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a b s t r a c t

Nitrogen (N) deficiency is one of the main factors limiting maize (Zea mays L.) productivity. Genetic
improvement of root traits could improve nitrogen use efficiency. An association panel of 461 maize
inbred lines was assayed for root growth at seedling emergence under high-nitrate (HN, 5 mmol L�1)
and low-nitrate (LN, 0.05 mmol L�1) conditions. Twenty-one root traits and three shoot traits were mea-
sured. Under LN conditions, the root-to-shoot ratio, root dry weight, total root length, axial root length,
and lateral root length on the primary root were all increased. Under LN conditions, the heritability of the
plant traits ranged from 0.43 to 0.82, a range much wider than that of 0.27 to 0.55 observed under HN
conditions. The panel was genotyped with 542,796 high-density single-nucleotide polymorphism
(SNP) markers. Totally 328 significant SNP markers were identified using either mixed linear model
(MLM) or general linear model analysis, with 34 detected by both methods. In the 100-kb intervals flank-
ing these SNP markers, four candidate genes were identified. Under LN conditions, the protoporphyrino-
gen IX oxidase 2 gene was associated with total root surface area and the DELLA protein-encoding gene
was associated with the length of the visible lateral root zone of the primary root. Under HN conditions, a
histone deacetylase gene was associated with plant height. Under both LN and HN conditions, the gene
encoding MA3 domain-containing protein was associated with the first whorl crown root number. The
phenotypic and genetic information from this study may be exploited for genetic improvement of root
traits aimed at increasing NUE in maize.

� 2021 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nitrogen (N) is one of the main factors limiting crop growth [1].
Over the past half century, global N use in agriculture has increased
sevenfold [2,3]. However, only 30%–40% of applied N is utilized by
most crops [4,5]. Overapplication of N fertilizers leads to water
eutrophication [6,7], acid rain, soil acidification [8], increased
greenhouse gas emissions [9], atmospheric N deposition [10], and
other severe environmental problems. Maize (Zea mays L.) is the
world’s largest food crop, and global maize production accounts
for about one-fifth of the total N fertilizers used in agricultural pro-
duction [11]. Thus, increasing N efficiency in maize is crucial for
ensuring food security and environmental sustainability [12].

Root architecture plays an important role in plant nutrient and
water acquisition. Maize genotypes with optimal root system
architecture are more efficient in N acquisition from the soil [13–
17]. Under acute conditions of insufficient N supply, axial root
and lateral root growth are increased [18–20]. However, long-
term chronic N deficiency may inhibit lateral root growth
[21,22]. Larger root systems help the plant explore a larger soil vol-
ume to increase total N uptake [23]. Breeding new cultivars with
N-efficient root system architectures would increase N use effi-
ciency (NUE) in maize [14,24–26].

Root architecture is composed of complex quantitative traits
with large natural variations. Owing to the complexity of root sys-
tems and the difficulty of identifying root phenotypes on a large
scale, knowledge of the genetics of root architecture lags behind
that in shoots. This situation has created a gap in our ability to
genetically improve root traits [27]. Most root studies have focused
on identifying quantitative trait loci (QTL) influencing root growth.
Hund et al. [28] classified 161 root QTL into 24 QTL clusters by
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summarizing 15 mapping studies in nine genetic populations.
Among these root QTL, Bins 1.07, 2.04, 2.08, 3.06, 6.05, and 7.04
were hotspots. Guo et al. [29] conducted a meta-analysis of 428
QTL associated with 23 maize root traits from 20 published papers
and identified 53 meta-QTL and 45 possible candidate genes. Addi-
tional studies [30–32] also indicate that QTL for maize root traits
and NUE are co-localized across multiple chromosomal regions.

Genome-wide association studies (GWAS) provide new oppor-
tunities for map-based cloning of root-trait genes [33]. In contrast
to QTL or bi-parental linkage mapping, association mapping is
based on existing populations. With improved methods to accu-
rately position GWAS peaks, the time required to identify a single
gene can be greatly reduced [34]. Using 384 maize inbred lines in a
GWAS, Pace et al. [35] obtained 268 SNPs significantly associated
with 22 seedling root traits, many of them located within 1 kb of
gene models. Zaidi et al. [36] grew 396 tropical maize lines under
drought and well-watered conditions and identified respectively
50 and 67 SNPs significantly associated with root functional and
structural traits. Morosini et al. [37] used 64 tropical maize inbred
lines to analyze maize tolerance under low N in the field and iden-
tified seven significant SNPs for low N tolerance index and total
root length. The predicted candidate genes were involved mostly
in transcriptional regulation and enzyme activity in the N cycle.
Sanchez et al. [38] used 300 doubled-haploid exotic introgression
lines to map 17 SNPs associated with root growth. T SNP
S5_152926936 on chromosome 5 was found within the gene
model GRMZM2G021110, which encodes a putative xaa-Pro dipep-
tidase that is expressed in seedling roots. To date, there have been
no reports of GWAS and candidate-gene mining for maize root
traits under low-N stress.

