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Abstract
Key message A new strategy that integrated multiple public data resources was established to construct root gene co-
expression network and mine genes regulating root system architecture in maize. A root gene co-expression network, 
containing 13,874 genes, was constructed. A total of 53 root hub genes and 16 priority root candidate genes were 
identified. One priority root candidate was further functionally verified using overexpression transgenic maize lines.
Abstract Root system architecture (RSA) is crucial for crops productivity and stress tolerance. In maize, few RSA genes 
are functionally cloned, and effective discovery of RSA genes remains a great of challenge. In this work, we established a 
strategy to mine maize RSA genes by integrating functionally characterized root genes, root transcriptome, weighted gene 
co-expression network analysis (WGCNA) and genome-wide association analysis (GWAS) of RSA traits based on public data 
resources. A total of 589 maize root genes were collected by searching well-characterized root genes in maize or homologous 
genes of other species. We performed WGCNA to construct a maize root gene co-expression network containing 13874 
genes based on public available root transcriptome data, and further discovered the 53 hub genes related to root traits. In 
addition, by the prediction function of obtained root gene co-expression network, a total of 1082 new root candidate genes 
were explored. By further overlapping the obtained new root candidate gene with the root-related GWAS of RSA candidate 
genes, 16 priority root candidate genes were identified. Finally, a priority root candidate gene, Zm00001d023379 (encodes 
pyruvate kinase 2), was validated to modulate root open angle and shoot-borne roots number using its overexpression trans-
genic lines. Our results develop an integration analysis method for effectively exploring regulatory genes of RSA in maize 
and open a new avenue to mine the candidate genes underlying complex traits.

Introduction

Maize (Zea mays L.) is one of the most important cereal 
crops in the world. The continuous increase in maize yield 
benefits from improvement of germplasm and hybrid breed-
ing (Duvick 2001). Since the past century, the above-ground 
traits such as plant architecture, ear size, biotic and abiotic 

stress tolerance, etc., are considered as the main target traits 
of maize during genetic improvement and breeding pro-
cess (Lopez-Reynoso and Hallauer 1998; Mock and Pearce 
1975; Nepolean et al. 2018; Santiago et al. 2010). Recently, 
maize breeders are turning their attention to improvement 
of root traits for enhancing yield and stress tolerance (Gu 
et al. 2016; Li et al. 2015; Mu et al. 2015). However, root 
traits are difficult to be evaluated because plant roots are 
hidden into the soil, and therefore, genetic improvement of 
root traits seems to be neglected.

The root is an important plant organ that absorbs water, 
mineral nutrients and providing anchorage (Hodge et al. 
2009; Lynch 1995, 2007). In maize, an ideal root system 
architecture (RSA) can enhance the ability of plants to cap-
ture water and nutrients from soils, and thus improve plant 
growth and productivity, particularly under stress conditions 
(Mi et al. 2016). The deep root system is proposed to be 
optimal for water and nitrogen acquisition (Lynch 2013). 
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The RSA with less number of crown root is usually steep 
(Gao and Lynch 2016; Saengwilai et al. 2014). Meanwhile, 
the larger root diameter allows the root to penetrate deep 
soil (Lynch et al. 2014; Schneider et al. 2020). In addition, 
the RSA traits are closely associated with maize planting 
density tolerance and lodging resistance that is crucial for 
yield formation (Liu et al. 2012; Stamp and Kiel 1992). A 
simulation study in the USA Corn Belt showed that histori-
cal maize yield trends can be explained by the improvements 
of root systems (Hammer et al. 2009). Although many physi-
ological studies demonstrate the importance of maize RSA, 
the genetic basis of RSA remains largely unknown, which 
severely limits RSA-based genetic improvement in maize 
breeding.

RSA is the complex traits, depending on genetic and 
environmental factors and their interactions (Lynch 1995; de 
Dorlodot et al. 2007). Quantitative trait loci (QTL) mapping 
and genome-wide association study (GWAS) are powerful 
tools to dissect the genetic basis of complex traits (Wang and 
Xu 2019). A large number of genetic loci for RSA traits are 
identified in maize, including root number, root length, root 
diameter, root angle, etc. (Guo et al. 2018; Hund et al. 2011; 
Tuberosa et al. 2003). Due to the strong plasticity of RSA 
traits, root growth and development are easily affected by the 
environment factors, especially under filed conditions, and 
therefore, identification of reliable genetic loci and underly-
ing genes are difficult (Cai et al. 2012; Li et al. 2020). Using 
maize root mutants, such as rtcs1, rum1, rth3 and rth6, a 
small amount of maize root-related genes have been cloned 
(Bray and Topp 2018; Hochholdinger et al. 2018; Hostetler 
et al. 2021). However, how to quickly and efficiently clone 
the new root genes in maize remains a great of challenge.

