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Abstract
Background: Root system architecture (RSA), which is determined by the crown root angle (CRA), crown root diameter
(CRD), and crown root number (CRN), is an important factor affecting the ability of plants to obtain nutrients and water
from the soil. However, the genetic mechanisms regulating crown root traits in the �eld remain unclear.

Methods: In this study, the CRA, CRD, and CRN of 348 diverse maize inbred lines were analysed in three �eld trials.
Substantial phenotypic variations were observed for the three crown root traits in all environments. A genome-wide
association study was conducted using three multi-locus methods (FarmCPU, FASTmrMLM, and FASTmrEMMA).

Results: A total of 91, 116, and 117 marker–trait associations were identi�ed for CRA, CRD, and CRN, respectively.
Additionally, 683 candidate genes within 50 kb of the signi�cant SNPs were identi�ed. A combined analysis of gene
annotations and expression pro�les revealed 20 promising genes related to auxin synthesis and signal transduction,
cytokinin oxidase/dehydrogenase, and transcription factors. These candidate genes may be associated with crown root
development. Moreover, GRMZM2G141205, encoding an AUX/IAA transcriptional regulator, was resequenced in all tested
lines. Five variants were identi�ed as signi�cantly associated with CRN based on the data for 16SY and 17SY as well as
the average values for the three environments. Four haplotypes were detected based on these signi�cant variants, and
Hap1 was the optimal haplotype for CRN.

Conclusions: These �ndings may be useful for clarifying the genetic basis of maize root system architecture. Furthermore,
the identi�ed candidate genes and variants may be relevant for breeding new maize varieties with root traits suitable for
diverse environmental conditions.

1. Background
The global human population is expected to reach 10 billion within the next 30 years [1]. Current yield increases for major
crops will likely not be able to satisfy the future demand. Improving plant architecture, both above and below ground, is
one of the most effective ways to increase crop productivity. During the Green Revolution, the manipulation of above-
ground plant features resulted in substantial increases in cereal yields [2]. The roots, which serve as the interface between
the plant and the dynamic soil environment, have crucial functions affecting plant productivity and tolerance to
environmental stresses [3]. Research regarding plant roots has been limited by the complexity of phenotyping the
underground plant parts and because there is relatively little relevant genetic information available to breeders. However, a
recent study con�rmed that modifying the root architecture can increase resource use e�ciency and yields [4], which has
prompted plant scientists to focus more of their attention on plant roots. Clarifying the genetic mechanism regulating root
development is critical for enhancing crop performance and increasing food security.

To characterise the effects of root traits on crop performance, several phenotyping methods involving arti�cial conditions
(e.g., on germination paper) and natural conditions (e.g., �eld trials) have been developed to evaluate genotypic variations
and the utility of root traits [5]. Moreover, shovelomics-based experiments have been widely used to investigate soil
resource acquisition by maize crown roots [6]. Furthermore, maize crown root traits, including crown root number [7],
diameter [8], and growth angle [4], are associated with the above-ground performance of plants as well as the nutrient
content and grain yield. Another study proved that decreasing the number of roots in maize inbred lines may lead to
deeper root growth and enhanced acquisition of water in dry soils [7]. Decreasing the number of crown roots can enhance
nitrogen acquisition from low-nitrogen soils [9]. The root angle is a crucial factor in�uencing how deep roots can grow in
the soil to obtain water and nutrients. RSA that are narrow and vertically oriented are typically associated with increased
drought tolerance [10]. In maize and wheat, root growth depth is positively associated with yield under drought conditions.
Relatively steep root angles increase rooting depth and drought tolerance in rice [4] and common bean [11]. The root angle
also affects nitrogen capture, with steep maize root angles under low-nitrogen conditions potentially increasing nitrogen
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acquisition by 15–50% as the soil nitrogen content decreases [12; 13]. Compared with thin roots, thick roots have greater
mechanical strength, leading to better anchorage and lodging resistance, protection against herbivory, and enhanced soil
penetration [8]. Inbred lines exhibiting high nitrogen use e�ciency (NUE) reportedly have larger root diameters than lines
with a lower NUE under low-nitrogen conditions [8]. An exposure to nitrogen stress induces several maize genotypes to
increase their root diameter. Thus, the root diameter can in�uence adaptive stress responses. Accordingly, breeding maize
lines with modi�ed crown roots may lead to the development of new cultivars suitable for various stress conditions.

