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Genome-wide association analysis for yield and potassium efficiency
related traits of wheat at maturity stage
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Rural Affairs Bureau, Binzhou, Shandong 256600, China )

Abstract: [ Objectives ] Crops are found response genetically to potassium (K) nutrition, so the identification
and localization of the molecular markers, that are stable and significantly correlated to traits of yield and K
efficiency under different K nutrition levels, will provide reference for further genetic modification of related traits
and genes cloning in breeding. [ Methods ] A group of 134 wheat varieties (or lines) were used in a two-years
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field experiment, in which applying K (T1) and not applying K (T2) were setup. The yield and K efficiency
related traits of wheat were measured, and the average data of traits were calculated under 6 defined environments,
as the respective average values of each treatment in one year and two years. Genome-wide association analysis
was carried out for the tested traits using SNP molecular markers. [ Results ] Compared with K application
treatment, the K use efficiencies were significantly higher, while the K contents and accumulation of individual
plant and the total spikelet number were significantly lower under no K application treatment. The coefficients
of variation of the traits were 6.98%—-350.38% among the group of cultivars (lines), and 14 of traits had
heritability of > 50%, with the highest trait of plant height (92.03%). According to genome-wide association
analysis on the 7485 SNPs with satisfactory diversity, a total of 1420 molecular marker sites were identified
associating with 23 traits significantly (P << 0.001), and located in 21 chromosomes. There were 1097 (77.25%)
molecular marker sites detected in only one environment, and 323 molecular marker sites that could be stably
identified in at least 2 environments, and 113 of them were related to K efficiency, e.g. the molecular marker sites
Tdurum_contig26281 139 and Kukri_ c¢307 2053 could upregulate the absorption of K, Ex ¢/9038 571 and
BS00039148 51 could increase K use efficiency. There were 22 molecular marker sites that could be identified in
at least 4 environments, which were related to 5 traits such as plant height, 1000-grain weight (1000-GW) and
grain number per spike. Among the 22 molecular marker sites, RFL Contig 4069 2628 and BS00003632_51 were
related to plant height and 1000-GW, and were extremely stable and could be detected in all the 6 environments.
The expression of genes in the two molecular marker sites significantly affected the variation of plant height and
1000-GW, with average contribution rate of 9.59% and 13.66%. [ Conclusions ] Under different K nutrition
levels, the molecular markers that are closely correlated to the yield and K efficiency traits, are detected in
different sites. About 77.25% of the molecular marker sites are detected only in specific environments. However,
22 significantly correlated molecular marker sites (involving 9 traits related to yield and K efficiency) can be
detected in at least 4 environments (6 environments in total), forming high-frequency expression molecular marker
sites. Among them, two molecular marker sites are stably correlated with plant height and 1000-GW in all
environments. The regulation effects of related genes on related traits of these molecular marker sites are less
affected by K treatments, which has high theoretical and applied value and is worthy of in-depth study.
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Table 1 Wheat varieties used in this study

Iha=s A (%) e TV EN) JFe N E) e Al (%) s A (%)

No. Cultivar (line) No. Cultivar (line) No. Cultivar (line) No. Cultivar (line) No. Cultivar (line)
1 Bks5E 28 1hife 45 55 I 12 82 HE 155 109 58
2 ik 1455 29 1k 483 56 954(7)-8 83 1416 %5 110 Bk 627
3 T 20 30 1k 664 57 BSS 84 % 185 111 B 138
4 52 21 31 114 8355 58 LS3283 85 A58 616 112 B 534
5 T 22 32 e 1 59 4k 25 86 £ 618 113 PG4 85
6 17 33 1L 3 5 60 LS4697 87 i 828 114 PEA 213
7 P16 34 A 18 61 L.S4942 88 At 17 %5 115 ok 889
8 HT 17 35 Z&1l 21 62 LS6045 89 % 8% 116 Pk 9871
9 E9= 36 Z&il 22 63 e 29 90 /M 81 117 /ME 22
10 M 137 37 Z1l 23 64 M8008 91 wE65 118 /ME 92
11 3 95021 38 28111 24 65 A 35 3k 21 92 ®H 8% 119 /IMIZ 216
12 KA 99 39 K4 98 66 B/ 93 HR21 5 120 izF 139
13 iz 4 %5 40 MWk 15 67 Hiff 9618 94 wHR 235 121 BINA 76
14 Iz 6 5 41 e 8= 68 H 00-7086 95 245 122 WE33 5
15 BE 14 42 s 69 Ak 827 96 B2 15 123 &=+ 3 5
16 g1 43 AR 65 70 A 4198 97 Wi 16 124 I 5 822
17 ‘& 22 44 #% 289 71 R 6049 98 Wi 18 125 e 16 5
18 B4 23 45 1 5072 72 i 0628 99 Wi 26 126 It 145
19 FE1S 46 A 999 73 5 6599 100 %2 49 127 TR 99-2
20 1R 0431 47 H 99603 74 3 5265 101 B 54 128 B 298
21 14 1186 48 AR 0428 75 32 703 102 #9023 129 16
22 e 12 49 A 15 76 & 1% 103 Hii 9507 130 W 18
23 1% 15 50 JHA 19 77 B 199 104 Ji 99233 131 J1 35050
24 g 17 51 JHAR 21 78 JERHIF 43 45 105 JRA 15 132 hER
25 i 18 52 JHAR 22 79 A 54 106 JilZz 24 133 MR-
26 1l 21 53 JHAe 23 80 11 4185 107 AN2 134 Jn-EnR A 2
27 1l 23 54 JHAR 836 81 ARIE-H 108 AN3

