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Abstract: [Objective] Seed vigor is one of the key determinants of seed quality in maize, directly influencing emergence rate,
seedling growth, and stand uniformity, thereby affecting final yield formation. This study aimed to identify high-vigor inbred lines
and hybrids, uncover key genes involved in regulating seed germination, and provide a theoretical basis for breeding high-vigor
maize varieties.[ Method ] Twenty-two maize inbred lines from two heterotic groups, Shaan A Group and Shaan B Group, were used

to produce 104 F; hybrids following an NC-1I mating design. Seed vigor was evaluated under both the standard germination test
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and the cold soaking germination test. Nine traits were recorded, including germination energy (GE), germination percentage (GP),
germination index (GI), seedling length (SL), root length (RL), dry weight (DW), vigor index I (VI 1), vigor index II (VIII), and
vigor index III (VIIII). Genotypic and phenotypic data were combined to perform a genome-wide association study (GWAS) for
major traits. Quantitative trait nucleotides (QTNs) significantly associated with seed vigor were identified. Public transcriptome
data were further used to screen potential candidate genes and to predict their possible functions. [Result] Significant genetic
variation was observed for seed vigor—related traits in both inbred lines and hybrids. Compared with the standard germination test,
cold soaking treatment reduced GE, GP, and GI, and increased the range of phenotypic variation among genotypes. Most traits
showed significant effects of genotype, treatment, and their interaction, indicating that seed vigor is mainly controlled by genetic
factors. Germination traits were positively correlated with seedling growth traits and vigor indices. Several materials showed stable
performance under different germination conditions and low sensitivity to cold soaking. Hybrids derived from KA105, KA08S,
KAO085, and KA205 of the Shaan A Group, and KB088, KB060, KB168, KB076, and KB021 of the Shaan B Group maintained
relatively high seed vigor under cold soaking conditions. Some inbred lines with moderate seed vigor were able to improve hybrid
performance in specific combinations. GWAS detected 43 QTN significantly associated with seed vigor, including seven loci that
were shared by two or more traits under cold soaking conditions. Based on transcriptome data, 11 candidate genes were identified,
of which eight had functional annotation and were mainly related to stress response and transcription regulation. [ Conclusion]

Maize seed vigor is a quantitative trait under genetic control, and genetic variation is the main source of phenotypic differences.
Seed vigor is regulated by multiple loci, with key genomic regions involved under low-temperature conditions. The accumulation

of favorable alleles can improve seed vigor in hybrids, and hybrid performance is also influenced by specific genetic interactions

between parents.
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Table 1 List of inbred line materials

%5 No. #EZFR Name K Source 5 No. #RIZFR Name K Source

Ml KA105 Bk A ## Shaan A Group P4 KB060 [ B # Shaan B Group
M2 KA023 Bk A ## Shaan A Group PS5 KB076 [ B # Shaan B Group
M3 KA205 Bk A ## Shaan A Group P6 KB077-2 [ B # Shaan B Group
M4 KA215 Bk A ## Shaan A Group P7 KB088 [ B # Shaan B Group
M5 KA085 Bk A ## Shaan A Group P8 KBO017 [ B # Shaan B Group
M6 KAO088 Bk A # Shaan A Group P9 KB113 B B # Shaan B Group
M7 KB-9-1 % B #f Shaan B Group P10 KB168 % B #f Shaan B Group
M8 KB-9-2 % B #f Shaan B Group P11 KB177 % B #f Shaan B Group
Pl KBO17 [¥% B B Shaan B Group P12 KB179 [¥% B i Shaan B Group
P2 KB021 [¥% B B Shaan B Group P13 KB209 [¥% B i Shaan B Group
P3 KB042-2 [¥% B B Shaan B Group P14 KB562 [% B B Shaan B Group

1.2 fRERFRE

FEAPRI BENLEI 90 Rifp 1 3AEE, A
30 RF 1), H 1.0% K RN 3—5 min,
AMRIKIEVE 3—4 i i FURAED RN TR 50 IR GB/T

3543.4—1995M T R 2E IR . NES 3 RIFUh, BEH
MEFF LR IRFN UL, HEHE 7 K. EIAARE
PERESE 5 10 10 BESD T, W HAR K K CR2F R
557 RV, DR ZE SRR R b 7 A B afdE A7