Exploring the natural variations in crown root traits may lead to new insights into root development, while also revealing
elite allelic variations that can enhance root performance. Many recent quantitative trait locus (QTL) mapping studies
regarding the number of maize crown roots have been conducted [14]. For example, QTL analyses in single and multiple
environments have been performed for the crown root angle (CRA), the crown root diameter (CRD), and the crown root
number (CRN) in a recombinant inbred line population. A total of 46 QTL were detected in a single environment and 25
QTL were identi�ed in multiple environments, with most loci con�rmed as minor-effect QTL for crown root traits [15]. Two
major QTL for the total brace root number were identi�ed by Ku et al. [16], and the largest additive effect was 16.4–17.9%.
Cai et al. detected �ve QTL for CRN at three maize growth stages, including one consensus QTL in chromosome bin 10.4
[17]. There have been relatively few studies on the maize CRA. Only 10 root angle-related QTL were identi�ed in two
maize–teosinte F2 populations [18]. In rice, six major QTL for root angle (DRO1, DRO2, DRO3, DRO4, DRO5, and qSOR1)
have been identi�ed, and DRO1 and qSOR1 have been cloned [19; 20]. Additionally, DRO1 is the �rst cloned gene
associated with the root growth angle. Its expression is negatively regulated by auxin and the encoded protein helps
mediate root tip cell elongations related to asymmetrical root growth and the downward bending of the root in response to
gravity [4]. A previous study con�rmed that qSOR1, which is a DRO1 homologue, is also negatively regulated by auxin, and
is predominantly expressed in root columella cells to in�uence root gravitropic responses [20]. All of these genes are
potential targets for root system architecture (RSA)-related breeding. Regarding the root diameter, only one QTL associated
with CRD has been detected under well-watered and water stress conditions [21]. Moreover, 21 root architecture traits were
evaluated in three recombinant inbred populations, but only one root diameter-related QTL was identi�ed [22].

To date, only a few maize studies have identi�ed QTL and allelic variations associated with RSA development in the �eld.
As an alternative to traditional QTL mapping and map-based cloning, a genome-wide association study (GWAS) can
identify the genes and allelic variations responsible for natural phenotypic diversity. In this study, the CRN, CRA, and CRD
of 348 maize inbred lines were evaluated in three �eld trials. The objectives of this study were (i) to study phenotypic
variation of crown root traits within a maize association panel, (ii) to identify signi�cant SNPs associated with CRA, CRD
and CRN, and (iii) to detected potential candidate genes and natural variations for crown root development.

2. Results

2.1. Phenotypic variations
A total of 348 inbred lines from a diverse maize panel were evaluated regarding their CRA, CRD, and CRN at maturity in
�eld trials across three environments. Phenotypic analyses con�rmed the three crown root traits differed substantially in
the examined environments (Table 1, Fig. 1). The coe�cient of variation ranged from 6.36–10.05% for the average values
for the three environments. The frequency distributions of the analysed crown root traits revealed a relatively normal
distribution in each environment (Fig. 1). A two-way ANOVA indicated the effects of the genotype, the environment, and the
genotype × environment interaction was signi�cant for the three root traits (Table 1). On the basis of a correlation analysis
of the crown root traits, CRA was negatively correlated with CRN and CRD, whereas there was no correlation between CRD
and CRN (Fig. 1).
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Table 1
Descriptive statistics, ANOVA for crown root traits in different environments

