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Abstract: Kernel moisture content (KMC) at maturity is a crucial factor affecting the mechanical harvesting
of maize. By utilizing multi-locus genome-wide association study (ML-GWAS) , this study aims to explore
significant genetic loci associated with KMC and provide insights into the genetic basis, which can contribute to
the breeding and genetic improvement of maize varieties for appropriate harvesting. In this research, 205 maize
inbred lines were used to measure the moisture content of kernels, husks, and cobs at maturity in four different
environments. Six ML-GWAS methods, including mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB,
pKWmEB, and ISIS EM-BLASSO, were applied in combination with 76492 single nucleotide polymorphisms

(SNPs) distributed throughout the genome for association analysis. Candidate genes were identified and gene
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annotation was performed. Phenotypic analysis showed that the coefficient of variation for KMC-related traits
ranged from 10.47% to 33.90%, with a broad-sense heritability ranging from 67.39% to 81.24%. A total of 26,
15, and 23 SNP loci were significantly associated with kernel moisture content, husk moisture content, and cob
moisture content, respectively. Among them, 14 significant SNP loci were identified by three or more methods,
with a phenotypic contribution ranging from 1.13% to 17.21%. pLARmEB detected the most significant loci,
while FASTmrEMMA detected the fewest. Based on the detection by three or more methods with an average
PVE (Proportion of variance explained) >5%, significant SNP loci Chrl 9232728, Chr4 176596174, Chr8
57716249, and Chr5 191021635 were identified. Around these loci, within a 220kb upstream and downstream
range, a total of 17 candidate genes were excavated. These genes were predominantly enriched in cellular
anatomical entities, metabolic processes, and cellular processes with catalytic activity. It is hypothesized that

these genes may influence the moisture content of maize kernels, husks, and cobs by modulating cellular

metabolism and catalytic activity.

Key words: maize; association analysis; kernel moisture content; husk moisture content; cob moisture
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Table 1 Descriptive statistical analysis of moisture content of kernel, husk and cob

PR 785 L By 22 i i 353 Ej(a*;)ﬁ
Traits Environment Range Mean+SD Skewness Kurtosis cv
KPR 7K 1 (% )KMC 17BD 10.83~39.69 26.86+7.04 -0.22 -0.74 26.21
17XJ 17.63~48.57 38.01+4.80 -1.14 2.96 12.62
18BD 13.01~41.18 25.57+6.39 0.22 -0.56 24.98
18XJ 15.80~46.99 35.40+5.66 -0.87 0.97 15.98
BLUE 15.29~44.15 31.28+4.85 -0.26 0.29 15.51
B 7K 1 (% ) HMC 17BD 13.94~63.52 38.04+12.82 0.21 -1.00 33.70
17XJ 20.71~72.58 45.35+12.85 -0.02 -1.11 28.34
18BD 12.21~67.81 35.31=11.97 0.10 -0.69 33.90
18XJ 16.32~68.18 41.27+12.70 0.23 -0.66 30.76
BLUE 16.78~67.11 39.66+10.39 0.07 -0.64 26.20
Tl 5 7K 4 (%) CMC 17BD 16.59~85.40 58.42+14.64 -0.78 0.05 25.06
17XJ 37.26~82.14 66.00+7.23 -0.69 1.53 10.95
18BD 15.57~78.28 54.03+13.60 -0.67 0.11 25.18
18XJ 41.05~81.28 65.39+6.85 -0.70 0.85 10.47
BLUE 28.57~87.32 60.87+8.46 -0.63 1.07 13.90

17BD: 2017 4F445E 5 17XJ: 2017 4FE4E ; 18BD: 2018 4F{R5E ; 18XJ: 2018 44 ; BLUE: sefEL M ILthifhiit; T 1R
17BD: 2017 Baoding; 17XJ: 2017 Xinji; 18BD: 2018 Baoding; 18XJ: 2018 Xinji; KMC: Kernel moisture content; HMC: Husk moisture

content; CMC: Cob moisture content; BLUE: Best linear unbiased estimation ; The same as below

R2 MRLEMMEHSKENEKSHTESN

Table 2 Joint analysis of variance for kernel, husk and cob moisture content

F{H F-value
etk JSGRAE R (%)
- LR x PRk N
Traits [X4H 781 o LG.ZL x IhAE Broad-sense
enotypex 1 111
Block Environment Genotype . P heritability
Environment
FFRL B 7K (%) KMC 2.09 465.46™ 6.10" 1.52" 78.06
ALK (% )HMC 0.70 60.99" 8.06” .71 81.24
Al % K 22 (%) CMC 0.02 136.62" 5.77" 2.00" 67.39

