lodging resistance and yield in
wheat. To dissect the genetic basis of PH and identify stable loci, we analyzed a natural population of
339 wheat accessions from the Huang-Huai wheat region using PH phenotypes collected across nine
environments and genotypes obtained with a 21K single nucleotide polymorphism (SNP) array. Ge-
nome-wide association study(GWAS) was conducted using a mixed linear model(MLLM). Linkage dis-
equilibrium (LLD) and haplotype analyses were performed for the key associated interval, and the asso-
ciation was further validated in a natural population of 327 accessions genotyped with a 660K SNP ar-
ray. Candidate genes within the target interval were annotated and prioritized. In total, 66 stable
QTLs significantly associated with PH were identified. A novel major and stable QTL, QPh. nwafu-
6D , was detected on chromosome 6D(490, 34—492, 42 Mb) and was consistently detected in eight en-
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vironments, explaining 8. 23% of the phenotypic variance on average. The interval was divided into

two LD blocks. In Block2, three haplotypes were identified, and the favorable haplotype Block2 _

Hapl (frequency 84. 1%) showed significantly reduced PH compared with other haplotypes and was

significantly associated with higher thousand-kernel weight in multiple environments. In the valida-

tion population, accessions carrying the Block2 Hapl genotype at the core SNP marker SNP_Chr6D_
492211566 exhibited significantly lower PH than those with the Block2 Hap2 genotype(P <C0. 001).

Eight candidate genes were further prioritized in this interval, mainly involved in kinase signaling,

transcriptional regulation, ubiquitin-mediated protein degradation., and hormone responses.
Keywords: Wheat; Plant height; GWAS; Marker-assisted breeding
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Table 1 Phenotypic analysis of plant height in 339 wheat accessions across nine environments

781 XA - o o 22 o/ ME K IH 5 5 B 8 A% 7)1
Environment Mean=+ SD/cm Min. value/cm Max. value/cm CV/% H?
El 63.86+7.59 46.70 117. 60 11. 88
E2 51.9546. 80 37.67 90. 00 13.09
E3 72.874+9.03 52.67 121.67 12. 40
E4 61.37+8.17 46. 00 109. 00 13.31
E5 68.6149. 25 50. 33 137.33 14. 94 0. 88
E6 75.13£9.52 52.00 141. 67 12.67
E7 75.32+8.52 49. 67 125. 00 11. 31
E8 63.28+8.83 46. 67 134. 33 13. 96
E9 66.52+6.92 55. 84 116. 98 10. 41
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P i) o o B A TR R UL 2R A L A R Pearson AH 6 R 4K
* % %, P<C0,001,

The diagonal panels display the frequency distribution histo-
grams and density curves of plant height for each environment;
The bottom-left panel shows the scatter plot and fitted curve of
plant height across the two environments; The top-right panel
presents the Pearson correlation coefficient; * % % . P<C0.001.

1 339 HNERE 9 M IRERRE IR S HIESEX DT
Fig.1 Frequency distribution and correlation analysis of plant
height for the 339 wheat accessions across nine environments
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Table 2 Genome-wide SNP marker density in the 339 wheat accessions
; N N RO B i bR B I
Chf}o%n%)ﬁ:)mc Ezﬁ%itﬁc %ig%% 1\?{1:5}%%[ ﬁl;/}ifegt Denszl:ljyuc‘)f)PE m%{ker/
markers proportion/ % (SNPs « Mb—1)
1A 1206 051 598 569 264 3 406 6.48 5.70
1B 4411 003 698 937 269 2921 5.55 4.21
1D 65 325 496 600 704 1421 2.70 2. 86
2A 1935 544 784 903 698 3937 7.48 5.03
2B 2 423 055 808 132 843 3392 6.45 4.21
2D 6 414 593 651 637 524 1219 2.32 1. 89
3A 730 766 752 252 167 2923 5.56 3.89
3B 1 308 298 851 846 946 3 867 7.35 4.55
3D 620 014 619 452 756 963 1.83 1.56
4A 2 224 969 753 104 472 3 259 6. 20 4. 34
1B 635 546 672 773 688 1 966 3.74 2.92
4D 602 936 518 014 543 442 0. 84 0. 85
5A 1 188 537 712 495 711 2777 5.28 3.90
5B 19 737 714 623 767 3571 6.79 5.00
5D 303 787 569 292 120 896 1.70 1.57
6A 1414 964 622 582 644 3108 5.91 5.00
6B 4 065 545 730 891 359 3714 7.06 5.11
6D 903 782 495 347 810 818 1.56 1.65
TA 1716 753 744 265 322 4 204 7.99 5. 66
7B 47 804 763 682 401 2972 5.65 3. 89
7D 488 331 636 353 272 830 1.58 1.31
A 4] A genome — — 23 614 14. 89 —
B 3[4l B genome — — 22 403 12.59 —
D3 HE4 D genome — — 6 589 12.52 —
&t Total — — 52 606 100 —
A C 02
- 0.531
2 s
5 0.50 £ ol g
5 o1}
;“é § =
gg 0.45 O
e o
& 0.40 H
1'0 -0.1 )
WAEK)
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WHEL W2 D 06}
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Eoal | —D
& 5 ; — 2EE4
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A': Relationship between K values and cross-validation error; B: Population structure inferred by Admixture; C: Principal compo-

