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density, N content and nitrogen use efficiency com-
pared to LNUE. Low N availability increased the 
percentage of root cortical aerenchyma and the size 
of cortical cells. Root anatomy, with greater forma-
tion of root cortical aerenchyma and larger cortical 
cell size, was associated with increased specific nitro-
gen absorption efficiency (SNAE) and shoot biomass 
under N stress. Under low N availability, the percent-
age of aerenchyma and their total area had significant 
positive correlations with the shoot dry weight, total 
N uptake, SNAE.
Conclusions The results suggest that plants in 
limited N availability form more root cortical aer-
enchyma and have larger cortical cells, which is of 
benefit to root growth, soil exploration, N acquisi-
tion, and shoot biomass. These observations support 
the hypothesis that root anatomical phenotypes that 
affect the metabolic and construction costs of pro-
ducing root length merit consideration as selection 

Abstract 
Aims To realize the so-called “Second Green Rev-
olution”, it is imperative to study the roots of crop 
plants, and identify those traits that improve the effi-
ciency of nitrogen (N) acquisition. We aimed to eval-
uate how the N acquisition efficiency of six hybrid 
maize lines commonly grown in northern China 
depends on their root anatomy.
Methods Maize hybrids classified as having high 
nitrogen uptake efficiency (HNUE) and low nitrogen 
uptake efficiency (LNUE) were grown under high-N 
and low-N conditions in the greenhouse and the field.
Results Under N stress in the field and the green-
house, HNUE increased shoot dry weight, root length 
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criteria for breeding to improve N acquisition in 
hybrid maize.

Keywords Root anatomical traits · Shoot biomass · 
Specific nitrogen absorption efficiency · Nitrogen 
deficiency

Introduction

The combined effects of stagnating crop yield gains, 
an increasing human population, and environmen-
tal degradation are a global challenge for agriculture 
(Wiesmeier et  al. 2015; Crist et  al. 2017; Raman-
kutty et al. 2018). Nitrogen (N) is a primary macro-
nutrient required for plant growth and yield, and 
N fertilizer intensification has been widely used to 
drive improvements in crop production (Hirel et  al. 
2007). However, while the use of chemical fertiliz-
ers in China increased by 51% from 1996 to 2005, the 
grain yield from Chinese cereals increased by only 
10% (Chen et  al. 2011). Losses of N from fertilizer 
applications can either increase linearly or exponen-
tially especially when N fertilizer rates exceed the 
optimal N fertilizer, due to nitrate leaching, ammonia 
volatilization, and  N2O emission (Jia et al. 2014; Sun 
et al. 2017; Song et al. 2018; Bizimana et al. 2021). 
Deploying excessive N inputs gives rise to environ-
mental problems such as eutrophication (Huang et al. 
2017), greenhouse gas emission (Xia et al. 2017), and 
soil acidification (Raza et al. 2020). These problems 
have become increasingly severe in rapidly develop-
ing countries, and have significant environmental 
consequences on a global scale. If we are to meet the 
growing demand for food without further compromis-
ing the Earth’s environmental integrity, it is essen-
tial to come up with novel strategies to substantially 
increase yield trajectories in a sustainable way. This 
paper studies the root anatomy of maize hybrids in 
environments with varying N availability as a possi-
ble angle of approach to this challenge.

Roots are directly responsible for nutrient and 
water acquisition and the spatial distribution of the 
root system throughout the soil profile determines 
the capacity of a plant to acquire resources with het-
erogeneous distributions (Yu et al. 2014; Liu et al. 
2017; Lynch 2019, Zhang et al. 2020). For example, 
increased numbers of lateral roots and nodal roots 
and longer length of root hairs have been shown 

help crops like maize to acquire nutrients distrib-
uted near the soil surface, whereas reduced number 
of nodal roots, reduced lateral branching density, 
and steeper root angles permit deeper rooting and 
improve the capture of resources localized in deeper 
soil strata (Trachsel et  al. 2013; Zhan and Lynch 
2015; Saengwilai et  al. 2014a; Sun et  al. 2018; 
Lynch 2019).