*Fx 2RIFIRTE 0.05 81 0.01 K 225 B3, T A

* and ** indicate significant differences at the levels of 0.05 and 0.01, respectively, the same as below
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The box plots, frequency distribution histograms, curve graphs and scatter plot for KMC,HMC, and CMC: The y-axis of the frequency distribution

curve graph represents the proportion of the data, while the x-axis represents the moisture content; In the scatter plots, both the x-axis and y-axis

correspond to the moisture content of the respective traits; The y-axis of the frequency distribution histogram represents the quantity , and the x-axis

represents the moisture content; In the box plot, the y-axis represents the moisture content
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Correlation analysis of BLUE values of kernel, husk and cob moisture content
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A': Kernel moisture content; B: Husk moisture content; C: Cob moisture content. Light green and light blue are insignificant loci, blue is the

significant loci localized by one method, pink is the loci detected by two methods, dark green is the loci detected by three methods, purple is the loci

detected by four methods, red is the loci detected by five methods together,and black is the loci detected by six methods together. The significance of

loci detected by two or more methods is the mean of the similar LOD of different methods. The loci detected by three or more methods are marked

with corresponding colors on the graph
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Fig. 2 Manhattan plot of kernel, husk and cob moisture content
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Fig. 3 Number of significant loci detected by different ML-GWAS method
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Table 3 Significant SNPs co-detected by three and more methods
PRk IR Bin Lob FTITTHRE (%) ML-GWAS J5 i
Traits SNP PVE ML-GWAS method
FPRL 7K KMC Chr10_2640900 10.01 3.87~4.70 2.35~4.09 1,2,5
Chrl 253390359 1.08 3.30~6.50 3.55~5.88 2,4,5
Chr4 176596174 4.07 3.33~8.80 3.37~13.09 1,2,3,6
Chr4 192913849 4.08 3.34~591 2.02~6.25 1,2,4,5
Chrl 62415898 1.04 3.33~9.18 1.65~4.79 1,2,3,4,5
Chr6_108012658 6.04 3.92~5.50 3.01~6.92 1,2,3,4,5
Bk & HMC Chr10_2640900 10.01 3.03~4.48 2.21~5.54 2,3,5,6
Chrl 9232728 1.01 3.06~7.09 3.52~9.40 1,2,3,4,5.,6
Fldh & k& CcMC Chr10_84830865 10.03 3.33~4.54 1.13~4.14 2,4,5
Chr2_ 110828978 2.05 3.69~6.80 2.30~6.41 3,5,6
Chr6 152941834 6.05 3.03~5.95 1.90~4.86 1,2,5
Chr8 57716249 8.03 6.64~9.46 3.58~17.21 1,2,5,6
Chr5 191021635 5.05 4.11~5.27 1.22~11.42 1,4,5,6
Chr2 213305770 2.08 3.70~8.15 2.49~5.34 1,2,3,5

1: mrMLM; 2: FASTmrMLM; 3: ISIS EM-BLASSO; 4: FASTmrEMMA; 5: pLARmEB; 6: pKWmEB; PVE: Phenotypic variation explained;

The same as below
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Fig.4 Analysis of phenotypic difference in different alleles of significant SNPs
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Fik SNPHFiE %%(f)ﬂm kI SR

Traits SNP marker Average PVE Candidate gene Gene annotation

-5 KR HMC Chrl_ 9232728 7.32 Zm00001d027622 B (C3HC4 M RING $8) iR H
Zm00001d027623 MYB2 # 5+
Zm00001d027618 60S AR 1 L21
Zm00001d027612 B A PR-RNA VA
Zm00001d027627 SBT1.2 W32 (it}
Zm00001d027625 ABC #2861 C X% MRP4
Zm00001d027616 RPMIAHE A 13

FERLE K i KMC Chr4 176596174 7.24 Zm00001d052021 DNA & il /7] - MCM5
Zm00001d052020 B-1,2-N-Z B A5 b e S A4 1 11
Zm00001d052010 PP 2 BERR NG B SR
Zm00001d052019 {5 1Y) RING ‘B8 45 P s S % 86 1
Zm00001d052015 22 F R

Flifh &K i CMC Chr8_57716249 9.25 Zm00001d009349 s B kR i S A ) 5 11 H

Chr5 191021635 6.21 Zm00001d017263 B AR AT RE AR 11 (DUF640)

Zm00001d017261 M5 FA TR 2 LR A I
Zm00001d017268 Myb 3 [ /5t Myb4
Zm00001d017264 20 B 5% 2 AT 5