16 1Y) LA B A RE BR B FRE RO A AR SRR 13 0 Pt S sk i 3479

), W E R E RN 408, 105 CHEF 30 min,
WG, 75 CHLRfEE, FREETE. AR TR
B Ry R
1.3 RRAFRERFTIEEIEMNE

Fh g LR AR e, EaeRE T
WK, BT 4 CCAURIAE PR 72 he BRETR)E
i — W R, SLED LR ZE R PR AR,
VEARE T2 1 7K 73 5 F PR A 20 ik gk 2 2
I 5E HHARRR o

W FEARELHE : R 2F % (germination energy, GE) .
K 2% (germination percentage, GP) . K ZF$54K
(germination index, GI) . T#j K (seedling length, SL) .
K (root length, RL)  Fi+H (dry weight, DW) |
W 1¥EE T (vigorindex, VI ) . #§ 713411 (vigor
index, VIII) . 7§ #R%UI (vigor index, VIID
b, REFHS KRR, REFIRBURAS RN 3 IKE
SR E. B K mTE, DRGET
R L I MRS RN 3 IR SR 11,
BEREE D 10 BRPAE,

R GE=R A 4 RIEH R AFEUHAF T8
H(>x100%:

RIFHR. GP=RIFLS 7T RIEH &AL/ F 1

EH<100%:

RIEFEH: GI=XGYDt, Gt: 5 t RIKZER; Dt:
REFREL

WFRE T . VIT=GIxS, S: 10 BT EKT
BIfH;

WEODFRHI: VIII=GIxSL, SL: % 7 KW IEH
RS SR

W ARSI VIII=GIXRL, RL: %% 7 RIIEH

4 HT AR T3
1 F Microsoft Excel 2024 & GraphPad Prism 10
FERLRI LT )L A FEAE K A IBM SPSS Statistics
26 FRAFN AT R BVECE R R B ME CPME
Bt 22 | i 5 W SEFEAT IR T S 1t o A A Origin Pro
2024b HEATHHOCVE BT IF AT AL, AH DGR A He IR
b [EFEAEH Origin X H A RAZAZFNAE 2 /> ib B
NI RFR RFIREL E R R
FREC T ANE DHBANHAT RE R K, RKIE
P, BEERAL, i QTL IciMaping v4.2 X %
PEARAS [ b BE 2 (M) HEAT R 7 22 40 BT A gt A% )
(broad-sense heritability, H*) 15, | Xigfk )jit5
AR H=0g’/(og*+ogen+oe’inr), Hf, og® Mgtk Iy

%, oge® NEENM GBI T A %, a¢® WiRkEI %,
n WIEER, r AEE,
1.4 EFEBHIRREK RIE
2023 4, T TOKRE IR 22 ) TSR
KARLR, HME, REHPINEKAL RS,
RERIL T AR A PR A AT LD BRI . DNA 42
I SRR DR 23 B34 RO AR R A BR 2 ]
SeR, b, DR AR AL 5 AR MR BE KA
FOHOARYE B73 2% 3LN4L v3 BRI F41 H 20
) Maize 6H60K SNP £ 7 e Bt 5 14 J5 , 343 61
214 A~ SNP 7 i 1) Ji 4 S5 DR 2R 504
FF 4 F PLINK version 1.9 %257 448 2 O FE K]
K W B b S5 A7 DA 2R (minor allele
frequency, MAF) <0.05 FllHt 2% (missing rate, MR)
>0.2 IR AUEATRESEN, 138 22 4548 A RS R I3k
DR 20 B0 o 4 556 A ke [R] 8 o e £ R DR 284 4 0 5 46
NN, ¥4 m 37 523 N EiidE SNP A
TASSEL5.2.93!"7, {i ff] LD KNNi Imputation %} (¥
FEDR RUREAT AN, S S 0 R DR A s TR
TASSEL5.2.93 [ Create Hybrid Genotypes & B A4 Fl
SEDRIFRUS) 5 R A8 B DR L P UK H%  MAF <<0.05
A MR>0.2 BEATIEIE, 243K 1 36 524 A~ it SNP
F T 5 B2 A8 A B DR A DR B 23T o
1.5 BHAGHMFIEZRRSIT
FIH] TASSEL v.5.2.93 Ak 47 5 R R 24t 43
B, PHECEAM BN E G R R RZH, REREA
ARHE P55 28 R A FE (Kinship matrix, K 5B .
JFiE iE TBtools £ il o8 Zx KX R MK . A At
MEGAV7.0 fHEAEAAN, FEAEfEL M, iTOL
Chttp://itol.embl.de) HEATREAL B (KA. Al T B AF
PLINK1.9 #47 T B s vH 55, BT 2 4> 343 (principal
PCA) Jiflf 1 R & &5 ( https:/
www.r-project.org/) AT G ELHI1ER .
1.6 =EEHXEKDH
7 R i85 4l A IIIVmrMLM v1.0 #2443 5 %)
Fi BEAK 2 DNAEBR T —RMIR, RS R
(GE)  KA#H (GP) « K445 (GD . 11K (SL) .
R (RL) M THE (DW) BEA74 3 R I3 4T
2% Huang %051, fE RS RRYERANY, KiTE
SNP (1) 255 J5k PR 21 93 SR AR Ay = A5 A7 5 R 7 4l 5 ik R
RUFIIR ST FE R (W & FE AL . ANl gt 77 204 5 AH
RN By BEAHEIT GWAS 20#T. Hirfr, 53 QTN
(significant QTNs, SIG) A Bonferroni 15 [F M 5