To elucidate the genetic basis of maize root growth and the
response to low N supply at seedling emergence, we planted a
panel of maize inbred lines under high- and low-N conditions.
Our objectives were: (1) to characterize genetic variation in root
phenotypic response to low N supply and (2) to identify, using
GWAS, SNPs and candidate genes associated with root response
to low-N stress.

2. Materials and methods

2.1. Plant materials

A panel of 508 maize inbred lines was used (Table S1). Because
47 of these failed to germinate and could not be used for further
study, 461 lines were used. The maize panel includes three clear
subpopulations: 31 stiff stalk (SS) lines, 121 non-stiff stalk (NSS)
lines and 205 tropical/subtropical (TST) lines. The remaining 104
lines were classified as a mixed subpopulation, as they had mem-
bership probabilities <0.60 in any of the other subpopulations. The
population captured wide geographic distribution and genetic
diversity (Table S1; http://maizego.org/Resources.html). The panel
has been described previously [39].

2.2. Experimental design

The panel of 461 maize inbred lines was grown in paper rolls in
a greenhouse with a light/dark cycle of 13/11 h and a temperature
of 18–36 �C. Two independent experiments with the same experi-
mental design were conducted in September 2017 and September
2018. For each experiment, 80 seeds of each line were surface-
sterilized in 10% (v/v) H2O2 for 40 min, washed 3 times with deion-
ized water, and then soaked in saturated CaSO4 solution for
approximately 8 h. Seeds were then placed between sheets of filter
paper soaked in deionized water and germinated in the dark at
room temperature. When the roots were approximately 2 cm long

(after about 1 day), four uniform seedlings were placed approxi-
mately 2 cm below the top edge of the filter paper and covered
with another piece of wet filter paper, and both were rolled up.
Three rolls, each containing plants of one maize inbred line, were
placed upright in a 1-liter black plastic bucket filled with nutrient
solution. The two different nutrient solutions were low N (LN,
0.05 mmol L�1N) and high N (HN, 5 mmol L�1N). The HN solution
consisted of 2.5 mmol L�1 Ca(NO3)2, 0.75 mmol L�1 K2SO4,
0.25 mmol L�1 KH2PO4, 0.1 mmol L�1 KCl, 0.65 mmol L�1 MgSO4,
0.13 mmol L�1 EDTA-Fe, 1.0 lmol L�1 ZnSO4, 1.0 lmol L�1

H3BO3, 1.0 lmol L�1 MnSO4, 0.1 lmol L�1 CuSO4, and 0.005 lmol
L�1 (NH4)6Mo7O24. The LN nutrient solution contained one hun-
dredth of the N concentration [0.025 mmol L�1 of Ca(NO3)2], and
the Ca2+ concentration was adjusted with CaCl2 to the same level
as that of HN. The other nutrient concentrations were the same
as for HN. The pH of each solution was adjusted to 6.0 with KOH
and HCl. Before being exposed to light, all the seedlings in about
1000 buckets were cultivated in the dark for 2 days until the
cotyledons were approximately 2 cm long. Buckets were arranged
in a completely randomized design.