nent analysis(PCA) scatter plot; D: Linkage disequilibrium(LLD) decay distance.

2 339 MNEMBEBEEN RSO REBAS FEHR BT

Fig. 2 Population structure, principal component analysis, and linkage disequilibrium decay of the 339 wheat accessions
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Fig. 3 Kinship heatmap of the 339 wheat accessions
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Table 3 Distribution of significant SNPs associated with plant height
e e ##E Environment ai
Chromosome El E2 E3 E4 E5 E6 E7 ES E9 Total
1A 59 40 26 39 27 15 20 33 34 293
1B 1 4 0 16 22 2 16 13 3 77
1D 0 0 0 0 0 0 0 0 0 0
2A 37 16 28 27 27 0 15 29 27 206
2B 9 5 2 16 7 5 4 10 10 68
2D 0 2 0 0 0 7 0 0 0 9
3A 2 0 7 1 3 0 0 6 3 22
3B 2 1 2 3 2 4 6 4 2 26
3D 0 0 0 0 0 0 0 0 0 0
1A 6 6 26 1 42 51 55 8 32 227
1B 0 4 0 2 0 0 0 0 0 6
4D 0 4 1 5 6 1 5 1 5 28
5A o7 21 17 23 67 31 75 75 72 438
5B 1 2 11 8 1 13 1 13 5 55
5D 1 2 2 2 3 2 2 3 3 23
6A 8 0 2 14 3 4 1 4 1 40
6B 0 3 8 3 1 4 ) S 4 33
6D 0 2 3 9 17 15 1 3 16 66
TA 78 2 9 50 50 5 5 63 45 307
7B 0 4 1 1 1 3 1 1 3 15
7D 2 8 3 6 11 4 10 2 9 55
B3t Total 266 126 148 226 290 166 222 273 277 2461

2.5 BERSW

N f# M QPh. nwafu-6D (490, 34 ~ 492, 42
Mb) X 1] () 358 1% 725 5 45 AE B H S k- w7 0 8 4 1
F X% X 8] FF e 3 iR SF- i (LD) 55 5 4% AL 4y
Bro g5 (& 4. & 5) £, QPh. nwafu-6D X [a]
AT 43 Sk A A G Al ST Y LD Block (] 4Dy, H:
v, Blockl PN SNP % 8 72 FE AR & , 388 1% 728 S 30 I
5 ;Block2 N SNP 2 B % E P X R (RP=0.7), H
HUE R Z R L R LS S b BB R AR T
{78 ST S B Y Block2 X, T Block2 N
SNP Wy &AL HE R 20 A8, Jh S 5] 3 fh 22
fE R (F 4C), Hovb, Block2 _Hapl N4 # 2 f5
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Fig. 4 Manhattan plot of genome-wide association analysis for plant height in wheat(A), Q-Q plot(B),

haplotype structure analysis(C), and linkage disequilibrium in the QPh. nwafu-6D region(D)

2.6 QPh. nwafu-6D [X [8) 1) ¥ B4R I8 E

SHIGIE TR S QPh, nwatu-6D 18 A% R M 1Y 3%
T HEERZ X 6] N I 3 % 0 SNP FRICSNP
Chr6D 492211566 fFRRFEMERIC. 5 T1% SNP 1
LR AU 5320 FE R B e R RHEE (A 7E 3 FH (LYPHMD Fl
W (YLPHMD B FREE T B Bk e R AL (8] 50) . 1E
LYPHM #1 YLPHM 35~ , Block2 _Hapl 2 A %

AR AR R 5 349 A 4 25 IR T Block2_Hap?2 3% K 7 1
BHP<C0. 001) , A2 B4 51y 16. 14 Fil 21. 51
cm, ALK EWMER T Block2 Hapl 3K 5 % {4
I3 T Block2_Hap2 &R BIE# 3 (F 50), %45
SRAEM ST 1Y 3545 8 50T IR T QPh. nwafu-6D
DX [ 1) 38 A AN AE S [R] 38 % 75 5 R A R AR
EPE, R W AR E i F RO .