Recently, the development of bioinformatics provides a 
variety of tools to identify target genes in maize. For exam-
ple, GWAS approach is widely used to mine candidate genes 
of complex traits, owing to high diversity and rapid link-
age disequilibrium (LD) decay (Yan et al. 2011). Using the 
plant comparative genomics database, the homologs of a 
functional gene in different species can be quickly explored 
(Conte et al. 2008; Gupta et al. 2016; Irish and Benfey 
2004). By the weighted gene co-expression network analysis 
(WGCNA), thousands of genes can be divided into several 
modules, and hub genes in modules associated with traits 
can be further identified (Langfelder and Horvath 2008; Lv 
et al. 2019; Zhu et al. 2019). The prediction function of gene 
co-expression network further guides to identify the new 
candidate genes for target traits (Voineagu et al. 2011). Thus, 
an approach integrating these methods can be more advanta-
geous to mine candidate genes underlying complex traits.

In this work, we first collected root genes of Arabidopsis, 
rice and barley from database and literatures, and then iden-
tified their homologs in maize. Second, based on obtained 
maize root genes and public available root transcriptome 

data, we constructed maize root gene co-expression network 
by WGCNA and further discovered the hub genes related 
to root traits. Additionally, by the prediction function of 
obtained root gene co-expression network, a number of new 
root candidate genes were explored. Third, by overlapping 
the obtained new root candidate gene with the root-related 
GWAS candidate genes, we found the priority root candidate 
genes, which were explored by root gene co-expression net-
work and also detected by root-related GWAS. Finally, one 
of the priority root candidate genes was verified by overex-
pression transgenic maize lines. Taken together, our research 
highlighted an integration analysis for systemic identifica-
tion of root genes in maize, and provided a valuable example 
how to mine the new genes underlying complex traits.

Materials and methods

Collection and identification maize root genes

Two approaches were used to collect root genes in maize, 
including previously functionally characterized root genes 
described in three review articles (Bray and Topp 2018; 
Hochholdinger et al. 2018; Hostetler et al 2021), and the 
homolog genes from well-known root genes of other plant 
species via sequence alignment by using EnsemblPlants 
online tool (Bolser et  al. 2017). To identify maize root 
homolog genes, we first collected the root genes of rice and 
Arabidopsis from the funRiceGenes database (Yao et al. 
2018) and the TAIR database (Reiser et al. 2017), respec-
tively. In addition, a barley root gene collected from Kirsch-
ner et al. (2021) was used to identify maize homolog genes.

The EnsemblPlants database was used to search for the 
homologous root genes in maize. The orthologs ID, per-
centage of the orthologs sequence matching the Arabidop-
sis, rice or barley sequence (Target %id), percentage of the 
Arabidopsis, rice or barley sequence matching the sequence 
of orthologs (Query %id) and evaluation results of homol-
ogy with high %identity (high confidence, yes or no) were 
obtained. The high-confidence orthologs were considered 
as maize root genes. The gene ID and physical positions of 
all collected root genes were uniformly converted into B73 
RefGen_v4. The detailed information is summarized as Sup-
plementary Table S1.

During domestication, genes in certain regions of the 
maize genome undergo significant directional changes 
in allele frequency, methylation level or transcription 
level. These genes were defined as domesticated genes as 
described by Hufford et al. (2012), Swanson-Wagner et al. 
(2012) and Xu et al. (2020). Some identified root genes in 
this work displayed in the list of maize domestication genes, 
which was considered to be involved in the domestication 
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process. The detailed information is summarized as Sup-
plementary Table S1.

All maize root genes were assigned functionally into dif-
ferent groups using the AgriGO 2.0 online tools through 
the singular enrichment analysis (Tian et al. 2017). KEGG 
(Kyoto Encyclopedia of Genes and Genomes) pathway 
enrichment analysis was conducted using the KOBAS 3.0 
online tools (Bu et al. 2021).