2.3. Root and shoot phenotype measurement

After six days of growth in the N solutions, seedlings with three
leaves were removed from the buckets for root and shoot measure-
ments. Three paper rolls were selected as experimental replicates
for each inbred line. Three healthy seedlings of the four in each
paper roll were sampled and, for each trait, the mean of the three
plants was taken as a replicate. Plants were divided into shoots and
roots by cutting at the position where the first whorl crown roots
occur on the stem, and the seeds were removed from the roots.
Twenty-four seedling phenotypic traits were evaluated at two N
levels. Shoot traits included shoot dry weight (SDW), plant height
(PH) and chlorophyll content (SPAD) of the first leaf. Root traits
included root-to-shoot ratio (RSR), root dry weight (RDW), total
root length (TRL), total root surface area (TRSA), total root volume
(TRV), total primary root length (TPRL), total primary root surface
area (TPRSA), total primary root volume (TPRV), primary root
length (PRL), length of the primary root apical unbranched zone
(LAUZPR), length of the visible lateral root zone (LVLRZ), primary
lateral root length (PLRL), visible lateral root number of the pri-
mary root (VLRNPR), average lateral root length of the primary root
(ALRLPR), visible lateral root density of the primary root (VLRDPR),
seminal root number (SRN), seminal root length (SRL), first-whorl
crown root number (FWCRN), first-whorl crown root length
(FWCRL), average root diameter (ARD) and average primary root
diameter (APRD) (Table 1). Plant height was measured using a
ruler, and the SPAD value was measured using a SPAD-502 chloro-
phyll analyzer (Minolta Camera Co. Ltd., Osaka, Japan). Shoots were
then dried at 65 �C in an oven for 3 days, and shoot dry weight was
recorded. Roots were placed into plastic ziplock bags and stored at
�20 �C until they were measured. The primary root length, seminal
root length, first whorl crown root length [40] and length of the
primary root apical unbranched zone were measured with a ruler.
The seminal roots and first whorl crown roots were manually
counted. The root samples were then floated in water in a transpar-
ent plastic tray and scanned with a scanner. The traits TRL, TRSA,
TRV, TPRL, TPRSA, TPRV, VLRNPR, ARD, and APRD were scanned
and analyzed using the WinRHIZO 2004b software (Regent Instru-
ments, Canada). Roots were then dried and weighed to determine
root-to-shoot ratio. The traits are described in Table 1.

2.4. Statistical analysis

Best linear unbiased prediction (BLUP) for each trait was calcu-
lated using ‘‘lme4” in the R software as follows: lme4 = phenotype~
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(1|line) + (1|experiment) + (1|repeat%in%experiment) + (1|line � e
xperiment). Phenotypic values were normalized using ‘‘bestNor-
malize” in the R software. The skewness and kurtosis of the pheno-
typic values were calculated. When the absolute value of skewness
was less than 3 and the absolute value of kurtosis less than 10, the
phenotypic values were considered to be approximately normally
distributed. BLUP values for each trait were processed with SPSS
Statistics 19.0 software (SPSS Inc., Chicago, IL, USA.) for descriptive
statistical analysis (mean, range, coefficient of variation), correla-
tion analysis and principal component analysis (PCA). The values
were then visualized with Origin 2018 (OriginLab Inc., Northamp-
ton, MA, USA.) software packages. The response of each trait to LN
was represented by the increase or decrease of LN relative to HN,
calculated as (LN – HN)/HN � 100%. Analysis of variance was fitted
using the PROC GLM program of SAS 9.2 (SAS Institute, Cary, NC,
USA.). The broad-sense heritability of each trait was calculated as
follows [41]:

H2 ¼ r2
g

r2
g þ

r2
gl

n þ r2
e

nr

ð1Þ

where r2
g is genetic variance, r2

gl is variance of interaction between

genotype and environment, r2
e is error variance, n is the number of

independent experiments, and r is the number of replicates.

2.5. Genome-wide association mapping

Trait associations were evaluated using TASSEL 5.0 software
[42]. To reduce false negatives and false positives in the identifica-
tion of significant SNP associations, a mixed linear model (MLM),
which simultaneously controls population structure (Q) and kin-
ship (K), as well as a general linear model (GLM), which controls
only population structure (Q), were used to perform genome-
wide association analysis between SNP markers and the 24 maize
traits. A total of 542,796 high-quality SNP markers with a mini-
mum allele frequency (MAF) greater than 0.05 were selected. The
significance threshold of the marker was corrected by Bonferroni
P = a/n. At a = 1 (MLM) and a = 0.05 (GLM) levels, P-values were
1.84 � 10�6 (MLM) and 9.21 � 10�8 (GLM) and �log10(P) values
were 5.73 (MLM) and 7.04 (GLM) Further visualization of the data
was performed using ‘‘CMplot” in the R software.

2.6. Haplotype and linkage disequilibrium (LD) block analysis

Allele effects of the most significant SNPs for candidate genes
GRMZM2G364901, GRMZM2G144744, GRMZM2G045070, and
GRMZM2G159032 and corresponding phenotypic values were used
for haplotype analysis. The data were then visualized with Graph-
Pad Prism 7 software (GraphPad Software Inc., San Diego, CA, USA).
LD-block analysis of these candidate genes was performed. Further
visualization was performed using ‘‘LD heatmap” in the R software.

2.7. Annotation of candidate genes

Previous study [43] has shown that the LD distance of this pop-
ulation is 50 kb. Accordingly, using the B73 reference genome
(RefGen-V2) in MaizeGDB (http://www.maizegdb.org/), the 50-kb
range upstream and downstream of each significantly associated
SNP locus was searched for candidate genes. Functional annota-
tions of these genes were retrieved using the MaizeGDB Genome
Browser [44]. The most likely candidate genes were selected based
on the functional annotation of all genes near each locus and their
expression in each tissue of B73 (MaizeGDB).

