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Abstract

Background and aims The production of maize (Zea
mays L.) is restricted by various edaphic stresses, in-
cluding drought and low-fertility soil. Searching for
genotypes with optimal root traits is a promising prac-
tice when breeding for improved adaptation to abiotic
stress and resource-use efficiency.

Methods Using an established semi-hydroponic pheno-
typing technique, we assessed root trait variability
across 174 maize genotypes including 113 cultivars
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and 11 breeding lines from northern China and 50
Serbian hybrids.

Results Large variation in root architecture traits was
observed among the tested genotypes 28 days after
transplanting. Sixteen of the characterized traits had
coefficients of variation greater than 0.25, especially
local root traits. Root traits including total root length,
root length at various depths, total shoot mass and nodal
root angle, should be considered in maize breeding
programs. Genotype ranking data based on a composite
score was used to assist in the selection of genotypes
with contrasting root architecture traits for future
studies.

Conclusion This study identified genotypic variation in
root architecture traits in a diverse genotypes of maize.
The outcomes of this study could form a basis for maize
breeding programs aimed at producing maize cultivars
for improved adaptation to target environments.

Keywords Maize - Root traits - Phenotyping -
Phenotypic variation - Adaptation - Stressed
environments

Introduction

Plant roots play an essential role in water and nutrient
acquisition and thus influence plant health, environmen-
tal adaptation, and productivity (Hinsinger et al. 2011;
Lynch and Wojciechowski 2015; Paez-Garcia et al.
2015). Crop growth and grain yield rely on the capacity
of the root system to forage and capture soil resources
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(Dunbabin et al. 2003; Osmont et al. 2007; Sadras et al.
2016). Progress in root research is well-behind that of
aboveground plant parts since accessing roots for re-
search is inherently difficult (Smith and De Smet 2012).
Alterations to root growth and root system architecture
(RSA) are a critical adaptive strategy of crops to cope
with drought, soil infertility and other edaphic stresses
(Mi et al. 2016). Therefore, it is important to breed
cultivars that have root systems with improved adapta-
tion to edaphic stresses and water and nutrient efficien-
cies (Siddique et al. 2001). It is estimated that, on
average, grain yield increases result from an equal con-
tribution of farm management and plant breeding
(Duvick 2005). Developing future crop genotypes with
efficient root systems for enhanced abiotic stress toler-
ance is vital for improved crop adaptation.

Maize (Zea mays L.), the largest crop in plant shoot
size, is widely planted around the world with annual
productivity of ~700 million metric tons (Ranum et al.
2014). Maize has an embryonic root system
(Hochholdinger 2009). A series of root traits have been
identified that are associated with plant performance in
specific environments (Ogawa et al. 2014; Ruta et al.
2010; Valliyodan et al. 2017). Variations in total root
number, root angles, seminal root length, and root dry
weights observed in some maize genotypes showed
correlations to nitrogen acquisition, drought resistance
and/or grain yield in several studies (Abdel-Ghani et al.
2013; Chun etal. 2005; Lietal. 2015; Wang et al. 2016).

The development of a semi-hydroponic phenotyping
system (Chen et al. 2011a) serves as an efficient tool for
characterizing root traits in large numbers of germplasm
in various crop species, including narrow-leafed lupin
(Lupinus angustifolius L.) (Chen et al. 2011a, 2011b,
2012, 2016), chickpea (Cicer arietinum L.) (Chen et al.
2017), wheat (Triticum aestivum L.), and barley
(Hordeum vulgare L.) (unpublished). This study used
the semi-hydroponic phenotyping system to character-
ize root trait variability in 174 maize genotypes. We
hypothesized that root architecture traits in a large set
of maize germplasm have significant variation, and that
genotypes differ in the traits at both global and local
levels. The variation in different traits may influence
root function in exploiting water and nutrients in the
soil.

This study aimed to characterize several root-related
traits at both global and local levels across genotypes,
identify variation among genotypes, and discuss on how
the differences in some traits affect their function. The
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outcomes of this study will help in the selection of
representative genotypes with contrasting root proper-
ties for further study in soil under both controlled and
field environments, and enhance our understanding of
the relative contribution of individual root traits to root
architecture and plant performance.