Construction of root gene co‑expression network 
and identification of root hub genes

The raw reads of maize inbred B73 root RNA-sequencing 
were downloaded from the NCBI database (https:// www. 
ncbi. nlm. nih. gov/ sra/) via accession number PRJNA171684, 
including 50 samples of 18 root tissues from different tis-
sues across different development stages (Stelpflug et al. 
2016). The quality control, adapter trimming and quality 
filtering of raw sequencing data were performed by fastp 
(Chen et al. 2018). The mapping-based index was build 
based on a transcriptome annotation from B73_RefGen_v4. 
Transcripts Per Million (TPM) were used to estimate gene 
expression levels by Salmon v0.14.1 (Patro et al. 2017). Root 
gene co-expression networks were constructed using the 
weighted gene co-expression network analysis (WGCNA) 
package in R 4.0.0 (Langfelder and Horvath 2008). Using 
the blockwiseModules function with the parameters 
(power = 8; TOMType = unsigned; minModuleSize = 30; 
mergeCutHeight = 0.25; corType = Pearson), the gene co-
expression modules were obtained. Using signed kME 
(module membership values) function, the kME of each 
gene was obtained. In each module, the top 10% genes with 
highest kME were defined as the hub genes. Root genes and 
their co-expression genes with weight > 0.15 were screened 
to construct co-expression network, named as maize root 
gene co-expression network.

Prediction of new root candidate genes and priority 
root candidate genes

According to the suggestion of Voineagu et al. (2011), the 
top ten connections (weight value) of root genes in the maize 
root gene co-expression network were predicted as new 
root candidate genes. Additionally, the candidate genes for 
GWAS of RSA were collected from the literature (Li et al. 
2021; Moussa et al. 2021; Schneider et al. 2020; Sun et al. 
2021; Wang et al. 2021; Zheng et al. 2020). The details of 
these GWAS are summarized in Supplementary Table S7. 
Then, an overlap analysis is performed between the set of 
new root candidate gene and GWAS candidate gene. Those 
genes that appeared in both gene sets were considered as 
priority root candidate genes.

Gene expression analysis of maize transgenic lines

Using transgenic technology, the maize overexpression 
lines (OE) were generated by overexpressing the target 
gene in maize inbred line ND101 driven by the ubiqui-
tin promoter. Two independent lines were obtained from 
the Center for Crop Functional Genomics and Molecular 
Breeding, China Agricultural University, with the acces-
sion number CAUB0480. Maize seeds were sterilized for 
30 min in a 2% solution of NaClO, washed 3 times with 
distilled water, soaked in saturated  CaSO4 for 12 h and 
then germinated in the dark on moist filter paper at room 
temperature. After 3  days, the germinated seeds were 
wrapped in a moist filter paper roll and grown to two vis-
ible leaves. Nine seedlings were then randomly selected 
from 20 healthy seedlings and transferred into a plastic tub 
(22 × 15 × 28 cm, length × width × height) containing 10-L 
nutrient solution. The nutrient solution consisted of 2.0-
mM Ca(NO3)2, 0.75-mM  K2SO4, 0.65-mM  MgSO4, 0.1-
mM KCl, 0.25-mM  KH2PO4, 0.13-mM EDTA-Fe, 1.0-μM 
 H3BO3, 1.0-μM  MnSO4, 1.0-μM  ZnSO4, 0.1-μM  CuSO4 
and 0.005-μM  (NH4)6Mo7O24, with pH 6.0. The nutrient 
solution was renewed every 3 days. Plants were grown in 
a growth chamber with controlled conditions: 28/22 °C 
during a 14/10-h light/dark cycle, with a light density of 
250–300 μmol  m−2  s−1.

After 14 days, the maize seeding has grown two lay-
ers of crown root. Then, whole roots were harvested, and 
total RNA was extracted using RNAiso Plus (Takara Bio, 
Shiga, Japan). cDNA was reverse transcribed using Prime-
ScriptTM RT reagent Kit with gDNA Eraser (Takara Bio, 
Shiga, Japan). The qRT-PCR reaction was performed using 
IQ5 Real-Time PCR System (Bio-Rad) for three biological 
replicates. The gene Zm00001d013367 (ZmTUB4, F: GCT 
ATC CTG TGA TCT GCC CTGA; R: CGC CAA ACT TAA 
TAA CCC AGTA) was used for normalizing gene expression 
(Gong et al. 2020). The target gene specific primers used in 
the qPCR analysis were as follows: F: TTG CTA AGT ACA 
GGC CCA GC and R: GTG GAT CAG CAA GCA TAG GGA.