Lynch (2013) proposed an ideotype for superior N 
and water acquisition in maize called “Steep, Cheap 
and Deep (SCD)”, which is comprised of root archi-
tectural, anatomical, and physiological phenotypes 
that could be expected to feature an increased root-
ing depth and thereby an enhanced ability to capture 
nitrate. Previous studies on recombinant inbred maize 
lines have demonstrated that root anatomical traits 
such as the area of root cortical aerenchyma (Saeng-
wilai et  al. 2014b), living cortical area (Galindo-
Castañeda et al. 2018), cortical cell size (CCS) (Chi-
mungu et  al. 2014a) and cortical cell file number 
(CFN) (Chimungu et  al. 2014b), influence nutrient 
and water acquisition efficiency under edaphic stress. 
Although the research on the recombinant inbred 
maize lines used in these studies contributes to our 
understanding of how genetics control the root anat-
omy, and sheds light on the relationships between 
root phenotypes and their N capture efficiency (Lynch 
2015; Saengwilai et  al. 2014b), these inbred lines 
are not representative of the hybrid genotypes com-
monly used in agricultural settings around the world. 
It is worth studying genetic variations that control the 
root anatomy, and therefore the NUE, of hybrid maize 
lines, because they are essential for potential breeding 
approaches aimed at developing maize genotypes that 
produce more grain with less N input.

This paper studies the roots of hybrid maize geno-
types grown under high-N and low-N conditions in 
the greenhouse and in the field, with the aim to evalu-
ate the relationship between their anatomical traits 
and their ability to acquire N. Based on our previous 
screening work, we selected six hybrid maize geno-
types featuring contrasting nitrogen uptake efficiency 
(NUE) (high nitrogen uptake efficiency and low nitro-
gen uptake efficiency: HNUE and LNUE, respec-
tively). We hypothesized that hybrid genotypes with 
the HNUE phenotype had root anatomical traits that 
served to reduce the metabolic costs of soil explo-
ration (such as increased root cortical aerenchyma, 
reduced CFN and large CCS), leading to increased 
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capacity of N uptake and a better performance under 
N limitation.

Materials and methods

Maize hybrids included in the study

This study utilized six maize (Zea mays L.) geno-
types: Zhengdan 958 (ZD), Nongda 108 (ND), 
Zhongnong 99 (ZN), Xianyu335 (XY), Xiuqing 73–1 
(XQ) and Lainong14 (LN). These genotypes are sin-
gle cross hybrids that are commonly cultivated in the 
summer maize production area of northern China. 
These varieties were selected based on a study con-
ducted in the field from 11 June to 8 October 2013, 
which included 13 varieties of common maize 
hybrids that were evaluated after having been grown 
in two different environments; HN, with a sufficient N 
supply of (260 kg N  ha−1), and LN, with a deficient N 
supply of (80 kg N  ha−1). For this experiment, shoots 
were sampled 108 d after planting, and the 13 varie-
ties were grouped into four categories based on the 
shoots’ biomass (Fig.  S1) with the following result: 
ZD, ND and ZN were classified as genotypes of high 
nitrogen use efficiency (HNUE), XY, XQ and LN 
were classified as genotypes of low nitrogen use effi-
ciency (LNUE) under low nitrogen conditions.

Design of the greenhouse experiments

The greenhouse experiments utilized a randomized 
complete block design, in the greenhouse at the 
Maize Technological Innovation Center, located 
at Shandong Agriculture University (36°09′N, 
117°09′E, 128  m above sea level) in Tai’an. The 
greenhouse experiments were started in June 2014. 
We grew all six maize hybrids (ZD, ZN, ND, XY, 
XQ, and LN) and applied HN and LN treatments to 
each of them, for a total of 12 experiments. Maize 
plants were grown in PVC cylinders that were 
15.2  cm in diameter and 100  cm in height, and 
contained 18 L of growth medium composed of 
45% sized commercial grade sand, 45% vermicu-
lite, 5% perlite, 5% topsoil (containing 0.85 g N per 
kilogram soil). The low N soil incorporated into 
the growth medium was collected from the Maize 
Technological Innovation Center in Tai’an (sandy 
loam, Typic Hapli-Udic Argosol, pH = 6.85). Before 