Trait Env Min Max Mean ± SD CV(%) ANOVA

Env G Env × G

CRA 2015SY 23.6 60.4 45.75 ± 6.12 13.37% 492.60** 3.65** 2.90**

  2016SY 30.0 69.5 53.77 ± 4.46 8.29%      

  2017SY 23.0 76.0 49.97 ± 7.71 15.42%      

  Mean 35.2 58.8 49.92 ± 0.18 6.36%      

CRD 2015SY 2.9 5.7 4.19 ± 0.47 11.16% 174.42** 2.12** 1.24**

  2016SY 1.7 6.3 3.68 ± 0.65 17.60%      

  2017SY 2.0 7.0 4.12 ± 0.82 20.00%      

  Mean 3.1 5.1 4.0 ± 0.32 8.09%      

CRN 2015SY 8.5 22.0 14.28 ± 2.10 14.69% 102.51** 2.91** 1.47**

  2016SY 7.0 25.0 12.76 ± 2.43 19.04%      

  2017SY 7.0 22.0 14.02 ± 2.59 18.45%      

  Mean 10.0 17.9 13.68 ± 1.38 10.05%      

A signi�cant effect is indicated by “**” (P < 0.01).

 

2.2. Genome-wide association study of crown root traits
To clarify the genetic basis of crown root traits, association analyses involving 140,421 SNP markers for the CRA, CRD,
and CRN of the 348 genotypes were conducted using the following three multi-locus methods: FarmCPU, FASTmrMLM,
and FASTmrEMMA. A total of 324 marker–trait associations were identi�ed (Table 2, Fig. 2, Table S1). More speci�cally,
FASTmrEMMA identi�ed the most signi�cant SNPs (216), followed by FASTmrMLM (60) and FarmCPU (48). Additionally,
91, 116, and 117 signi�cant SNPs were detected for CRA, CRD, and CRN, respectively, by all three methods. A total of 40,
116, and 56 signi�cant SNPs were identi�ed in 15SY, 16SY, and 17SY, respectively, whereas 112 signi�cant SNPs were
detected based on the average values for the three environments. A comparison of the results for the different methods
revealed 17 SNPs for the three crown root traits were identi�ed by at least two methods (Table 3). Among these variants,
the three GWAS methods indicated SNP_5_158203765 and SNP_4_235330942 were associated with CRD and CRN,
respectively. During the analyses across different environments, 19 variants were detected in at least two environments.
Two pleiotropic SNPs, SNP_2_209923111 and SNP_9_11715568, were associated with CRD and CRN. Two closely linked
SNPs, SNP_1_277704589 and SNP_1_277704588, were respectively associated with CRD and CRN.
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Table 2
Summary of signi�cant SNPs detected by multi-locus methods for

crown root traits
Env Trait Method

FASTmrMLM FASTmrEMMA FarmCPU

2015SY CRN 11 5 0

CRD 10 6 0

CRA 6 1 1

2016SY CRN 26 8 10

CRD 23 6 10

CRA 21 6 6

2017SY CRN 19 5 0

CRD 14 2 0

CRA 13 3 0

Mean CRN 27 6 0

CRD 24 9 12

CRA 22 3 9

Total 324 216 60 48
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Table 3
Signi�cant SNP for crown root traits detected by at least two models

Trait Env SNP Chr Pos. FASTmrEMMA FASTmrMLM FarmCPU

Effect LOD Effect LOD Effect -
log10(P)