GO R B R X 1T PN ERAPHE AN FEHE

76 12 TEA A R IRHRIE R

TR AN AR SR, 4 & SR AR B R A L 4 4>
& AR R R AL TS M (1] 5 A, ik B[R] 7™
W3 2 AN A A AT A B S T R K
AL e Uil S g

gE 4 K B 28 £ B73 BRI BE 44, KB
317 AMBEVE LR TE F oK 23 ML P Rk A AE
BMOR 2 5 (B 5B) o B4 & oK 5 A 6 A (BR
Zm00001d017261 5 ) F=ik 38 3 24K, KR 5 7K 12
AHOCIE RITEA [RIFR AL ) IR W AETE 25 57 I K
A B 2 N EE R Zm00001d027618 F11 Zm00001d02

HE— 38T 5 KPR B K R SE R (Zm0000
1d052010, Zm00001d052019. Zm00001d052021 .
Zm00001d052020 F1 Zm00001d052015) 15 ¥ ki kK &
ANEB B kT UL (K] 5 C) , 45 R E M, ixX 5 M
T SE R AE B0 5 KRR B 1) 0~38 d N R IKAF7E ik
FES L B Zm00001d052010 76 KR K B Y
28~38 d ik WE N, T Zm00001d052019 14T
BIREI0~20 dFIESE . A R, Zm00001d052021,
Zm00001d052020 F1Zm00001d052015 1¥ 0~38 d 1 [&]
TR EHBAL, A K,



7 BAIFAREE . FIFH ML-GWAS f#HT T KRR 5 /K S AR SR 38 A4 JE it 1079

A C
DAP 0 f5
Ontology DAP_2 g4
" T DAP 3 | 3
i DAP 4 2
Metabolic process =
M vr DAP 6 1
iR DAP 0
Cellular process D cc -8
DAP_10
R R DAP_12
Response to stimulus B
DAP_14
fAbE DAP_16
Catalytic activity DAP 18
ATP {RFHEE DAP_20
ATP-dependent activity DAP_22
LR T DAP_24
Structural molecule activity DAP_26
gL DAP 28
Binding DAP 30
C EEANE A DAP 32
Protein-containing complex DAP 34
NI 2R S DAP_36
Cellular anatomical entity DAP 38
0 2 4 6 8 -
L
Count

Zm00001d052021
Zm00001d052020

Zm00001d052010
Zm00001d052019
Zm00001d052015

Zm00001d027622
2%00001010276 5fjs  Grouwp

CMC
HMC
KMC

FEzX X SR AR AR LKA~ O~ ~EXPEL ES MEME B Y25 wms HS 2 s He
*<,>\ > > > 2 N 2 ix] = w 2”8 A9 <l Xl .__mAS((-l))%;vq: <5< 5< <
Eo g iy i g S s s e r P RE a7 RN SRS 55 HA 5
EUOHECEVECRECRPHSSZES EE e N e EI BT ST RoEo g 83y 2%
REAEBEKES S QRULE L0585 55 8F SSRORT EE BEQESe B 8 2%
EESSRURERERERKIEERZIE -SRI Sy 258533 ESfuEgTzos5wEe
CEZRER N T wE gl q¥gg® © © EEES &S ZLGRENEEERE
> 2 E=| 3 > 7 - N -2
SEEZTS E ERSEE - & & JE$E % EEWO e s ®A
2EX%5 2 = &9 Xi 3 5 I dEdL 2 Ba E
= 2 E 8 S 25 £ & s i 8 3 NaWs
W] o o) 5] m o S
5 L ez R 8 3 3 = S L
S 8 3 “E8g 5 A = 3 5 S
<] ® 3 51 El
~ & = ]
o o
- ©
=
£
L
—

ARSI B 832458, BP AR W) A, MF 43 - I0RE s CC A IIZH 53 s B 17 MG IERE R AE oK 23 DAL PRy A L 5
C:5/MEREEE R FPR K F 0~38 d AR AL
A: Candidate gene enrichment classification results, BP: Biological process; MF: Molecular function; CC: Cellular component;
B: The expression levels of 17 candidate genes across 23 tissues in maize, DAP: Days after pollination;
C: The Expression of five candidate genes on 0-38 d of seed development
E5 REERMEESTNHERESHN