planting, a polymer-coated urea fertilizer containing 
42% N, (Kingenta Ecological Engineering Co. Ltd., 
Shandong, China) was uniformly mixed into the 
growth medium from 0–15  cm depth. The High-N 
(HN) treatment received 4.2 g N per plant, and the 
Low-N (LN) treatment received 1.5  g  N per plant. 
Each block was replicated four times. Seeds of the 
six genotypes were surface-sterilized in 0.05% v/v 
NaOCl in water for 30 min and hydrated for 24 h in 
0.5 mM  CaSO4, then placed in darkness at 28 ± 1 °C 
in a germination chamber for 2 d. Two days before 
planting, each cylinder was irrigated with 3.0 L of 
deionized water. Three seedlings were transferred 
into each cylinder and then thinned to one plant per 
cylinder 5 d after transplanting. Following seedling 
establishment, 200  ml of water was applied in the 
HN and LN treatments every other day. Irrigation 
volume and frequency increased as plant develop-
ment proceeded.

Plants were harvested 40 d after planting (V6 
stage). Shoots were excised at the soil surface, 
oven-dried at 80  °C for 72  h, and weighed and 
ground for nutrient analysis. N content was ana-
lyzed with a Rapid N analyzer (Elementar, Ger-
many). Roots were separated from the soil by 
vigorous rinsing with water at low pressure, and 
after which they were stored at 4  °C until further 
analysis. The vitality of apical root segments was 
estimated according to the triphenyl-tetrazolium 
chloride (TTC) reduction method (Li, 2000). For 
the root vitality analysis, about 0.5  g of fresh root 
samples originating from the root section at 0–2 cm 
from the root tip were cut into 1–2  cm long frag-
ments and put into 25  ml vials containing 5  ml 
TTC solution (0.4% (w/v) TTC) and 5  ml pH 8.4 
Tris–HCL buffer solution. Then, the samples were 
degassed for 15  min under vacuum, and incubated 
for 20  h at 30 ℃ (Clemensson-Lindell 1994) and 
subjected to dehydrogenase extraction for 15 min at 
80 ℃ using 95% (v/v) ethanol. Finally, the samples 
were analyzed through measuring the absorption at 
485 nm, and calculating the TTC reduction per unit 
mass. The root length was determined by scanning 
the roots at a resolution of 600 dpi (Epson, Perfec-
tion V700 Photo, Epson America, Inc. USA), and 
analyzing the scans using the WinRhizo software 
(2016 WinRhizo Pro, Régent Instruments, Québec, 
Canada), which provides values for the root length 
density (cm root length per  cm3 soil). The specific 
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N absorption efficiency (SNAE) of the shoots was 
calculated from their total N content per unit root 
dry weight (g  g−1).

To analyze the anatomical traits of the plant 
roots, a 4  cm root segment was excised from each 
plant at 5 cm from the base of a third nodal crown 
root and stored in 75% ethanol at 4  °C prior to 
sectioning. Root cross sections with a thickness 
of 30—50  μm were obtained using Teflon-coated 
double-edged stainless-steel blades and examined 
using a DM21-J1200 light microscope. The micro-
scope was fit with a black and white XC-77 CCD 
Video Camera Module (SonyCorporation, Tokyo, 
Japan). Images were captured and saved using the 
Scope Image 9.0 software and subsequently ana-
lyzed with the RootScan program to characterize 
the root anatomical phenotypes (Burton et al. 2012). 
Root anatomy traits measured included root cross-
section area (RXSA), total cortex cross-section area 
(TCA), total stele cross-section area (TSA), total 
aerenchyma area (AA), cortical cell area (CCA), 
total metaxylem vessel area (MXVA), median corti-
cal cell size (CCS), median single metaxylem vessel 
area (MXA), percentage of aerenchyma area in the 
cortex (AAP), number of cortical cell files (CFN), 
number of metaxylem vessels (MXN), percentage 
of total metaxylem vessel area in the stele (MXP) 
(Table 1).

Design of the field experiments

Field experiments were carried out at the Maize Tech-
nological Innovation Center, located at Shandong 
Agriculture University in Tai’an (36°09′N, 117°09′E, 
128  m above sea level), from 14 June 2014 to 10 
October 2014 and from 16 June 2015 to 11 October 
2015. The soil at the field is sandy loam (Typic Hapli-
udic Argosols). All assays were conducted at the 
State Key Laboratory of Crop Biology located at the 
Shandong Agriculture University. Initial soil status 
was: total N, 0.53 g   kg−1; Alkali-N, 57.79 mg   kg−1; 
Olsen-P, 14.2 mg   kg−1; organic matter, 11.3 g   kg−1; 
pH, 6.9.