CRA 2016SY SNP_1_56897538 1 56897538 1.70 4.06 0.86 6.96    

CRA 2015SY SNP_1_285593212 1 285593212 2.07 3.39 1.24 4.58    

CRA 2016SY SNP_1_292661954 1 292661954 1.12 4.09 0.51 4.40    

CRD 2015SY SNP_1_177406418 1 177406418 0.27 3.14 0.11 4.92    

CRD Mean SNP_1_227741904 1 227741904 -0.18 4.52 -0.07 3.55    

CRD Mean SNP_2_185802997 2 185802997 0.00 4.59 -0.15 8.57    

CRD Mean SNP_3_200817163 3 200817163 0.21 9.34 0.10 8.76    

CRD 2016SY SNP_5_158203765 5 158203765 0.24 4.63 0.00 4.56    

CRD Mean SNP_5_158203765 5 158203765 0.34 7.46 0.22 22.95 0.10 6.95

CRD 2016SY SNP_6_112539707 6 112539707 0.32 10.31 0.13 11.19    

CRN Mean SNP_4_52225680 4 52225680 -0.68 4.97 -0.27 5.96    

CRN 2016SY SNP_4_87583019 4 87583019 -1.22 4.52 -0.59 5.61    

CRN 2016SY SNP_4_207569283 4 207569283 -0.94 6.14 -0.36 5.47    

CRN 2016SY SNP_4_235330942 4 235330942 -1.02 6.05 -0.32 3.90 0.48 9.11

CRN 2017SY SNP_7_175781987 7 175781987 -1.11 6.20 -0.35 4.71    

CRN 2016SY SNP_9_84205355 9 84205355 0.80 3.72 0.42 6.63    

CRN 2017SY SNP_10_4729497 10 4729497 1.19 3.50 -0.41 7.42    

2.3. Determination of candidate genes
A total of 683 potential candidate genes within 50 kb of the signi�cant SNPs were identi�ed based on the GWAS results
and the �ltered predicted gene set from the annotated B73 reference maize genome (version 5b.60) (Table S2). To
examine the expression pro�les of these candidate genes, we compared the gene expression levels in different B73 maize
tissues. The 114 genes that were not expressed in the roots (i.e., FPKM = 0) were eliminated. After combining the gene
annotation information and the expression pro�les, we selected 20 candidate genes potentially related to crown root
development (Table 4). Six genes involved in auxin synthesis and signal transduction. Additionally, SNP_10_130986907,
which was associated with CRD, was located in GRMZM2G005284, which encodes an auxin response factor. Another SNP,
SNP_4_16441465, was detected in GRMZM2G031615, which encodes an Aux/IAA-transcription factor. This gene was
predominantly expressed in the roots. Another Aux/IAA-transcription factor gene, GRMZM2G141205, included
SNP_6_146692801, which was related to CRN. This gene was exclusively expressed in the crown roots. Two genes
encoding cytokinin oxidase/dehydrogenase (CKX), GRMZM2G404443 and GRMZM2G050997, contained the
SNP_1_230076132 (CRN) and SNP_3_152205494 (CRD) loci, respectively. The GRMZM2G404443 gene was mainly
expressed in the roots. Some of the genes encoded other transcriptional regulators, including MADS-box
(GRMZM2G032339 and GRMZM2G005155) and SBP-box (GRMZM2G065451) transcription factors.
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Table 4
Potential candidate genes identi�ed by GWAS

Trait Env SNP Candidate gene Annotation

CRA 2016SY SNP_4_16441465 GRMZM2G031615 Auxin-responsive Aux/IAA gene family member

CRA 2016SY SNP_5_6923945 GRMZM2G072071 ABC transporter, ATP-binding protein

CRA 2016SY SNP_7_103946580 GRMZM2G175910 Cytokinin-O-glucosyltransferase 1

CRA Mean SNP_7_172301300 GRMZM2G020766 Potassium transporter

CRD 2016SY SNP_2_10352145 GRMZM2G005155 MADS-box family gene with MIKCc type-box

CRD 2016SY SNP_2_10352145 GRMZM2G005040 Potassium transporter

CRD Mean SNP_2_223258556 GRMZM2G155849 F-box domain and LRR containing protein

CRD 2016SY SNP_4_238323089 GRMZM2G065451 SBP-box gene family member

CRD 2016SY SNP_6_112539707 GRMZM2G067361 Cytokinin-O-glucosyltransferase 3

CRD 2016SY SNP_7_153289091 GRMZM2G075828 MATE e�ux family protein

CRD Mean SNP_10_130986907 GRMZM2G005284 Auxin response factor

CRN 2016SY SNP_1_230076132 GRMZM2G404443 cytokinin dehydrogenase precursor

CRN 2017SY SNP_1_277217001 GRMZM2G032339 MADS-box family gene with MIKCc type-box

CRN 2016SY SNP_3_131956549 AC206425.3_FG002 Jasmonate-induced protein

CRN Mean SNP_3_152205494 GRMZM2G050997 Cytokinin dehydrogenase precursor

CRN 2016SY SNP_4_9886170 GRMZM2G113470 Aquaporin protein

CRN 2015SY SNP_6_145025334 GRMZM2G117298 Cyclin

CRN 2016SY SNP_6_146692801 GRMZM2G141205 Auxin-responsive Aux/IAA gene family member

