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Metaxylem vessels in maize brace roots are key tissue, and their number (MVN) affects
plant water and inorganic salt transportation and lodging resistance. Dissecting the
genetic basis of MVN in maize brace roots can help guide the genetic improvement
of maize drought resistance and lodging resistance during late developmental stages.
In this study, we used 508 inbred lines with tropical, subtropical, and temperate
backgrounds to analyze the genetic architecture of MVN in maize brace roots. The
phenotypic variation in MVN in brace roots was evaluated in three environments,
which revealed broad natural variation and relative low levels of heritability (h2 = 0.42).
Stiff-stalk lines with a temperate background tended to have higher MVNs than
plants in other genetic backgrounds. MVN was significantly positively correlated
with plant height, tassel maximum axis length, ear length, and kernel number
per row, which indicates that MVN may affect plant morphological development
and yield. In addition, MVN was extremely significantly negatively correlated with
brace root radius, but significantly positively correlated with brace root angle (BRA),
diameter, and number, thus suggesting that the morphological function of some
brace root traits may be essentially determined by MVN. Association analysis of
MVN in brace roots combined 1,253,814 single nucleotide polymorphisms (SNPs)
using FarmCPU revealed a total of nine SNPs significantly associated with MVN at
P < 7.96 × 10−7. Five candidate genes for MVN that may participate in secondary
wall formation (GRMZM2G168365, GRMZM2G470499, and GRMZM2G028982) and
regulate flowering time (GRMZM2G381691 and GRMZM2G449165). These results
provide useful information for understanding the genetic basis of MVN in brace root
development. Further functional studies of identified candidate genes should help
elucidate the molecular pathways that regulate MVN in maize brace roots.
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INTRODUCTION

Water is an important environmental factor with a profound
effect on plant growth and development. As a vascular plant
species, maize has evolved a xylem vessel system that transports
materials such as water and inorganic salts to support plant
growth and development. Interestingly, maize brace roots, which
are specialized structures, have also developed metaxylem vessels.
As an important part of postembryonic roots, brace roots provide
water and inorganic substances for maize plants during later
stages of growth and development, when seminal roots and
primary roots have degraded (Hoppe et al., 1986; Wang and Bai,
2019). In addition, maize brace roots penetrating the soil are
inclined to the land, thereby providing the structural support to
the plant and strengthening lodging resistance (Hochholdinger
et al., 2004; Hochholdinger, 2009). Studies have shown that
metaxylem vessels have functions in absorption and support in
brace roots (Salvi et al., 2016). The number of metaxylem vessels
(MVN) can determine the efficiency of material transport (Liu
et al., 2020). In addition, the formation of metaxylem vessels is
accompanied by the thickening of secondary cell walls (Turner
et al., 2007; Furuta et al., 2014), which are composed of cellulose,
hemicellulose and lignin, thus MVN can affect the mechanical
strength of brace roots and their structural supporting capacity
in maize (Zhao and Dixon, 2011; Oda and Fukuda, 2012; Voxeur
et al., 2015; Zhao, 2016). Dissecting the genetic basis of the
MVN in brace roots should therefore contribute to the genetic
improvement of drought resistance and lodging resistance during
late stages of maize development.

The development of brace roots is influenced by multiple
factors including heredity and environment. The development
of maize brace roots is largely affected by photoperiod (Zhang
et al., 2018a), and the same may be true for MVN. The formation
of metaxylem vessels is accompanied by two unique biological
processes: secondary cell wall deposition and programmed cell
death (PCD). The MVN of brace roots might therefore be affected
by the activities of enzymes involved in these two biological
processes. Many enzymes have been confirmed to participate
in metaxylem vessel formation. For example, cellulose synthase
(CesA) and phenylalanine ammonia lyase are involved in the
biosynthesis of cellulose and lignin (Raes et al., 2003; Taylor
et al., 2004), and xylem cysteine proteases are involved in
PCD (Avci et al., 2008). Complex regulatory networks including
various transcription factors also participate in metaxylem vessels
development. In Arabidopsis, NAC transcription factor family
members, such as VASCULAR-RELATED NAC-DOMAIN1-7
and NAC SECONDARY WALL THICKENING PROMOTING
FACTOR1, act as the master switches of transcription regulatory