The field experiment was arranged in randomized 
complete block design with two N treatments (HN 
and LN) for each of the six hybrids. All treatments 
were replicated three times in separate plots. Each 
plot was 6 × 10  m, and was arranged with 25  cm 
between plants within a row and 60 cm between rows. 
A thin polymer-coated urea containing 42% N was 
applied at the seeding and V12 stage, for a total N 
input of 300  kg  N   ha−1 for the HN treatment and a 
total N input of 150 kg N  ha−1 for the LN treatment. 
At seeding,  P2O5 and  K2O were applied at a rate of 
300 kg  ha−1. Irrigation was carried out as needed.

Shoots were sampled at 108 d after planting. Three 
adjacent plants were randomly selected for shoot dry 
weight, and dried at 70  °C. A block of soil (60  cm 
length × 25  cm width × 60  cm depth) was extracted 
from the center of the region surrounding the plant. 
To determine the grain yield at the maturity stage, all 
ears of the plants in 5 m from the middle three rows 
in each plot were harvested and analyzed. The exca-
vated roots were cleaned by vigorous rinsing with 
water at low pressure, after which the total root length 
was determined by scanning the roots at a resolution 
of 600 dpi (Epson, Perfection V700 Photo, Epson 
America, Inc. USA), and analyzing the scans using 
the WinRhizo software (2016 WinRhizo Pro, Régent 
Instruments, Québec, Canada). After analysis, the 
scanned roots were oven-dried at 80 °C for 72 h and 
weighed to determine the root dry weight.

Statistical analysis

Experimental data were statistically analyzed accord-
ing to a one-way, two-way and three-way ANOVA 
analysis using the SPSS software (SPSS 20.0, IBM 

Table 1  Anatomical traits measured in this study, trait abbre-
viations, and explanations

Abbreviation Trait explanations

RXSA Root cross-section area
TCA Total cortex cross-section area
TSA Total stele cross-section area
AA Total aerenchyma area
CCA Cortical cell area
CCS Median cortical cell size
MXVA Total metaxylem vessel area
AAP Percentage of aerenchyma area in the cortex
CFN Number of cortical cell files
MXN Number of metaxylem vessels
MXP Percentage of total metaxylem vessel area in 

the stele
MXA Median single metaxylem vessel area
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Corp., Armonk, NY, USA). Tukey’s Honest Sig-
nificant Difference method (α = 0.05) was used for 
multiple comparisons. Linear regression analysis 
and Pearson correlation coefficients were calcu-
lated by OriginLab (OriginLabPro2020b, OriginLab 
Corp., Northampton, Massachusetts, USA). Redun-
dancy analysis (“vegan” package) and random Forest 
(“RRF” package based on 100 trees) were employed 
to present the variable importance of root anatomy in 
R language of version 4.0.2 (R Core Team 2020).

Results

Shoot and root biomass

Neither the field nor the greenhouse experiments, 
revealed any significant differences in shoot biomass 
between plants of the included genotypes that had 
been subjected to the HN treatment (Fig. 1A and G; 
Fig.  2A). As expected, plants subjected to the LN 
treatment exhibited a lower shoot and root biomass 

Fig. 1  Shoot dry weight (A, G), root dry weight (B, H), root 
length density (C, I), grain yield (D, J), nitrogen content (E, 
K), specific nitrogen absorption efficiency (SNAE) (F, L) 

at maturity stage in 2014 and 2015 in the field under high-N 
and low-N conditions. The gray bar and pink bar represent the 
HNUE and LNUE group, respectively

Plant Soil (2022) 474:265–276 269
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Fig. 2  Shoot dry weight (A), root dry weight (B), root length 
density (C), TTC reduction (D), nitrogen content (E), specific 
nitrogen absorption efficiency (SNAE) (F) at 40  days in the 

greenhouse under high-N and low-N conditions. The gray bar 
and pink bar represent the HNUE and LNUE group, respec-
tively