CRN 2016SY SNP_6_157544999 GRMZM2G005818 CLAVATA3/ESR-RELATED 25

CRN 2017SY SNP_8_173728606 GRMZM5G874163 Auxin response factor

2.4. Validation by resequencing and a haplotype analysis
To investigate the associations between the allelic and phenotypic variations in the association panel, one gene was
selected for resequencing. Our GWAS results identi�ed SNP_6_146692801 (Table 4) as a signi�cant SNP associated with
CRN in 2016. The GRMZM2G141205 gene, encoding an AUX/IAA transcriptional regulator, was located 5.2 kb downstream
of SNP_6_146692801. We analysed the GRMZM2G141205 genomic region comprising 3,128 base pairs (bp), including
the 1,613-bp upstream region, the 828-bp coding region, and the 687-bp downstream region (after the translational
termination site). A total of 243 sequence variations were identi�ed (minor allele frequency [MAF] ≥ 0.05), including 202
SNPs and 41 InDels. A marker–trait association analysis based on the MLM detected four SNPs and �ve InDels
signi�cantly associated with CRN, including �ve variants (SNP-1300, InDel-481, InDel-1392, InDel-1427, and InDel-1468)
that were detected in 16SY and 17SY as well as based on the average values for the three environments (Table 5; Fig. 3A,
B). On the basis of these �ve variants, four major haplotypes, which were present in more than 15 lines, were revealed in
all tested inbred lines (Fig. 3C). The ANOVA revealed that a signi�cant phenotypic difference in the CRN was observed
among the haplotypes, with Hap1 associated with the most crown roots (Fig. 3D).
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Table 5
Signi�cant markers associated with crown root number by GRMZM2G141205 based

association analysis
Env Marker Alleles -log10(P) R2 Type

2016SY SNP-1563 C/G 2.94 0.035 upstream

Mean SNP-1300 C/T 4.14 0.050 upstream

2017SY SNP-1300 C/T 3.14 0.046 upstream

2016SY SNP-1300 C/T 2.89 0.034 upstream

2016SY SNP-1033 A/G 2.94 0.035 upstream

Mean InDel-481 ------/CGCCTA 3.76 0.045 upstream

2017SY InDel-481 ------/CGCCTA 2.82 0.040 upstream

2016SY InDel-481 ------/CGCCTA 2.98 0.035 upstream

Mean SNP189 C/T 3.01 0.037 exon

2016SY InDel651 --------------/AGACGGGGTCGCGG 2.76 0.036 exon

Mean InDel683 ------------/CCTCCTGGTCGC 3.78 0.057 exon

2016SY InDel683 ------------/CCTCCTGGTCGC 3.52 0.058 exon

Mean InDel1392 T/- 5.37 0.068 downstream

2017SY InDel1392 T/- 3.30 0.048 downstream

2016SY InDel1392 T/- 3.75 0.047 downstream

Mean InDel1427 A/- 5.42 0.068 downstream

2017SY InDel1427 A/- 4.05 0.062 downstream

2016SY InDel1427 A/- 5.17 0.068 downstream

Mean InDel1468 A/- 4.14 0.050 downstream

2017SY InDel1468 A/- 3.14 0.046 downstream

2016SY InDel1468 A/- 2.89 0.034 downstream

 

3. Materials And Methods

3.1. Plant materials and phenotyping
A total of 348 maize inbred lines [23] were evaluated for root traits and used for GWAS. The population were planted in
three �eld trials in Sanya from 2015 to 2017. The �eld trial was conducted in a completely randomized block design of
one-row plots with two replications. Each row was 3 m long, 0.5 cm wide and contained 11 plants. Shovelomics was
conducted to evaluate three crown root traits at maturation stage. Six healthy plants were randomly selected for
excavation using standard shovels in each line. The excavated plant was shaken brie�y to remove most of the soil, and
the root layer could be clearly distinguished. The roots on the �rst layer of the nodal root situated �ush with the soil
surface were selected to measure crown root angle (CRA), number (CRN), and diameter (CRD, mm) [15]. Root angles were



Page 9/15

measured with a protractor as degrees from horizontal: horizontal roots were classi�ed as 0◦ and vertical roots as 90◦.
Selected crown roots were cut off at 1 cm from the top of the root, and root diameter was measured with a vernier caliper.

