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Article

Genome-Wide Association Study of Root System Architecture 

in Maize

Abstract: Roots are important plant organs for the absorption of water and nutrients. To date, there 

have been few genome-wide association studies of maize root system architecture (RSA) in the field. 

The genetic basis of maize RSA is poorly understood, and the maize RSA-related genes that have 

been cloned are very limited. Here, 421 maize inbred lines of an association panel were planted to 

measure the root systems at the maturity stage, and a genome-wide association study was per-

formed. There was a strong correlation among eight RSA traits, and the RSA traits were highly cor-

related with the aboveground plant architecture traits (e.g., plant height and ear leaf length, r = 0.13–

0.25, p < 0.05). The RSA traits of the stiff stalk subgroup (SS) showed lower values than those of the 

non-stiff stalk subgroup (NSS) and tropical/subtropical subgroup (TST). Using the RSA traits, the 

genome-wide association study identified 63 SNPs and 189 candidate genes. Among them, nine 

candidate genes co-localized between RSA and aboveground architecture traits. A further co-ex-

pression analysis identified 88 candidate genes having high confidence levels. Furthermore, we 

identified four highly reliable RSA candidate genes, GRMZM2G099797, GRMZM2G354338, 

GRMZM2G085042, and GRMZM5G812926. This research provides theoretical support for the ge-

netic improvement of maize root systems, and it identified candidate genes that may act as genetic 

resources for breeding. 
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1. Introduction 

Global agricultural production is facing its greatest challenge owing to climate change, 

land degradation and population growth [1,2]. Breeding stress-resistant and nutrient-effi-

cient crops is necessary to assure food security [3]. Root architecture, including structural 

traits such as root width, depth, and length [4], determines the responsiveness and adapta-

bility of plants to abiotic stress [5]. The ideal root system architecture (RSA) can efficiently 

obtain water and nutrient resources from soil, ensure the growth and development pro-

cesses of plants, and improve productivity [6,7]. The genetic improvement of the RSA is 

necessary for increasing maize yields and is expected to further improve the water and nu-

trient utilization efficiency [8]. Root traits are hidden in the soil, and root growth cannot be 

directly observed, making it difficult to determine the phenotypes. To date, the potential of 

maize root trait improvement has not been fully exploited [9]. The identification of RSA 

traits and the mining of related genes are of great significance for the genetic improvement 

and increased adaptability of plants to the environment abiotic stresses. 
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Plant RSA has a strong plasticity, and it is affected by both environmental signals and 

genotype-associated internal mechanisms, which change in response to the external envi-

ronment [5]. Root development is regulated by environmental signals, which affect the 

rate and direction of root growth [10]. For instance, maize responds to nitrogen stress by 

adjusting the root growth angle [11]. Steeper root angles increase the depth of the roots, 

thereby increasing the root distribution in the deep soil, which in turn allows roots to 

access water and nutrients that have leached into the deep-soil profile [7,11]. Under con-

ditions of adequate water and nutrients, the root growth angle is relatively flat because 

the moisture and nutrients of the shallow soil profile meet the needs of aboveground 

growth [12]. In addition to typical RSA traits, such as angle and depth, lateral root length 

and density play important roles in plant nutrient uptake [7,13]. Under phosphorus defi-

ciency conditions, plant RSA shows a shortening of primary roots and an increase in lat-

eral roots, while root hairs grow in large quantities [14]. At present, optimal RSAs in dif-

ferent growth environments are a targets for root genetic improvement [7]. Furthermore, 

the development of the plant RSA is regulated by internal mechanisms [15–17]. 

Hormones are the main components, on the physiological level, of the internal regu-

latory mechanism of RSA [16]. Hormones, such as auxin, cytokinin, gibberellin, and eth-

ylene, form complex hormonal networks in plants and participate in the development of 

RSA [15,18,19]. As an important indicator signal of the root system, auxin not only main-

tains root development, but also mobilizes many other hormones to participate in root 

regulation [17]. Several IAA-related genes regulate root architecture in Arabidopsis [20]. A 

study identified 81 genes involved in the plant hormone signal transduction pathway and 

26 transcription factor genes that may regulate root growth [21]. Cytokinins are involved 

in the inhibition of lateral root formation through the involvement of auxin [22]. In addi-

tion, there are some non-hormonal signals, mainly metabolites, such as peptides, that reg-

ulate the development of RSA [23]. 

The RSA is a complex quantitative trait having wide phenotypic variation among 

different genotypes. Because root sampling is destructive and labor-intensive, there are 

limited studies on the genetic mechanisms of crop RSA in the field [24]. In recent years, 

with the development of computer science and modeling techniques for root phenotypic 

measurement [24], the analysis of the genetic basis of crop RSA has developed [25]. Re-

search on gene mapping of the maize RSA is in the preliminary stage, and it is difficult to 

perform further fine mapping and to clone genes [26]. At present, the root genes reported 

in maize have been mainly cloned using mutants, including eight genes related to RSA 

development [27]. Genome-wide association studies (GWASs) have high mapping accu-

racies and do not require population construction, thereby providing a feasible method 

for studying the genetic basis of complex traits [28]. A GWAS of 22 seedling-stage root 

traits identified a root candidate gene, GRMZM2G1537222, which contains nine signifi-

cant SNPs, most likely related to maize root development [29]. In addition, 17 SNPs sig-

nificantly associated with root traits have been identified, and the gene GRMZM2G02110, 

which is specifically expressed in the root system, was located on chromosome 5 [30]. A 

previous study investigated 209 maize inbred lines using primary root length, seed root 

length, and seed root number at 35 days after germination under both normal water sup-

ply and drought conditions, and 7 root candidate genes were identified [31]. Moreover, 

under two different nitrate level treatments, 55 candidate genes significantly associated 

with 21 RSA and 3 aboveground traits were identified by GWAS [32]. In recent years, the 

construction of co-expression networks using gene expression data can be powerful for 

interpreting candidate genes through integrating GWAS results [33–35]. For instance, us-

ing this computational approach, candidate genes were prioritized from a large-scale 

GWAS examining the accumulation of 17 different elements in maize seeds [35]. In gen-

eral, there are limited genetic-based analyses and candidate gene mining experiments of 

maize roots in the field, and a genetic analysis of RSA is needed to further understand its 

regulatory mechanisms. 
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To elucidate the genetic basis of maize RSA, we measured related traits at maturity 

under field conditions using an associated population of 421 inbred lines. Combined with 

the RSA phenotypes, we used high-density genotypes to perform a GWAS to investigate 

the genetic basis of maize RSA. Additionally, a co-expression analysis was performed us-

ing root transcriptome data to identify candidate genes related to maize RSA. 

