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Abstract: To elucidate the genetic basis of the grain quality indices including grain hardness (GH) and sedimenta-

tion value (SV) in wheat, this study utilized F, hybrids

e #E B #5:2025-02-12 from the crosses Yangmai 16 X Yangmai 22 and Yangmai

BT 85N 77 M AR AR 55 5 i Fh B R b4 25 H ( CARS- 20 X Zhenmai 168. The F, plants from these two single
03-8) Al 7 ¥ 7 FiEL K % 301 ( 20232D0402504) 5 T35 HL crosses were then hybridized to generate a four-parent
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cross, which was subsequently self-pollinated to derive 320
stable lines used as experimental materials. Using data
from the wheat 15K SNP array and phenotypic data for GH
and SV collected across four environments over three

years, a genome-wide association study (GWAS) was con-



I FRAE LT AR R 20 SCIE AT 4/ IS 22 b o A8 5 T B (L ) 0 35 P 2089

ducted using a mixed linear model (MLM). The results showed that the GH phenotypic distribution exhibited a 1 : 1 ratio

and had significant correlations across different environments, while the SV phenotypic distribution followed a normal distri-

bution and also showed significant correlations across environments. A total of eight loci significantly associated with GH

were detected, four of which were stable across multiple environments. These stable loci were located on chromosomes 5D

(three loci) and 5A (one locus) , explaining 5.80% to 13.40% of the phenotypic variation. Twenty loci significantly asso-

ciated with SV were detected, three of which on chromosome 5D were stable across multiple environments, explaining
4.78% to 7.46% of the phenotypic variation. The loci AX-109986939, AX-111464164, and AX-110476332 on chromosome
5D were significantly associated with both GH and SV, representing stable pleiotropic loci. Further analysis revealed that
AX-109986939, AX-111464164, and AX-110476332 had highly significant effects (P<0.01) on both GH and SV. The
favorable allele variation at locus AX-110419834 on chromosome 5A increased the GH value by 24.44% (P<0.01).
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Fig.1 Grain hardness index and sedimentation value of wheat parental lines across different environments
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Table 2 Descriptive statistical analysis of grain hardness in the wheat population

23 HEIEE (%) FHIHE (%) PREZE (%) Dt BE e J3E ARFREFREL(%)
El -3.83~64.85 31.84 19.76 -0.06 -1.56 62.05
E2 -1.25~62.46 31.90 17.64 0.07 -1.44 55.30
E3 -1.30~65.27 34.87 16.52 0.04 -1.40 47.37
E4 39.60~75.80 60.15 7.87 -0.22 -0.94 13.08

E1:2017-2018 4EJT.95 HL R o 1 X ARV BF 2 BFE T 7 FR R £2:2018-2019 4F VT 95 HU T o0 b X 4 b B 24 B8 5% T 7 46 S st £3. 20182019 4E 7L
F R Tl X R 5 v I F GE L 5 B4 2 2020-2021 £E VT3 BT 10 3 DX A b B4 0155 I 07 4 kb

®3 DEBGTURENBRES T AT

Table 3 Descriptive statistical analysis of sedimentation value in the wheat population

wEE BUAEE(mL) P {E (mL) PREZE (mL) i 2 e &7 AR (%)
El 5.25~17.75 11.66 2.54 0.05 -0.50 21.80
E2 5.38~17.88 10.29 2.55 0.35 -0.39 24.75
E3 4.50~16.10 9.38 2.29 0.41 -0.29 24.40
E4 4.00~13.50 6.83 1.53 0.63 0.84 22.41

E1:2017-2018 4EVT. 75 BF i) b X AV B 2A 01 5% B J7 AR b 3 £2.2018—-2019 4E VT35 BL R I s IX Al Bk 24 BF 58 i 7 AR 2L 4l ; E3:2018-2019 4EYT
F FL Tl X g Ml R 5 i 2 1 F GE L 5 B4 £ 2020-2021 £E VT3 BT 10 b DX A b B4 BF 5% I 0 4 ik
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Table 4 Correlation coefficients of grain hardness index and sedimentation value between different environments