Root phenotypic analysis of maize transgenic lines 
grown in fields

The OE together with wild-type (WT) plants were field-
grown in 2021 summer at the Shangzhuang Experimental 
Station, China Agricultural University, Beijing (116°11'N, 
40°8'E), and 2021 winter at the Sanya Experimental Station, 
China Agricultural University, Hainan (18°23′N, 109°44′E). 
Maize plants were planted in single-row plots without repeti-
tions, the two OE lines were adjacent to the WT, and each 
row was 2-m long, 0.5-m wide and contained eight plants. 
At the silking stage, the 6–8 healthy plants were selected 
within a row, and the root systems were excavated from soils 

https://www.ncbi.nlm.nih.gov/sra/
https://www.ncbi.nlm.nih.gov/sra/
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in a depth of 25 cm. The remaining soil attached to roots 
was removed by water washing. Roots were transferred to 
a studio with stable LED light to collect two-dimensional 
images of the root systems using a camera (ILCE-5100, 
Sony, Tokyo, Japan). The REST program was used to analy-
sis root images to obtain the root open angle (Colombi et al. 
2015). According to the evaluation criteria for the number 
of crown root whorls described by Vanhees et al. (2020), the 
sixth whorl crown root was selected to measure root diame-
ter (mm) with a vernier caliper. Number of shoot-borne roots 
in each layer was counted as described by Li et al. (2019a, 
b). Student’s t-tests were used to compare the differences of 
RSA traits between WT and OE transgenic lines (*P ≤ 0.05; 
**P ≤ 0.01 and ***P ≤ 0.001).

Evaluation of root gravity bending

Maize seeds (WT and OE) were sterilized for 30 min in a 2% 
solution of NaClO, washed 3 times with distilled water and 
soaked in saturated  CaSO4 for 12 h. Then, the seeds were 
wrapped in wet filter paper rolls and incubated for 3 days 
under 28 °C in the dark. When the primary roots grow to 
4–5 cm, 40 seedlings with consistent growth be moved to 2% 
agar plate (13 × 13 cm, length × width). The seedlings were 
first cultured vertically for 12 h and then were rotated by 90° 
to continue culture. The whole process is carried out under 
light conditions (the root is in the dark) and maintained at 
a constant temperature of 28 °C. After 24 h, the camera 
(ILCE-5100, Sony, Tokyo, Japan) was used to take pictures, 
and the angle of root bending was measured with a protrac-
tor. Student’s t-tests were used to compare the differences 
between WT and OE transgenic lines (*P ≤ 0.05; **P ≤ 0.01 
and ***P ≤ 0.001).

Results

Genomic distribution and functional annotation 
of collected maize root genes

By the literature review, we first found thirty-four previously 
well-characterized maize root genes, such as rtcs1, rum1, 
rth3 and rth6 (Fig. 1A and Supplementary Table S1). We 
also explored the maize homolog genes based on homol-
ogy analysis with well-known root functional genes of other 
plant species. A large number of maize homolog genes (555) 
were then identified, including those highly homology to 
genes of Arabidopsis (296 genes), rice (257 genes) and bar-
ley (2 genes). In total, 589 maize root genes were collected, 
and their distribution across the 10 maize chromosomes 
is illustrated in Fig. 1A. Among them, 78 genes are likely 
domestication genes, including 56 genes domesticated on 

genomics, 21 genes domesticated on DNA methylation and 
one gene domesticated on transcriptome.

To explore the biological functions of obtained the 589 
maize root genes, GO (Gene Ontology) enrichment and 
KEGG pathway analysis were performed. A total of 968 sig-
nificant GO terms were identified (FDR ≤ 0.05), involved in 
the biological process (815 GO terms), cellular component 
(52 GO terms) and molecular function (101 GO terms). The 
top 15 GO terms with high significances were mainly associ-
ated with the biological process, including root development 
(183 genes, FDR = 4.4E-109), root morphogenesis (122 
genes, FDR = 1.1E-69) and hormone responses (210 genes, 
FDR = 3.7E-58) (Fig. 1B and Supplementary Table S2). A 
total of 12 significantly enriched pathways (FDR ≤ 0.05) 
were identified, including plant hormone signal transduction 
(32 genes, FDR = 2.01E-16), MAPK signaling pathway (17 
genes, FDR = 1.67E-08), inositol phosphate metabolism (7 
genes, FDR = 1.52E-03) and fatty acid metabolism (5 genes, 
FDR = 4.22E-03) (Fig. 1C and Supplementary Table S3).