Abbreviations: MVN, metaxylem vessel number; PCD, programmed cell death;
CesA, cellulose synthase; GWAS, genome-wide association study; PH, plant
height; EH, ear height; ELW, ear leaf width; ELL, ear leaf length; TMAL, tassel
maximum axis length; TBN, tassel branch number; LNAE, leaf number above ear;
EL, ear length; ED, ear diameter; CD, cob diameter; KNPR, kernel number per
row; CGW, cob grain weight; CW, cob weight; KW, kernel width; DTA, days to
anthesis; DTS, days to silking; DTH, days to heading; BRT, brace root tier number;
RBR, brace root radius; BRN, brace root number; BRA, brace root angle; BRD,
brace root diameter; ARN, aerial nodal root number; DP, day to pollen; JL, Jilin;
LN, Liaoning; HN, Henan.

networks to regulate the expressions of genes involved in
secondary cell wall formation and PCD (Zhong et al., 2007;
Yamaguchi et al., 2010; Zhou et al., 2014). In addition, some
secondary master switches of transcription factors, such as
MYB and KNAT7, are regulated by NAC and then control
the expressions of downstream functional genes to affect the
metaxylem xylem development of roots, stems, and leaves in
Arabidopsis (McCarthy et al., 2009; Zhou et al., 2009). Recent
studies have shown that maize mutant necrotic upper tips1
(nut1) plants have weak stems and fewer vascular bundles in
inflorescence nodes, which results in drought sensitivity and
abortion at the flowering stage. Through gene cloning, NUT1
has been found to encode the NAC transcription factor NAC91,
a member of the subfamily of secondary cell wall NAC gene.
Mutation of NAC91 leads to a reduction in xylem vessels and
defects in plant water transport (Dong et al., 2020). Despite these
findings greatly advanced our understanding of xylem vessel
formation, the genetic and molecular mechanisms underlying the
regulation of MVN development in maize brace roots are still
unclear and need further study.

Genome-wide association study (GWAS) is an effective
method to analyze natural variation in quantitative traits on the
basis of linkage disequilibrium, thereby providing a theoretical
foundation for dissecting the genetic architecture and facilitating
the molecular improvement of complex traits in maize (Flint-
Garcia et al., 2003; Aranzana et al., 2005; Li et al., 2012). The
genetic basis of several maize xylem-related traits has been
reported, and some candidate genes have been predicted by the
GWAS. For instance, Zhang et al. (2020) used 480 maize inbred
lines and 779,855 single nucleotide polymorphisms (SNPs) to
conduct a GWAS for vascular bundle number of the third
internode of maize stems. They identified 65 unique SNPs,
including 5 SNPs identified by multiple methods and distributed
on chromosomes 2, 3, 4, 9, and 10. A set of candidate genes
associated with vascular bundle number were uncovered to
involve signal transduction and stress response (Zhang et al.,
2020). GWAS can therefore be used to analyze the genetic
basis of MVN in maize brace roots and identify associated
candidate genes.

In this study, we used an association panel of 508 maize
inbred lines with a wide range of sources and abundant genetic
diversity to conduct GWAS of MVN in maize brace roots in three
environments. Our aim was to reveal the underlying phenotypic
diversity and genetic basis of MVN in maize brace roots. We
also analyzed the correlation between MVN and other agronomic
traits, including seven morphological traits, seven yield related
traits, three maturity traits, and five brace root traits. Using the
B73 V2 reference genome, we identified a series of candidate
genes associated with brace root MVN. Finally, we analyzed the
TPM-based expression levels of these candidate genes in different
B73 tissues using information downloaded from the MaizeGDB
qTeller database.1 The significant SNPs uncovered in this study
can be used to dissect the genetic basis of MVN in maize brace
roots. In addition, the identified candidate genes can serve as
a useful resource for further functional study to improve the

1https://qteller.maizegdb.org/
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transport capacity and lodging resistance of maize during later
stages of growth and development.

MATERIALS AND METHODS

Association Mapping Panel
The association panel used for the GWAS contained 508 diverse
maize inbred lines. Among them, 60 inbred lines were from the
Germplasm Enhancement of Maize in the United States, 223 were
from the International Maize and Wheat Improvement Center in
Mexico, and 225 were germplasm resources from China. Most
of the inbred lines from the International Maize and Wheat
Improvement Center were tropical and subtropical, whereas
inbred lines from the United States and China were mostly
temperate. In a previous study, kinship modeling of the 508 maize
inbred lines divided the association panel into four subgroups: 27
stiff stalk (SS), 70 non-stiff stalk (NSS), 196 tropical-subtropical
(TST), and 215 admixed (MIXED) lines (Yang et al., 2011).
The SS and NSS subgroups encompassed the temperate lines,
the TST subgroup comprised tropical and subtropical lines, and
the MIXED subgroup contained the remaining non-classified
lines. Details on the 508 inbred lines, including population
structure, linkage disequilibrium, and genetic diversity have been
previously published (Yang et al., 2011; Jiang et al., 2020).