3. Results

3.1. Phenotypic variation in shoot and root traits

There was abundant genetic variation for each trait in the asso-
ciation panel and all phenotypic values were approximately nor-
mally distributed (Fig. 1). Under LN and HN conditions, the
coefficients of variation of the 24 traits ranged from 14.09 to
81.39 and 13.80 to 79.50, respectively (Table S2). The fold changes
in the 24 traits under LN varied 2.2–79.7 times among the popula-
tion, with the lowest occurring in SPAD, ARD, and APRD and the
highest in TRV, PLRL, and VLRNPR. Under HN, the fold changes in
the 24 traits varied 2.4–67.0 times, with PH, SPAD, and ARD the
lowest, and TPRL, PLRL, and VLRNPR the highest. The fold changes
in each trait were relatively similar between the two N treatments,
except for RSR and TPRV (Table S2).

Under LN conditions, genotype CIMBL51 had the smallest TRL,
TRSA, and TPRSA trait values and CIMBL47 had the largest. Under
HN conditions, CIMBL67 had the smallest TRSA, TRV, and PRL trait

Table 1
Maize seedling trait measurements and descriptions.

Trait name Abbreviations Trait measurements and
descriptions

Shoot-related traits
Shoot dry weight

(g plant�1)
SDW Dried and weighed on a balance

(0.0001 g)
Plant height (cm) PH Measured with a ruler
SPAD value of the first

leaf
SPAD Measured with a chlorophyll meter

Root traits
Root-to-shoot ratio RSR Root dry weight/shoot dry weight
Root dry weight

(g plant�1)
RDW Dried and weighed on a balance

(0.0001 g)
Total root length (cm) TRL Length of the whole root system
Total root surface area

(cm2)
TRSA Surface area of the whole root

system
Total root volume

(cm3)
TRV Volume of the whole root system

Total primary root
length (cm)

TPRL Length of the whole primary root
including axial root and lateral
roots

Total primary root
surface area (cm2)

TPRSA Surface area of the whole primary
root

Total primary root
volume (cm3)

TPRV Volume of the whole primary root

Primary root length
(cm)

PRL Measured with a ruler

Length of primary root
apical unbranched
zone (cm)

LAUZPR Measured with a ruler

Length of visible
lateral root zone
(cm)

LVLRZ PRL-LAUZPR; primary root length-
length of primary root apical
unbranched zone

Primary lateral root
length (cm)

PLRL TPRL-PRL; total primary root
length-primary root length

Visible lateral root
number of primary
root

VLRNPR Count of lateral roots from the first
emerged lateral root on the
primary root

Average lateral root
length of primary
root (cm)

ALRLPR PLRL/VLRNPR; primary lateral root
length/visible lateral root number
of primary root

Visible lateral root
density of primary
root (cm�1)

VLRDPR VLRNPR/LVLRZ; visible lateral root
number of primary root/length of
visible lateral root zone

Seminal root number SRN Count of the axial seminal roots
Seminal root length

(cm)
SRL Measured with a ruler

First whorl crown root
number

FWCRN Count of the axial first whorl crown
roots

First whorl crown root
length (cm)

FWCRL Measured with a ruler

Average root diameter
(mm)

ARD Average diameter of the whole root
system

Average primary root
diameter (mm)

APRD Average diameter of the whole
primary root
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values and CIMBL65 had the largest. Among the traits, TRL, TRSA,
TPRSA, TRV, and PRL were highly correlated (almost all r > 0.50,
P < 0.05) (Fig. S1; Table S3).

3.2. Effect of low N on shoot and root growth

N treatment affected all of the plant traits except TPRV, VLRNPR,
ALRLPR, SRN, and FWCRL. On average in the population, the LN

treatment increased RSR by 40.4%, RDW by 26.1%, TRL by 15.8%,
PRL by 15.4% and PLRL by 7.4%. LN treatment reduced SDW by
10.6%, PH by 12.2%, SPAD by 11.7%, VLRDPR by 11.1%, ARD by
4.8% and APRD by 5.2% (Fig. 2; Table S2). PCA clustered the traits
into three groups: low-N increased, low-N reduced, and showing
no response to low N. Within each group, there were high correla-
tions between the traits (Figs. S1 and S2). The correlation coeffi-
cient between TRL and RDW was 0.67 under HN treatment and