EISW=R
H 5



.+ 1076 - 2 X Y ¥ M 546 &
x4 HKEHERY QIL it
Table 4 Summary of QTLs associated with plant height
QTL wefh  WEAE P HS 5 5

Chr. Position/Mb P value PVE/% Environment
QPh. nwafu-1A. 1 1A 370.12~372.08 4.42E-10~1. 72E-07 10.23~11. 44 E1.E3.E4.E5.E8.E9
QPh. nwafu-1A. 2 1A 388.67~394. 04 2.98E-10~4. 49E-05 11.15~11.95 E1.E2.E3.E4.E5.E8.E9
QPh. nwafu-1A. 3 1A 502.45~505. 06 1. 22E-05~3. 06E-05 6.23~7.45 E1.E4.E8.E9
QPh. nwafu-1A. 4 1A 520.15~522. 28 4.35E-14~4.53E-05 9.11~14.95 E1.E2.E3.E4.E5.E6.E7.E8.E9
QPh. nwafu-1A. 5 1A 542.64~542.83 7.68E-07~7.31E-05 5.90~6.51 E4.E5.E6.E7.E8.E9
QPh. nwatu-1A. 6 1A 546.19~548. 74 1. 84E-06~7. 64E-05 4.27~11.19 E2.E3.E5.E6.E7.E8.E9
QPh. nwatu-1A. 7 1A 567.37~567.37 3. 73E-06~5. 00E-05 13.02~13.04 E1.E2.E7.E8.E9
QPh. nwafu-1A. 8 1A 577.58~577.58 5. 06E-07~2. 60E-05 11.77~11.77 E1.E3.E8.E9
QPh. nwafu-1B. 1 1B 678.94~679.53 8. 34E-06~6. 79E-05 4,42~10.76 E4.E5.E7.E8
QPh. nwafu-1B, 2 1B 684.10~684. 10 1. 81E-06~6. 27E-05 10.93~12. 24 E2.E4.E5.E7.E8.E9
QPh. nwafu-2A. 1 2A 20.11~22.27 2.01E-06~7.46E-05 7.65~13.48 E1.E3.E4.E5.E7.E8.E9
QPh. nwafu-2A. 2 2A 413.74~415. 54 8.55E-08~3. 53E-05 5.22~7.97 E1.E5.E8.E9
QPh. nwafu-2A. 3 2A 546.58~546.58 4.13E-10~2. 32E-05 11.22~11. 33 E1.E3.E4.E5.E8.E9
QPh. nwafu-2A. 4 2A 555.96~555.96 3.40E-10~1. 41E-07 11.33~11. 34 E1.E3.E4.E5.E8.E9
QPh. nwafu-2A. 5 2A 564.39~566. 90 1. 34E-07~7. 34E-05 9.52~11.65 E1.E2.E3.E4.E5.E7.E8.E9
QPh. nwafu-2A. 6 2A 644.33~645.51 4. 50E-10~4., 21E-05 11.41~11.68 E1.E3.E4.E5.E8.E9
QPh. nwafu-2B. 1 2B 471.35~471.35 6. 78E-07~5. 86E-05 10.06~10. 13 E1.E5.E8.E9
QPh. nwafu-2B. 2 2B 518.83~520.19 3. 53E-06~6. 86E-05 7.41~10.92 E1.E4.E8.E9
QPh. nwafu-2B. 3 2B 679.32~679.32 2.86E-07~1. 74E-05 8.79~8.87 E2.E6.E7.E8
QPh. nwafu-2B. 41 2B 695. 64~700.09 4.20E-12~4.61E-05 3.39~13.75 E1.E2.E3.E4.E5.E6.E7.E8.E9
QPh. nwafu-2B. 5 2B 713.26~715.50 7.42E-07~1. 36E-05 4.96~6.73 E2.E3.E4.E5.E9
QPh. nwalu-2B. 6 2B 784.82~786.64 1. 31E-08~2. 90E-05 5.11~6.92 E6.E7.E8.E9
QPh. nwalu-3A. 1 3A 66.32~68. 14 4. 78E-10~1. 73E-07 9.87~11.50 E1.E3.E4.E5.E8.E9
QPh. nwatu-3A. 2 3A 466.37~468.98 1. 48E-08~2. 98E-05 8.45~11.20 E3.E5.E8.E9
QPh. nwalu-3B 3B 185.96~187. 82 7.33E-10~8. 90E-06 4.67~12.77 E2.E3.E4.E5.E6.E7.E8.E9
QPh. nwafu-4A. 1 4A 436.05~450. 59 2.16E-06~7. 15E-05 5.67~10. 34 E3.E5.E6.E7.E8.E9
QPh. nwatu-4A. 2 4A 454. 84~465. 75 3.69E-07~7. 72E-05 8.79~10.09 E1.E3.E5.E7.E8.E9
QPh. nwafu-4D. 1 4D 17.34~19.69 1. 46E-07~5. 36 E-05 9.57~9.87 E2.E4.E5.E7.E9
QPh. nwatu-4D. 2 4D 62.10~62.95 1. 96E-11~2. 31E-05 10.32~13. 16 E2.E3.E4.E5.E6.E7.E8.E9
QPh. nwafu-5A. 1 5A 56.83~59. 40 2.26E-13~1. 77E-05 6.75~11.13 E2.E3.E5.E6.E7.E8.E9
QPh. nwafu-5A. 2 5A 83.59~85. 28 2.26E-13~1. 77E-05 6.34~9. 84 E2.E3.E5.E6.E7.E8.E9
QPh. nwalu-5A. 3 5A 113.35~115. 80 5. 18E-10~1. 21E-05 4.23~10.55 E3.E5.E6.E7.E8.E9
QPh. nwatu-5A. 4 5A 158.55~161. 76 8.66E-11~6.51E-05 6.19~10.79 E2.E3.E5.E6.E7.E8.E9
QPh. nwalu-5A. 5 5A 228.73~230.97 2.26E-13~1. 77E-05 5.76~10.16 E2.E3.E5.E6.E7.E8.E9
QPh. nwafu-5A. 6 5A 261.43~261.43 2.26E-13~5. 38E-05 6.86~10. 21 E2.E3.E5.E6.E7.E8.E9
QPh. nwatu-5A. 7 5A 265.83~267.25 3.97E-10~5. 60E-05 3.78~7.12 E3.E6.E7.E8.E9