2. Materials and Methods 

2.1. Experimental Materials and Design 

The maize association panel used in this study included 421 maize inbred lines (Table S1) 

from China, the USA, and the International Maize and Wheat Improvement Center [36]. In 

accordance with a previous study, the 421 maize inbred lines were divided into four sub-

groups: SS, NSS, TST, and Mixed [36] (Table S1). Field experiments were conducted in 2015 at 

Nanbin Farm (18.18° N, 109.03° E) in Sanya, Hainan Province, China. Each inbred line was 

planted in a single row at a density of 100,000 plants ha−1 in a randomized block design. 

Each inbred line was planted in a 4 m single row, with a 50 cm row spacing and a 20 cm 

inter-plant spacing. There was a base application of compound fertilizer (nitrogen ferti-

lizer, 90 kg N ha−1; phosphate fertilizer, 90 kg P2O5 ha−1; and potassium fertilizer, 90 kg 

K2O ha−1). Other field measures were implemented in accordance with conventional man-

agement practices. 

2.2. Determination of Root Traits 

At the mature stage, 3–5 plants of each inbred line with similar aboveground growth 

were selected and their root systems were excavated to a depth of 30 cm. The excavated 

roots were gently shaken to remove most of the attached soil and soaked in a water mixed 

with detergent. A washing apparatus with adjustable water pressure was then used to 

remove any remaining soil attached to the roots. After being cleaned, the root system was 

transferred to a studio with stable light-emitting diode (LED) light to collect two-dimen-

sional images of the root systems using a camera (ILCE-5100, Sony, Tokyo, Japan). All the 

root images were stored in JPEG file format. The software DIRT was used for the high-

throughput quantitative analysis of two-dimensional root images with a masking thresh-

old = 20 [37]. In total, eight root traits related to root width, angle, and area were derived 

from the images (Tables 1 and S2). 

2.3. Data Organization and Statistical Analysis of Root Traits 

The phenotypic data of aboveground traits used in this study, including plant height, 

ear position, and leaf traits, were derived from published studies [38] (Tables S3 and S4). A 

statistical analysis was performed using R4.03 software (https://www.r-project.org/, ac-

cessed on 10 August 2021), and the pearson correlation coefficient was calculated using R 

package “Hmisc”. The principal component analysis was performed using R package 

“ggbiplot”. On the basis of subgroup classifications, box plots of the eight root traits were 

constructed and compared using R package “boxplot”. 

2.4. Genome-Wide Association Study and Candidate Gene Mining 

The genotypes, population structure, and kinship matrix of the association panel 

used for the GWAS in this study were downloaded from MaizeGO 

(http://www.maizego.org/index.html, accessed on 8 June 2020). The genotypic data were 

compared with the reference genome B73 RefGen_v2 (https://www.maizegdb.org/, ac-

cessed on 8 June 2020). In this study, eight root traits and eight aboveground traits were 

used as phenotypes. The genome-wide association study was performed by TASSEL5.0 

[28,39] using a mixed linear model with 1.25 million high-density SNP markers. Given the 

rigor of the mixed linear model, we conservatively chose −log10 (p-value) = 5.0 as the 

threshold for determining whether the marker was significantly associated with the root 

traits. Manhattan plots and a linkage disequilibrium heat map were constructed using R 
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package “CMplot” and “LDheatmap”, respectively. Using B73 RefGen_v2 as the reference 

genome, root candidate genes were searched for in the regions 50-kb up- and downstream 

of significant SNPs. MaizeGDB (https://www.maizegdb.org, accessed on 16 July 2021), 

NCBI (https://www.ncbi.nlm.nih.gov, accessed on 16 July 2021), and TAIR 

(https://www.arabidopsis.org, accessed on 16 July 2021) databases were used to annotate 

candidate genes. 

2.5. Construction and Analysis of Maize Root Co-Expression Networks 

Camoco [35] was used to identify the high-priority candidate RSA-related genes in 

maize. The locus information used in co-expression analysis was derived from GWAS. 

The root transcriptome gene expression levels of 48 different maize inbred lines in pub-

lished studies were used to construct the co-expression network [35]. The density metrics 

were used to conduct the co-expression network analysis. The candidate window size and 

maximum number of flanking genes were 50 kb and two, respectively. The candidate win-

dows were determined both upstream and downstream of the input SNPs. Cytoscape [40] 

was used to visualize the network with a highly prioritized gene set. 

2.6. Root Transcriptome Sequencing and Expression Analysis 

In total, 83 inbred lines of the association panel were randomly selected and planted 

in the Shangzhuang Experimental Station of the China Agricultural University in 2019. 

Then, 2–3 plants per line were selected at the silking stage, and two layers of roots below 

the soil surface were collected and frozen in liquid nitrogen. TRIzol reagent (TaKaRa, Tokyo, 

Japan) was used extract total RNA in accordance with the manufacturer’s instructions. 

RNA integrity was assessed using the RNA Nano 6000 Assay Kit and the Agilent Bioana-

lyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Sequencing libraries were 

generated using an NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, 

USA). Libraries were sequenced on an Illumina HiSeq 6000 system. HISAT2 [41] was used 

for the sequence alignment, and StringTie [42] was used to assemble and quantify gene ex-

pression levels into FPKM (fragments per kilobase of exon model per million mapped 

fragments) values after the alignment analysis was completed. The FPKM value was used 

to compare the differences in gene expression levels between the corresponding inbred 

lines having different haplotypes. 

3. Results 

3.1. Phenotypic Variation of Root Traits 

The eight root traits measured in this study were root top angle (ANG_TOP), root 

bottom angle (ANG_BTM), root skeleton width (SKL_WIDTH), the maximum width of 

the root system (WIDTH_MAX), the median width of the root system (WIDTH_MED), 

projected root area (AREA), average root density (AVG_DEN) and the number of root tip 

paths (RTP_COUNT) (Table 1). The detailed information regarding these traits can be 

found in Table 1. The eight RSA traits showed abundant genetic variation, with variation 

coefficients ranging from 0.068 to 0.560 (Table 1). The phenotypic values showed an ap-

proximately normal distribution (Figure S1). This indicated that the eight RSA traits were 

typical quantitative traits. The correlation analyses of the eight root traits showed that 

AVG_DEN was negatively correlated with the other seven root traits, except AREA (r = 

−0.31–−0.16; p < 0.05; Figure 1). There were significant positive correlations among the 

other six root traits (r = 0.26–0.99, p < 0.05; Figure 1). Notably, the maximum root width 

(WIDTH_MAX), mean root width (WIDTH_MED), and root skeleton width 

(SKL_WIDTH) were significantly correlated (r = 0.93–0.99, p < 0.01; Figure 1), which sug-

gests similar regulatory mechanisms between WIDTH_MAX, WIDTH_MED, and 

SKL_WIDTH. A principal component analysis showed that the first principal component 

could explain 99.9% of the variation. Thus, among the eight root traits, traits related to 

root width, growth angle, and number of roots explained most of the root phenotypic 
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variation (Figure S2). In addition, the correlation analysis showed that root traits were 

positively correlated with aboveground agronomic traits (r = 0.13–0.25, p < 0.05, Figure 1). 

