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Root Morphological Identification and Candidate Gene
Discovery of Maize Inbred Lines at Seedling Stage

ZHANG Kun'?, WANG Yixiong', YANG Jindan', ZHANG Zheng’>, DONG Chunlin’,
REN Zhigiang’, WANG Chuangyun', CHANG Jianzhong’
('College of Agriculture, Shanxi Agricultural University, Taiyuan 030031 ;>Shanxi Institute of Organic Dry Farming Agriculture,

Shanxi Agricultural University/Key Laboratory of Organic Dry Farming Agriculture of the Ministry of Agriculture and Rural Affairs
(Jointly Built by Provinces and Departments)/Shanxi Provincial Key Laboratory of Organic Dry Farming, Taiyuan 030031)

Abstract: In this study, 134 maize inbred lines were used as experimental materials to identify phenotypic
variations at nine root traits at seedling stage, followed by the genome-wide association study (GWAS) using
FarmCPU model based on 44935 SNP markers. The results showed that the phenotypic variations at nine root
traits ranged from 10.86% to 55.96%, and the correlation between most phenotypes reached a highly significant
level (P<0.001). The correlation coefficient between lateral root length and total root length was the highest
(0.996) , followed by that between the number of lateral roots and total roots (0.993). A total of 32 significantly
associated SNPs were identified (P value arranged from 1.01e™ to 9.74¢”) , with phenotypic contribution rates
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ranging from 0.54% to 22.34%. Four, eight, three and nine significant SNPs were detected for main root length,
total root length, maximum root length and lateral root length, respectively. Ten, seven and one significant
SNPs were detected for total root number, lateral root number and adventitious root number, respectively.
Fourteen SNPs were identified associating with multiple root traits. Twelve significant association sites were
located within the intervals where root-related QTL (Quantitative trait locus) were reported. Forty-nine root-
associated candidate genes were annotated, including formerly-identified GRMZM2G028386 (ABI4) ,
GRMZM2G135713 (PUB23), GRMZM5G870592 (MYBY8) , GRMZM2G156861 (LOX1), GRMZM2G160005
(AUX16) , GRMZM2G126936 (NAC2) and other important root candidate genes. Thus, this study provided

reference for future cloning genes related to root development and analyzing the molecular mechanisms of root

development in maize.

Key words: maize inbred line; root system; drought resistance; genome-wide association analysis; gene

identification
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Table 1 Basic statistical analysis of root phenotypes in maize
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Fig.1 Comparison diagram of root system of selected maize inbred lines
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AR Ptk i ORKH RME ME W R
Root traits Trait descriptions Mean Max. Min.  KURT.  SKEW. SD or
MK (em)PRL ARy B 14 AR 23.84 38.54 9.00 0.98 -0.04 5.19 21.78
MIARE: (cm)LRL SEARAE i AR S 171.84 38454 3886 2.11 0.81 51.44 29.93
SR (em)RL LUK Ay B A BT AT LB 195.68  423.08 5646 231 0.86 53.85 27.52
I RARK (em)MRL [EEN I TNASIS 23.79 38.54 12.07 1.35 0.51 4.36 18.32
KA (cm®)RSA AR RN RIAF 43.86 7094 17.16 0.50 0.30 9.11 20.78
M E A% (cm)RD R HAE 0.73 0.99 0.55 0.92 0.61 0.08 10.86
AEMREL (em)NAR Bk FEALAE iz S A AR B 7.71 14.80 2.71 0.06 0.41 2.35 30.46
SARBONR JIFA AR S 4365 12600 1430 3.44 1.42 19.03 43.59
MIAREINLR AR AR K 3494 120.00 6.67 3.61 1.48 19.55 55.96

PRL: Primary root length; LRL: Lateral root length; RL: Root length; MRL: Maximum root length; RSA: Root surface area; RD: Root

diameter; NAR :Number of adventitious roots; NR: Number of roots; NLR: Number of lateral roots ; The same as below
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In the figure, the diagonal box is the column chart of root traits, the letters represent different root traits, and the upper triangle is the

correlation coefficient. *, **, *** indicate significant differences at the P<0.05, P<0.01, and P<0.001 levels, respectively.