Fig. 1. Phenotypic distributions of the 24 investigated traits under high-N (HN) and low-N (LN) conditions. (a) Shoot dry weight. (b) Plant height. (c) SPAD value of the first
leaf. (d) Root-to-shoot ratio. (e) Root dry weight. (f) Total root length. (g) Total root surface area. (h) Total root volume. (i) Total primary root length. (j) Total primary root
surface area. (k) Total primary root volume. (l) Primary root length. (m) Length of the primary root apical unbranched zone. (n) Length of the visible lateral root zone. (o)
Primary lateral root length. (p) Visible lateral root number of primary roots. (q) Average lateral root length of primary root. (r) Visible lateral root density of the primary root.
(s) Seminal root number. (t) Seminal root length. (u) First whorl crown root number. (v) First whorl crown root length. (w) Average root diameter. (x) Average primary root
diameter. The vertical yellow and blue broken lines represent the mean values of the population under HN and LN, respectively.
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0.75 after LN treatment. The correlation coefficients between TRL
and TPRL and between PRL and PLRL were high at both N levels
(r = 0.70 to 0.85). The correlations among TRL, SRN, and FWCRN
were relatively low. There were significant positive correlations
between ARD and APRD under both N treatments (r = 0.90). These
two traits were negatively correlated with most of the other traits
under both N treatments (Figs. S1 and S2; Table S3).

3.3. Genotype by environment effects on root growth

Under both N treatments, in comparison with the lines from the
mixed, NSS, and TST subpopulations, the traits PH, SPAD, TRL, TPRL,
LVLRZ, PLRL, VLRNPR, and VLRDPR were larger in the lines from the
SS subpopulation (Fig. 3a–h). The mean value of traits LAUZPR,
ARD, and APRD in the SS subpopulation was significantly smaller
than those in the other subpopulations (Fig. 3i–k). The mean value
of TPRSA was significantly higher in the SS subpopulation than in
the other three subpopulations under LN but not HN (Fig. 3l).
Low N treatment greatly increased the mean value of VLRNPR
but did not affect that of VLRDPR in the SS lines (Fig. 3g, h). No dif-
ference was found between the SS and other subpopulations in the
mean value of remaining 12 traits (Fig. S3).

Under LN conditions, the heritabilities of the traits ranged from
0.43 to 0.82, with FWCRL the lowest and PH the highest. Under HN
conditions, the heritabilities were consistently reduced, ranging
from 0.27 to 0.55. VLRDPR showed the lowest and PH the highest
heritability (Table S2).

3.4. Genome-wide association analysis of shoot and root traits

A total of 328 significant SNP sites (MLM, P < 1/n = 1.84 � 10�6;
GLM, P < 0.05/n = 9.21 � 10�8, n = 542,796) were identified. Under
the LN condition, 23 significant SNP loci were identified by MLM.
These loci were associated with 12 phenotypic traits: two shoot
and 10 root traits. GLM identified 98 significant SNP loci. These
too were associated with 12 phenotypic traits: two shoot and 10
root traits. Under HN conditions, 39 significant SNP loci for one
shoot trait and eleven root traits were detected byMLM. GLM iden-
tified 168 significant SNP loci associated with one shoot and 16
root traits (Table 2).

Significant SNPs detected by both MLM and GLM were selected
as high-priority markers. Under LN, nine such SNPs was selected.
They were associated with six traits: one each with SDW, PH,
and LVLRZ and two each with TRSA, VLRDPR, and FWCRN. Under

HN, 25 effective SNPs were selected. These were associated with
nine traits: one each with PH, RSR, RDW, TRV, and SRN and six with
ALRLPR, nine with FWCRN, two with ARD, and three with APRD
(Table 2). PH and FWCRN were associated with significant SNPs
under both LN and HN treatment, suggesting that these two traits
are associated with loci adapted to growth across different N
levels. The other 11 traits showed significant SNP associations in
either LN or HN but not both, suggesting that these traits respond
uniquely to N level.

The 34 SNPs identified by both MLM and GLM were mapped to
chromosomes 1 through 8. Further examination showed that only
12 regions were independent. For the 34 significant loci of the 13
traits, the variance ranged from 5.2% to 8.8%, with a mean P-
value of 6.4% for MLM, and from 5.9% to 8.3%, with a mean P-
value of 7.1% for GLM (Table S4).