Construction of maize root gene co‑expression 
network

We performed WGCNA analysis to construct maize root 
genes co-expression network, and on the basis, we iden-
tified the root hub genes in maize. After excluding those 
genes with low expression levels, a total of 26,336 highly 
expressed genes (including 522 maize root genes) were 
obtained and further classified into 20 gene co-expression 
modules (Fig. 2A). The turquoise and blue modules con-
tained 140 and 116, respectively, accounted for the large 
proportion of maize root genes. The followed yellow, green 
and brown modules contained 43, 43 and 41 root genes, 
respectively, and a few root genes remained in other mod-
ules (Fig. 2B and Supplementary Table S4). The genes in 
different modules showed specific expression patterns. For 
example, those in yellow module revealed high expression 
levels only in brace_roots_node6_v13, and those in green 
module showed high expression levels in root_stele_3 days. 
By contrast, root genes in blue module were constitutively 
expressed among multiple root tissues (Fig. 2B and Sup-
plementary Table S4). Based on root genes and their co-
expression genes with weight > 0.15, a total of 16 root gene 
co-expression subnetwork, containing 13,874 genes, were 
constructed (Fig. 3 and Supplementary Table S5).

Identification of root hub genes in maize

Based on their high kME values (top 10% kME value in 
gene co-expression modules), a total of 53 root hub genes 
were identified (Fig.  3 and Supplementary Table S1). 
These root hub genes were mainly assigned into the tur-
quoise (19 genes) and blue modules (17 genes). Among 
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them, three maize genes that have been functionally char-
acterized were determined. The Zm00001d012883 (bige1) 
encodes a putative membrane-localized protein regulating 
maize brace root whorl number (Suzuki et al. 2015). The 
Zm00001d046492 (elm2) encodes a heme-oxygenase that 

significantly increased the lateral root length, number and 
density when it is overexpressed in Arabidopsis (Han et al. 
2012). The Zm00001d036031 (prh17) encodes a serine/
threonine protein phosphatase 2A isoform. This gene can 

Fig. 1  Genomic distribution and functional annotation of 589 maize 
root genes collected. A The root genes distributed across ten maize 
chromosomes. B The fifteen most significant GO terms obtained by 
GO enrichment analysis of maize root genes. The GO terms related 

to root development and hormone were highlighted in red and blue, 
respectively. C The twenty most significant pathways obtained by 
KEGG pathway analysis of root genes. The vertical red line repre-
sents the threshold (FDR ≤ 0.05) (color figure online)
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Fig. 2  Weighted gene co-expression network analysis (WGCNA) 
of root transcriptome. A The twenty gene co-expression modules 
revealed by hierarchical cluster tree and heatmap. B The heatmap 
for the expression patterns of root genes in different co-expression 
modules. 1. Primary_Root_3DAS, primary root 3 d after sowing; 2. 
Root_MZ_and_Ez_3DAS, primary root meristematic and elonga-
tion zones 3 d after sowing; 3. Root_DZ_3DAS, primary root differ-
entiation zone of 3 d after sowing; 4. Root_CP_3DAS, root cortical 
parenchyma of primary root differentiation zone 3 d after sowing; 5. 
Root_Stele_3DAS, root stele of primary root differentiation zone 3 
d after sowing; 6. Primary_Root_6DAS, primary root 6 d after sow-
ing; 7. Root_System_7DAS, primary and seminal roots 7 d after 
sowing; 8. Primary_Root_7DAS, primary root 7 d after sowing; 9. 

Seminal_Roots_7DAS, seminal roots 7 d after sowing; 10. Primary_
Root_Z1_7DAS, first cm of primary root tip 7 d after sowing; 11. Pri-
mary_Root_Z2_7DAS, primary root from end of first cm of root tip 
to the point of root hair or lateral root initiation 7 d after sowing; 12. 
Primary_Root_Z3_7DAS, primary root lower half of differentiation 
zone 7 d after sowing; 13. Primary_Root_Z4_7DAS, primary root 
upper half of differentiation zone 7 d after sowing; 14. Crown_Roots_
Nodes1–3_V7, crown roots of nodes 1–3 at developmental stage 
V7; 15. Crown_Roots_Nodes4_V7, crown roots of node 4 at devel-
opmental stage V7; 16. Crown_Roots_Nodes5_V7, crown roots of 
node 5 at developmental stage V7; 17. Crown_Roots_Nodes5_V13, 
crown roots of node 5 at developmental stage V13; 18. Brace_Roots_
Node6_V13, brace roots of node 6 at developmental stage V13
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control multiple root traits simultaneously, thus improves 
low phosphorus tolerance in maize (Wang et al. 2017).