7 (Note) : FHHFP (R) RIE Source of cultivar (line) listed in the table: 1~66, H1[E 114 Shandong, China; 67~74, "1[E 11174 Shanxi,
China; 75~90, #'[E{1 5 Henan, China; 91~114, H1 [Ei1]t Hebei, China; 115~128, " [E P4 Shaanxi, China; 129~130, H [EJT. 4 Jiangsu,
China; 131~132, J1[EPUJI| Sichuan, China; 133, K F|V. Australia; 134, /152K Canada.

KAHEBA 1~12, B4 KEHER 5K, IR E
SEAHE ST B o TP IR I A VE£ L AR (Tength of
burnin period) ¥4 10000, AEFGEARE ) MCMC
(Markov Chain Monte Carlo) %4 100000, #RJ5Z: &
Evanno &2\ ki WHEELH K. [FATHR1S Q 41
WA by O T 3 A v 1Y PR O 22 4 B o R A1
PowerMarker V3.25 -7 SNP [ PIC {8 . J&[H ZAEME:

FIE A% I 0
1.5 HEHH

K H TASSEL 5.0 #f4, FIH GLM+Q (general
linear model) — £k P57l MLM+K+Q (mixed
linear model) & & 2 MBI ZE & BEAR > FFric £ Fi
FRVEEX PR AL B (T1E1, T2E1. TIE2,
T2E2) L\ SoAH R 8 Ab B AE - 2E (TIAV, T2AV)
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6 A ICHR A HTIREE T HEATOCHR 00T, W E 1B G
B FARiE (P < 0.001),

2 ZER 50
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BRI FRCR W T . AR SE R 2 ) 22 53 0 3
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WAL TR, AE 50% UL, Hib bk p L S ok
(92.03%), Hi b HBER &AL SR/ (4.25%). H
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Table 2 Statistical and heritability analysis for yield traits and K efficiency related traits

AR Ab T MEE (AV£SD) 3857 (%)U® AN Qb MEM (AV£SD) 8L (%)™
Trait Treatment Measured value Heritability Traits Treatment Measured value Heritability
%L T1E1 12.80+3.13 a 52.85 T = T1El 28.69+6.14a 53.96
Spike number  pop; 11573152 Straw weight T2E1 2429 +7.09b
(g/plant)
T1E2 1043+2.77a TIE2 29.12+£9.54a
T2E2 8.80+£2.42b T2E2 2504 +£841b
3= T1E1 64324950 a 92.03 o EE A TIEL 52.58+10.29 a 55.25
Plant height T2E1 58.41 £8.89 b Shoot weight 1y 444741173 b
(cm) (g/plant)
T1E2 73.01+11.79a TIE2 52.63+13.57a
T2E2 70.80 £ 11.59 a T2E2 4593+ 11.69 b
K TIEl 9.88+1.26a 60.83 KRR B T1E1 523+0.67a 71.60
Spike length T2E1 9.46+121b Grain K content 15 3.74+0.74b
(cm) (g/kg)
T1E2 9.85+288a TIE2 475+057a
T2E2 928+1.16b T2E2 439+0.67b
J/NEEL T1EL 19.40+1.35a 80.37 FEFFAE B T1El 29.99+4.85a 4.83
TSSN T2EI 1877150 b Straw K content 1649+4.82b
(g/kg)
T1E2 19.18+1.42a TIE2 20.60 £3.01 a
T2E2 1920+1.37b T2E2 1758 +3.21b
AT TIE1 044+043a 46.75 W AR TIEL 35.13+4.92a 425
MR T2E1 037+037a Shoot K content g 20.52+4.78 b
BSSS (g/kg)
T1E2 0.62+0.47a TIE2 2535+3.13a
T2E2 0.51+052b T2E2 21.96+3.29b
AT TIE] 0.35+0.51a 41.60 PR RAE TIE 0.13+0.03 a 45.45
MR T2EI 0314051 a Grain K T2E1 0.08 £ 0.03 b
TSSS accumulation
T1E2 0.04+0.15a (e/plant) TIE2 0.11+0.03a
T2E2 0.09+024a T2E2 0.09+0.03 b
AH /R T1EL 0.79+0.67 a 51.86 T RELE TIEL 0.86+0.21a 16.34
858 T2EI 0.68+0.70 b Straw K T2E1 0.41+0.19b
accumulation
T1E2 0.65+0.49 a (/plant) TIE2 0.60 £ 021 a
T2E2 0.59+0.56a T2E2 0.43+0.15b
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%3% 2 Table 2 continued