The lower triangle is a scatter plot of maize root phenotype data, and the transverse and longitudinal

values represent the phenotypic data corresponding to the horizontal and vertical phenotypes
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Fig. 2 Correlation analysis of 9 maize root phenotypes
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Table 2 Statistical analysis of root phenotypes of inbred lines in different groups
P FARK (em) MR (em) SR (em) IRRAA (em) MM (em?)
Group PRL LRL RL MRL RSA
1 18.44+6.42Bb 155+34.6Cc 173.44+35.46Cc 22.44+3.97Bb 40.35+7.13Cc
1I 21.96+5.71Aa 222.08+33.91Bb 244.04+34.01Bb 25.5€3.51Aa 50.94+8.16Bb
1 22.99+5.34Aa 319.71+47.5Aa 342.7+49.33Aa 26.43+4.21Aa 61.58+9.6Aa
e B2 (cm) AEREL (cm) ML B
Group RD NAR NLR NR
1 0.76+0.09Aa 7.6+£2.5Bb 21.86+12.74Bb 30.45£11.9Bb
1I 0.67+0.08Bb 8.22+1.99ABab 38.56+15.73ABab 47.78+14.75ACbc
1T 0.58+0.09Cc 9.69+2.95Aa 46.2+16.65Aa 56.89+£14.27Aa

R REFHREIR P<0.01 B E K /NEFHRHIR P<0.05 535 /K F

Uppercase letters in the table represent a significance level of P<0.01, while lowercase letters represent a significance level of P<0.05
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Table3 Candidate genes and functional annotation of root-related traits in maize
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X13 XI1 X12 X8 X7 X9 XlI4 XI5 Xl16 X17 X5 X2 XI10 XI18 X6 X4 X1 X3
oA RFTRARIEA I 5 R 23K K1, X T~X 18 AR R IS RN SRR FIAL , 430 Fon 3 R 3 KIS AR I A RS A= 2R
PR WIAEAR S AR BT R AR 20 AR AT 3R 6 S RO AAR 36 7 RS AR R WIAEAR R TR R0 Z1 X WA 221X
PIAMRZ3 X BIERRZA X VT I HIHT 174 Nodes1-3 V7 I I T 174R Noded V7 I LT 154R Node5 V13 I3 T 17 4R
Node5 F1'V13 Il 54 6, 1 L 3Cik[17]

The scale bars indicate the normalized gene expression levels, X1-X18 represent the 18 different stages and sample sites of maize root,
Primary Root 3DAS,Root MZ and EZ 3DAS,Root DZ 3DAS,Root CP_3DAS,Root_Stele 3DAS,Primary Root GH_6DAS,Root System
7DAS,Primary Root 7DAS, Seminal Roots 7DAS,Primary Root Z1 7DAS,Primary Root Z2 7DAS,Primary Root Z3 7DAS,
Primary_Root Z4 7DAS,Crown_Roots Nodesl-3 V7,Crown_Roots Node4 V7,Crown_Roots Node5 V7,Crown_Roots Node5 V13 and
Brace Roots Node6 V13, See references| 17] for details; DAS : Days after sowing; MZ: Meristematic zone ; EZ: Elongation zone;

DZ: Differentiation zone; CP: Cortical parenchyma; GH: Greenhouse
El6 49PN EXRRAMERFZEERBZERERR

Fig. 6 Dynamic expression patterns of 49 candidate genes for maize root traits
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M1 136 B K A RIEA PR BORIE
Schedule 1 Number and material names of 136 maize inbred lines
R M4 KU 55 ME4 K
NO. Name Source NO. Name Source
1 87-1 Ho A AR B 69 PHWS EEBERAR
2 HrH 618 PEERML R EBR & 70 F118 WL PR FFL A PR 7]
3 5 58 T B A8 AR R R i 71 PH4CV BRI S B Fh I S PR A R
4 W5387 N el NS 2= S R 7 W ) 72 KHI128 5t RN AL R A IR A
5 KA203 PUAEAR MR R 73 LYAS52 L T AL R 7
6 LY0996 Hilra REBE R T 74 909F L PRl R 27 KA T i
7 IC1740 At 75 P13 L P ARl R 2 L P A LA AR AL B TR
8 2531 EHEF NS 76 X178 AR B AL B A R 2 =
9 W73 W R A IR A 77 F 319 I ZR A8 Ol A2 B KT 7 i
10 PHP85 A 78 L 137 TERHTT AL R A B
11 DH509-9 R SRR A TR A F 79 E28 FHARAVEHERE
12 KA105 PRI KA 80 LY A R B E R B ST
13 F141 PG R FFl A FR 2 7] 81 K 88 i
14 g 7-2 2 R 2 82 #1340 FHRAR AL B
15 3280M N 83 909M Ll PG AR YR 2 KA 5T
16 L314SL AR BT 84 H739 Ll PG Rl R 27 L P A LR AR RO BT T B
17 KA103 PEALARAMBHER 2 85 H155 L P ARl R 2 L P A LA AR AL B TR
18 DH230-2 HR G IR A PR ) 86 R 187M it
19 K12 Hl A AR 22 87 #E 1eM T AL A PR =
20 w17 JERCR IR B 88 ¥ C rh R K 2
21 11430 L PG AV R 2 1L TG A LA AR BITE FE e 89 % 9058 S BE T A
22 % 478 L AR B A B A BR 2 7 90 T 685M L AR B AL A A R
23 DK517F DK517 A4 91 FFE 16M I PE Al K AR 2 B
24 IC1441 AFE 92 kxa638 FHBEZAR
25 DHJ026-12 HA UL B A PR A ) 93 HI151 L P ARl K2 L P A LA AR AL B TR
26 7 MT028 JE T R B 94 H161 LG e b K2 1L G A LR RO AT 9 B
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28