A total of eight root hub genes were determined to 
be domestication genes (Fig.  3 and Supplementary 
Table S1), including four genomic domestication genes 
(Zm00001d015788, Zm00001d003598, Zm00001d015289 
and Zm00001d011890) and four DNA methylation domes-
tication genes (Zm00001d041407, Zm00001d010974, 
Zm00001d054088 and Zm00001d016601; Fig. 3). The 
Zm00001d011890 is a homolog gene of rice OsCKX4 
that regulates crown root development by integrating 
cytokinin and auxin pathway (Gao et  al. 2014). The 
Zm00001d003598 is a homolog gene of OsRR1 that 
encodes a rice type-A response regulator of cytokinin 
signaling, and involved in crown root initiation (Kitomi 
et al. 2011). The Zm00001d041407 presents a homolog 
gene of Arabidopsis SOS4 that encodes a pyridoxal kinase 
essential for root hair development (Shi and Zhu 2002). 
The Zm00001d054088 is a homolog gene of Arabidopsis 

XLG3, a member of extra-large G proteins family involved 
in root morphogenesis (Ding et al. 2008).

Prediction of new root candidate genes and priority 
root candidate genes in maize

According to Voineagu et al. (2011), we considered the top 
10 connections (weight value) of root genes in root gene 
co-expression network as maize new root candidate genes. 
As shown in Fig. 4A and Supplementary Table S6, after 
filtering out the root gene co-expression network gene set, 
1082 genes were predicted as new root candidate gene due 
to their highly connected with root genes.

To clarify those new root candidate genes with natural 
variation controlling maize RSA (root number, root diameter 
and root angle), we integrated GWAS candidate genes of 
RSA in analysis. A gene set containing 500 non-redundant 
genes was obtained from the predecessor GWAS of RSA 
(Li et al. 2021; Moussa et al. 2021; Schneider et al. 2020; 

Fig. 3  Root gene co-expression network and root hub genes. Different 
network colors indicate different root gene co-expression modules. 
The orange font in the box indicates root genes with known function, 

green font indicates root genes domesticated on genomics and pur-
ple font indicates root genes domesticated on DNA methylation (color 
figure online)
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Sun et al. 2021; Wang et al. 2021; Zheng et al. 2020). Com-
paring this set of GWAS gene with the new root candidate 
genes, a total of 16 genes that were overlapped among these 
two genes sets were determined as the priority root can-
didate gene (Fig. 4B). These priority root candidate genes 
were significantly associated with root diameter (10 genes), 
root number (4 genes) and root angle (2 genes). These 
genes were mainly involved in the regulatory pathway that 
might be functional in root growth and development, such 

as WRKY transcription factor (Khan et al. 2022; Liu et al. 
2022), protein kinase (Gamuyao et al. 2012; Sukumar et al. 
2009), etc. In addition, the two genes Zm00001d007960 and 
Zm00001d023379 were found to be directly co-expressed 
with the root hub gene (Fig. 4B and C).

Fig. 4  Prediction of priority root candidate genes based on root gene 
co-expression network and RSA-GWAS. A Co-expression network of 
377 root genes and 1082 new root candidate genes. The red, green 
and blue circles represent root hub genes, root genes and new root 
candidate genes, respectively. B A total of 16 priority root candidate 
genes identified based on set of new root candidate gene and RSA-

GWAS candidate gene. The red, green, blue and yellow circles repre-
sent root hub genes, root genes, new root candidate genes and priority 
root candidate genes, respectively. C List of 16 priority root candidate 
genes. Genes colored in red are co-expressed with the root hub gene 
(color figure online)
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Verification of a priority root candidate gene 
function by overexpression transgenic lines

The function of one of the candidate genes in regulat-
ing RSA in maize was verified. To this end, transgenic 
maize lines overexpressing Zm00001d023379 were gen-
erated (Fig. 5A), and their RSA phenotypes were evalu-
ated under field conditions. The Zm00001d023379 gene 
encodes a pyruvate kinase 2 (pyk2), which is co-expressed 
with the root hub genes Zm00001d020810 (Fig. 4B). Two 
independent OE transgenic lines OE#3 and OE#5 were 

identified, and their expression levels of transgenes were 
increased up to 8.7- and 17.1-fold, respectively, compared 
with that of wild type (Fig. 5B). In the field, the two OE 
lines showed steeper crown root than that of wild-type 
plants (Fig.  5C). The root opening angle of OE lines 
decreased significantly by more than 10 degrees in both 
locations of Beijing and Sanya, while the root diameter 
did not differ among them. The number of shoot-borne 
roots decreased significantly by 4–13 in Beijing while they 
did not show any significantly change in Sanya (Fig. 5D, 
E and F). This result clarified that pyk2 was a functional 
gene regulating RSA in maize. In addition, the root tips of 
the two OE lines exhibited greater bending angles under 

Fig. 5  Functional validation of priority root candidate genes. A Gene 
model of Zm00001d023379 (pyk2) and construct for generation of 
pyk2-overexpression lines. B Relative expression of in pyk2-over-
expression transgenic lines (OE). C RSA phenotype of WT and OE 

transgenic lines under field conditions. D, E and F Evaluation of root 
open angle, crown root diameter and shoot-borne roots number for 
WT and OE transgenic lines
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gravity (Fig. 6, P < 0.001), indicating that they respond 
more strongly to gravity, which may be an important rea-
son why their root opening angles are smaller than those 
of wild type.

