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Association Analysis of Ear-Related Traits and Their General
Combining Ability in Maize
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( College of Agronomy, Hebei Agricultural University/Hebei Sub-center of National Maize Improvement Center/
Key Laboratory for Crop Germplasm of Hebei, Baoding 071000 )

Abstract: Ear-related traits have an important impact on maize yield and general combining ability ( GCA )
is an important indicator for assessing maize inbred lines. 248 inbred lines of maize and 400 F, hybrids derived
from combinations with 100 lines selected randomly from the 248 inbred lines as the female parents and four elite
inbred lines ( ‘Mo17’, ‘Chang 7-2’, ‘E28 and ‘Zheng 58’ ) as the testers according to the NCII genetic mating
design were used to study the ear-related traits. The association analysis of ear-related traits and their GCA was
performed using 83057 SNP markers. The results indicated that the ear-related traits were significantly different
among the genotypes and the environments. The broad-sense heritability of ear length ( EL ) and ear diameter ( ED )
were 81.22% and 87.70% , respectively. Combining ability analysis indicated that there were significant differences
among females, males and combinations for the two traits. The contribution rate of special combining ability
was greater than general combining ability. 34 significant trait-SNP associations were identified using the data

of 4 environments ( 2 locations in 2 years ) respectively, and 7 significant trait-SNP associations were identified
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using the data of best linear unbiased prediction. Each trait-SNP association can explain phenotypic variation

ranged from 0.01% to 19.42% and 5 of them had phenotypic variance explained value greater than 10%. The

same SNPs of the ear-related traits and GCA were not identified simultaneously. Based on the LD decay distance,

candidate genes were identified in the range of the 120 kb upstream and downstream of significantly associated

SNP, and 158 genes were obtained. The putative candidate genes were involved in ubiquitin metabolism
( GRMZM2G360374, GRMZM2G049568, GRMZM2G178120 ) , B -galactosidase ( GRMZM2G178106 ) , serine/
threonine-protein kinase ( GRMZM2G127050 ) , lysine and histidine specific transporter ( GRMZM2G116004 ).

The study provides a reference for the analysis of the genetic basis and molecular-assisted selection breeding of

maize ear-related traits and general combining ability.

Key words: maize; ear-related traits ; general combining ability ; association analysis; candidate gene
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Hoop 2805 B N sangwich.top= “MLM”, sangwich.
bottom= “SUPER”, LD=0.1,

FH GEC B 3+ 50 A 2ohm i 8, iR
AR L P AE, T R T R,
SE 5 £ MR B DT 1Y SNP 37 5. 7F maizeGDB
( https: //www.maizegdb.org/ ) ¥ 3 B73 AGPV2 £
75 DR 21 P A dk 2 6 b N SE AR 120 kb Y H
1 TEIMERERGIT

Table 1 Descriptive statistics analysis of ear-related traits

N A $R FH G 2 356 (A, fif ] NCBI Chttps: //www.
ncbi.nlm.nih.gov/ ) . UniPort ( https: //www.uniprot.
org/ ) S5 U P2 X il 25 1R AH G 6 R 0 M5 B, B i ik
£ ID | /£ & GENE ONTOLOGY M ¥} (http: /
www.geneontology.org/ ) #1T GO 73#7 .

2 HRESHN

2.1 HEEMRRE—REESHWFERSEIT ST

X E SRR F) BEIRAE 2 4F 2 45 4 DN IRBE R
() R MR AT g E 40 B (3R 1), mT A0 2 S B4
(R B AE 4 DRSS R A E 248 . B
SRR 4 AR5 T K M A 5 R B (4
B R 13.36% F1 8.45%; F, #E 1A 4 A~ A 5% F Al K
TR AS 5 R ECE-BME 73 510 10.67% F1 6.30% . I
UL TCAE S A SR BRI IE & F BRI, R A R 1y
KT F B UM 0 A R /N AR
B