For example, there was a correlation between AREA and ear leaf length. Furthermore, the 

correlation between RSA traits and aboveground yield traits was not significant (p > 0.05; 

Figure 1). Thus, in terms of phenotype, there is a potential similar mechanism between 

root and aboveground agronomic traits. Additionally, it revealed that the formation of 

yield traits is complicated, and the formation is determined by a variety of factors, includ-

ing roots. 

Table 1. Descriptions of eight root architecture traits and their statistical data. Max: maximum; Min: 

Minimum; CV: Coefficient of Variation. 

Trait Description Unit Max Min Mean STDEV CV 

ANG_TOP Root top angle degrees 71.7 49.1 62.4 4.3 0.068 

ANG_BTM Root bottom angle degrees 59.4 29.8 44.9 5.6 0.126 

SKL_WIDTH Root skeleton width mm 253 89.6 155.2 29.7 0.191 

WIDTH_MAX 
Maximum width of the 

root system 
mm 242.8 79.3 148.8 29.1 0.196 

WIDTH_MED 
Median width of the root 

system 
mm 190.6 68.2 115.2 21.7 0.188 

AREA Projected root area mm2 22,132 4828.9 12,219.5 3184.8 0.261 

AVG_DEN Average root density - 29.3 1.5 7.4 4.2 0.560 

RTP_COUNT Number of root tip paths count 1044 126.7 442.9 148.2 0.335 

  



Genes 2022, 13, 181 6 of 15 
 

 

 

Figure 1. Pearson’s correlation analysis of root and aboveground traits. The color and size of a circle 

reflects the value of the correlation coefficient. The numbers form the correlation coefficient matrix. 

* used to mark significance: * represents p < 0.05 and ** represents p < 0.01. 

3.2. Analysis of Root Architecture Variation in Different Maize Subgroups 

To investigate the variations in RSAs of different germplasm resources, we analyzed 

the variances of root traits among different groups. Overall, compared with Non-Stiff 

Stalk (NSS), Mixed group (Mixed), and Tropical/subtropical (TST) subgroups, the Iowa 

Stiff Stalk Synthetic (SS) subgroup had lower root trait values (Figure 2a–e). Our study 

found that there were no significant differences in AREA and AVG_DEN among the four 

subgroups (p > 0.05, Figure 2f, g). Among the ANG_TOP and ANG_BTM traits related to 

root growth angle, the SS subgroup showed a significant lower value than the other three 

subgroups (p < 0.05, Figure 2a, b). For WIDTH_MED, WIDTH_MAX, and SKL_WIDTH 

traits, the TST and SS subgroups showed significant higher values than the Mixed and SS 

subgroups (p < 0.05, Figure 2c–e). For the RTP_COUNT trait, the TST and NSS subgroups 

showed significant differences (p < 0.05, Figure 2h). The above results suggested that the 

SS subgroup had a significant less complicated RSA compared with those of the other 

subgroups, which was manifested by a steeper and narrower root system. The results of 

this study provide important guidance for maize root genetic improvement. 
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Figure 2. Comparison of root traits among different maize subgroups. Differences in (a) AREA, (b) 

WIDTH_MED, (c) ANG_TOP, (d) SKL_WIDTH, (e) AVG_DEN, (f) WIDTH_MAX, (g) ANG_BTM 

and (h) RTP_COUNT among TST, NSS, SS and Mixed subgroups of maize inbred lines. Letters 

above the plots indicate significant differences between different subgroup according to a one-way 

ANOVA and Duncan’s multiple comparisons. Four subgroups: Stiff stalk (SS), Non-stiff stalk (NSS), 

Tropical/subtropical (TST), and Mixed group (Mixed). Different lowercase letters represent signifi-

cant differences among four maize subgroups (p < 0.05). 

3.3. Genome-Wide Association Analysis of Root Traits 

We performed a GWAS on eight RSA traits in the associated population and identi-

fied 63 significantly associated SNPs (Figure S3 and Table S5). We found multiple traits 

mapped to the same SNP locus (Figure 3a), because close correlations between maize RSA 

traits were identified (Figure 1). Using B73 RefGen_v2 as the reference genome, candidate 

genes were searched for in regions 50-kb upstream and downstream of these significant 

loci, and 189 candidate genes were identified (Table S6). The co-mapping of different root 

traits to the same loci suggested that the genes controlling maize RSA have multiple ef-

fects. For example, GRMZM2G099797, co-localized with RTP_COUNT, WIDTH_MAX, 

WIDTH_MED, and SKL_WIDTH (Table S6), may affect maize root development by reg-

ulating cytokinin [43]. 

Additionally, the mapping results of root and aboveground traits were compared. From 

the aboveground agronomic and yield traits, we identified 207 significant SNPs and 280 can-

didate genes (Figures 3b and S4 and Table S7). There were no significant SNPs identified 

between roots and the agronomic and yield traits (Figure 3c). However, nine common 

candidate genes were identified between RSA traits and aboveground traits (Figure 3d, 

Tables S6 and S8). In our study, potential candidate genes for root architecture were iden-

tified, and genetic differences between aboveground agronomic traits and RSA traits were 

revealed. 
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Figure 3. Genetic correlation between aboveground and root traits. Manhattan map of genome-wide 

association analysis of (a) root and (b) aboveground traits, the red dotted line shows the threshold 

(LOD = 5), points below the threshold is gray. (c) SNPs co-located using root and aboveground traits. 

(d) Genes co-located using root and aboveground traits. 