Table 2  Summary of analysis of variance for shoot dry weight 
(SDW), root dry weight (RDW), nitrogen content (NC), root 
length density (RLD), specific nitrogen absorption efficiency 
(SNAE), grain yield (GY), as influenced by nitrogen (N), 

maize varieties (MV) and year (Y) in field. The associated 
F-values and probabilities (†P ≤ 0.1, *P ≤ 0.05, **P ≤ 0.001, 
***P ≤ 0.0001) are shown

Effect SDW RDW NC RLD SNAE GY

N 451.27*** 112.50*** 212.01*** 391.78*** 30.17*** 217.23***
MV 163.50*** 93.93*** 188.56*** 179.41*** 36.23*** 188.56***
Y 9.54* 2.89† 1.67 3.999† 0.23 12.29**
Y * N 92.94*** 26.44*** 26.16*** 49.77*** 0.01 86.07***
Y * MV 8.19* 2.42 1.44 3.72 0.01 10.89*
N * MV 57.48*** 16.40** 27.96*** 48.99*** 8.47* 33.79***
Y * N * MV 9.64* 1.97 1.06 3.75† 0.02 11.93**
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than those that received the HN treatment, but we 
also observed significant differences between plants 
from different genotypes in the field (Table  2 and 
3). For maize grown in the field experiments in both 
2014 and 2015, we found that the shoot biomass of 
plants of HNUE genotypes subjected to the LN treat-
ment was on average 18.89% lower than that of plants 
subjected to the HN treatment, while that of LNUE 
genotypes was 39.52% lower (Fig. 1A and G). In the 
field, HNUE genotypes had 21.43% and 43.57% sig-
nificant greater root dry weight than LNUE genotypes 
in 2014 and 2015 (Fig. 1B and H). With respect to the 
greenhouse experiments, the shoot biomass of plants 
of HNUE genotypes that were subjected to the LN 
treatment was on average 25.61% lower than that of 
plants subjected to the HN treatment, and for plants 
of LNUE genotypes it was 56.86% lower (Fig. 2A).

Analysis of the roots contained in the excavated 
blocks of soil from the field experiments showed that 
the root dry weight of plants from the LNUE group 
was significantly lower than that of plants from the 
HNUE group, under both HN and LN conditions 
(Fig. 1B and H). The root dry weight of plants from 
the LNUE group subjected to the LN treatment was 
28.39% and 48.96% lower than that of plants from the 
HNUE group in 2014 and 2015, respectively (Fig. 1B 
and H). In the greenhouse, low N availability signifi-
cantly decreased the root dry weight (Table  3), but 
plants of HNUE genotypes that were subjected to 
the LN treatment had a significantly greater root dry 
weight than those of LNUE genotypes (Fig. 2B). Root 
dry weight was reduced by 12.53% and 32.77% under 
the low N conditions for HNUE and LNUE geno-
types, respectively, compared with that under high N 
conditions in the greenhouse (Fig. 2B).

Root length density and TTC reduction

In the field and greenhouse, root length density 
(RLD) was significantly influenced by both N treat-
ment and the NUE phenotype (Table 2 and 3). Ana-
lyzing the roots contained in the excavated blocks 
of soil from the field experiment showed that low 
N availability gave rise to a reduced RLD (Fig.  1C 
and I). Under low N availability, the RLD of plants 
of genotypes from the HNUE group was 47.30% and 
110.17% higher than that of plants from the LNUE 
group in 2014 and 2015, respectively (Fig. 1 C and I). 
Under low N conditions, measurements of the RLD 
showed a clear suppression of maize root growth 
(Fig.  2C). Additionally, differences in RLD of the 
NUE groups was observed where the RLD of the 
LNUE group averaged 2.40 mm  cm−3, while that of 
the HNUE group averaged 5.18 mm  cm−3 under low 
N conditions in the greenhouse (Fig.  2C). Further-
more, compared with the HN treatment, RLD was 
reduced by 25.51% and 63.49% of the HNUE and 
LNUE groups, respectively under low N conditions in 
the greenhouse (Fig. 2C).

The ability of root cells to reduce TTC to triphenyl 
formazan is a measure of cell vitality. The level of 
TTC reduction in root tips was significantly affected 
by both N level and NUE phenotype (Table 3). Low 
N availability reduced the level of TTC reduction by 
28.75% relative to the level measured under high N 
availability. When subjected to the LN treatment, the 
level of TTC reduction in the cells from the root tips 
of plants from the HNUE group subject to the LN 
treatment was 57.68% higher than that in the cells 
from the root tips of plants from the LNUE groups, 
which indicates an enhanced vitality (Fig. 2D).