Field Experiments and Phenotyping
All 508 inbred lines of the association panel were planted in three
environments in China: Siping City, Jilin Province in 2017 (JL,
124◦35′E, 43◦17′N), Shenyang City, Liaoning Province in 2018
(LN, 123◦43′E, 41◦80′N), and Xinxiang City, Henan Province
in 2020 (HN, 113◦90′E, 35◦30′N). All lines were planted using
a randomized complete block design with two replicates. In
each plot, each line was planted in a single 2-m long and 0.6-
m wide row, with 0.4-m spacing between rows. During the
reproductive growth stage, six maize plants of each inbred line
were randomly selected. Three brace roots, which were closest
to ground level and growing into the soil, were cut with shears.
The collected materials were washed with distilled water and
placed in a prepared FAA fixative solution for 3–7 days for
short-term storage, which softened the roots and made them
easily sliceable. Three transverse sections were obtained from
each brace root by free-hand sectioning. To clearly visualize
metaxylem vessels, the sections were stained with safranin dye,
and the MVN of each section was counted under a light
microscope (Supplementary Figure 1).

Statistical Analysis of Phenotypes
A variance analysis and the best unbiased linear predictive
value (BLUP) analysis of MVN in maize brace roots were
performed under the following linear mixed model in the
lme4 package of META-R (Alvarado et al., 2020): Yijk = µ+

Repi + Genk + εijk for individual environment analysis, Yijk =

µ+ Envi + Repj (Envi)+ Genl + Envi × Genl + εijkl for across
environments analysis, where Yijk is the MVN of interest, µ

is the mean effect, Envi is the effect of the ith environment,
Repj (Envi) is the effect of the jth replicate within the

ith environment, Genl is the effect of the lth genotype,
Envi × Genl is the environment × genotype interaction, and
εijk is the error. Broad-sense heritability was, respectively,
calculated at individual environment and multiple environments

as follows:h2
=

σ2
g

σ2
g+σ2

e/nreps
and h2

=
σ2
g

σ2
g+σ2

ge/nEnvs+σ2
e/n(Envs×reps)

,

where σ2
g is the genetic variance, σ2

e is the residual error, σ2
ge is the

interaction of genotype and environment, and n represents the
number of environments and replications (Hallauer et al., 2020).
For calculating BLUPs and broad-sense heritability, all effects
were considered to be random.

Genome-Wide Association Study
For the GWAS, a genotyping dataset comprising 1,253,814 SNP
markers (minor allelic frequency > 5%) obtained from 50K SNP
array, 600K SNP array, RNA-Seq, and genotyping-by-sequencing
data combined into a whole genetic map was downloaded from
www.maizego.org/Resources (Liu et al., 2017). The association
analysis for the BLUP value of MVN in three individual
environments and across all environments were performed
by using the fixed and random model circulating probability
unification (FarmCPU) method, which separates a multiple locus
linear mixed model into fixed and random effect models to reduce
false negatives that can result from a confounding population
structure, kinship and SNPs (Cui et al., 2016; Liu et al., 2016).
We used a uniform Bonferroni-corrected threshold of α = 1 for
the significance cutoff of the linear model as reported in previous
studies (Li et al., 2013; Yang et al., 2014; Mao et al., 2015). The
suggested P-value was thus computed with 1/n (n = 1,253,814),
which resulted in a P-value of 7.96× 10−7 for FarmCPU.

The contribution of SNPs to the phenotypic variance was
estimated using ANOVA function in the R software package.
After adjustment for population structure effects, the R2 of each
significant SNP was calculated using two linear models: Y =
Xiαi + Pβ+ ε, which was used to estimate the total variance of
all significant SNPs, and Y = Xα + Pβ+ ε, which was used to
estimate the variance of individual significant SNPs. In these
equations, Y and X represent phenotype and SNP genotype
vectors, respectively, P is the matrix of the three subgroups
(NSS, SS, TST), and α, β, and ε are SNP, subgroup and random
effects, respectively.