3.4. Root Candidate Gene Mining Combined with the GWAS and Co-Expression Analysis 

To further identify high confidence candidate genes involved in maize RSA, we per-

formed a co-expression analysis in combination with root RNA-seq and a GWAS. Among 

189 candidate genes from the GWAS, 88 for root traits were identified as high-priority 

genes by the gene co-expression analysis (Figure S5 and Table S9). We found that 

GRMZM2G099797 was associated with WIDTH_MED, WIDTH_MAX, SKL_WIDTH, and 

RTP_COUNT traits simultaneously (Figure 4a,b). This gene encodes a cytokinin-response 

regulator, which is highly expressed in the root system. Its Arabidopsis, the expression of the 

homolog AT3G16857 reduces the effects of cytokinin inhibition on root elongation and lat-

eral root formation [44]. A haplotype analysis of significant SNPs (chr1.S_28404545) re-

vealed significant phenotypic and gene expression differences associated with root architec-

ture (Figure 4c,d). Two candidate genes (GRMZM2G354338 and GRMZM2G085042) were 
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associated with SNP markers (chr6.S_142873590) corresponding to ANG_BTM (Figure S6a). 

By comparing the haplotypes, we found significant differences in ANG_BTM between A/T 

and T/C (p < 0.001; Figure S6b). In addition, the expression levels of different haplotypes of 

GRMZM2G354338 and GRMZM2G085042 showed significant differences (p < 0.05 and p < 

0.01, respectively; Figure S6c). As a maize-specific gene, the GRMZM2G354338-encoded 

ZmARGOS8 is a member of the ARGOS gene family, which contains a conserved TPT 

domain that mediates the formation of maize node roots by modulating sensitivity to eth-

ylene [45]. The function of GRMZM2G085042 in maize has not been studied, and its cor-

responding Arabidopsis homolog AT4G01220 plays an important role in the root develop-

ment [46]. Furthermore, we identified the gene GRMZM5G812926 as being associated 

with RTP_COUNT (Figure S6d). The trait RTP_COUNT among different haplotypes was 

significantly different (p < 0.001, Figure S6e), but no significant difference in gene expres-

sion was determined (p = 0.51, Figure S6f). In general, this study provides important can-

didate gene resources for future maize root genetic improvements. 

 

Figure 4. Linkage analysis of GRMZM2G099797 gene regions and a haplotype material analysis. (a) 

Manhattan plot of four associated traits. (b) GRMZM2G099797 genetic structure and linkage analy-

sis of gene regions. The circular dots represent SNPs associated with root traits. (c) Differences in 

WIDTH_MED among various haplotype materials. (d) Differences in gene expression level between 

different haplotype materials. * Used to mark significance as determined by a t-test: * represents p < 

0.05, *** represents p < 0.001. 

4. Discussion 

Maize originated in south-central Mexico and has been improved by natural and ar-

tificial selection for a long time [47]. During domestication and improvement, maize cul-

tivation spread from tropical to temperate regions. In the process of adapting to different 

environments, the production efficiency of maize also increased significantly [48,49]. As 

an important organ for water and nutrient absorption, roots have been neglected owing 

to the difficulty in determining phenotypes. In recent years, the importance of root traits 
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has been gradually accepted, and the utilization of root traits is expected to lead to a “sec-

ond green revolution” in agriculture [50]. Most of the adaptive traits in maize have been 

selected and fixed during evolution and adaptation in tropical to temperate climates [51]. 

During the processes of evolution and improvement, genomic differentiation and selec-

tion between the TST germplasm and temperate germplasm have emerged, and root traits 

and genomic loci may have been selected [52]. The 421 inbred lines used in this study 

showed abundant genetic diversity and r values representing global maize diversity [36]. 

The samples were divided into four subgroups, SS, NSS, TST, and Mixed. SS and NSS are 

temperate germplasm resources, and TST is a tropical/subtropical germplasm resource. 

Compared with the other three subgroups, the SS subgroup had steeper root angles and 

narrower root widths (Figure 2). During the selection of germplasm resources, unlike the 

genomes of the NSS and TST subpopulations, those of the SS subpopulation had narrow 

genetic backgrounds, and the differences between the root traits of the SS subpopulation 

and those of the other subpopulations were due to long-term adaptation and selection [36]. 

Therefore, we speculated that the SS subgroup was selected for genes associated with nar-

row RSA during genomic differentiation, and these genes were retained during maize 

breeding. 

The root system forms an important organ for plants to absorb water and nutrients 

from the soil, which plays an important role in ensuring the normal growth and develop-

ment of plant aboveground parts. For example, the growth and development of plant 

buds is influenced by root hormones, whereas nutrient absorption by the root system is 

regulated by stem-derived substances [53]. In this study, we found that there was a high 

correlation between aboveground agronomic and root traits, especially RSA and above-

ground plant-type traits (Figure 1). However, the genetic correlation between above-

ground and root systems in plants is still poorly understood. A further GWAS of RSA 

traits and aboveground traits identified nine shared genes (Figure 3). These results sug-

gested that although there was a strong physiological correlation between RSA traits and 

aboveground agronomic traits, there are significant genetic differences between them. At 

present, root traits have been identified based on quantitative trait locus (QTL) mapping. 

However, most of this has been primary mapping [26,27]. Furthermore, previous studies 

mainly focused on root traits at the seedling stage, which do not reflect the true RSA of 

maize under field conditions. On the basis of GWASs, genetic mechanism analyses and 

gene mining of maize root traits have been performed, but few genes related to maize RSA 

have been identified [25]. In this study, a GWAS was conducted for maize RSA traits un-

der field conditions, and 189 root candidate genes were identified (Table S6). However, 

the GWAS produced some inevitable false positives owing to the large number of multi-

ple tests [54]. To more efficiently identify high-priority RSA-related candidate genes, a gene 

co-expression network was constructed using root transcriptome data. Based on the root co-

expression network analysis, we identified 88 high-priority candidate genes (Table S9), 

which provide valuable genetic resources for maize root genetic improvement. 

Plant hormones play important roles in regulating the development of plant organs [16]. 

Auxins play leading roles in regulating root development, and several auxin pathway genes 

have been cloned [55]. In addition, cytokinins play important roles in regulating root sys-

tems [56]. They affect root trait development by influencing the interactions between auxins 

and cytokinins [15]. In this study, we identified a candidate gene GRMZM2G099797 

(ZmCRR8) (Figure 4), which encodes a cytokine-response regulator [57]. Cytokinin-response 

regulators are composed of A- and B-type response regulators [58]. This gene family plays 

roles in plant root tropism [59] and abiotic stress response [60]. Its regulation may be related 

to the coordinated control of root growth and development by auxins [43]. In a previous 

study, ZmCRR8 activated the expression of the maize ZmWUS gene and regulated the de-

velopment of inflorescence meristem [61]. The overexpression of B-type cytokinin re-

sponse regulators in Arabidopsis leads to the significant inhibition of root development, 

which may be caused by the disruption of cytokinin homeostasis [57]. Thus, we speculated 
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that the high expression of ZmCRR8 may induce the expression of cytokinins in roots, lead-

ing to disordered hormone levels in roots, ultimately inhibiting root development. 