Table 3  Summary of analysis of variance for shoot dry 
weight (SDW), root dry weight (RDW), nitrogen content 
(NC), root length density (RLD), specific nitrogen absorb 
efficiency (SNAE), TTC reduction (TTC), root cross-section 
area (RXSA), total cortex cross-section area (TCA), cortical 
cell area (CCA), median cortical cell size (CCS), total aeren-

chyma area (AA), percentage of aerenchyma area in the cor-
tex (AAP), number of cortical cell files (CFN), as influenced 
by nitrogen (N) and maize varieties (MV) in the greenhouse. 
The associated F-values and probabilities (†P ≤ 0.1, *P ≤ 0.05, 
**P ≤ 0.001, ***P ≤ 0.0001) are shown

Effect SDW RDW NC RLD SNAE TTC RXSA TCA CCA CCS AA AAP CFN

N 290.38*** 29.98** 87.26** 79.61** 92.77** 18.17* 6.90* 6.66* 31.84** 18.01** 34.57** 41.93** 4.42*
MV 42.07** 2.51 4.69* 22.71** 7.67* 6.41* 1.26 2.06 8.59* 19.87** 8.47* 10.03* 0.06
N*MV 54.75** 14.13* 35.01** 12.92* 6.02* 4.99* 2.61 2.21 15.94** 8.83* 2.47 2.55 4.42*
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N uptake and uptake efficiency

In the field and greenhouse, N uptake and N uptake 
efficiency were significantly influenced by both N 
treatment and the NUE genotype (Table 2 and 3). In 
the field, HNUE genotypes had significantly greater N 
uptake and N uptake efficiency than the LNUE group 
under low N conditions in 2014 and 2015 (Fig. 1E, F, 
K and L). Compared with plants grown under high N 
availability, greenhouse mesocosms with low N avail-
ability resulted in 29.57% less N uptake and 24.20% 
lower SNAE for the HNUE genotypes, and 62.24% 
less N uptake and 41.19% lower SNAE for the LNUE 
genotypes (Fig. 2E and F). Under low N conditions in 
the greenhouse, HNUE genotypes had 73.54% greater 
N uptake and 30.28% greater N uptake efficiency than 
the LNUE group (Fig. 2E and F).

Root anatomical traits

In the greenhouse, low N availability significantly 
affected the RXSA, CCA, CCS, CFN, AA and AAP 
(Table  3). HNUE genotypes had greater CCA and 
CCS, and had less AA and AAP than LNUE geno-
type under high N conditions (Fig. 3). Under low N 
conditions, analysis of variance indicated that maize 
variety had a significant effect on AA, AAP, and CCS 
(Fig.  3; Table  S1). HNUE genotypes had an aver-
age of 36.27% greater AA, 31.66% higher AAP and 
15.28% larger CCS than LNUE genotypes under low 
N conditions when analyzed by one-way ANOVA for 
genotypes under just low N conditions (Fig. 3D, G, I; 
Table S1).

We subsequently performed a redundancy analysis 
(RDA) to illustrated how the observed root anatomical 
traits affected the N acquisition parameters; N content 
(NC) and SNAE under low N conditions (Fig. 4). The 
RDA showed that anatomical traits of roots signifi-
cantly affected their capacity for N acquisition, giving 
rise to a total explained variation of 72.25% (F = 4.69, 
p = 0.036). The first two principal components (PC 
1 and PC 2) explain 97.51% and 2.49% of the vari-
ation in response to the NC and SNAE (Fig.  4). 
Among all the constraining variables, the CCS and 
the AA had the most significant influence on the N 
uptake index, and explained 16.21% (p = 0.009) and 
39.78% (p = 0.005) of the variance (Table S2). As for 
the RXSA, TCA, TSA, CCA, MXA MXN, AAP, and 
CFN: none of these variables had a significant impact 

on the N uptake index (Table S2). As calculated by 
the random forest algorithm, the most important vari-
ables that significantly affected the NC were the CCS 
and AA (Fig. S2). And the most important variables 
that significantly affected the SNAE were the CCS, 
AA and AAP (Fig. S2).