Materials and methods
Maize genotypes

A collection of 174 maize (Zea mays L.) genotypes was
used in this study, which included 124 genotypes from
northern China (113 local cultivars and 11 breeding
lines) and 50 hybrid lines from Serbia (Table S1). The
Chinese cultivars were released from 2000 to 2015.
These genotypes were selected based on their expansive
growth area, grain yield, drought tolerance and disease
resistance (Table S1). Seeds of the Chinese genotypes
were gathered from various sources, including maize
breeding research groups at the Northwest A&F Uni-
versity and the Crop Research Institute of Gaoling,
China, and the Serbian hybrid lines were imported from
the Institute of Field and Vegetable Crops, Serbia.

Experimental design and growth conditions

The experiment was conducted in a glasshouse at North-
west A&F University, Yangling (34° 16’ N, 108° 4" E)
using a semi-hydroponic phenotyping system (Fig. 1a)
(Chen et al. 2011a). Four plants of each genotype
planted in four replicate bins were arranged in a ran-
domized block design in 24 wheelie bins (240-L
capacity) with six bins as one replicate. Each bin system
accommodated 36 plants with two plants in each growth
unit and buffer plants were used when required to ensure
an equal number of plants allocated to each bin.

The details of the setting of the semi-hydroponic
system are described in Chen et al. (2011a). Each bin
was filled with 30 L of low-concentration nutrition
solution containing (uM): K (1220), P (20), S (1802),
Ca (600), Mg (200), Cu (0.2), Zn (0.75), Mn (0.75), B
(5), Co (0.2), Na (0.06), Mo (0.03), Fe (40), and N
(2000). The calico black cloth in the plant growth units
maintained moisture via automatic pumping systems.
The solution was renewed weekly, and the pH was
monitored frequently. The average daily temperature



Plant Soil (2019) 439:75-90

77

Fig. 1 Maize plants grown in a semi-hydroponic phenotyping
platform, 28 days after transplanting (a, b) and an example of root
systems of two different genotypes (genotype #158 and #123) (c¢).

during the experimental period was approximately 25/
15 °C (day/night).

Planting and harvesting

Surface-sterilized seeds were sown in washed river
sand. Four days after sowing, the germinated seeds were
carefully washed with DI water to remove the sand and
transplanted into the growth pouches of the phenotyping
system. The 24 bins were arranged in four rows in a
glasshouse and randomized weekly. Plants were har-
vested 28 days after transplanting (when the maximal
roots of approximately half the plants had reached the
bottom of the 60-cm long black cloth).

Maize has an embryonic root system that includes the
primary root and seminal roots, as well as a post-
embryonic root system of shoot-borne nodal roots that
emerge over time (Fig. 1b) (Mi et al. 2016). At harvest,
the maximum physical height of plant shoots (SH) and
leaf number were measured manually. Root systems
were photographed using a portable photo box.
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The white tag = 5 cm long; Measurements of nodal root angle and
root width are indicated

Maximal root depth (the vertical depth of the primary
root), total seminal and nodal root depth (the sum of
vertical depths of all individual seminal and nodal root),
total root number (nodal roots less than 3 ¢cm were not
counted), and maximal root width (the maximal hori-
zontal width of a root system) were measured manually
at harvest. Nodal root angle (the maximal growth angle
between two outer nodal roots) was measured manually
from the root images in the lab. After photographing,
shoots were cut from the roots and shoot dry mass was
determined after drying in an air-forced oven at 75 °C
for 72 h. Subsamples of roots were collected by cutting
the root system (every 10 cm along the glass sheet) into
10-cm sections starting from the base which were then
stored in a cool room until scanning.

Root section samples were scanned in greyscale at
300 dpi using a desktop scanner (Epson Perfection
V800, Long Beach, CA, USA), and root images for
each 10-cm sections were analyzed using WinRHIZO
Pro (v2009, Regent Instruments, Montreal, QC, Cana-
da). Imaging analyses used the debris removal filter of
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discounting objects less than 1 cm?® with a length-width
ratio less than 8 in the image. After scanning, root
subsamples from the same plant were combined into
one root sample and dried in an oven to obtain root dry
mass (RM). Root morphology data, such as root length,
root surface area, root volume, average root diameter for
each root section, and root length for different diameter
classes were generated in the WinRHIZO program. The
following root traits were calculated from the measured
data:

Specific root length (SRL) = total root length divided
by root dry mass; root tissue density (RTD) = root dry
mass divided by total root volume; root to shoot mass
ratio (RSM) =: root dry mass divided by shoot dry mass;
root length ratio (RLR-upper/lower) = root length in top
20-cm section divided by root length in the lower sec-
tion below 20 cm; root surface area ratio (RAR-upper/
lower) = topsoil root surface area divided by subsoil root
surface area; root volume ratio (RVR-upper/lower) =
topsoil root volume divided by subsoil root volume.