Furthermore, ethylene plays an important role in regulating plant development [62]. 

The GRMZM2G354338 (ZmARGOS8) gene identified in this study (Figure S6),encodes a 

negative regulator of ethylene reactions [63]. ZmARGOS8-overexpression plants show eth-

ylene insensitivity and significantly reduced responses of roots induced by ethylene [64]. 

With the increased expression of ZmARGOS8, ANG_BTM increased (Figure S6a), which 

may result from the expression inhibiting the promotive effect of ethylene on lateral root 

formation [64]. The overexpression of ZmARGOS8 improves maize yield under drought-

stress conditions [64], and it also delays the development of maize nodal roots and in-

creases maize yields [45]. This suggests that ZmARGOS8 regulates not only the develop-

ment of maize roots, but also the development of the aboveground parts. Thus, it has a 

high breeding potential. In addition, GRMZM2G085042 was significantly associated with 

ANG_BTM (Figure S6a). The function of this gene in maize has not been reported. Its 

Arabidopsis homolog AT4G01220 (MGP4) encodes a rhamnogalacturonan II xylosyltrans-

ferase, and its expression results in significant root defects and partial plant death [46]. 

Furthermore, GRMZM5G812926, which is significantly associated with RTP_COUNT 

(Figure S6d), may be involved in the regulation of maize root development. Its Arabidopsis 

homolog AT1G30440 (NPH3), which encodes a protein having an NPY3 domain [65]. This 

domain may play an essential role in auxin-mediated organogenesis and root gravitropic 

responses in Arabidopsis [65]. Therefore, we think that four genes (GRMZM2G099797, 

GRMZM2G354338, GRMZM2G085042, and GRMZM5G812926) identified in this study are 

worthy of attention as RSA-related candidate genes. 

Overall, owing to the difficulty and inefficiency of root trait identification, breeders 

tend to ignore the genetic analysis and improvement of root traits and focus instead on 

aboveground traits. With the continuous development of computer science and image 

recognition technology, the throughput acquisition of root phenotypes has been signifi-

cantly increased. Using a high-throughput root phenotypic determination method, our 

study acquired mature maize root phenotypes, which laid an important foundation for 

the analysis of maize root genetic mechanisms. To date, we have a very limited under-

standing of the genes that control maize root development, and no major RSA genes that 

affect maize breeding have been found [26]. With the development of high-throughput 

root phenotypic technology and various gene editing techniques [66], it has become a re-

ality to directly select root traits for crop phenotypic improvement [27]. This study re-

vealed candidate genes and possible molecular mechanisms for regulating RSA, provid-

ing important insights and gene resources for the efficient breeding of maize with genet-

ically improved RSA. 

5. Conclusions 

In this study, an association panel consisting of 421 maize inbred lines was used to 

measure RSA traits at the maturity stage under field conditions. First, we found that, com-

pared with other germplasms, the SS germplasm has a narrower and steeper RSA. We 

then identified 189 candidate genes using a GWAS. In addition, we found that there were 

significant genetic differences between the root and the aboveground agronomic traits of 

maize. Finally, we conducted a co-expression analysis using root transcriptome data and 

identified 88 high-confidence candidate genes. We then identified four potential RSA-re-

lated candidate genes on the basis of gene function annotation. The results of this study 

provide valuable resources for the future genetic improvement of maize RSA. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/genes13020181/s1. Figure S1: Histogram of distribution of eight 

root traits, Figure S2: Principal component analysis of root and aboveground traits, Figure S3: Man-

hattan plot of eight root traits analyzed by GWAS, Figure S4: Manhattan map of aboveground traits 

analyzed by GWAS, Figure S5: Co-expression network analysis of root candidate genes, Figure S6: 



Genes 2022, 13, 181 12 of 15 
 

 

GWAS identification of high-priority genes for variation in maize root traits, Table S1: Information 

from the maize lines in the panel, including the pedigree and subpopulation, Table S2: The pheno-

typic data of eight root traits, Table S3: Description of eight aboveground traits, Table S4: The phe-

notypic data of aboveground traits used in this study, Table S5: The number of significant SNPs and 

candidate genes associated with eight root traits, Table S6: SNPs significantly associated with eight 

root traits and the candidate genes within 50 kb up- and downstream of each unique significant 

association SNPs, Table S7: The number of significant SNPs and candidate genes associated with 

eight aboveground traits, Table S8: SNPs significantly associated with eight aboveground traits and 

the candidate genes within 50 kb up- and downstream of each unique significant association SNPs, 

and Table S9: List of high-priority candidate genes generated from co-expression network analysis.

Author Contributions: 

Funding: This study was financially supported by the National Natural Science Foundation of 

China 31972485 and 31971948, Hainan Natural Science Foundation Innovation Research Team Pro-

ject 321CXTD443, Hainan Provincial Science and Technology Plan Sanya Yazhou Bay Science and 

Technology City Joint Project 320LH011 and China Postdoctoral Science Foundation 2021M693431.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting the findings of this work are available within the 

paper and its Supplementary Information.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations 

GWAS Genome-wide association study 

Mixed Mixed subgroup 

NSS Non-stiff stalk subgroup 

RSA Root system architecture 

SNP Single nucleotide polymorphism 

SS Stiff stalk subgroup 

TST Tropical/subtropical subgroup 

  



Genes 2022, 13, 181 13 of 15 
 

 

References 

1. Matson, P.A.; Parton, W.J.; Power, A.G.; Swift, M.J. Agricultural Intensification and Ecosystem Properties. Science 1997, 277, 

504–509. https://doi.org/10.1126/science.277.5325.504. 

2. Foley, J.A.; Ramankutty, N.; Brauman, K.A.; Cassidy, E.S.; Gerber, J.S.; Johnston, M.; Mueller, N.D.; O’Connell, C.; Ray, D.K.; 

West, P.C.; et al. Solutions for a cultivated planet. Nature 2011, 478, 337–342. https://doi.org/10.1038/nature10452. 

3. Mickelbart, M.V.; Hasegawa, P.M.; Bailey-Serres, J. Genetic mechanisms of abiotic stress tolerance that translate to crop yield 

stability. Nat. Rev. Genet. 2015, 16, 237–251. https://doi.org/10.1038/nrg3901. 