3.2. Genotypic data and genome-wide association analysis
The panel of 348 inbred lines was genotyped using the genotyping-by-sequencing strategy [23]. After quality control
(missing rate ≥ 20%; minor allele frequency ≥ 0.05) 140,421 SNPs remained for GWAS. FarmCPU [24], FASTmrEMMA [25]
and FASTmrMLM [26] and were used for multi-locus GWAS. FarmCPU was implemented in the R package FarmCPU.
FASTmrEMMA and FASTmrMLM were conducted with the software package mrMLM.GUI V3.2. Default values were used
for all parameters. The LD decay was determined by software PopLDdecay [27], and an average LD across all
chromosomes decayed to r2 = 0.20 in approximately 50 kb [28].

3.3. Candidate gene analysis and gene-based association mapping
All the potential candidate genes within 50 kb of the detected loci were identi�ed. The expression data and gene
annotation information were collected from maizeGDB database (http://www.maizegdb.org). The physical locations of
the genes and SNPs were based on the maize B73 RefGen_V3 genome (version 5b.60).

Genomic DNA was extracted from the fresh young leaves of the 348 inbred lines. The candidate genes from the tested
inbred lines were sequenced with the targeted sequence capture technology of the NimbleGen platform [29] by BGI Life
Tech Co., Ltd. A multiple sequence alignment was analysed with the MAFFT software (v7.313). Gene-based
polymorphisms were identi�ed with TASSEL 5.2, with a minor allele frequency (MAF) ≥ 0.05. The signi�cance of the
association between maize SNPs and target traits was conducted with the MLM model (MLM + PCA + Kinship) in TASSEL
5.2. The P value threshold to control the genome-wide type 1 error rate was 0.5/n (where n is the number of markers for
the candidate gene).

4. Discussion
Because the RSA is a key determinant of plant anchorage and the e�cient uptake of nutrients and water, it directly
in�uences crop yield potential [3; 10]. Breeding crops with an optimal RSA for capturing soil resources is a promising
strategy for increasing yields under stress conditions [30]. However, the limited available information regarding the genetic
mechanism underlying RSA development has been an obstacle for molecular marker-assisted breeding. Earlier research
proved that CRN, CRA, and CRD are critical factors that de�ne the maize RSA [12; 31; 32]. The challenges associated with
evaluating root traits in the �eld have hindered the characterisation of the genetic mechanisms regulating root traits.
Several new methods have recently been developed for relatively high-throughput and accurate analyses of roots under
�eld conditions [33]. In this study, shovelomics-based experiments were conducted to evaluate the CRA, CRD, and CRN of
348 inbred lines at maturity in three �eld trials. Moreover, a GWAS was performed to elucidate the natural variations in the
crown root traits.

Genome-wide association studies have identi�ed genes responsible for complex plant traits [34]. Analyses involving MLM-
based (mixed linear model) single-marker associations are commonly used to detect important loci related to complex
plant traits, but their stringent signi�cance thresholds resulting from large-scale multiple testing may prevent the
identi�cation of many critical loci [34]. A multi-locus approach is more powerful than a single-locus approach in most
cases [25; 35]. In this study, a GWAS was conducted using three multi-locus methods. A total of 216, 60, and 48 SNPs were
identi�ed with FASTmrEMMA, FASTmrMLM, and FarmCPU, respectively. The fact that FASTmrEMMA detected the most
signi�cant SNPs suggests it may be better (i.e., greater power and accuracy) than the other two methods [25; 35].
Seventeen SNPs were identi�ed by at least two methods, including SNP_5_158203765 and SNP_4_235330942, which
were detected by all three GWAS methods. We also detected 19 variants in at least two environments. Linkage and GWAS
analyses are two complementary approaches commonly used to clarify the genetic basis of complex traits. Additionally,
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these methods may be used for cross-validations [36]. We compared our GWAS results with the QTL identi�ed in the
recombinant inbred line population, which was included in an earlier evaluation of the same root traits in three �eld trails
[15]. A total of 25 SNPs were located in QTL intervals. The consistency in the �ndings con�rmed the accuracy of the
GWAS results.