The 30 root traits were divided into two general
categories: 18 global traits (whole plant level) and 12
local traits (Tables 1 and 2). Global traits refer to the
whole root system and whole shoots, and local root traits
are referred to roots in different depths and diameter
classes.

Data statistical analysis

One-way ANOVA was conducted using SPSS Sta-
tistics 20 (IBM, USA) for significant differences
among the tested genotypes for each trait.
Figures were plotted using SigmaPlot 12.5 (Systat,
USA). Correlations were considered statistically
significant at P <0.05. Traits with coefficient of
variation (CV) values >0.25 were selected for prin-
cipal component analysis to identify the determi-
nants of root architecture variability across geno-
types (Jolliffe and Cadima 2016). Hierarchical clus-
ter analysis was used to determine the variance
among selected root traits and homogeneous groups
among genotypes using the average linkage meth-
od. The composite score based on principal com-
ponent analysis was used to obtain a general rank-
ing order for each genotype. The ranking value was
based on the actual composite score from the least
to the most. The composite score was calculated as
the sum of variability X component score, where
component score was the sum of weight coefficient
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x standardization of the mean value for each trait.
Variability, weight coefficient and standardization
of the mean value for each trait were acquired from
principal component analysis.

Results
Global traits

Global root traits reflected the pattern of root develop-
ment and distribution, and most differed among geno-
types. Variation in root traits including total root length
(CV =0.26), root mass (CV =0.24), total root depth
(CV=0.29), and total root number (CV =0.20) were
relatively high (all p < 0.05) (Table 2), while others were
relatively low. The three shoot traits measured at harvest
e.g., leaf number (CV = 0.06), shoot height (CV =0.15),
and shoot mass (CV =0.26), differed significantly
among genotypes (all P<0.05) (Table 2).

The maize plants grew vigorously with an average
root growth rate (based on daily elongation of the max-
imal root, cm dayfl) of 2.02 (range 1.24-2.56)
(Table 2). Total root length (cm plantfl) ranged from
336 (genotype #063) to 1478 (genotype #054) (mean
824) (Table 2). Total root length and root mass differed
fourfold between the largest and the smallest genotypes.
The 174 genotypes had an average root length of
824 c¢m plant ', The Chinese cultivars had relatively
larger root systems with average root length of
889 c¢m plant ' followed by the 11 Chinese breeding
lines (718) and the Serbian hybrids (702). Genotypic
variation in root mass exhibited a similar trend as total
root length (Fig. 2). There was no apparent correlation
between root length (or root mass) and the year of
release (Fig. S1).

The spatial distribution of root systems varied among
genotypes for total root depth (TRD), root width (RW),
and the root angle between the top two outer nodal roots
(NA) (Table 2). TRD ranged from 34.3 (genotype #035)
to 225 cm (#153) (mean 124 cm). RW ranged from 8.37
(#096) to 19.2 cm (#161) (mean 13.2), and NA
(degrees) ranged from 54 (#008) to 104 (#126) (mean
78.7). The 65-90° NA classes contained 76% of the
genotypes, > 90° accounted for 13.8%, while those with
steep (< 65°) root systems (e.g., #118: 58°, #168: 61.7°,
#009: 62°, #016: 64.7°) represented 9.8% of all the
genotypes in this study (Fig. 3).
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Table 1 Description of 30 measured traits (18 global and 12 local traits) in 174 maize genotypes grown in a semi-hydroponic phenotyping platform

Traits Abbreviation Description Units
Global traits Traits at the whole plant level
Maximal root depth MRD The maximal vertical depth of primary root cm

Total seminal and nodal root ~TRD
vertical depth

The sum of vertical depths of all individual seminal and nodal roots per ~ cm
plant (excluding primary roots)