QPh. nwafu-5A. 8 5A 291.92~294.91 3. 85E-11~3. 34E-05 5.81~9.88 E2.E5.E6.E7.E8.E9
QPh. nwafu-5A. 9 5A 303.52~305. 04 5. 23E-09~3. 34E-05 4.37~6.74 E6.E7.E8.E9
QPh. nwafu-5A. 10 5A 458.54~458. 54 6. 61E-09~2.99E-05 7.47~17.50 E2.E4.E6.E7.E8.E9
QPh. nwafu-5A. 11 5A 533.95~535. 46 2.07E-07~6.49E-05 3.54~5.01 E3.E4.E8.E9
QPh. nwafu-5A. 12 5A 704.76~711.24 2.02E-08~7.44E-05 8.40~17.42 E1.E2.E4.E5.E6.E7.E8.E9
QPh. nwafu-5B 5B 506.23~508.73 2.01E-08~3.46E-05 6.73~13.26 E2.E3.E4.E5.E6.E7.E8.E9
QPh. nwafu-5D. 1 5D 2.78~3.62 3.03E-06~7. 20E-05 4.18~7.32 E1.E5.E8.E9
QPh. nwatu-5D, 2 5D 566.66~566. 66 1. 08E-07~6. 10E-05 7.89~10.00 E1.E2.E3.E4.E5.E6.E7 .E8.E9
QPh. nwafu-6A. 1 6A 390.47~393. 44 1. 87E-07~7. 05E-05 4.86~7.43 E3.E4.E5.E7.E8.E9
QPh. nwatu-6A. 2 6A 503. 66~506. 67 4. 83E-10~1. 73E-07 7.51~11.24 E1.E3.E4.E5.E8.E9
QPh. nwafu-6B. 1 6B 523.29~523. 29 2. 95E-08~6. 58E-05 6.74~6.91 E3.E6.E8.E9
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QTl e o L/ A P {H FRIAL St PR o5
’ Chr. Position/Mb P value PVE/% Environment
QPh. nwatu-6B. 2 6B 682.95~682.95 6. 13E-10~2. 82E-05 8.47~12.70 E2.E3.E5.E6.E7.E8.E9
QPh. nwafu-6D 6D 490. 34~492.42 3.35E-08~6. 02E-05 4.97~11.49 E2.E3.E4.E5.E6.E7.E8.E9
QPh. nwatu-7A. 1 7TA 17.95~20. 85 4.62E-10~1. 81E-07 5.93~11.79 E1.E3.E4.E5.E8.E9
QPh. nwafu-7A. 2 TA 33.74~35.43 4. 25E-08~7. 28E-05 10.07~12. 37 E1.E3.E4.E5.E7.E8.E9
QPh. nwatu-7A. 3 7TA 101.77~103. 57 4.33E-10~1. 68E-07 6.38~11.18 E1.E3.E4.E5.E8.E9
QPh. nwafu-7A. 4 TA 301.48~303.08 1. 64E-06~1. 73E-05 6.22~8.16 E1.E4 .E5.E8.E9
QPh. nwatu-7A. 5 7TA 328.34~330.00 9.56E-07~3. 75E-05 5.13~8. 20 E1.E4.E5.E8.E9
QPh. nwafu-7A. 6 TA 361.37~362.19 1. 45E-06~1. 76 E-05 4.38~7.73 E1.E4 .E5.E8.E9
QPh. nwatu-7A. 7 7TA 440.56~457. 82 5. 10E-10~7. 66E-05 7.12~10. 83 E1.E4.E5.E8.E9
QPh. nwatu-7A. 8 7TA 461.33~463.57 1. 56E-07~7.57E-05 6.21~10. 37 E1.E2.E4.E5.E8.E9
QPh. nwatu-7A. 9 7TA 699.25~700.51 7.00E-09~7. 39E-05 9.37~12.76 E1.E3.E4.E5.E6.E7.E8.E9
QPh. nwafu-7B 7B 669.11~670. 68 1. 85E-10~7. 25E-07 4.63~10.43 E4 .E5.E6.E7.E8.E9
QPh. nwatu-7D. 1 7D 225.08~225.08 3.95E-09~1. 73E-05 6.98~12.65 E2.E3.E4.E5.E7.E9
QPh. nwatu-7D. 2 7D 234.67~236.04 3.95E-09~7. 53E-06 4,11~6.89 E2 .E3.E4.E5.E7.E9
QPh. nwatu-7D. 3 7D 298.32~299.99 7.59E-09~7. 46E-05 5.35~13.29 E1.E2.E4.E5.E6.E7.E8.E9
QPh. nwafu-7D. 4 7D 364.12~365. 35 1. 61E-08~2. 88E-05 7.83~11.94 E1.E4,E5.E6.E7,.E8.E9
QPh. nwatu-7D. 5 7D 368.09~369. 46 3.02E-06~7.46E-05 4.66~6.71 E2.E4.E5.E7.E9
QPh. nwatu-7D. 6 7D 465, 21~466. 41 5.47E-07~2. 01E-05 7.08~12.57 E5.E6.E7.E9
QPh. nwatu-7D. 7 7D 504.33~505.75 1. 17E-05~7. 40E-05 5.69~8.68 E3.E4.E5.E7.E9
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A: Plant height distribution of different Block2 haplotypes across nine environments; B: Thousand-kernel weight distribution of dif-
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Fig. 5 Haplotype analysis of the QPh. nwafu-6D region and its effects on plant height and thousand-kernel weight in wheat
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5l R 2 A2y BRI E RS A OC JE
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Table S Functional annotation of candidate genes in the QPh. nwafu-6D interval