components ,



3480 moOE Kk

W B2 59 %5

h I B AR IO A FR I A P=0.05/m
e SIG, m 2 AMER L H . @K QTN
(suggested QTNs, SUG) Myt KALSA pf £ Lb s 6T
% (likelihood of odd, LOD) 734} #IfE4 LOD=3.0
KT RSN AP s T B PLINK LY TH4
fHH, K HEFE R TIVmrMLM A
1.7 GG E R ik

ARSI, ) L 8 30 ) R DR Ay iz KL PR
FIH B73 225 1A v3.0 A (https://www.maizegdb.
org/gbrowse/maize v3) Al W) HEALE DL S i ik I
PRI 44 R RS o R T oK i A 2 A e R 28 2 B8l 2
(https:/qteller.maizegdb.org) SR 1) A I s 24
B h ] 24 CIERRIIR FRIRIEEM 7 Chh
B 14 h AR B0 R IEEEE (PRINA244661) ,
¥% 18 |loga(Fold change)|>1 Al 5o 45 3 & PR 13E 4T
FESAIR AT, DAL s 7 A Ak 0 3 38 14 £k dot Kk TR

N B0 T 2 S R IR L DI O e i .
PRI B AR ik 1 26 [ [ A7 AR ) AR B v O Bl
(http://www.ncbi.nlm.nih.gov/gene) ()& K Fl 25 [
DhRe st LA, 52 MO/ R J5 5L X Th fg
TR AR A

2 %R

2.1 BREASRZIMHMHFENRITIMRAESH

T 22 4y FAS 225 104 43 243 FiRh 135 1 AH
YEREAT G, AR BN, EbRER AR, AL
REIRFR AR S REON 5.02%—26.44%; MAEARK
FRET, BRI R R EERTE, N
17.18%—51.97% (% 2) . fEFUER ZERIE T, 2448
Rl e brAe T R BN 2.85%—23.71%; {EAR K R
AT, AR5 REN 10.01%—28.65%. £ HAZ R (]
D 5Zeach (K 2) Frrid 2 mbeiRdats, Ax

A 120 o B 120 Cc o
—_— 10}
100 100
—~ - 8t
S g 80 5
& 60 G 60 = 6r !
# R &4t
w40 £ 40 iﬁg 4
« & 5|
20 20
0 0 ol
D 14 ns E F 1.0 .
25t . n [
12 0.8
— _ 20} A
£ 10 £ 2 E
) 35 2 0.6
— 8 — 15t [a]
w1 [ )'E"'
K K ot g 04
=6 = =
4 S5t \ 0.2 )
2 . . 0 . 0 .
G 10, *x H o I 250 wx
— 120 - —_—
_8 — 100 = 200
> or E > 80 = 150
5 4f = 60 =100
= 2f 5 40 = 50
i H 90 =
o} 0
0
-2 — & N, — N, \I -50 — \I N
PRt R SR AR R ZFRK: bR 2 P RIS bRt 2F i VR R RS
SGT CST SGT CST SGT CST