PEAR 782 El E2 E3 E4

IR EL El 1.00

E2 0.82* 1.00

E3 0.88 0.83™ 1.00

E4 0.73** 0.59 " 0.66* 1.00
UIEE El 1.00

E2 0.72* 1.00

E3 0.66 0.72** 1.00

E4 0.42* 0.40™* 0.32* 1.00

R FEHIE (P<0.01) , E1:2017-2018 4750 HL T Ja] iy XA ML BL2# B 5 T 7 i 2 15 £2. 20182019 45 V175 LR Yol [X R Mk B} 2407 5%
JI T AR B 5 320182019 AF V155 HL T V) 3l X ARV R4 8IS 197 57 IR 7] ik 2 b 3 4. 2020-2021 45715 B Tl dthy DX ARl B2 A 9 Ji 7 s i



2092 L0 e ol 2 R 2025 4R 45 41 & A5 11

40r A 40r

B
30k - 30f
o 200 & 200
104 10r
0
—40.00 —2000 0  20.00 40.00 60.00 80.00 100.00 0 20.00 40.00 60.00 80.00 100.00
407 ¢ TR A (%) a0r TS A5 5 (%)
o 30f o 30p
# 20f # 20
10r 10+
0
-20.00 0 20.00 40.00 60.00 80.00 40.00 50.00 60.00 70.00 80.00
T PR (%) TR FE5(%)
30r
E
= 201 =
X *
= ok ¥
500 750 1000 1250 15.00 17.50 20.00 200 8.00 12.00 16.00 20.00
50~ YIEME(mL) 50 VIVEMHE(mL)
G
40
i I
& &
¥ 90 H
10
500 750  10.00 1250  15.00  17.50 ) . 7.50 10.00 12.50
VITE(E(mL) VIVE(E (mL)

A:E1 IR B/ RPRLRE BE 4R 40 B E2 FREE T I/ INE PRI IE AR E; € E3 PRBE T B/ M RLRE B8 555 D B4 FREE T 19 /N 22 ¥ L 58 B 48
BGEEL JREE T /N UTIE(E ; F . E2 B8 T /NEZUITE M ; G . E3 BR5E T /N UIE(E ; H. B4 JR58 T 1/NEZ LI, E1:2017-2018 4F7T.
I HL R IA] s X AL B AR5 T T A b s B2 . 2018-2019 A VT3 HL Vi) 3t X b Bh2B7F 5 0T 7 4 25 1 5 £3 . 20182019 4F 195 HL R T 1 [X 4%
bRk 5T T = S R Gk S Hh 5 £4.2020-2021 AFYT 5 BL T A7 b DX b B2 A 5T 97 7 f kb,

2 AANRETEREFREEIENSMEEMRES

Fig.2 Frequency distribution of grain hardness and sedimentation value in the population across four environments
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Fig.3 Population structure analysis of 320 wheat lines
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FIF 15K F PR F X 4 > B 855 e BB 647
GWAS, #R¥EE 5 M, LA 2 8 A5 CH B #EX
X[ SNP Aric, 2046 T 5D 5A 2B 7D YLtk nl fi
B4 .72%~13. 40% KR A K 47 4 > SNP tric[A]
BEEE 2 A B 2 AN Dh B SRS rhglefsm 21, H 4 1 5D
Yeta RY B E 2. 68 Mb 5. 56 Mb £ 6. 39 Mb Abf)
AX-109986939 AX-111464164 F AX-110476332 13 15,
TE 4 A 355 b 34 me g R I 2, T R RE S, 80% ~
13. 40% R RIAS S HL PR & 32 0T, v 40 H [] —
PE ST SA Qe ik 1.34 Mb 19 AX-110419834 13
NONZABERE AL, T FRRE 5.32% ~ 9. 24% 1) R