R — B A AR — BB & I AE 4 N 3REE
T EEAE WLIE 1, AT LSRR — A B
AT AFEA B SR HBE . DL R W R
MR A IR Z I A& IEA 5
i, —E R L UL T X SR AR 2 R s 2 LA
Pl AR A BRI A R

e PR 2813 {0 FE + b (s U 5 A ( %)
Population Trait Environment Range Mean + SD Skewness Kurtosis crv
SRR K (em) 15 B 9.25~26.50 13.96 + 1.87 1.53 9.97 13.40
Natural population 15 X 9.41~26.98 14.13 £1.90 1.58 10.38 13.45
16 B 9.45~19.12 13.74 £ 1.75 0.08 -0.19 12.74
16 X 9.19~21.18 14.03 +1.94 0.34 0.92 13.83
A (em ) 15 B 3.10~4.78 3.93+0.32 0.16 0.18 8.14
15 X 3.34~5.01 4.14+0.32 0.09 0.10 7.73
16 B 3.27~5.11 4.10 + 0.34 0.15 -0.09 8.29
16 X 2.74~5.11 3.94+0.38 -0.02 0.30 9.64
F, AR HEK (em) 15 B 9.83~19.90 16.90 = 1.21 -1.08 4.74 7.16
F, Population 15 X 12.36~20.53 16.92 + 1.46 -0.06 0.10 8.63
16 B 10.02~23.68 17.11 £2.05 -0.15 0.91 11.98
16 X 8.01~21.67 16.62 +2.48 -0.80 0.52 14.92
TR (em ) 15 B 3.64~5.59 4.56+0.26 0.08 0.79 5.70
15 X 3.59~5.76 4.62+0.28 0.18 1.01 6.06
16 B 3.70~5.61 438029 0.34 0.26 6.62
16 X 3.63~5.93 439030 0.40 1.35 6.83

15_B: 2015 4 ; 15 X: 2015 4FF4E; 16_B: 2016 FfE; 16_X: 2016 4FF4E,
15_B:Baoding in 2015, 15_X: Xinji in 2015, 16_B: Baoding in 2016, 16_X : Xinji in 2016. The same as below
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individual outliers, the lines in the middle of boxplot indicated median
E1 BEB—REENMERELE
Fig.1 The boxplot of ear-related traits GCA

22 HEEHMRRE—REANBKEFTEST
A3 DR RO MR A TG T 2200 (3R
2), 255 R F AR ARREG FHOHL 2 bR 1 S PR A
] 25 5 R [RIPRBE 1] Y 22 5 2438 2 b ik 25 K8, H™
SCIBAE AT )N 81.229% F1 87.70% , i WA RE IR IR
A R AR R I
X4 4 FRES R 400 403 F, (4 BR KL UM 23 1)
EATEC A 107 220 M (3R 3), AT WL AR R REORL 7R

®2 BRBEFAERERKEREST

BEAR ] ACAR (8] B N [] 42 58 41 A5 T 1) 22 5 359 36 )
e 8 35 7K, 3 I AC AR RO B A RN K Hxg
YEF LR 2 By (8 R SRR IR . TG 110 3 PR Y
J5 2, A DR — I A T DTk R AN, X
7 28.68% Fl1 38.33%; MIFFIREL & 1 TR F 8K,
I35 71.32% F1 61.67%, — 5 R & | i W 7
R 2 AN PR AR st A% b R PR RN B AR T L
LN

Table 2 Joint analysis of variance of ear-related traits in natural population

F {fi F-value
Trait K4 5 SEH LT x B P SCEIE (% )
Block Environment Genotype Genotype x Environment H;
FEK EL 2.51° 4.77" 8.75" 164" 81.22
A ED 3.05° 55.12" 791" 0.72 87.70
" FORTE 0.01 AP E T FRTE 0.05 KT B, T
™ indicated significance at the level of 0.01, " indicated significance at the level of 0.05, the same as below
®3 F, BHEBEMEREENHEESR
Table 3 Analysis of variance on combining ability of ear-related traits in F, population
TTHRE (% )
F {H F-value F[FIAYJr 2% Variance of genotype g .\z. Y
Contribution rate
HA—g A BAx BAm A , A
" " " - " QA Ak it H5k
PEIR PR Rah AN A R4 ) wrh ey mad  may
Trait Environment GCA of GCA of Female x GCA of o " " "
GCA of male SCA GCA SCA
female male male female
K EL 9.08** 1.72%* 16.83%* 2.26%* 0.05 0.03 0.21 28.68 71.32
AL ED  40.77%* 1.67** 9.25%* 2.71%* 0.91 0.83 2.79 38.33 61.67
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2.3 HEEHMRRE—RESDBXEST