A: AEMBERTUE; o XMTHAAR KAL05. *: P<0.05; **: P<0.01; ***: P<0.00l. ns: ZFAEFE. FH
A : Phenotypic value of inbred line materials; ®: Control inbred line KA105. *: P<0.05; **: P<0.01; ***: P<0.001. ns: The difference is not significant. The

same as below

1 BRAEFENEREFES T
Fig. 1 Analysis of vigor traits of inbred lines
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F2 BARASEXMMHTIENEXPROER TR

Table 2 Descriptive statistics of seed vigor related characters of inbred lines and hybrids

R PR hbE I E PR EHR AR R 3} 3 BREAH
Material Trait Treatment Range Mean+SD Skewness Kurtosis CV (%)
EREA RS GE (%) SGT 53.33-100.00 85.35+0.13 -0.99 0.32 15.34
Lozl [R5 ST 4.44-95.56 58.64+0.24 037 -0.48 4150
K GP (%) SGT 84.44-100.00 96.26+0.05 -1.27 0.51 5.02

CST 8.89-98.89 65.40+0.24 -0.57 -0.23 36.47

REFFEH Gl SGT 6.14-9.81 7.74£0.92 0.48 -0.19 11.91

CST 0.60-9.11 5.56:£2.22 -0.37 -0.45 39.93

HiK SL (cm) SGT 6.79-12.59 9.57+1.62 -0.04 -0.83 16.88

CST 3.88-12.74 9.99+2.05 -1.13 231 20.52

K RL (cm) SGT 14.54-21.34 17.07+1.50 0.93 1.97 8.79

CST 4.28-22.49 16.90+3.68 -1.78 6.08 21.75

HTHE DW (g) SGT 0.14-0.74 0.51£0.13 -0.94 1.99 25.59

CST 0.46-0.88 0.68+0.12 -0.10 -0.74 17.18

IR I VI T SGT 3.08-8.15 5.37+1.41 0.43 -0.47 26.32

CST 0.08-5.53 3.03£1.50 0.04 -1.17 51.97

4RI VI SGT 49.16-114.95 75.09+19.86 0.38 -0.91 26.44

CST 2.33-99.17 58.63+28.29 -0.22 -1.07 4825

WEJIHREIL VI T SGT 98.21-209.28 132.93+25.12 1.32 3.01 18.90

CST 2.57-204.75 99.59:£49.24 0.11 -0.36 49.44

HACTD K23 GE (%) SGT 55.56-100.00 90.55+0.10 -1.67 2.26 11.49
BEES ST 31.11-97.78 74.79+0.15 -0.95 031 19.88
REHFH GP (%) SGT 85.56-100.00 98.17+0.03 -2.47 6.69 2.85

CST 36.67-100.00 80.79+0.13 -1.04 0.85 16.70

REFHEGI SGT 6.29-9.94 8.25+0.94 -0.01 -1.10 11.40

CST 3.18-9.64 7.21£1.34 -0.82 0.25 18.64

Hi SL (cm) SGT 8.47-16.69 12.61+1.84 -0.14 -0.68 14.62

CST 4.95-15.97 11.89+1.87 -0.80 1.18 15.72

M RL (cm) SGT 15.45-25.68 19.71+1.88 0.46 0.27 9.53

CST 11.53-22.40 18.18+1.82 -0.62 1.13 10.01

T DW (g) SGT 0.46-1.17 0.86+0.13 -0.29 0.43 15.36

CST 0.37-1.06 0.71£0.13 0.25 0.33 17.78

TR T VI T SGT 3.38-11.08 7.12£1.56 0.05 -0.27 21.89

CST 1.56-8.25 5.20+1.49 -0.30 -0.30 28.65

IR VI SGT 53.33-153.60 105.20+£24.94 0.20 -0.96 23.71

CST 20.98-143.65 87.06+24.67 -0.41 -0.21 28.34

WEIAREIL VI T SGT 100.33-228.19 163.61+30.51 0.31 -0.81 18.65

CST 48.85-210.06 132.60+33.00 -0.44 0.07 24.89

SGT: Fr#EA 2kl CST: WA Y. GE: KHFH; GP: KA, GI: AZFfa#; SL: #K; RL: I DW: B TIEE; VII: iRk
[: VII: §&03R%00: VIIL: 33400, FIH