SHRPEREERDN, 5 SV B IR SNP Frid
A 204,04 F 1D .5D 2B 5B YL ok b ] fi Bk
4.78%~7.46% F R AL 5 Ho fi T 1D P ik
(131) 2B Gt ik (2 4>) 1 5B Ze @ik (2 ) 0
) 17 A BEEALS E 1 AR A E], 7 F 5D
Yua (K4 A7 B 5.56 Mb 1 6.39 Mb Ab ) AX-
111464164 F AX-110476332 1£ 3 N FRESEF fEwiors
B TR R4 T8% ~ 7. 46% [ F T AF S [T 5D Yt
TR YEALE 2. 68 Mb &b FFRIC AX-109986939 1E
24 B BE v RE B R B W] A R R T AR 7
6.27%F 6.04%, R4 KB, 5D YL ik b
AX-109986939 AX-111464164 Fll AX-110476332 {3 s

RIARSE  fE2B 5 7D Qe ik ki B e E A FES GH R SV A OGRS — R 2R A
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Table 5 Significantly associated loci for wheat grain hardness index and sedimentation value
\ 2
PEAR SNP #Rig DGR %%%iﬁ e Al
E1 E2 E3 E4 E1 E2 E3 E4
BEREFIE B AX-109986939 5D 2,68 4.61x1077 1.04x107* 1.34x107% 1.96x10™*  10.67 6.25 12.94 5.80
AX-111464164 5D 5.56 1.35x107* 2.36x107® 2.28x107% 3.30x107¢  13.40 8.99 12.63 8.67
AX-110476332 5D 6.39  6.91x107® 8.56x107® 9.95x107° 2.71x107>  12.08 7.99 13.10 7.18
AX-110419834 5A 1.34  3.49x107° 5.12x107* 2.07x107° 7.40 5.32 9.24
AX-111529691 2B 24.13 3.31x107* 5.35
AX-108920250 7D 54.99 2.43x107* 5.59
AX-110502471 7D 54.59 3.80x107* 5.35
AX-109731572 7D 53.67 8.25x107* 4.72
VLE  AX-110476332 5D 6.39  6.32x107° 2.55x107™* 4.09x107* 7.32 5.54 5.24
AX-111464164 5D 5.56  5.40x107° 1.11x107* 8.82x107* 7.46 6.11 4.78
AX-109986939 5D 2,68  2.49x107* 1.44x107* 6.27 6.04
AX-109343644 1D 419.60 3.89x107* 5.23
AX-109973213 1D 420.65 2.31x107* 5.58
AX-110493828 1D 427.32 6.08x107* 5.00
AX-110934628 1D 413.31 6.81x107° 6.42
AX-111019122 1D 416.46 3.63x107 5.27
AX-111377235 1D 432.34 2.25x107* 5.62
AX-111382637 1D 418.53 1.67x107* 5.80
AX-111457169 1D 413.78 3.26x107* 5.61
AX-111552331 1D 411.24 5.29x107° 6.59
AX-111633021 1D 415.98 5.35x107* 5.03
AX-111815631 1D 412.29 5.37x107° 6.58
AX-111973810 1D 429.99 4.48x107° 6.71
AX-94613367 1D 414.30 6.81x107° 6.42
AX-111555027 2B 566.42  2.42x107* 6.23
AX-94943179 2B 566.63  3.64x107* 5.96
AX-108895864 5B 144.88 6.83x107* 4.89
AX-111532854 5B 9.07 7.93x107* 4.97

SNP . BAKEFFBR 2 251k ; P {H : SNP 5 H AR 2 18] A9 S 5 251k R? . R B STk 2R, E1,2017-2018 4R VLJ5 B R ) b IX A\ BF 24 BF 55 B 0 4
15 E£2:2018-2019 47T B 9l 3l X AV BH S5 0T J7 48 Jk b ; £3 . 2018—2019 4E V1 95 HL R 0] i X A4 Y BE 225 5% JI7 i IR ) B ik Ml 5 B4 . 2020

2021 AFEYT.505 BT ) s XA B A5 T 7 F S
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Fig.4 Analysis of genetic effects of repeatably detectable significant loci on grain hardness and sedimentation value
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