4. Hochholdinger, F.; Park, W.J.; Sauer, M.; Woll, K. From weeds to crops: Genetic analysis of root development in cereals. Trends 

Plant Sci. 2004, 9, 42–48. https://doi.org/10.1016/j.tplants.2003.11.003. 

5. Schneider, H.M.; Lynch, J.P. Should Root Plasticity Be a Crop Breeding Target? Front. Plant Sci. 2020, 11, 546. 

https://doi.org/10.3389/fpls.2020.00546. 

6. Lynch, J.P. Steep, cheap and deep: An ideotype to optimize water and N acquisition by maize root systems. Ann. Bot. 2013, 112, 

347–357. https://doi.org/10.1093/aob/mcs293. 

7. Mi, G.; Chen, F.; Yuan, L.; Zhang, F. Ideotype Root System Architecture for Maize to Achieve High Yield and Resource Use 

Efficiency in Intensive Cropping Systems. Adv. Agron. 2016, 139, 73–97. https://doi.org/10.1016/bs.agron.2016.05.002. 

8. Lynch, J.P. Root phenotypes for improved nutrient capture: An underexploited opportunity for global agriculture. New Phytol. 

2019, 223, 548–564. https://doi.org/10.1111/nph.15738. 

9. Tracy, S.R.; Nagel, K.A.; Postma, J.A.; Fassbender, H.; Wasson, A.; Watt, M. Crop Improvement from Phenotyping Roots: High-

lights Reveal Expanding Opportunities. Trends Plant Sci. 2020, 25, 105–118. https://doi.org/10.1016/j.tplants.2019.10.015. 

10. Malamy, J.E. Intrinsic and environmental response pathways that regulate root system architecture. Plant Cell Environ. 2005, 28, 

67–77. https://doi.org/10.1111/j.1365-3040.2005.01306.x. 

11. Trachsel, S.; Kaeppler, S.M.; Brown, K.M.; Lynch, J.P. Maize root growth angles become steeper under low N conditions. Field 

Crop. Res. 2013, 140, 18–31. https://doi.org/10.1016/j.fcr.2012.09.010. 

12. Lynch, J.P.; Brown, K.M. Topsoil foraging—an architectural adaptation of plants to low phosphorus availability. Plant Soil 2001, 

237, 225–237. https://doi.org/10.1023/a:1013324727040. 

13. Zhan, A.; Lynch, J.P. Reduced frequency of lateral root branching improves N capture from low-N soils in maize. J. Exp. Bot. 

2015, 66, 2055–2065. https://doi.org/10.1093/jxb/erv007. 

14. Williamson, L.C.; Ribrioux, S.P.; Fitter, A.H.; Leyser, H.O. Phosphate Availability Regulates Root System Architecture in Ara-

bidopsis. Plant Physiol. 2001, 126, 875–882. https://doi.org/10.1104/pp.126.2.875. 

15. Bishopp, A.; Benková, E.; Helariutta, Y. Sending mixed messages: Auxin-cytokinin crosstalk in roots. Curr. Opin. Plant Biol. 2011, 

14, 10–16. https://doi.org/10.1016/j.pbi.2010.08.014. 

16. Jung, J.K.H.M.; McCouch, S.R.M. Getting to the roots of it: Genetic and hormonal control of root architecture. Front. Plant Sci. 

2013, 4, 186. https://doi.org/10.3389/fpls.2013.00186. 

17. Motte, H.; Vanneste, S.; Beeckman, T. Molecular and Environmental Regulation of Root Development. Annu. Rev. Plant Biol. 

2019, 70, 465–488. https://doi.org/10.1146/annurev-arplant-050718-100423. 

18. Pacifici, E.; Polverari, L.; Sabatini, S. Plant hormone cross-talk: The pivot of root growth. J. Exp. Bot. 2015, 66, 1113–1121. 

https://doi.org/10.1093/jxb/eru534. 

19. Vissenberg, K.; Claeijs, N.; Balcerowicz, D.; Schoenaers, S. Hormonal regulation of root hair growth and responses to the envi-

ronment in Arabidopsis. J. Exp. Bot. 2020, 71, 2412–2427. https://doi.org/10.1093/jxb/eraa048. 

20. Luo, J.; Zhou, J.-J.; Zhang, J.-Z. Aux/IAA Gene Family in Plants: Molecular Structure, Regulation, and Function. Int. J. Mol. Sci. 

2018, 19, 259. https://doi.org/10.3390/ijms19010259. 

21. Zhang, C.; Li, X.; Wang, Z.; Zhang, Z.; Wu, Z. Identifying key regulatory genes of maize root growth and development by RNA 

sequencing. Genomics 2020, 112, 5157–5169. https://doi.org/10.1016/j.ygeno.2020.09.030. 

22. Laplaze, L.; Benkova, E.; Casimiro, I.; Maes, L.; Vanneste, S.; Swarup, R.; Weijers, D.; Calvo, V.; Parizot, B.; Herrera-Rodriguez, 

M.B.; et al. Cytokinins Act Directly on Lateral Root Founder Cells to Inhibit Root Initiation. Plant Cell 2008, 19, 3889–3900. 

https://doi.org/10.1105/tpc.107.055863. 

23. Katsir, L.; Davies, K.A.; Bergmann, D.C.; Laux, T. Peptide Signaling in Plant Development. Curr. Biol. 2011, 21, R356–R364. 

https://doi.org/10.1016/j.cub.2011.03.012. 

24. Han, E.; Smith, A.G.; Kemper, R.; White, R.; Kirkegaard, A.J.; Thorup-Kristensen, K.; Athmann, M. Digging roots is easier with 

AI. J. Exp. Bot. 2021, 72, 4680–4690. https://doi.org/10.1093/jxb/erab174. 

25. Schneider, H.M.; Lor, V.S.N.; Hanlon, M.T.; Perkins, A.; Kaeppler, S.M.; Borkar, A.N.; Bhosale, R.; Zhang, X.; Rodriguez, J.; 

Bucksch, A.; et al. Root angle in maize influences nitrogen capture and is regulated by calcineurin B-like protein (CBL) -inter-

acting serine/threonine-protein kinase 15 (ZmCIPK15). Plant Cell Environ. 2021, 1–17. https://doi.org/10.1111/pce.14135. 

26. Bray, A.; Topp, C.N. The Quantitative Genetic Control of Root Architecture in Maize. Plant Cell Physiol. 2018, 59, 1919–1930. 

https://doi.org/10.1093/pcp/pcy141. 

27. Hochholdinger, F.; Yu, P.; Marcon, C. Genetic Control of Root System Development in Maize. Trends Plant Sci. 2018, 23, 79–88. 

https://doi.org/10.1016/j.tplants.2017.10.004. 