Annotation of Candidate Genes
The most significant SNP was chosen to represent the locus
in the same LD block (r2 < 0.2). The physical locations of
SNPs were determined in reference to the B73 RefGen_v2
genome. Genes within a 50-kb range upstream and downstream
of the significantly associated SNP locus were searched (Cui
et al., 2020; Jiang et al., 2020), and functionally annotated
using information on homologous Arabidopsis thaliana and
rice genes. Genes with homologs related to photoperiod,
secondary cell wall synthesis and PCD were designated as
candidate genes for MVN.

Heat Map of Candidate Genes
The expression levels of candidate genes from different maize
tissues of B73 were downloaded from the MaizeGDB qTeller
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database (see text footnote 1). The values used for heat
map construction were calculated as log10 (n + 1), where n
is the TPM value.

RESULTS

Metaxylem Vessels Diversity and
Heritability
According to our analysis of phenotypic variation, the MVN
of brace roots in the association panel exhibited extensive
phenotypic variation that followed a normal distribution
(Supplementary Figure 2). The broad-sense heritability (h2)
of MVN ranged from 0.43 in the across environments analysis
to 0.74 in the JL environment (Table 1). Variance analysis
of MVN indicated that the effect of genotypic variance was
highly significant (P < 0.01) in single environments and
across all environments, while the genotype × environment
(G × E) interaction was highly significant (P < 0.01)
for across environments but environment variance was
not significant.

The phenotypic variance of MVN in different environments
(JL, LN, and HN) was analyzed independently. Significant
differences were detected in MVN among the three environments
(Figure 1A). The median of MVN was 39.99 in JL and
significantly higher than that in HN (36.81) and LN (35.62),
and the variation range of the MVN in JL was also more
extensive than LN and HN. The phenotypic variation of MVN
was also compared among different subgroups to investigate the
effect of population structure (Figure 1B). The median MVN
in the SS subgroup was significantly higher than that in other
subgroups. In addition, the range of phenotypic variation of
MVN was smaller in the SS subgroup than in other subgroups. In
summary, MVN exhibited broad variation according to genetic
backgrounds and environments.

Correlations of Metaxylem Vessels With
Other Plant Developmental Processes
Because the MVN of maize brace roots can affect plant
growth and development by influencing the transport of water
and inorganic substances, we investigated the correlations

between MVN and other agronomic traits. Pearson’s correlation
coefficients were calculated after comparison of MVN with 17
agronomic traits previously measured in the same association
panel, including seven morphological traits: plant height (PH),
ear height (EH), ear leaf width (ELW), ear leaf length (ELL), tassel
maximum axis length (TMAL), tassel branch number (TBN),
and leaf number above ear (LNAE), seven yield traits: ear length
(EL), ear diameter (ED), cob diameter (CD), kernel number
per row (KNPR), cob grain weight (CGW), cob weight (CW),
kernel width (KW), and three maturity traits: days to anthesis
(DTA), days to silking (DTS), and days to heading (DTH)
(Yang et al., 2014). MVN was extremely significantly positively
correlated with PH, EL, and KNPR, and significantly positively
correlated with TMAL, thus indicating that MVN can affect plant
morphology and yield (Figure 2).

In addition, MVN can also affect plant lodging resistance by
influencing the mechanical strength of brace roots. Pearson’s
correlation coefficients were also calculated after comparison of
MVN with five brace root morphological traits: brace root tier
number (BRT), brace root radius (RBR), brace root number
(BRN), brace root angle (BRA), and brace root diameter (BRD)
(Unpublished results), which can affect plant yield and lodging
resistance (Reneau et al., 2020). MVN was extremely significantly
negatively correlated with RBR. MVN was extremely significantly
positively correlated with BRA and BRD, and significantly
positively correlated with BRN (Figure 3).

Genome-Wide Association Study
To reduce the impact of environmental and repetitive variation,
phenotypic BLUP values across all three environments and in
three individual environments (JL, LN, and HN) were used
for the association study. The GWAS was performed using
the FarmCPU method with a threshold of P < 7.96 × 10−7.
We detected four independent significant SNPs above this
threshold on chromosomes 2, 4, 7, and 8 in LN, which
accounted for 4.88–6.72% of phenotypic variation and
30.00% of total phenotypic variation (Table 2, Figure 4,
and Supplementary Figure 3). Three independent significant
SNPs were identified on chromosomes 8 and 10 in HN, they
explained 1.23–5.93% of phenotypic variation and 11.76%
of total phenotype variation (Table 2 and Figure 4). Only

TABLE 1 | Variance composition and broad-sense heritability of metaxylem vessel number (MVN) in maize brace roots in the association panel with three individual
environments and across all environments.