29

30

31

32

33

34

35

36

37

38

39

40

0

43

44

45

46

47

48

50

54

55

56

RPO6

JL133

LH149

PH6WC

HH 7523

PHPRS

7 045

DH679-10

798-1

JH49

DK517M

C102

W72

KBO081

DH814-3,-1

C40

KB102

KB020

PHM49

LYA49

PHR32

K10-140

PHR47

DH164-22

358

DHIJ030-11

DH218-9

P138

DH775-13

K 825

N el NS 2= S R W )

JUFEARF AR A FR 2 7]

it

BRI S B T A IR A R

AR BT

ISR

JERTRAMBL 25

HR WAL A

Hobr R R

JUFEARF AR A BR 24 7]

DK517 ff4

PHALA AR K

MR AR A R A

PHALA AR K

R BRI B AR A PR 22 ]

PHALA AR K

PUILBRAMBHCR 2

PHALA AR K

EEAT A

L P R A R |

EEET A

iR N e B R T W

EEET A

HA UL B A PR A )

H R R Aok 42 B A R A A

HA UL B A PR )

R BRIl B AR A B2 ]

Al

R BRIl B AR A B2 ]

PRl AT FRA ]

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

iR 1488

H 17-3F

228F

£k 372M

Mol7

B73

571

659

666

673

677

682

685

689

706

724

730

736

742

743

755

766

770

783

798

806

829

851

857

889

HlrE R R A

Holra ARl 2 bR

WP K 2 1L PR WL AR AR ML AT FE B

PSR

REAZA

eI

PR R 2 1L PR LR AR ML FE k5

W PE AR R 2 L A LA AL T B

W PEARMY R 2 1L P A LR AR LA FE 5

L PE AR R 2 L A LA AL T B

L PEARNY R 2 1L P LR AR ML FE k5

L PE AR R 2 L A LA AL T B

W PEARMY K 2 1L P A LR AR ML FE k5

L PE AR R 2 L A LA AL T B

PR R 2 1L P A WL AR ML FE k5

L PE AR R 2 L A LA AL T B

PR R 2 1L P A LR AR LA FE 5

L PE AR R 2 L A LA AL T B

WL PEARMY R 2 1L P LR AR ML FE k5

L PE AR R 2 L A LA AL T B

W PEARMY R 2 1L P LR AR LA FE 5

L PE AR R 2 L A LA AL T B

PR 2 1L PR LR AR ML FE k5

L PE AR R 2 L A LA AL T B

WL PEARNY R 2 L P LR AR ML FE k5

L PE AR R 2 L A LA AL T B

WA R 2 1L PR HLRAE AR ML FE 5

L PE AR R 2 L A LA AL T B

WA R 2 1L P LR AR LA FE k5

L PE AR R 2 L A LA AL T B



57

58

59

60

61

62

63

64

65

66

67

68

JL230

BrE 3113

09B-6

LYB92

DH133-1

1472

W74

YCZ1862

Y06088

PHKS52

DH604-17

KWO9F534

JUFEARFMNY AN AR 2 7]

HrEEAOL R B

R BRI B AR A PR 22 ]

L R A RN |

R BRI B AR A B2 ]

BRI ARMAL B

MBI R A R A

TRAMBEERE

JUEARFMNY AN AR 2 7]

ISR

R BRI B AR A B2 ]

ISR

125

126

127

128

129

130

131

132

133

134

135

136

991

1006

1019

1052

1097

1103

1105

1107

1110

1113

1175

1180

W PEARNY R 2 1L P A WL AR ML FE k5

L PE AR R 2 L A LA AL T B

WA R 2 1L PR LR AR ML FE k5

L PE AR R 2 L A LA AL T B

W PEARNY R 2 1L PR LR AR LA FE k5

W PE AR R 2 L A LA AL T B

WA K 2 1L P A LR AR LA FE k5

L PE AR R 2 L A LA AL T B

WA R 2 1L PR LR AR ML FE k5

W PE AR R 2 L A LA AL T B

W PEARMY R 2 1L P WL AR ML FE k5

L PE AR R 2 L A LA AL T B