3.5. Tentative candidate genes for the identified SNPs

For these 34 SNP loci, 55 candidate genes were identified, with
one to eight genes per trait (Table S4). Under LN, two significant
SNP-trait associations were found for TRSA and within the gene
model GRMZM2G364901 on chromosome 2 (Fig. 4a; Fig. 5a). This
gene encodes protoporphyrinogen IX oxidase 2 and shows no dif-
ference in expression in the root under low or high N (Fig. S4).
For TRSA, the most significant SNP was S2_34701035 for TRSA.
The mean TRSA for the T allele was 12.47 cm2, significantly lower
that of the C allele, 17.11 cm2 (Fig. 5b).

One LVLRZ-associated SNP region (P = 1.16 � 10�6, R2 = 5.62,
MLM) was found containing GRMZM2G144744, which encodes a
DELLA protein (Fig. 4b; Fig. 5c). This gene was expressed differently
under LN and HN in roots (Fig. S4). The mean LVLRZ for the A allele
was 5.89 cm, significantly shorter than that of the G allele, 7.24 cm
(Fig. 5d).

Significant loci were found for FWCRN under both HN and LN
treatments (Fig. 4c, d; Fig. 5e, g). In this region, GRMZM2G045070
encodes an MA3 domain-containing protein. This gene is involved
in translation regulated by target of rapamycin (TOR). For the most
significant SNPs S2_36837716 and S2_36835568 for FWCRN, the
mean FWCRN under LN for the C allele was 1.54, significantly
lower than that of the T allele, 2.49 (Fig. 5f). Under HN, the mean
FWCRN for the G allele was 1.34, significantly lower than that of
the C allele, 2.35 (Fig. 5h).

Under HN conditions, a candidate gene GRMZM2G159032 that
controls PH (P = 3.46 � 10�7, R2 = 6.23, MLM) was found. It encodes

Fig. 2. Effect of low-N treatment on shoot and root growth. The values in red indicate traits that were increased by low N treatment. The values in blue indicate traits that
were reduced by low-N treatment. The values in gray color indicate traits that were not affected by low-N treatment.
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histone deacetylase (Fig. 4e; Fig. 5i). The mean PH for the A allele
was 11.93 cm, significantly lower than that of the T allele,
10.51 cm (Fig. 5j).

For the other eight traits, candidate genes were considered to be
of lower priority (Fig. S5). Five SNPs linked to genes known to be
involved in root development (Fig. S6; Table S5) were identified.
The rootless concerning crown and seminal roots (Rtcs) gene [45] is
located 240 kb from a SNP associated with TRV and ALRLPR. A sig-
nificant SNP associated with SRN was slightly more than 1.2 Mb
from the root hair defective3 (Rth3) gene [46]. The SNP associated

with FWCRL was located slightly more than 1.6 Mb from Rtcs. A
SNP associated with LVLRZ in HN was located 1 Mb from Rtcs-
like1 (Rtcl) [45,47].

4. Discussion

4.1. Genotype by N interaction effect on early root growth

Many studies [18,19,22,30,31,48–50] have investigated maize
root growth in response to low-N stress and its relationship with

Fig. 3. Differential response of plant traits to N treatments among the four subpopulations. (a) Plant height. (b) SPAD value of the first leaf. (c) Total root length. (d) Total
primary root length. (e) Length of the visible lateral root zone. (f) Primary lateral root length. (g) Visible lateral root number of primary roots. (h) Visible lateral root density of
the primary root. (i) Length of the primary root apical unbranched zone. (j) Average root diameter. (k) Average primary root diameter. (l) Total primary root surface area. The
solid line and black dot within each box represent the median and mean values, respectively. The top and bottom edge of each box represent the 75th and 25th percentiles,
respectively. Significant differences between the four subpopulations at P < 0.05 are shown with different uppercase letters for HN and with lowercase letters for LN. *, **, and
*** indicate significance at P < 0.05, P < 0.01, and P < 0.001 between HN and LN, respectively. ns, not significant.
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NUE. In previous studies [22,31,50], the endosperm was removed
and root growth was evaluated at later seedling stages. To replicate
true seedling growth conditions in this study, the endosperm was
not removed, and root growth was evaluated at the germination
stage. The finding that root growth responded to low N supply
even at this early stage indicates that this method can be used
for high-throughput phenotypic screens of maize germplasm.