Enva Means ± SD Rangeb Variance componentc,d h2e

Genotype (G) Environment (E) G × E

JL 40.17 ± 5.59 26.93–58.71 43.48** − − 0.74

LN 36.01 ± 6.94 27.30–50.31 25.98** − − 0.61

HN 37.12 ± 3.50 33.09–48.03 15.76** − − 0.49

All 37.55 ± 5.15 32.85–45.52 10.82** 0.74 24.56** 0.43

aJL Jilin Province, LN Liaoning Province, HN Henan Province, All across three environments.
bThe range of BLUP value of metaxylem vessel number in three individual environments and across all environments.
cG and E indicated genotype and environment, respectively, and G × E indicated interaction of G and E.
d** Significant at P ≤ 0.01.
eBroad-sense heritability.
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FIGURE 1 | Boxplot of metaxylem vessel number (MVN) in maize brace roots distribution in different environments and subgroups. Analysis of variance (ANOVA) was
applied to examine the difference of phenotypes among different environments and subgroups. Different letters indicate statistically significant differences at
P ≤ 0.05. (A) Different environments, (B) different subgroups.

FIGURE 2 | Correlation coefficients of metaxylem vessel number (MVN) in maize brace roots with 17 other agronomic traits based on BLUP values. *, significant at
P ≤ 0.05; **, significant at P ≤ 0.01. PH, plant height; EH, ear height; ELW, ear leaf width; ELL, ear leaf length; TMAL, tassel maximum axis length; TBN, tassel
branch number; LNAE, leaf number above ear; EL, ear length; ED, ear diameter; CD, cob diameter; KNPR, kernel number per row; CGW, cob grain weight; CW, cob
weight; KW, kernel width; DTA, days to anthesis; DTS, days to silking; DTH, days to heading.

one independent significant SNP accounting for 6.26% of
phenotype variation was identified on chromosome 10 in JL.
Two independent significant SNPs above this threshold on
chromosome 4 were detected in across three environments
and accounted for 5.80 and 11.92% of phenotype variation,
respectively, and 13.99% of total phenotype variation
(Table 2 and Figure 4). An identical SNP, chr4s-96312065,
was detected in both the LN environment and across
three environments analysis. This SNP was located in the
third exon of GRMZM2G168365, which encoded sugars will

eventually be exported transporter 15a (SWEET15a) protein
(Supplementary Table 2 and Figure 4).

The allele effects of these 10 significant SNPs were also
evaluated (Figure 5). The phenotypic distribution differences
for MVN between the major alleles and minor alleles were
extremely significant for all 10 significant SNPs. The allele
effects of chr4.S_96312065 (LN) on chromosome 4 was
the most significant for MVN phenotypic variation with
P-value of 1.83E-09, which was consistent with FarmCPU
results (Figure 5).
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FIGURE 3 | Correlation coefficients of metaxylem vessel number (MVN) in
maize brace roots with five other brace root traits based on BLUP values.
BRT, brace root tier number; RBR, brace root radius; BRN, brace root
number; BRA, brace root angle; BRD, brace root diameter, *, significant at
P ≤ 0.05; **, significant at P ≤ 0.01.

Genetic Overlap of Metaxylem Vessels
With Aerial Root Number and Flowering
Time
Flowering time plays an important role in shaping the nodal
root number via indirect selection during maize domestication
(Zhang et al., 2018a), which inspired us to further explore
whether MVN had overlap with nodal root number and flowering
time. The positional information on QTLs for aerial nodal root
number (ARN) and day to pollen (DP) were downloaded, and
DP was used for evaluating flowering time (Zhang et al., 2018a).
Three significant SNPs associated with MVN had overlap with

QTLs for ARN, and one significant SNP associated with MVN
had overlap with QTL for DP (Figure 6). There had no overlap
between these three traits, but significant SNPs Chr7.S_18230705
on chromosomes 7, which had overlap with ARN, was close to the
QTL of DP, and chr10.S_94253633 on chromosomes 10, which
had overlap with DP, was close to the QTL of ARN in physical
distance (Figure 6), therefore the same candidate genes were
expected to be found for these three traits.