PR Qb T MEM (AV£SD) L S0 (%) PR Ab WE(E (AV£SD)  #fLT7 (%)Y
Traits Treatment Measured value Heritability Traits Treatment Measured value Heritability
CIN=NY Ve T1E1 18.61+1.32a 74.40 o[- HBA R TIE1 0.98+0.22 a 20.00
ESS T2EL 18.09+ 1442 st T2E1 049+020b
Shoot K
T1E2 18.52+1.47a . TIE2 0.71+022a
accumulation
T2E2 18.61+1.40a (g/plant) T2E2 0.52+0.16b
TR EL T1EL 58.22+6.99a 71.08 AR A TIEl 462+1.11b 52.93
GNPS T2EI 55.02+7.16b LIES T2E1 558+ 1.76a
GKUE
T1E2 59.35+8.75a (wke) T1E2 5.06+1.60 b
T2E2 57.89+8.19a T2E2 513+2.03a
THiE T1EL 45.10+0.50 a 79.94 FEAFH I TIE1 0.99+0.30b 47.74
1000-GW T2EI 4410+ 0.46 a LiE T2EI 158 +£0.56 a
(€] StKUE
+ +
TIE2 51.60+0.53 a (ke) TIE2 146+0.53a
T2E2 50.50 £ 0.53 a T2E2 1.51+0.69 a
WeRFR AL T1E1 1.15+£027b 75.54 b L TIE1 561+1.30b 63.54
Harvestindex 1y 133+033a HRCR T2E1 7.14+2.06a
SKUE
T1E2 1.184+0.43 b (/ke) T1E2 6.52+187a
T2E2 1.43+0.57a T2E2 6.50+2.25a
AR 5 T1E1 23.89+5.04a 49.72
Grain weight  15p 20,18+ 533 b
(g/plant)
T1E2 2353+6.19a
T2E2 21.14+6.65b

7 (Note) : AV—Average; TSSN—Total small spike number; SSS—Sterile small spike; BSSS—Base sterile small spike; TSSS—Top sterile
small spike; FSS—Fertile small spike; GNPS—Grain number per spike; 1000-GW—1000-grain weight; GKUE—Grain K utilization efficiency;
StKUE—Straw K utilization efficiency; SKUE—Shoot K utilization efficiency; Z&bFErf, E1 fil E2 fARBIMAIRAED, T1, T2 AR MGEH AASIEED
Ab# In the treatments, E1 and E2 represent the two experimental years, T1 and T2 represent K and no K application treatments; [5]71£(#& J5 A~ R /N
BRI — AR A b B (8] 25 7 3% (P < 0.05) Values followed by different lowercase letters indicate significant difference between two

treatments in the same year at the 0.05 level.

22 FERHYERHEEXMERNS FRIERIEER
BB FARIE LR

23 A7 f B AR MR 430 S AR A
BRALFR (T1E1, T2El, TIE2. T2E2) DL K AHIRI#RAL
FPIAE M (T1-AV, T2-AV) 3£ 6 KBS HrEf
e A IR 54T 43 R ac QIR A A, G Il 3
1420 DR BE (P < 0.001) 1920 TARICALA, 4
A 21 FRGe ik I, IR EE A, R MR 3
RIMR (WE ) 7EA RSP BEEASE T 77 AL AR 5 (R
RIS ) IZ 5 FhRic/ZE R STlkim H ) (TikR), A
i Rl R QS e R N TR VRSO0 B EPIVA N
RIS S BTk % (R?) YU 7.53%~18.01% (£ 3),
Hrp, 5Tk (1000-GW) B B & 0 ik £,
3269 4>, FKHAFTTHRE R 7.80%~18.01% (R);

SAFRLHR S i (GKC) KB b, HoE 7 5]
234>, TR ZTUHRR 7.74%~13.51% (R). {EELN
F 48 1420 A5 2 CHR W 4y FAnic i, A
1097 A~ 43FFR e o7 s ANAE—A> SRR A3 BT BR B P A
Mz, &R 77.25%. A 323 AT E
TEPIAN IR AT A gl A i 21, e 113 A7
SSERCRMNEIRA &, Tdurum_contig26281 139,
Kukri_c307_2053 5553 FHric o7 sl DAS & SR sk
K, Ex_CI9038 571, BS00039148 51 5/ FhRicir
SREE IR E AR AR . o 22 N RRie AR
F /D AE DA SCHR A B PR g R I B, 43 S R
B TRIE . BORIERSE S AMEIRARDE, TR A R
RO TFARCNOL S (R 4), EHAERNE, 2il5kkeE
kL 2 OCHR ) 7 FARiC 7 55 RFL_Contig4069
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