Discussion

Given the importance of RSA in absorbing nutrients 
and water, providing anchorage against lodging in crops 
(Lynch 1995, 2007; Hodge et al. 2009; Stamp and Kiel 
1992), genetic improvement of RSA is an effective way to 
achieve efficient utilization of resources and increase yield 
(Steele et al. 2006; Landi et al. 2010; Chin et al. 2011). In 
the past few decades, a large number of genetic loci con-
trolling maize RSA have been identified by QTL mapping 
and GWAS, but underlying genes remain to be identified. 
Although few root genes for maize RSA have been map-
based cloned via mutants so far, the natural variation with 
breeding value needs to be further explored. In this study, 
we proposed a new bioinformatics strategy for mining root 
candidate genes and identified a number of new maize root 
candidate genes that may be valuable for breeding. This 
work then provides new insights for the genetic study of 
maize RSA.

Integration analysis provides an effective approach 
to mine genes controlling root system architecture 
in maize

In the previous studies, QTL meta-analysis (MQTL) was 
often used to mine reliable QTLs underlying root traits in 
maize and even to further narrow the QTL position intervals 

(Guo et al. 2018; Hund et al. 2011). However, owing to 
dozens to hundreds of genes underlying the MQTL inter-
vals, it is difficult to determine the proper candidate genes. 
Recently, GWAS has been widely explored in the studies 
on maize root genetics (Li et al. 2021; Moussa et al. 2021; 
Schneider et al. 2020; Sun et al. 2021; Wang et al. 2021; 
Zheng et al. 2020). Its accuracy becomes relatively higher, 
and only a few candidate genes are found to be associated 
with significant SNPs. Due to the lack of gene annotation 
information based on mutant analyses, identification of the 
target gene from a large number of genes remains challenge-
able (Andorf et al. 2016). Therefore, reliable new methods 
are demanded for rapid and efficient identification of genes 
underlying complex traits.

Schaefer et  al. (2018) developed a computational 
approach, Camoco, which integrates genetic loci identified 
by GWAS with the gene functional information derived from 
gene co-expression networks. Using this Camoco, a total 
of 610 prioritized candidate genes, regulating maize grain 
elements accumulation, have been selected from thousands 
of candidate genes based on a large-scale GWAS. Li et al. 
(2021) used WGCNA analysis to identify gene co-expres-
sion modules associated with root plasticity in response to 
salt stress. By integrating WGCNA approach with differ-
entially expressed genes (DEGs) and GWAS, the number 
of candidate genes was subsequently reduced from 587 to 
130. We suppose that the integration of GWAS and gene co-
expression network analysis may be more effective to mining 
the candidate genes underlying complex traits.

In the present study, we developed a new method to 
predict new root candidate genes (Fig. 7). Unlike meth-
ods provided by Li et al. (2019a, b) and Moisseyev et al. 

Fig. 6  Evaluation of root gravity bending in transgenic maize lines 
overexpressing pyk2. A Root bending phenotype of WT and OE 
transgenic lines in the agar plate. B Frequency distribution of root 

bending angle in WT and OE transgenic lines. C Average of root 
bending angles for WT and OE transgenic lines
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(2020), who used a similar approach to identify maize 
root-associated genes mainly through gene tissue-specific 
expression information. In our present work, however, an 
integrated approach was used including the homologous 
genes, transcriptome and GWAS genetic loci. Thus, our 
work is novel and open a new avenue to mine the candidate 
genes for complex root traits. Compared to the previous 
studies by Li et al. (2021) and Schaefer et al. (2018), there 
are many advantages to our integration approach. First, 
multiple databases related to maize roots have been inte-
grated, including homologous genes, transcriptome and 
GWAS genetic loci, providing more abundant informa-
tion. This is obviously better than a simple analysis based 
on single dataset (Li et al. 2021). Second, our established 
maize root gene co-expression network with a large num-
ber of root genes (522) is more comprehensive and reli-
able, and powerful to discover new root candidate genes 
as well root hub genes. By contrast, Schaefer et al. (2018) 
simply used the co-expression between pairs of unknown 
functional genes to mine candidate genes. Third, unlike 
other previous work (Gong et al. 2020; Wang et al. 2021), 

this approach allows to identify the priority root candidate 
genes that have yet to be functionally characterized. Thus, 
we establish an integration analysis method for effectively 
exploring regulatory genes of RSA in maize and open a 
new avenue to mine the candidate genes underlying com-
plex traits.