The Annotation and Expression Pattern
of Candidate Genes
A total of 28 genes were found within a 50-kb range upstream
and downstream of the significant SNPs. Of these genes, 23
have been functionally annotated (Supplementary Table 2).
According to the functional annotation, the 23 genes were
mainly divided into four functional types: metabolic, material
transport, transcription regulation, and cellulose biosynthesis.
To further determine whether these genes had function
in plants, their expression patterns were analyzed using
published RNA-Seq datasets from 16 different tissues, including
brace roots (Figure 7). 19 genes were expressed in most
tissues with no tissue-specificity, possibly because vessels were
present in most tissues. GRMZM2G029077, GRMZM2G148985,
GRMZM2G339503, GRMZM2G140667, and GRMZM2G149105
had higher expression tendencies relative to other genes.

The candidate genes of four significant SNPs that had overlap
with QTLs for ARN and DP were firstly analyzed. Nine genes
were found, and only one gene, GRMZM2G381691, was reported
to control the nodal root number and flowering time, so it
was presumed to be candidate genes for MVN in brace roots
(Table 3). Additionally, according to the functional annotation,
GRMZM2G449165 were presumed to be candidate genes for
MVN in brace roots and might be involved in regulating
flowering time, and GRMZM2G168365, GRMZM2G470499,

TABLE 2 | The independent SNP and chromosomal positions significantly associated with metaxylem vessel number (MVN) in maize brace roots identified by GWAS
using the FarmCPU method.

Environment SNP Chr Position (bp) Allelea P-value R2b

LN chr2.S_218589725 2 218,589,725 G/A 6.61E-12 5.29

chr4.S_96312065 4 96,312,065 C/T 8.56E-14 6.72

Chr7.S_18230705 7 18,230,705 C/T 7.56E-09 4.88

Chr8.S_174297913 8 174,297,913 G/A 1.43E-07 5.73

Totalc 30.00

HN chr8.S_25018483 8 25,018,483 G/C 2.21E-07 1.23

chr8.S_145474885 8 145,474,885 T/C 2.64E-07 5.14

chr10.S_94253633 10 94,253,633 C/T 6.53E-07 5.93

Totalc 11.76

JL chr10.S_2987778 10 2,987,778 C/T 4.77E-07 6.26

Totalc 6.26

Across chr4.S_96312065 4 96,312,065 C/T 3.82E-07 5.80

chr4.S_114281801 4 114,281,801 G/A 2.89E-07 11.92

Totalc 13.99

aMajor/minor allele; underlined bases indicate favorable alleles.
bPercentage of phenotypic variation explained by the additive effect of the single significant SNP.
cTotal percentage of phenotypic variation explained by all significant SNPs.
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FIGURE 4 | GWAS-derived Manhattan plots showing significant SNPs associated with metaxylem vessel number (MVN) in maize brace roots using FarmCPU. Each
dot represents a SNP. The red solid line represents the Bonferroni-corrected significance threshold of 7.96 × 10−7. From the inside to the outside: LN, JL, HN, and
across all environments.

FIGURE 5 | The boxplot of phenotypic difference between the major alleles and minor alleles for significant SNPs associated with metaxylem vessel number (MVN) in
maize brace roots. The P-values (Student’s t-test) of the allelic effects of MVN are exhibited above each small plot. (A–J) Ten significant SNPs associated with MVN
in maize brace roots with three individual environments and across all environments.
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FIGURE 6 | Co-localization between the significant SNPs associated with
metaxylem vessel number in brace roots and QTL for aerial nodal root number
and day to pollen. Colored lines represent QTL region for different traits, The
asterisk represents the significant SNPs associated with metaxylem vessel
number.

GRMZM2G028982 were presumed to be candidate genes for
MVN in brace roots, and might be involved in secondary cell wall
formation, which was necessary processes for the formation of
metaxylem vessels.