231 BECNLAHEME FH GECHMAiHHE
83057 /1> SNP #Ric i A bR L £k 40705, 3K {45
HAETL P (Y 2.46E-5 8 i E A S I E
bl _10g10(2.46E—5)E|] 461,

232 4PMIETHEBBERERE—KES SIHIXEL
ST X 4D IREETT B A R A R —
e & F1 04T BT, K 21 34 A~ PEIR SNP SCEK
(e 4), LW KB nARTE 7 &Gk 1Y 18 4~ Bin
X Bt 25 4~ SNP a5 o £ FREE T Al 21 g Rtk
SNP KBRS0 R 2015 4R 5E 54, 2015 43¢
£ 54,2016 B4R E 134>, 2016 4EE4E 114N, H 9
A~ SNP o7 sSUTE A [) PR3 o [m] s A D 3], e H8 BT ik
R 0.03%~19.42%, Ho 5 A4~ HtR SNP SCBK () %

x4 BHEREE—RES XK

Table 4 Association analysis of ear-related traits and GCA

RITTIRAE R T 10%.

I ] 9 4~ FH 4 SNP S BE, ¥ 2 7 4~ SNP {7
S, R BT Bk R AE 0.14%~17.63% =22 (8], Ho b A 5,
5 2142816011 246412968 it & 1 57 ik % 43 % Ky
14.10% F11 17.63%, 1vi 5.3 87782503 F18 141391844
T 2015 4 2 4~ R 5 o ) B AG I 2 AG I #) 5 A
TEHL SNP G HE, ¥5 B 5 4~ SNP i f, 3 AU 57 ik R
40.03%~6.75% . i I £ 20 A FH M — M i &
77 SNP Bk, #5 J 13 4~ SNP i 5, & I 57 ik %
4 0.039%~19.42%. 74> SNP i i 1 278374127,
2 196143041.2 231659962.2 231659993,
2 231660007 .4 3453533 Fll 4 169960270 7£ 2016 4F-
2B R BRI E] ARSI B R — LA
A OCIRAV A

PER RHRAL W g, Bin FTITTHRE (% )
Trait Associated SNP Environment Phenotypic variance explained
K EL 113072970 16 B 4.67 1.02 1.90
1 246412968 16 X 472 1.08 17.63
3 87782503 15 B 4.71 3.04 0.14
3 87782503 15 X 4.67 3.04 0.34
4 96696114 15 B 4.68 4.05 0.30
5 214281601 16 B 5.00 5.08 14.10
8 141391844 15 B 4.80 8.05 1.04
8 141391844 15 X 4.62 8.05 0.88
9 151766131 15 B 495 9.07 1.84
T ED 2 43431928 15 B 4.72 2.04 0.57
5 205834756 16 B 5.04 5.07 0.43
5 205834764 16 B 5.14 5.07 6.75
8 25010232 16 X 475 8.03 0.03
9 153429225 15 X 5.09 9.07 0.05
T — e & 71 ED-GCA 1 278374127 16 B 5.28 1.1 0.72
1 278374127° 16 X 5.03 1.1 0.72
2 196143041° 16 B 7.25 2.07 19.42
2 196143041° 16 X 6.42 2.07 19.42
2 231659962 16 B 6.56 2.09 1.73
2 231659962° 16 X 7.44 2.09 1.73
2 231659993 16 B 6.74 2.09 5.26
2 231659993 16 X 7.22 2.09 5.26
2 231660007° 16 B 6.74 2.09 5.26
2 231660007° 16 X 7.22 2.09 5.26
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HEBR el 4 FibE toe”  Bin RITHRAE (%)
Trait Associated SNP Environment Phenotypic variance explained
FEKL—fB LA /1 ED-GCA 3 178528265 16 X 4.74 3.06 2.91
3184064791 16 B 4.89 3.06 0.03
4 3453533° 16 B 5.06 4.01 5.35
4 3453533° 16 X 5.34 4.01 5.35
4 26425263 15 X 4.66 4.04 0.13
4 169960208 16 X 4.90 4.06 1.60
4.169960270" 16 B 4.74 4.06 6.64
4169960270" 16 X 4.67 4.06 6.64
5 60521691 15 X 5.45 5.03 14.19
5 65223333 16 B 4.76 5.03 0.26