Fig.5 Enrichment and dynamic expression analysis of candidate genes
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Table SI ~ GWAN of grain water content related traits
ek D Jrik KRG Rk %f:f:lb") LOD  HHTHRE %)
Traits Method Associated site Chr. Jocation score RARIGIER R
RN K E 1 mrMLM 2 241772499 2 241772499 3.0028 7.4407
Bractwater 3 FASTmrMLM 1 243610776 1 243610776 4.0704 5.5473
content 3 FASTmrEMMA 1 253390359 1 253390359 4417 7.1703
4 pLARmEB 7 51757008 7 51757008 3.1435 3.8106
5 pKWmEB 1 67440762 1 67440762 3.6694 7.797
6 pKWmEB 5 204013868 5 204013868 5.9866 7.0182
7 pKWmEB 6124807916 6 124807916 3.4756 3.6468
8 pKWmEB 7 172845189 7 172845189 4.0744 6.1211
9 pKWmEB 8 1791465 8 1791465 3.0265 27515
10 ISISEM-BLASSO 10 78365476 10 78365476 3.8173 5.3637
11 pKWmEB 1 120797562 1 120797562 3.6228 4.9025
ISIS EM-BLASSO 1 120797562 1 120797562 3.8558 4.2203
12 pKWmEB 3170866198 3 170866198 52779 6.7498
ISIS EM-BLASSO 3 170866198 3 170866198 4.4972 4.5255
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7 pLARmEB 3 216830473 3 216830473 6.2027 3.1809
8 pLARmEB 5 207421886 5 207421886 3.1132 0.5577
9 pLARmEB 6143877689 6 143877689 3.9527 1.7379
10 pLARmEB 7 144041967 7 144041967 3.7474 1.5461
11 pKWmEB 2110828978 2 110828978 5.741 7.5285
12 pKWmEB 5 140079750 5 140079750 3.9913 7.043
13 pKWmEB 10123940987 10 123940987 3.2255 777
14 ISIS EM-BLASSO 4 182116023 4 182116023 4.2489 2.5896
15 ISISEM-BLASSO 8 75123038 8 75123038 6.2143 6.9186
16 pKWmEB 8 121233181 8 121233181 43432 52284
ISIS EM-BLASSO 8 121233181 8 121233181 3.8787 2.5688
17 mrMLM 8 121741604 8 121741604 7726 8.2528
pLARmEB 8 121741604 8 121741604 3.7767 1.8905



Al K&
Water
content of

spike

19

20

21

22

23

24

25

26

O 0 N N W A W N =

N ey
wm kR W N = O

17

pKWmEB
ISIS EM-BLASSO
mrMLM
FASTmrMLM
mrMLM
pLARmEB
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4 176596174
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4192913849
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1 62415898
1 62415898
1 62415898
1 62415898
6 108012658
6 108012658
6 108012658
6 108012658
6 108012658
7 82822426
10 86492168
1 265212969
6 172236874
1 265245186
114575760
6 108012658
1 204577660
1 239876371
2 36248173
236965872
2122050759
5 151887067
5 190986138
10 139791479
10 139791479
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394001977
394001977
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108012658
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82822426
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265245186
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108012658
204577660
239876371
36248173
36965872
122050759
151887067
190986138
139791479
139791479
90859267
90859267
94001977
94001977

3.5962
6.1154
4.3504
4.1991
4.184
3.2313
3.8679
4.384
4.6991
3.7527
3.3032
6.5021
3.3262
3.9069
6.7141
8.8039
5.1549
3.3363
3.4209
5.9075
3.508
45183
3.8189
9.1767
3.3285
4.1314
3.9242
5.4993
4.8948
5.3599
3.3846
5.3369
3.864
6.8698
3.0667
3.6366
6.0594
6.6087
3.2572
3.8622
3.8142
4.8779
5.1574
6.2153
3.4158
3.9772
6.0572
4.1803
3.3905
6.3261

9.3862
4.9711
5.1869
2.3451
4.9574
0.8331
4.0862
2.4513
2.3519
3.5473
4.5687
5.8777
4.7971
3.3676
13.0899
7.7227
6.2506
2.0193
3.0262
3.1684
3.3166
2.4085
2.7622
4.7917
1.6493
4.7688
3.0056
6.9247
4.0861
4.9313
4.686
8.3565
1.2778
3.0023
7.153
4.8083
7.8868
4.729
1.7384
3.0776
2.3461
3.6987
5.5439
5.769
7.1435
3.0215
8.4921
3.077
2.9287
2.1736
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84830865
84830865
84830865
110828978
110828978
110828978
152941834
152941834
152941834
57716249
57716249
57716249
57716249
191021635
191021635
191021635
191021635
213305770
213305770
213305770
213305770

4.5387
3.3313
3.3715
6.8
3.6876
4.6361
3.0269
4.5061
5.9503
9.4618
8.4947
8.3414
6.64
5.0892
4.1731
4.1146
5.27
3.8845
3.8757
8.1518
3.7023

41221
4.1435
1.1336
2.2989
6.4159
3.7869
4.863
3.5135
1.9014
17.2119
10.4234
3.5825
5.782
7.4991
47038
1.2156
11.4215
5.344
4.4462
2.9783
2.4917
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