e 1 (A=A
Candidate gene Position/bp

T he R
Function annotation

TraesCS6D03G0909800 490 525 038~490 528 924

TraesCS6D03G0910300 490 663 622~490 665 887

TraesCS6D03G0911600 490 829 472~490 833 459
TraesCS6D03G0911800 490 849 515~490 851 091
TraesCS6D03G0912800 491 128 039~491 132 256

TraesCS6D03G0915900 491 656 928~491 662 054

TraesCS6D03G0917100 491 893 431~491 899 271

TraesCS6D03G0918800 492 204 642~492 206 470

ZAKEESE 1 Receptor-like protein kinase
TCP K& 5% [HF TCP family transcription factor
F-box K% # I F-box family protein

R WE R E B Gibberellin-regulated family protein

F-box % 4 F-box protein
ZAKI T 2 Receptor kinase 2

& U-box 253 & 1 62 U-box domain-containing protein 62

i 3 4 15 % 11 Response regulator protein
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K ,QPh. nwatu-5D. 2(566. 66 Mb) 5 Guo %l
TEZ) 566 Mb B ko DU 21 i 5 B35t 1% 5 5 AR BE 24
0.7 Mb, I 1l B8 5 328 3 2 FF {57 L RAt23 FT 1E X 35k
K. SULFEET, ARBFEE SATA F1 7D Yo ik
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AWFFEEIRAE 6D Je AR K IE 490, 34~492. 42
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Bl 5T R I B O X R AL AR SRR Ol 8. 2300,
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