* FIR 2 PRI RIS A 3 B CH SNP

* indicated associated SNP identified in multi-environment simultaneously

233 FEMBHEREE—MKES I BLUPEKX
BROHT A A SRR ER IR B — e & )
BLUP {E A7 IR (32 5 ). FEAIE] 7 4~k
SNP JCIf, F < O B — LG & ) AR —
e & 143 IR 3] 2 A4S 01 A4S 3 AN T MPEIR SNP
KB, ILVH e 7 4~ SNP 3 45, 3 AU 51 ik R0 [ A
0.01%~4.34%.,

x5 BEMERKRE—MREET BLUP EXEKSH
Table 5 Association analysis of ear-related traits and GCA
at BLUP
FARITTHRAR
. IR AL (%)
. Associated —log,, Bin Phenotypic
Trait .
SNP variance
explained
K EL 4 113854388 5.28 4.05 0.03
8 172672141 4.70 8.08 0.89
Tl ED 2 190024161 4.92 2.07 2.59
K —B 2 174982891 5.39 2.06 0.01
sy 719807688 6.02 7.02 1.19
EL-GCA 9 113057074 6.23 9.04 4.34
TR — B 4195532382 4.65 4.08 2.65
[z
ED-GCA
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GRMZM2G049568 . GRMZM2G178120), B} %
W4 T i ( GRMZM2G178106 ), %2 %, 1R 3 &, Wk 26 14
P ( GRMZM2G127050 ), 58 24 TR F 21 2 I 7 5+
P 5% 35 R ( GRMZM2G116004), 1z 2 A% i i& 7%
FEAS ) AL A U RE A A AR L, 95 B 4m it 30 9
B 55T R SR TE 8 2R R AR E M
WS 5G5S %208 8 LA TS
kKA S Py am A0 208 2 2R R e Pk
eizth s 55 M2, efnrae#d -

R HE 2 M ORI &, 5 B0 K ALY
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Table 6 Putative candidate genes of ear-related traits and
GCA
PR FE PRI AR FEH A
Trait Gene model Gene description
ML ED  GRMZM2G360374 17 ZHBILR IR Akt 3
GRMZM2G049568 i B2 2 R FEA it /K A g 8
KIGEH
GRMZM2G178120 3z ZIRFEA i K fifg B AH DG 1
GRMZM2G178106 B FLBETFHG 5
K EL  GRMZM2GI27050  E5E ) 22 2R I 23 R 2 1 s
MK —B  GRMZM2G116004  J$i %R F2H 2y Pk ik ia ik
i A N
EL-GCA
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%% " MQTL3(12.17~16.24 Mb ) #1 MQTLNP1
(10.99~14.96 Mb ) Z . fii & 1_246412968 5
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M3 87782503 5 qearl42 Al i T Bin3.04, A #f
78 FL A B 6 4~ 5 FUHL 3 OC BK B SNP 7 44,
43 A 7E 5 A4 Bin X Bt {7 45 2190024161 5 Maize
GDB ™ 3 ' qeard6 F1 geard35 [d] fi T Bin2.07,
i 58 25010232 55 qeard10 Fl AR B = 34 ff
7€ 5 FORL DG BE Y A5 12 PZE_108042082 , PZE_
108035132 [F] {7 F Bin8.03, 7 #F 7% ¥ I %) 3
AN EEEK — SRS T 8 B SNP 5, 5
Huang %52 7245 M1 56 MR GE 7 (9 B 5 vp AR —
ML F1 R AR TRl e G tA . AT 5 4G )
14 4> SH0H — BB A 7 B 2 Y SNP v 45, %
KRG FRA TR

Hay, & 3L K ral (Bin7.02 ). ra2 (Bin3.02 ).
ra3 (Bin4.01 ). bif2 ( Bin1.05 ) XJ f# & PR & & 7
A= SR, AR 5T R A 7 4 719807688 5 ral i
F AR 19 Bin X Bt, 5 2 09 CBE A 5 F K 76 1
N AT B, AT BE ol R R R A T 7 ik
FEAE 25 5 B0 S B 7 R 0T R B A o5, 75 B
B i — 20 R Bk, T R — i BC A 7 R 1 e A
HIF 5 A R 858 2, A BIF 5 465 1 AT S Ho At BF 5% 42 43t
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Zhou %5 (R FE PRI ) (9 T KA b e R AR G
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