DISCUSSION

The reported brace root-related traits in maize, such as BRN,
radius, and tier number all show extensive phenotypic variation,
the heritability are medium to high levels (Zhang et al., 2018b). In
the present study, brace-root MVN also exhibited a wide range
of phenotypic variations and followed a normal distribution.
According to our genetic analysis, the heritability of MVN was
0.43 with a relatively low level, indicating that it was controlled
by multiple small-effect genes. The genotype effects for MVN
were significant, thus indicating that MVN was mainly influenced
by genetic factors and suitable for further GWAS analysis.
A phenotypic variation analysis uncovered significant differences
in MVN among different environments, which suggested that
different environments could enhance or diminish the effects
of MVN variance. Variance analysis of MVN indicated that the
effect of G × E interaction on the MVN was highly significant,
which was consistent with the observed phenotypic variation in
different environments. Different lines can therefore be selected
for specific environments to improve MVN in maize breeding
programs, and eight identified environmental specific significant
SNPs may play crucial roles in MVN development.

Maize was originated and domesticated in tropical regions
and was then grown and improved in subtropical and
temperate regions. The morphological structure of maize
is therefore strongly controlled by the population structure
(Camus-Kulandaivelu et al., 2006). To identify the effect of

population structure on the MVN of brace roots, we compared
MVN phenotypic variation between different maize subgroups
(Figure 1). The brace roots of temperate SS maize lines tend
to have more metaxylem vessels. Previous studies had found
that the root architecture with more brace roots and fewer
crown roots are favored in temperate maize, which efficiently
improve root-lodging resistance and the ability to uptake water
and nitrogen (Zhang et al., 2018a). The transport tissue of brace
roots is metaxylem vessels, Thus, more MVN might also be
selected in temperate maize. Furthermore, the development of
maize brace roots is largely affected by photoperiod, and the
selection for flowering time has indirectly reshaped the root
system (Zhang et al., 2018a). Among identified nine significant
SNPs, one significant SNP chr10.S_94253633 had overlap with
QTL of DP, and was close to the QTL of ARN in physical distance,
and one significant SNP Chr7.S_18230705 was close to the QTL
of DP, which had overlap with QTL of ARN. Therefore, flowering
time might also have an indirectly role for shaping MVN in brace
root during maize domestication.

The development of brace roots is affected by photoperiod.
GRMZM2G381691 was presumed to be candidate genes for
MVN in brace roots, which was reported to control the
nodal root number and flowering time (Zhang et al., 2018a).
GRMZM2G381691 encoded ZmCCT1 which were identified
to be associated with flowering time by QTL mapping and
association mapping and led to early flowering (Hung et al.,
2012; Yang et al., 2013). In addition, the crown root number
was more significantly accumulated in the ZmCCT1 transgenic
plants than the non-transgenic plants (Zhang et al., 2018a).
Therefore, GRMZM2G381691 may affect MVN indirectly by
regulating flowering time during maize domestication. Moreover,
the candidate gene GRMZM2G449165 related to MVN, detected
in LN in our study, encodes VASCULAR PLANT ONE-ZINC
FINGER 5 (VOZ5), which was highly homologous with VOZ1
in Arabidopsis. AtVOZ proteins mediate the first step of the
phyB signal transduction pathway to regulate flowering, voz1voz2
mutant suppressed the expression of FT, and repressed the early
flowering phenotype of the phyB mutant (Yasui et al., 2012).
GRMZM2G449165 may thus regulate MVN in maize brace roots
by regulating flowering time.

Furthermore, metaxylem vessel formation mainly involves
some biological processes including cell division, cell
specialization, secondary wall thickening and PCD (Milioni
et al., 2001). In this study, functional annotation revealed
that three candidate genes, which were involved in secondary
wall formation, could regulate metaxylem vessel formation.
The deposition of secondary cell walls, in which cellulose,
hemicellulose and lignin are deposited in annular, spiral,
reticulate or pitted patterns to provide mechanical support
for the plant, is an essential process in metaxylem vessel
formation. Many genes involved in these processes, including
cellulose synthase- and lignin monomer synthesis-related
genes, have been identified in Arabidopsis. A series of CesA
mutants is found to have irregular xylem, which cause a
collapse of mature xylem cells in the inflorescence stems of
Arabidopsis (Turner and Somerville, 1997; Taylor et al., 2003).
The candidate gene GRMZM2G470499, related to MVN in the
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FIGURE 7 | Heat map of expression patterns of candidate genes identified by GWAS in different tissues. The values used in the figure were the log10 (n + 1)
transformed of normalized TPM valve. Columns and rows were ordered according to similarity (hierarchical cluster analysis at the top and left). The red and blue
represented higher and lower expression level in different tissues, respectively.