Another correlation analysis using Pearson algo-
rithm revealed that under low N availability, AA and 
AAP had significant positive correlations with shoot 
biomass, total N uptake, SNAE, root length density; 
CCS had significant positive correlations with shoot 
biomass, root length density and root surface area 
(Fig. 5).

Discussion

Our study analyzed the relationship between root 
anatomical phenotypes and their N uptake, using 
hybrid maize genotypes with contrasting NUE. Our 
data revealed that, compared to hybrid maize plants 
of LNUE genotypes, those of HNUE genotypes fea-
tured a greater root dry weight, a greater RLD, and an 
improved vitality of the cells in their root tips (Fig. 2). 
The formation of root cortical aerenchyma was asso-
ciated with a reduction of root respiration, thus that 
reduced the metabolic cost of soil exploration (Saeng-
wilai et al. 2014b). And the large CCS was proposed 
to increase the percentage of vacuolar to cytoplasmic 
volume, which could reduce the metabolic cost of 
living tissue by less root respiration and less carbon 
cost of nutrient content (Lynch 2013). A redundancy 
analysis and a Pearson’s correlation analysis revealed 
that hybrid maize plants exhibit significant correla-
tions between the root anatomical traits associated 
with reduced metabolic costs (CCS, AA, and AAP) 
and their efficiency of N uptake (Figs. 3, 4, S3).

In the present study, under low N conditions 
HNUE genotypes had greater root length per vol-
ume of soil than those of LNUE genotypes, and that 
they increased root length growth more than LNUE 
varieties (Fig.  1 and 2); a likely factor contributing 
to the improved N acquisition of these hybrids. The 
enhanced TTC reduction observed in the cells in the 
root tips of plants of HNUE hybrids may be related 
to the fact that older root segments produce more 
aerenchyma, which facilitates the remobilization of 
growth-limiting resources to the root apices, thereby 
stimulating continued root growth (Abiko and Obara 
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2014). N in lysed root tissue of plants with greater 
root cortical aerenchyma can be reabsorbed and uti-
lized to support growth of additional root length or 
shoot biomass, as was suggested in a study by Saeng-
wilai (2014b). Similarly, in the present study with 
hybrid maize lines, the formation of aerenchyma 
was positively correlated with shoot biomass, TTC 
reduction, root length and N content (Fig.  4 and 5). 

Additional evidence was found by Peng et al (2010), 
who showed that the N-efficient maize inbred line 478 
had a larger root system and longer total root length 
than that of the N-inefficient inbred line Wu312, 
indicating a higher relative growth rate of roots and 
greater capacity for N uptake in the N-efficient line.

In addition to the remobilization of resources, 
root anatomical traits like large cortical cell size 

Fig. 3  Root anatomy parameter of different NUE maize varie-
ties at 40 days in the greenhouse under high-N and low-N con-
ditions. A, RXSA, root cross-section area; B, TCA, total cor-
tex cross-section area; C, TSA, total stele cross-section area; 
D, AA, total aerenchyma area; E, CCA, cortical cell area; F, 
MXVA, total metaxylem vessel area; G, CCS, median corti-

cal cell size; H, MXA, median single metaxylem vessel area; 
I, AAP, percentage of aerenchyma area in the cortex; J, CFN, 
number of cortical cell files; K, MXN, number of metaxylem 
vessels; L, MXP, percentage of total metaxylem vessel area in 
the stele. The gray bar and pink bar represent the HNUE and 
LNUE group, respectively
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and aerenchyma in older root segments also serve 
to reduce the metabolic costs of soil exploration per 
length of root, allowing for greater root length and 
enhanced exploration of soil volume. This is evi-
denced by the positive correlations between aeren-
chyma and root length density, as well as root length 
density and N uptake (Fig. 5). The metabolic cost of 
soil exploration by roots is quite substantial and can 
exceed half of the energy captured daily by photo-
synthesis (Lambers et  al. 2002). Therefore, one of 
the key aspects involved in a plant’s successful adap-
tation to edaphic stress is the efficiency with which 
it can utilize metabolic resources for soil explora-
tion (Lynch 2019). In the present study, redundancy 
analysis revealed the relative importance of variations 
in a plant’s root anatomical traits for its capacity to 
acquire N, which suggests that increasing the number 
of root cortical aerenchyma and the cortical cell size 
could improve N acquisition significantly (Fig.  5). 
Our results in hybrid maize lines support previous 
observations in inbred maize lines that, confirming 
that enhanced root cortical aerenchyma formation is 
associated with improved N use efficiency (Saeng-
wilai, 2014b). In addition to benefit under N stress, 
Zhu et al (2010) showed that under water stress maize 
inbred lines with more root cortical aerenchyma had 