SGT: Standard germination test; CST: Cold soak germination test. GE: Germination energy; GP: Germination percentage; GI: Germination index; SL:
Seedling length; RL: Root length; DW: Dry weight; VI | : Vigor index [ ; VIII: Vigor index II; VIIII: Vigor index III. The same as below
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Fig. 2 Analysis of vigor traits of hybrids
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Table 3 Joint variance analysis of seed vigor related traits in inbred lines and hybrids

by AR FHPFE! Genotype A3 Treatment AExEPH A GenotypexTreatment
Material Trait BB FiE HEE FlE  HME FiE
DF MS F-value DF MS F-value DF MS F-value
HAZA R GE 21 0.14 36.83%* 1 2.36 605.78** 21 0.09  22.08**
Inbred lines “u. 3% Gp 21 011 3973 1 3.4 1168.19%* 21 007 2638
RAFSRE GI 21 10.64 48.18%* 1 159.99 724.255%* 21 6.57  29.73**
T SL 21 15.33 14.83%* 1 537 5.19 21 5.30 5.13
K RL 21 33.27 32.05%* 1 0.65 0.63 21 11.67  11.24%*
Wi & DW 21 0.08 31.35%* 1 0.99  384.99%* 21 0.01 4.57
WEHT VI 21 11.01 27.52%* 1 75.22 188.09%* 21 439  10.97**
WARHIL VI 21 2409.15 28.49%* 1 9115.14 107.78%* 21 1124.84  13.30%*
WHRHAN VI I 21 6158.26 43.45%* 1 37043.47  263.76%* 21 2900.96  20.66**
AAETh R E# GE 105 0.05 16.72%* 1 395  1326.67** 105 0.05 16.49%*
Hybrids R %% GP 105 003 19.51% 1 480  2917.90%* 105 002 15.11%
KM Gl 105 4.60 18.73%* 1 17554  713.92%* 105 3.67  14.93%*
Hit SL 105 17.50 13.93%* 1 83.48 66.48 105 3.18 2.54%*
R RL 105 13.36 7.08%* 1 374.04 198.29%* 105 7.17 3.80*
T DW 105 0.08 16.23%* 1 3.35 676.20%* 105 0.02 4.04%%
TR T VI T 105 8.72 15.24%* 1 252.55 441.49%* 105 435 7.61%*
WAHRHL VI 105 2687.82 18.32%* 1 53441.35 364.15%* 105 1038.37 7.08%*
ARSI VI I 105 3894.52 15.62%* 1 154790.67  620.68** 105 2248.23 9.02%*
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Fig. 3 Correlation analysis of various traits between inbred lines and hybrids
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Fig. 4 The clustering diagram of the vigor traits of inbred lines and hybrids based on two germination tests
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Table 4 Comparison of mean values of seed vigor traits in inbred lines and hybrids

pzp) 25 MESE RS R RAFRE ICpak 4| EARRE I & IREII
Materials Type Number GE (%) GP (%) GI VI 1 VIII Vi
SGT CST SGT CST SGT CST SGT CST SGT CST SGT CST

HAF BRI 8 88.33 83.61 99.31 89.03 7.91 7.87 5.80 4.79 7832 8797 136.13 150.27
Inbred lines ~ Category |

ERIEN 9 82.34 5506 9444 6321 7.63 5.21 5.02 2.53 73.63 5339 13143  89.17

Category Il

EAIIES 5 86.00 25.10 94.67 31.95 7.69 2.46 5.27 1.10 7253  21.14  130.51  37.26

Category 111
IRATT ERES 51 83.70 8451 9821 89.69 7.86 806  6.68 598 9726 99.24 150.65 152.22
Hybrids Category |

EIES 41 93.28 71.65 98.51 77.75 8.64 6.96 7.66 4.97 11494 8433 177.48 125.66

Category I

EAIIES 14 94.37 48.58 96.99 57.23 8.53 4.86 7.12 3.02 105.65 50.65 17022 81.41

Category 11

JURN

BB, R I LR R A BEAS I XF 2% A8 i F
TG B S ., KA08S. KA088. KA105.