In agreement with previous studies [22,31,50,51], plants grown
under LN conditions showed reduced leaf chlorophyll content, PH,
and shoot biomass, but increased root/shoot ratio compared to
plants grown under HN conditions. This finding suggests that N-
starved plants distribute more carbon to promote root growth in
order to mine the substrate for more N. Root morphological traits
were also shaped by low-N treatment. Longer TRL and larger TRSA
indicate an increased ability to acquire N from soil profiles. At
emergence, the primary root is the main component of the whole
root system [14,52]. The correlation coefficients between TRL and
TPRL and between PRL and PLRL were high, ranging from 0.70 to
0.85 (Fig. S1; Table S3), suggesting that primary root traits can be
used as indicators of total root size. Low-N treatment also reduced
ARD and APRD, but increased TRL and TPRL, indicating that under
LN conditions, maize plants used less carbon to produce longer and
thinner roots. This finding is consistent with those of Gao et al. [22]
who showed that the root elongation rate was significantly
increased under low-N stress and suggested that thinner roots
under LN conditions are beneficial for reducing N consumption
during root elongation. Similarly, Liu et al. [30] demonstrated
low N-induced lateral root elongation in a recombinant inbred line
population, and Li et al. [50] observed that low N increased lateral
root length under LN conditions in a high-generation backcross
population.

With respect to the genetic difference in root growth in
response to low-N stress, the root/shoot ratio was increased in
426 lines and reduced in 35 lines, whereas RDW was increased
in 373 lines and reduced in 88 lines. There were large genotypic
differences for the other root traits, especially TPRV and VLRNPR.
This finding indicates that there were strong genotype-by-N-
environment interactions affecting root morphological traits.
Indeed, compared with the lines from the mixed, NSS and TST sub-
populations, the lines from the SS germplasm showed stronger

ability to develop a large primary root system under LN conditions
(Fig. 3). The SS germplasm may thus be a rich source of variation
for low-N-tolerance breeding. Interestingly, Yang et al. [39]
reported that SS showed the highest level of heterozygosity of SNPs
among all the subpopulations.

Across the 24 traits, heritability under HN conditions was low to
moderate (0.27–0.55), whereas heritability increased from moder-
ate to high under LN conditions (0.43–0.82). Similar results were
reported from other studies [31,38,50,51]. In our study, the h2 of
TRL, TPRL, PRL, and PLRL increased from 0.40–0.53 to 0.70–0.76
(Table S2), indicating that these root traits are more genetically
controlled, and thus more amenable to genetic improvement under
low-N environments.

4.2. GWAS and QTL analysis identify some common regions

Over the past few decades, numerous QTL affecting root pheno-
types have been described in multiple maize populations
[30,31,50,53–59]. Identification of consistent QTL in multiple map-
ping populations under multiple growth conditions is difficult but
would be helpful for verifying our results and particularly to prior-
itize candidate genes underlying these traits.

Guo et al. [29] conducted a meta-analysis of 428 QTL associated
with 23 maize root traits from 20 papers published between 2002
and 2018 and identified 53 meta-QTL over all the maize chromo-
somes. They also compared the meta-QTL with SNPs significantly
associated with maize root traits reported from several GWAS pro-
jects [35,36,38]. Several meta-QTL were consistent with those
found in our GWAS analysis. The 34 SNPs detected in our study
were distributed on chromosomes 1 to 8, including six core regions
in Bin 2.03, Bin 2.04, Bin 3.04, Bin 5.05, Bin 6.07, and Bin 8.05.
These results show that GWAS is feasible for the study of root
and shoot traits under different N treatments.

4.3. Complex molecular mechanisms of root and shoot growth under
varying N conditions

By identifying five candidate genes in regions containing signif-
icant SNP markers, we investigated the possible molecular mecha-
nisms affecting N-mediated root growth. Of course, these

Table 2
Number of significant SNPs detected for each trait.

Trait LN HN

MLM GLM JD MLM GLM JD

SDW 1 1 1 0 0 0
PH 1 3 1 1 2 1
RSR 0 4 0 1 1 1
RDW 0 1 0 1 3 1
TRL 0 0 0 0 2 0
TRSA 4 2 2 0 8 0
TRV 0 8 0 1 21 1
TPRL 3 0 0 0 0 0
TPRSA 0 0 0 1 1 0
PRL 1 0 0 0 0 0
LVLRZ 1 1 1 0 2 0
PLRL 0 1 0 0 0 0
VLRNPR 0 0 0 1 3 0
ALRLPR 3 49 0 10 43 6
VLRDPR 2 4 2 0 3 0
SRN 2 0 0 1 1 1
SRL 1 2 0 0 8 0
FWCRN 2 22 2 9 25 9
FWCRL 2 0 0 2 6 0
ARD 0 0 0 7 22 2
APRD 0 0 0 4 17 3
Total 23 98 9 39 168 25