TABLE 3 | The candidate genes of four significant SNP that had overlap with QTLs for aerial nodal root number or day to pollen.

SNP Chr Position Candidate gene Anotation QTLs for ARNa QTLs for DPb Selectionc

Chr7.S_18230705 7 18,230,705 GRMZM2G094928 VMA10 Y N U

GRMZM2G094867 LEA U

chr8.S_25018483 8 25,018,483 GRMZM2G046306 GDSL Y U U

GRMZM2G112686 GDSL U

GRMZM2G112659 VIT Y U U

chr8.S_145474885 8 145,474,885 GRMZM2G028982 OFP34 U

GRMZM2G029077 AP4B U

GRMZM2G339503 Tom7 U

chr10.S_94253633 10 94,253,633 GRMZM2G381691 CCT1 N Y Y

aARN aerial nodal root number, Y represented the SNP overlapped with QTL for ARN; N represented the SNP was close to QTL for ARN; U represented no overlap
between SNP and QTL for ARN.
bDP day to pollen, Y represented the SNP overlapped with QTL for DP, N represented the SNP was close to QTL for DP, U represented no overlap between SNP and
QTL for DP.
cY represented that the candidate gene was selected by flowering time. U signified that the candidate gene was not selected by flowering time.

LN environment, encodes CesA14, which directly determines
cellulose synthesis (Taylor et al., 1999, 2007; Paredez et al.,
2006). GRMZM2G028982 may therefore affect MVN in brace
roots by participating in secondary cell wall formation. The
candidate gene GRMZM2G168365, which was identified
in the LN environment and across environments analysis,
encodes sugars will eventually be exported transporter15a
(SWEET15a) protein. SWEET proteins participate in the
transport of hexose and sucrose in plants (Chardon et al., 2013;

Guo et al., 2013; Yuan and Wang, 2013), and are involved
in many processes such as plant reproductive development
(Guan et al., 2008), leaf senescence (Seo et al., 2011), and
abiotic stress response (Chen et al., 2015; Eom et al., 2015) in
Arabidopsis. Subsequently, transcriptome analysis revealed that
the expressions of SWEET16b and SWEET1a are higher in the
Saccharum leaf source-sink transition zone, where cell activities
are mainly focused on tetrapyrrole, lignin and secondary cell wall
biosynthesis, thus suggesting that SWEET16b and SWEET1a
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may play a role in secondary cell wall biosynthesis (Hu, 2017).
GRMZM2G168365 may therefore influence MVN in maize brace
roots by affecting secondary cell wall formation.

A transcriptional regulatory pathway in which NAC
transcription factors act as the main regulatory switch to
control other downstream transcription factors or functional
proteins to regulate secondary cell wall formation and PCD has
also been identified in Arabidopsis (Zhong et al., 2007; Zhou
et al., 2014). The candidate gene GRMZM2G028982 related to
MVN, detected in HN, encodes OVATE-transcription factor
34 (OFP34). Interfascicular fiber wall thickness is increased in
the basal internodes of the ofp4 mutant and ofp1ofp4 double
mutant in Arabidopsis, similar to knat7 mutants (Zhong et al.,
2008; Li et al., 2011). KNAT7 is one of the direct targets of
SND1 (belong to NAC family) and MYB46, which thereby
regulate secondary wall biosynthesis (Ko et al., 2009). Subsequent
studies have shown that KNAT7 can interact with OFP1 and
OFP4 to enhance the transcriptional inhibitory activity of
KNAT7, which helps regulate secondary cell wall formation in
Arabidopsis (Li et al., 2011). Consequently, GRMZM2G028982
may regulate MVN in brace roots by affecting secondary
cell wall formation.

CONCLUSION

In this study, we have revealed the genetic architecture of natural
variation in MVN in maize brace roots by the GWAS approach.
MVN showed a relatively low heritability and showed broad
variation in the association panel used in this investigation.
According to the GWAS, several genetic loci with small
effects regulate the natural variation in MVN in maize brace
roots, and flowering time might have an indirectly role for
shaping MVN in brace roots during maize domestication. Five
candidate genes were detected that possibly impact MVN by
affecting flowering time and secondary wall formation. These
candidate genes are a valuable resource for further studies
to dissect the molecular network regulating MVN in maize
brace roots. In addition, the significantly associated SNPs
found in this study should be helpful in facilitating marker
assisted selection of appropriate brace-root MVNs in maize
breeding programs.
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