JuzN

o, (HARCHAR AR 2 T2 1 2R A 7 08
H, IXRWIER AAZ R B SR T I4, BASRIE

(10 20 5 380 0} 2 AS T o 195yt LA RS . 7E
KAHAZ AP, KA08S. KA0SS AL A & Fh 13 )
B, LA 22 A8 P R B0 B s K Bl S g
KA205.KA105 Fl KA215 JiT 41 e it 24 28 R e Fh 1 3%

S35 T AR AR S JEREAR B AR B DG T A2 AL

KA205 1y BEA L ) 28 A0 R B 13 0 342 DL
BmIL S, U E AT A BERS R Bl 1 PRI
SEAR S JE A, B AT REILAE Rl 15 s PEIR B R AT AR
R ARG T HE AT A v T IR A AL
Fft Rl BEPE BEK

[ % 1 2 Category 1

12

S

)

HIESX Frequency of occurrence

[ #1124 Category 11

[ 4811124 Category 11T

2 -
Al 000 I 0 &0 A
S P S I I F IS

# L4 FK Materials name

5 BXAEXRXESPHIGURI T

Fig. 5 Frequency analysis of inbred lines in hybrid combinations
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Fig. 7 Genome-wide association analysis for seed vigor-related traits under different models
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Table 5 Information about important association sites detected by the whole genome association analysis

s FRid Rtk firE HHER i) R PfE REBRER
No. Marker Chromosome Position (bp) Genotype Model Trait P value Rz(%)
SNP1 13353289 1 3353289 G/A Add SGT-GI 9.00E-06 11.43
SNP2 1_43499054 1 43499054 T/C Rec CST-GP 1.24E-10 18.26
SNP3 1_84304371 1 84304371 C/T Rec CST-SL 2.86E-12 25.07
SNP4 1_85839980 1 85839980 A/C Rec SGT-SL 2.05E-21 32.68
SNP5 1_154295033 1 154295033 A/G Add CST-GE 7.82E-08 17.78
SNP6 1_178647142 1 178647142 A/IG Rec SGT-DW 1.55E-12 22.04
SNP7 1 291856974 1 291856974 T/C Dom SGT-SL 5.13E-15 22.47
SNPS§ 2 18197441* 2 18197441 A/G Dom CST-GE 6.97E-15 18.78
Dom CST-GI 2.80E-15 19.43
Dom CST-GP 1.10E-19 26.68
Add CST-GI 9.57E-15 18.69
SNP9 2 18739525 2 18739525 T/C Dom SGT-DW 2.63E-18 13.73
SNP10 219244047 2 19244047 T/C Rec SGT-GI 3.47E-09 17.49
SNP11 219372692 2 19372692 C/T Add CST-GE 8.77E-16 21.42
SNP12 230802598 2 30802598 G/C Add SGT-GE 6.48E-08 19.44
SNP13 239940294 2 39940294 G/A Dom SGT-RL 1.25E-06 11.55
SNP14 2 183378697 2 183378697 C/T Dom SGT-GI 6.59E-10 13.51
SNP15 3_17590250* 3 17590250 G/A Dom CST-RL 6.46E-10 17.11
Dom CST-SL 3.85E-15 24.91
SNP16 3_17805407* 3 17805407 C/T Rec CST-GE 5.57E-18 35.60
Rec CST-GI 8.49E-18 30.14
Rec CST-GP 7.32E-16 24.59
SNP17 3_17932972* 3 17932972 T/C Dom CST-GE 4.91E-16 24.05
Dom CST-GI 1.28E-14 20.89
SNP18 319091776 3 19091776 G/A Dom CST-GP 8.60E-11 11.02
SNP19 322825936 3 22825936 C/G Dom SGT-SL 1.34E-14 23.70
SNP20 332242592 3 32242592 C/A Dom SGT-DW 1.50E-07 12.62
SNP21 3155021348 3 155021348 A/C Dom SGT-GE 3.33E-27 19.80
SNP22 3192210299 3 192210299 G/A Rec SGT-RL 1.04E-06 19.69
SNP23 415716701 4 15716701 C/A Rec CST-DW 3.26E-05 12.32
SNP24 4 18511010* 4 18511010 G/C Rec CST-GE 6.81E-07 13.60
Rec CST-GI 1.31E-08 15.92
SNP25 4 28100027 4 28100027 C/A Dom CST-DW 3.08E-12 12.23
SNP26 452506095 4 52506095 C/T Add CST-SL 3.61E-10 32.65