Fig. 4  Redundancy analysis (RDA) of nitrogen acquisition 
in relation to root anatomical traits under low-N conditions. 
Note: NC, nitrogen content; SNUE, specific nitrogen absorp-
tion efficiency; RXSA, root cross-section area; TCA, total cor-
tex cross-section area; TSA, total stele cross-section area; AA, 

total aerenchyma area; CCA, cortical cell area; MXVA, total 
metaxylem vessel area; CCS, median cortical cell size; MXA, 
median single metaxylem vessel area; AAP, percentage of aer-
enchyma area in the cortex; CFN, number of cortical cell files; 
MXN, number of metaxylem vessels; MXP, percentage of total 
metaxylem vessel area in the stele

Fig. 5  Correlations of root anatomy and plant growth index 
at 40  days in the greenhouse under low-N conditions. Note: 
SDW, shoot dry weight; NC, nitrogen content; SNAE, specific 
nitrogen absorption efficiency; RDW, root dry weight; RLD, 
root length density; TTC, root TTC vitality; RXSA, root cross-
section area; TCA, total cortex cross-section area; TSA, total 
stele cross-section area; AA, total aerenchyma area; CCA, 
cortical cell area; MXVA, total metaxylem vessel area; CCS, 
median cortical cell size; MXA, median single metaxylem ves-
sel area; AAP, percentage of aerenchyma area in the cortex; 
CFN, number of cortical cell files; MXN, number of metax-
ylem vessels; MXP, percentage of total metaxylem vessel area 
in the stele. n = 18. * p <  = 0.05, ** p <  = 0.01, *** p <  = 0.001
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five times greater biomass and eight times greater 
yield than inbred lines with lower root cortical aer-
enchyma. Chimungu et  al (2015) similarly showed 
that expression of root cortical aerenchyma in inbred 
maize roots was strongly correlated with grain yield 
under water stress.

Living cortical area refers to the portion of the 
cortex that remains alive after the formation of aer-
enchyma (Jaramillo et  al. 2013). A key component 
of living cortical area that can affect the respiratory 
costs and utilization of growth limiting resources is 
the size of the cortical cells that compose the remain-
ing cortex. Similar to the formation of aerenchyma, 
large cortical cell size has been observed to improve 
drought tolerance by reducing the metabolic cost of 
soil exploration, which enables deeper soil explo-
ration, increases its capacity to acquire water from 
deeper soil horizons, and improves its growth and 
yield under water stress (Chimungu et  al. 2014a). 
In the present study, cortical cell size was positively 
correlated with shoot biomass and N uptake effi-
ciency under low N availability (Figs.  4, 5). Thus, 
genotypes with high N acquisition efficiency had the 
greater root cortical aerenchyma formation and large 
cortical cell size, which supports the hypothesis that 
the anatomical elements of the ideotype for optimal 
nitrate capture conform to the anatomical elements of 
the “Steep, Cheap and Deep” ideotype suggested by 
Lynch (Lynch 2013).

Conclusion

In conclusion, we observed substantial phenotypi-
cal differences with respect to the growth of and N 
utilization by hybrid maize plants under varying N 
availability, and found that these differences were 
associated with the anatomical traits of their roots. 
Our results demonstrated that HNUE hybrids had 
greater formation of root cortical aerenchyma and 
large cortical cell size than LNUE hybrids. Conse-
quently, we concluded that HNUE hybrids have the 
capacity to allocate more carbon remobilize N to sup-
port new root growth, thereby increasing root length, 
soil exploration, and N uptake. Root anatomical traits 
like aerenchyma that reduce the metabolic costs of 
soil exploration and enhance N acquisition efficiency, 
are a promising breeding target for improving the N 
foraging capability of hybrid maize varieties, and 

might be instrumental to making progress on the path 
towards agricultural sustainability.
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