The 53 root hub genes and 16 priority root 
candidate genes deserve further studied

Hub genes are mostly located in the upstream of gene path-
way and play regulatory roles in plants (Langfelder and 
Horvath 2008). The identification of hub gene is crucial for 
understanding of gene regulatory network of target traits. In 
maize, WGCNA analysis has been recently widely used to 
analyze hub genes in biological processes such as salt toler-
ance, drought resistance, ion transport and root elongation 
(Liang et al. 2022; Liu et al. 2021; Ma et al. 2021; Wang 
et al. 2021).

In this study, 53 root hub genes were identified from 589 
maize root genes by WGCNA analysis. The functions of 
these genes are, e.g., related to transcription factors, actin, 

Fig. 7  Data analysis process in the present study. Each analysis step and the corresponding output are shown in the different colored boxes. The 
key parameters of this analysis are also indicated (color figure online)
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protein kinases, hormone and nitrogen metabolism. They 
are considered as the upstream of other root genes and play 
important regulatory roles in roots (Supplementary Tables 
S2 and S3). In addition, these root hub genes including three 
well-known genes in maize (prh17, elm2 and bige1), four 
domesticated on genomics (prc4, cko3, Zm00001d003598 
and Zm00001d015289) and four were domesticated on 
DNA methylation (phd17, xlg2, Zm00001d016601 and 
Zm00001d045599; Fig. 3 and Supplementary Table S1). 
These evidence support that the identified hub genes may 
play key roles in regulating development of maize roots, and 
present valuable gene resources for further genetic improve-
ment of maize roots.

Furthermore, the 16 priority root candidate genes were 
identified in this work, including transcription factors, pro-
tein kinases and so on (Fig. 4B and C). These genes were 
significantly associated with RSA traits and may have 
functional allelic variation being valuable for breeding. 
These genes provide new genetic resources for root genetic 
improvement in maize. It is worthy to note that a root pri-
ority candidate gene pyk2, encoding a pyruvate kinase 
involved in in the glycolysis process (GO: 0,006,096), was 
functionally verified by the overexpression lines. In the field, 
the two OE lines of pyk2 significantly reduced the root open 
angles more than 10 degrees (Fig. 5C), but slight and no 
changes in crown roots number and diameter, respectively, 
compared to those of WT (Fig. 5D and E). The reduced root 
open angle in the OE lines could be further explained by 
the increased root gravitropism (Fig. 6). It is assumed that 
the pyk2 regulates root gravity response and subsequently 
determine RSA in maize.

The glycolytic process plays a vital role in plant growth 
and development of plants, and the pyruvate kinase is one of 
the main rate-limiting enzymes in this process (Fernie et al. 
2004). In rice, the loss function of pyruvate kinase OsPK1 
leads to plant dwarfing, abnormal inflorescence development 
and reduced fruiting rate, and the loss function of another 
homolog gene OsPK2 leads to low grain weight, decreased 
starch content and alteration of starch physicochemical prop-
erties (Cai et al. 2018; Zhang et al. 2012). As a metabolic 
substrate for the glycolysis process, glucose plays an impor-
tant role in regulating plant root growth and development 
(Kircher and Schopfer 2012; Singh et al. 2014). Glucose 
not only acts as a nutrient and signaling molecule to regu-
late root apical meristem activity, primary root elongation, 
lateral root and root hair formation, but also interacts with 
hormones such as auxin, cytokinin, abscisic acid and brassi-
nosteroid, indirectly regulating root growth and gravitropism 
(Gupta et al. 2015; Kushwah and Laxmi 2017; Mishra et al. 
2009; Xiong et al. 2013; Yuan et al. 2014). We then assumed 
that the pyk2 gene regulates sugar metabolism by influencing 
the glycolysis process, thereby regulating RSA. The exten-
sive interaction between glucose and plant hormones is also 

determined (Gupta et al. 2015; Kushwah and Laxmi 2017; 
Mishra et al. 2009; Xiong et al. 2013; Yuan et al. 2014). 
Therefore, pyk2 may also control the RSA by indirectly reg-
ulating the hormone pathway. For further research, we still 
need more genetic materials (mutant or gene editing) and 
experimental evidence (molecular or biochemical) to verify 
the function of other root candidate genes.
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