SNP27 469862542 4 69862542 C/T Add SGT-GI 2.17E-06 16.18
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F5 FRIE Befafk firE HHEA R R P1E REMFRERE
No. Marker Chromosome Position (bp) Genotype Model Trait P value R* (%)
SNP28 4_145757636 4 145757636 G/C Dom SGT-GE 8.07E-16 18.45
SNP29 57270274 5 7270274 G/A Rec SGT-GP 6.93E-06 15.31
SNP30 5 11611314 5 11611314 C/A Add SGT-SL 3.07E-18 47.37
SNP31 5_11960070 5 11960070 T/C Rec SGT-DW 2.63E-10 17.35
SNP32 5 142175693 5 142175693 A/G Dom CST-DW 7.30E-18 14.83
SNP33 5.204262820* 5 204262820 T/A Rec CST-GI 3.49E-06 8.56
Rec CST-GP 2.44E-09 14.74
Add CST-GI 5.57E-13 14.79
Add CST-GP 5.80E-08 14.18
Add CST-GE 1.63E-08 10.12
SNP34 6_96096697 6 96096697 C/T Rec CST-SL 3.58E-07 13.13
SNP35 6159316307 6 159316307 C/T Add SGT-GE 6.71E-07 11.82
SNP36 6168385013 6 168385013 C/T Dom SGT-GI 1.57E-08 10.40
SNP37 721288129 7 21288129 G/A Dom CST-DW 2.01E-18 13.75
SNP38 8 170405872 8 170405872 C/A Add SGT-RL 5.22E-08 22.64
SNP39 9 149806469 9 149806469 C/A Add CST-DW 1.12E-09 15.24
SNP40 9 153233111 9 153233111 C/T Dom CST-SL 3.84E-12 18.95
SNP41 109606210 10 9606210 T/C Dom SGT-GI 1.93E-07 11.63
SNP42 10_111383922 10 111383922 A/C Rec SGT-GI 5.59E-07 10.33
SNP43 10_138859255* 10 138859255 C/T Dom CST-GE 6.04E-08 7.74
Dom CST-GI 7.85E-10 10.36
Dom CST-GP 1.35E-07 6.76
*RRZ MR P HEALAL S * indicates co-localized loci in multiple traits
A I RAAAE B35 2258, RWIXEAL b AN Al DB B R AR I DA I, IO e i 18 ORIk
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Phenotypic effect analysis of co-localization sites
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Table 6 Candidate gene prediction and functional annotation

QTN fLri REfRrE fRIEHER TheeRE
QTN marker Position CandidateGenes Annotation
2 18197441 Chr.2:18197441 GRMZM2G567481 —
2 18739525 Chr.2:18739525 GRMZM2G175504 2 5y WO S A R O YODA
Mitogen-activated protein kinase kinase kinase YODA
3 155021348 Chr.3:155021348 GRMZM2G 146280 & WD H P I S W e AR BLAE A 3
WD repeat-containing protein domain phosphoinositide-interacting protein 3
3_17590250 Chr.3:17590250 GRMZM2G166064 # 4 TRM32 Protein TRM32
317805407 Chr.3:17805407 GRMZM2G020941 —
3 17932972 Chr.3:17932972 GRMZM2G 100898 DNA H 346 F 1 Factor of DNA methylation 1
418511010 Chr.4:18511010 GRMZM5G846314 —
4 28100027 Chr.4:28100027 GRMZM2G319062 LA ALEEEIR A, 148k Polyphenol oxidase latent form, chloroplastic
5 204262820 Chr.5:204262820 GRMZM2G000280 RIS RE 1 8 1 Tyl-copia W3¢ Retrotransposon protein Tyl-copia subclass
9 149806469 Chr.9:149806469 GRMZM2G061314 FALAEA protein binding protein
10_138859255 Chr.10:138859255 GRMZM2G391272 S JZ A4 [ Cortical cell-delineating protein
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