Numbers of SNPs are given as detected using MLM, GLM, or both (JD).
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candidate genes have not been shown to be causative for the phe-
notypic variation observed in our GWAS panel. Furthermore, our
methodology relied on identifying annotated genes within
100 kb of SNPs as located on the B73 genome [43]. For this reason,
there may be loci more closely linked to our SNPs that were missed
in our analysis. Nonetheless, it is interesting to speculate about
gene functions that may account for the variation in traits. We
checked the expression of GRMZM2G364901, GRMZM2G144744,
GRMZM2G159032, and GRMZM2G045070 in whole roots of B73 in
response to N in previous studies [60–62] (Fig. S4). (1) Gene
GRMZM2G364901, located in Bin 2.04, contained two SNPs that
were significantly associated with TRSA under LN conditions. This
gene is expressed in both maize shoots and roots [63]. In Arabidop-
sis, it encodes PPO2, a putative protoporphyrinogen oxidase known
as MEE61 (maternal effect embryo arrest 61). Protoporphyrinogen
is rapidly oxidized to protoporphyrin in the cytoplasm, producing
large amounts of peroxide [64,65]. Zhao et al. [66] found that
maize roots grown under LN conditions accumulated more H2O2

than those grown under HN conditions. Moreover, protoporphyrin
can be processed to form heme, which induces root elongation
[67]. Two studies [68,69] have shown that plant hemoglobin cat-

alyzes the conversion of NO to nitrate. Trevisan et al. [70] found
that the spatial distributions of nitrate reductase and hemoglobin
transcripts in maize roots were regulated by nitrate. In roots,
nitrate can act as a signal to induce its own sensing via nitrate
reductase and hemoglobin dependent NO homeostasis. Nitrate
sensing is involved in root elongation [71]. (2) The candidate gene
GRMZM2G144744, located at Bin 1.09, contains a SNP associated
with LVLRZ under LN. It is also known as dwarf plant 8 (d8) and
encodes a DELLA protein. The d8 gene and its three major dwarf
alleles have previously been characterized at the molecular level.
In Arabidopsis, auxin mediates root growth by increasing the degra-
dation of gibberellin-responsive DELLA proteins [72]. It was also
found [73] that ethylene can inhibit root elongation by stabilizing
DELLA proteins. (3) GRMZM2G159032, located in Bin 6.07, contains
one SNP marker that is associated with PH under HN. This gene
encodes a histone deacetylase that is abundantly expressed in
the stem and apical meristem [63,74,75]. Tian and Chen [76]
reported that athda19 mutants exhibit dwarfing, leaf malforma-
tion, and asymmetric leaf growth. In rice (Oryza sativa L.), down-
regulation of OsHTD702 results in narrowed leaves and stems
[77]. It is interesting to speculate that increased histone deacety-

Fig. 4. Manhattan plots of TRSA (a), LVLRZ (b), and FWCRN (c) in LN and FWCRN (d) and PH (e) traits in HN using the mixed linear model (MLM). For each trait, the MLM
mapping results are shown. The dotted horizontal gray line in the figure indicates the �log10(P) significance threshold. Peaks with scores > �log10 (P) are outlined with dashed
boxes and the corresponding potential candidate genes with annotations are indicated.
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Fig. 5. LD patterns of SNPs in candidate genes and the allele effects of the most significant SNPs. (a and b) GRMZM2G364901 LD pattern in LN and its most significant SNP
allele effects. (c and d) GRMZM2G144744 LD pattern in LN and its most significant SNP allele effects. (e and f) GRMZM2G045070 LD pattern in LN and its most significant SNP
allele effects. (g and h) GRMZM2G045070 LD pattern in HN and its most significant SNP allele effects. (i and j) GRMZM2G159032 LD pattern in HN and its most significant SNP
allele effects. Red stars indicate the most significant SNP loci. For allele effects, the solid line in each box represents the median value. The top and bottom edges of each box
represent the 75th and 25th percentiles, respectively. *** indicates significance at P < 0.001 of the difference between genotypes.
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lase activity could increase growth and plant stature. (4)
GRMZM2G045070, located in Bin 2.04, is associated with FWCRN
under both LN and HN conditions. It encodes a MA3 domain-
containing translation regulatory factor (MRF). The MRFs are
thought [78] to interact with TOR to regulate protein synthesis,
especially in response to nutrient and energy availability. In Ara-
bidopsis roots, a TOR::GUS fusion protein is expressed in the quies-
cent center, apical meristem, and basal meristem. TOR kinase
senses photosynthetic products, and signals and transports them
from leaves to roots, thereby accelerating plant root elongation
and root meristem division [79,80]. The TOR pathway regulates
molecular and physiological adaptive responses to changes in N,
glucose, and amino acid levels in cells [81,82].
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