Auxin is a common regulator of plant root development. The auxin–TIR1/ABF2–AUX/IAA–ARF–LBD pathway is involved
in post-embryonic root development in cereals and Arabidopsis [37]. The Aux/IAA proteins are key regulators of the
nuclear auxin response pathway, and many of them can modulate root development in Arabidopsis, rice, and maize [38;
39; 40]. In the current study, we identi�ed two Aux/IAA protein-encoding genes, GRMZM2G141205 and GRMZM2G031615,
which were associated with CRN and CRA, respectively. The natural variations in GRMZM2G141205 were validated by
resequencing and a haplotype analysis, and �ve variants were signi�cantly associated with CRN. In maize, mutations to
ROOTLESS WITH UNDETECTABLE MERISTEMS 1 (RUM1; an Aux/IAA protein) that prevent auxin-mediated degradation
lead to lateral root defects [40]. Another Aux/IAA-related gene, rul1, is a duplicated homologue of rum1, which controls SR
and LR initiation in maize [41]. The Aux/IAA proteins function as auxin co-receptors with TRANSPORT INHIBITOR
RESPONSE 1 (TIR1) and the closely related AUXIN SIGNALLING F-BOX (AFB) proteins [42]. In the present study,
SNP_2_223258556 in GRMZM2G155849 was signi�cantly associated with CRD. The GRMZM2G155849 gene is
homologous to the Arabidopsis AUXIN SIGNALING F-BOX 3 (AFB3) gene, which encodes a key regulatory factor that
controls primary and lateral root growth in response to external and internal N availability [43]. The Aux/IAA proteins can
also repress transcription by interacting with members of the AUXIN RESPONSE FACTOR (ARF) transcription factor family.
We identi�ed two ARF-encoding genes, GRMZM2G005284 and GRMZM5G874163, which were associated with CRN and
CRA, respectively. Cytokinin and auxin have antagonistic effects on root development [37]. A previous study proved that
CKX can irreversibly degrade cytokinins in plants [44]. In rice, OsCKX4 can promote crown root formation and growth by
mediating the interaction between cytokinin and auxin [45]. In the current study, two CKX genes, GRMZM2G404443 and
GRMZM2G050997, were associated with CRN and CRD, respectively. Transcription factors are major regulators of root
development. We detected MADS-box transcription factor genes associated with CRD (GRMZM2G005155) and CRN
(GRMZM2G032339) as well as an SBP-box transcription factor gene related to CRD (GRMZM2G065451). Previous
research on rice determined that OsMADS25 controls the primary root length and the lateral root density via an ABA-
mediated regulatory pathway and ROS scavenging [46]. Another study con�rmed that OsSPL3, which includes an SBP
domain, directly activates the expression of OsMADS50 to regulate crown root development in rice [47]. Whether these
candidate genes affect maize crown root development will need to be experimentally veri�ed (e.g., by targeted
mutagenesis).
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Figure 1

Phenotypic distribution and correlation of crown root angle (CRA), diameter (CRD) and number (CRN). Red, green and blue
lines represent phenotypic distributions in the different environments of 15SY, 16SY and 17SY, respectively. ***: Signi�cant
correlation at P < 0.001.

Figure 2
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GWAS results for all traits by three GWAS methods in different environments.

Figure 3

Candidate gene association analysis and haplotype analysis of GRMZM2G141205. (A) Manhattan plot for CRN in
different environments. (B) pair-wise linkage disequilibrium (LD) of variants in GRMZM2G141205. (C) Haplotypes of
GRMZM2G141205 among natural variations in inbred lines. (D) Phenotypic differences between different haplotypes.
Different letters indicated that signi�cant difference between haplotypes were observed (P<0.05).
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