28. Yu, J.; Buckler, E.S. Genetic association mapping and genome organization of maize. Curr. Opin. Biotechnol. 2006, 17, 155–160. 

https://doi.org/10.1016/j.copbio.2006.02.003. 



Genes 2022, 13, 181 14 of 15 
 

 

29. Pace, J.; Gardner, C.; Romay, C.; Ganapathysubramanian, B.; Lübberstedt, T. Genome-wide association analysis of seedling root 

development in maize (Zea mays L.). BMC Genom. 2015, 16, 47. https://doi.org/10.1186/s12864-015-1226-9. 

30. Sanchez, D.L.; Liu, S.; Ibrahim, R.; Blanco, M.; Lübberstedt, T. Genome-wide association studies of doubled haploid exotic in-

trogression lines for root system architecture traits in maize (Zea mays L.). Plant Sci. 2018, 268, 30–38. 

https://doi.org/10.1016/j.plantsci.2017.12.004. 

31. Guo, J.; Li, C.; Zhang, X.; Li, Y.; Zhang, D.; Shi, Y.; Song, Y.; Li, Y.; Yang, D.; Wang, T. Transcriptome and GWAS analyses reveal 

candidate gene for seminal root length of maize seedlings under drought stress. Plant Sci. 2020, 292, 110380. 

https://doi.org/10.1016/j.plantsci.2019.110380. 

32. Sun, X.; Ren, W.; Wang, P.; Chen, F.; Yuan, L.; Pan, Q.; Mi, G. Evaluation of maize root growth and genome-wide association 

studies of root traits in response to low nitrogen supply at seedling emergence. Crop. J. 2021, 9, 794–804. 

https://doi.org/10.1016/j.cj.2020.09.011. 

33. Chan, E.; Rowe, H.C.; Corwin, J.; Joseph, B.; Kliebenstein, D.J. Combining Genome-Wide Association Mapping and Transcrip-

tional Networks to Identify Novel Genes Controlling Glucosinolates in Arabidopsis thaliana. PLoS Biol. 2011, 9, e1001125. 

https://doi.org/10.1371/journal.pbio.1001125. 

34. Lee, I.; Blom, U.M.; Wang, P.I.; Shim, J.E.; Marcotte, E.M. Prioritizing candidate disease genes by network-based boosting of 

genome-wide association data. Genome Res. 2011, 21, 1109–1121. https://doi.org/10.1101/gr.118992.110. 

35. Schaefer, R.J.; Michno, J.-M.; Jeffers, J.; Hoekenga, O.; Dilkes, B.; Baxter, I.; Myers, C.L. Integrating Coexpression Networks with 

GWAS to Prioritize Causal Genes in Maize. Plant Cell 2018, 30, 2922–2942. https://doi.org/10.1105/tpc.18.00299. 

36. Yang, X.; Gao, S.; Xu, S.; Zhang, Z.; Prasanna, B.M.; Li, L.; Li, J.; Yan, J. Characterization of a global germplasm collection and 

its potential utilization for analysis of complex quantitative traits in maize. Mol. Breed. 2010, 28, 511–526. 

https://doi.org/10.1007/s11032-010-9500-7. 

37. Das, A.; Schneider, H.; Burridge, J.; Ascanio, A.K.M.; Wojciechowski, T.; Topp, C.; Lynch, J.P.; Weitz, J.S.; Bucksch, A. Digital 

imaging of root traits (DIRT): A high-throughput computing and collaboration platform for field-based root phenomics. Plant 

Methods 2015, 11, 51. https://doi.org/10.1186/s13007-015-0093-3. 

38. Yang, N.; Lu, Y.; Yang, X.; Huang, J.; Zhou, Y.; Ali, F.; Wen, W.; Liu, J.; Li, J.; Yan, J. Genome Wide Association Studies Using a 

New Nonparametric Model Reveal the Genetic Architecture of 17 Agronomic Traits in an Enlarged Maize Association Panel. 

PLoS Genet. 2014, 10, e1004573. https://doi.org/10.1371/journal.pgen.1004573. 

39. Zhang, Z.; Ersoz, E.; Lai, C.-Q.; Todhunter, R.J.; Tiwari, H.K.; Gore, M.A.; Bradbury, P.J.; Yu, J.; Arnett, D.K.; Ordovas, J.M.; et 

al. Mixed linear model approach adapted for genome-wide association studies. Nat. Genet. 2010, 42, 355–360. 

https://doi.org/10.1038/ng.546. 

40. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A 

software environment for integrated models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. 

https://doi.org/10.1101/gr.1239303. 

41. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357–

360. https://doi.org/10.1038/nmeth.3317. 

42. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.-C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction 

of a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. https://doi.org/10.1038/nbt.3122. 

43. Pernisova, M.; Prát, T.; Grones, P.; Harustiakova, D.; Matonohova, M.; Spíchal, L.; Nodzynski, T.; Friml, J.; Hejatko, J. Cytokinins 

influence root gravitropism via differential regulation of auxin transporter expression and localization in Arabidopsis. New Phytol. 

2016, 212, 497–509. https://doi.org/10.1111/nph.14049. 

44. Mason, M.G.; Mathews, D.E.; Argyros, D.A.; Maxwell, B.B.; Kieber, J.J.; Alonso, J.M.; Ecker, J.R.; Schaller, G.E. Multiple Type-B 

Response Regulators Mediate Cytokinin Signal Transduction in Arabidopsis. Plant Cell 2005, 17, 3007–3018. 

https://doi.org/10.1105/tpc.105.035451. 

45. Shi, J.; Drummond, B.J.; Habben, J.E.; Brugiѐre, N.; Weers, B.P.; Hakimi, S.M.; Lafitte, H.R.; Schussler, J.R.; Mo, H.; Beatty, M.; 

et al. Ectopic expression of ARGOS8 reveals a role for ethylene in root-lodging resistance in maize. Plant J. 2019, 97, 378–390. 

https://doi.org/10.1111/tpj.14131. 

46. Liu, X.-L.; Liu, L.; Niu, Q.-K.; Xia, C.; Yang, K.-Z.; Li, R.; Chen, L.-Q.; Zhang, X.-Q.; Zhou, Y.; Ye, D. Male Gametophyte Defective 

4 encodes a rhamnogalacturonan II xylosyltransferase and is important for growth of pollen tubes and roots in Arabidopsis. 

Plant J. 2010, 65, 647–660. https://doi.org/10.1111/j.1365-313x.2010.04452.x. 

47. Matsuoka, Y.; Vigouroux, Y.; Goodman, M.M.; Sanchez, G.J.; Buckler, E.; Doebley, J. A single domestication for maize shown 

by multilocus microsatellite genotyping. Proc. Natl. Acad. Sci. USA 2002, 99, 6080–6084. https://doi.org/10.1073/pnas.052125199. 

48. Duvick, D.N. The Contribution of Breeding to Yield Advances in maize (Zea mays L.). In Advances in Agronomy; Donald, L.S., 

Ed.; Academic Press: New York, NY, USA, 2005; pp. 83–145. https://doi.org/10.1016/s0065-2113(05)86002-x. 

49. Chen, F.; Liu, J.; Liu, Z.; Chen, Z.; Ren, W.; Gong, X.; Wang, L.; Cai, H.; Pan, Q.; Yuan, L.; et al. Breeding for high-yield and 

nitrogen use efficiency in maize: Lessons from comparison between Chinese and US cultivars. Adv. Agron. 2020, 166, 251–275. 

https://doi.org/10.1016/bs.agron.2020.10.005. 

50. Lynch, J.P. Roots of the Second Green Revolution. Aust. J. Bot. 2007, 55, 493–512. https://doi.org/10.1071/bt06118. 



Genes 2022, 13, 181 15 of 15 
 

 

51. Bouchet, S.; Servin, B.; Bertin, P.; Madur, D.; Combes, V.; Dumas, F.; Brunel, D.; Laborde, J.; Charcosset, A.; Nicolas, S. Adapta-

tion of Maize to Temperate Climates: Mid-Density Genome-Wide Association Genetics and Diversity Patterns Reveal Key Ge-

nomic Regions, with a Major Contribution of the Vgt2 (ZCN8) Locus. PLoS ONE 2013, 8, e71377. https://doi.org/10.1371/jour-

nal.pone.0071377. 

52. Wu, X.; Li, Y.; Li, X.; Li, C.; Shi, Y.; Song, Y.; Zheng, Z.; Li, Y.; Wang, T. Analysis of genetic differentiation and genomic variation 

to reveal potential regions of importance during maize improvement. BMC Plant Biol. 2015, 15, 256. 

https://doi.org/10.1186/s12870-015-0646-7. 

53. Ko, D.; Helariutta, Y. Shoot–Root Communication in Flowering Plants. Curr. Biol. 2017, 27, R973–R978. 

https://doi.org/10.1016/j.cub.2017.06.054. 

54. Pritchard, J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus genotype data. Genet. Soc. Am. 

2000, 155, 945–959. 

55. Li, Z.; Zhang, X.; Zhao, Y.; Li, Y.; Zhang, G.; Peng, Z.; Zhang, J. Enhancing auxin accumulation in maize root tips improves root 

growth and dwarfs plant height. Plant Biotechnol. J. 2017, 16, 86–99. https://doi.org/10.1111/pbi.12751. 

56. Julkowska, M. Releasing the Cytokinin Brakes on Root Growth. Plant Physiol. 2018, 177, 865–866. 

https://doi.org/10.1104/pp.18.00660. 

57. Sakai, H.; Honma, T.; Aoyama, T.; Sato, S.; Kato, T.; Tabata, S.; Oka, A. ARR1, a Transcription Factor for Genes Immediately 

Responsive to Cytokinins. Science 2001, 294, 1519–1521. https://doi.org/10.1126/science.1065201. 

58. Chu, Z.; Ma, Q.; Lin, Y.; Tang, X.; Zhou, Y.; Zhu, S.; Fan, J.; Cheng, B. Genome-wide identification, classification, and analysis 

of two-component signal system genes in maize. Genet. Mol. Res. 2011, 10, 3316–3330. https://doi.org/10.4238/2011.december.8.3. 

59. Chang, J.; Li, X.; Fu, W.; Wang, J.; Yong, Y.; Shi, H.; Ding, Z.; Kui, H.; Gou, X.; He, K.; et al. Asymmetric distribution of cytokinins 

determines root hydrotropism in Arabidopsis thaliana. Cell Res. 2019, 29, 984–993. https://doi.org/10.1038/s41422-019-0239-3. 

60. Jeon, J.; Cho, C.; Lee, M.R.; Van Binh, N.; Kim, J. Cytokinin Response Factor2 (CRF2) and CRF3 Regulate Lateral Root Development 

in Response to Cold Stress in Arabidopsis. Plant Cell 2016, 28, 1828–1843. https://doi.org/10.1105/tpc.15.00909. 

61. Chen, Z.; Li, W.; Gaines, C.; Buck, A.; Galli, M.; Gallavotti, A. Structural variation at the maize WUSCHEL1 locus alters stem 

cell organization in inflorescences. Nat. Commun. 2021, 12, 2378. https://doi.org/10.1038/s41467-021-22699-8. 

62. Smith, K.A.; Robertson, P.D. Effect of Ethylene on Root Extension of Cereals. Nat. Cell Biol. 1971, 234, 148–149. 

https://doi.org/10.1038/234148a0. 

63. Shi, J.; Drummond, B.J.; Wang, H.; Archibald, R.L.; Habben, J.E. Maize and Arabidopsis ARGOS Proteins Interact with Ethylene 

Receptor Signaling Complex, Supporting a Regulatory Role for ARGOS in Ethylene Signal Transduction. Plant Physiol. 2016, 

171, 2783–2797. https://doi.org/10.1104/pp.16.00347. 

64. Shi, J.; Habben, J.E.; Archibald, R.L.; Drummond, B.J.; Chamberlin, M.A.; Williams, R.W.; Lafitte, H.R.; Weers, B.P. Overexpres-

sion of ARGOS Genes Modifies Plant Sensitivity to Ethylene, Leading to Improved Drought Tolerance in Both Arabidopsis and 

Maize. Plant Physiol. 2015, 169, 266–282. https://doi.org/10.1104/pp.15.00780. 

65. Li, Y.; Dai, X.; Cheng, Y.; Zhao, Y. NPY Genes Play an Essential Role in Root Gravitropic Responses in Arabidopsis. Mol. Plant 

2011, 4, 171–179. https://doi.org/10.1093/mp/ssq052. 

66. Yang, W.; Feng, H.; Zhang, X.; Zhang, J.; Doonan, J.H.; Batchelor, W.D.; Xiong, L.; Yan, J. Crop Phenomics and High-Throughput 

Phenotyping: Past Decades, Current Challenges, and Future Perspectives. Mol. Plant 2020, 13, 187–214. 

https://doi.org/10.1016/j.molp.2020.01.008. 

 