Total seminal and nodal root ~TRN Total number of seminal and nodal roots per plant Number
number
Average seminal and nodal ARD Total seminal and nodal root depth divided by total seminal and nodal root cm
root depth number
Nodal root angle NA Growth angle between two outer nodal roots (Fig. 1) Degree
Root width RW The maximal extent of the root system in horizontal direction (Fig. 1) cm
Total root length RL Total length of all roots per plant cm
Root diameter RD Average diameter of all roots (including lateral roots) per plant mm
Total root area RA Total surface area of all roots per plant cm?
Total root volume RV Total volume of all roots per plant cm’®
Root mass RM Total dry mass of all roots per plant mg
Root growth rate RGR Primary root depth divided by growth time emd™!
Specific root length SRL Total root length divided by root dry mass cm mg !
Root tissue density RTD Total root dry mass divided by root volume mg cm >
Root to shoot mass ratio RSM Total root dry mass divided by shoot dry mass
Leaf number LN Number of leaves per plant Number
Shoot height SH Shoot height (measured at its maximal physical height in nature) cm
Shoot mass SM Total shoot dry mass per plant mg
Local traits Traits at local level including ratios
Root length-upper RL-upper Root length in upper 0—20-cm layer cm
Root area-upper RA-upper Root surface area in upper 0—20-cm layer cm?
Root volume-upper RV-upper Root volume in upper 0—20-cm layer cm’®
Root length-lower RL-lower Root length in the layer below 20-cm depth cm
Root area-lower RA-lower Root surface area in the layer below 20-cm depth cm?
Root volume-lower RV-lower Root volume in the layer below 20-cm depth cm’®
Root length in diameter thin ~ RL-thin Root length of “thin roots” (in diameter class < 0.5 mm) cm
Root length in diameter RL-medium Root length of “medium roots” (in diameter class 0.5-1.0 mm) cm
medium
Root length in diameter thick RL-thick Root length of “thick roots” (in diameter class > 1.0 mm) cm

Root length ratio

Root area ratio
20 cm
Root volume ratio

RLR-upper/lower Root length in the upper 20-cm layer divided by that in the lower layers
below 20 cm
RAR-upper/lower Root area in the upper 20-cm layer divided by that in the lower layer below

RVR-upper/lower Root volume in the upper 20-cm layer divided by that in the lower layers
below 20 cm

Local traits

Root traits at different depths (root sections) and root
lengths in different diameter classes (Tables 1 and 2) had
relatively high variations with CVs > 0.25 except for the

root length of medium diameter roots where CV = 0.22.
The root length ratio (RLR-upper/lower) (CV =0.42)
ranged from 0.61 (genotype #168) to 4.08 (genotype
#149) (mean 1.49) (Table 2). Root length, root area, and
root volume varied significantly among genotypes at

@ Springer



80

Plant Soil (2019) 439:75-90

Table 2 Descriptive statistics of 30 measured traits (18 global and 12 local traits) in 174 maize genotypes grown in a semi-hydroponic

phenotyping platform
Traits Minimum Maximum Mean Median Std. deviation CV* p value*
Global traits
MRD 347 71.6 56.5 56.8 5.65 0.10 <0.001
TRD 343 225 124 123 36.2 0.29 <0.001
TRN 2.67 9.00 5.64 5.70 1.14 0.20 0.013
ARD 11.7 327 21.7 21.9 432 0.20 0.110
NA 54.0 104 78.7 79.0 10.6 0.13 0.005
RW 8.37 19.2 13.2 13.0 233 0.18 0.004
RL 336 1478 824 812 213 0.26 <0.001
RD 0.39 0.67 0.50 0.50 0.05 0.10 0.076
RA 443 185 110 109 275 0.25 <0.001
RV 0.50 2.14 1.25 1.24 0.33 0.26 <0.001
RM 45.0 184 116 116 274 0.24 <0.001
RGR 1.24 2.56 2.02 2.03 0.20 0.10 <0.001
SRL 4.49 11.2 7.30 7.24 1.13 0.15 0.002
RTD 68.1 129 96.1 94.6 11.6 0.12 0.435
RSM 0.40 0.97 0.63 0.62 0.10 0.16 0.002
LN 3.33 4.75 4.00 4.00 0.22 0.06 0.012
SH 16.7 383 28.8 29.3 420 0.15 <0.001
SM 58.8 308 190 184 49.2 0.26 <0.001
Local traits
RL-upper 201 818 443 424 125 0.28 <0.001
RA-upper 27.0 109 57.5 54.9 15.7 0.27 <0.001
RV-upper 0.27 1.21 0.62 0.62 0.18 0.29 <0.001
RL-lower 106 772 381 369 117 0.31 <0.001
RA-lower 16.7 101 52.9 52.3 152 0.29 <0.001
RV-lower 0.22 1.25 0.63 0.63 0.19 0.30 <0.001
RL-thin 244 1159 618 614 181 0.29 <0.001
RL-medium 76.1 258 139 137 30.6 0.22 0.006
RL-thick 7.15 160 66.6 63.8 28.8 0.43 <0.001
RLR-upper/lower 0.61 4.08 1.49 1.31 0.62 0.42 0.614
RAR-upper/lower 0.62 3.84 1.31 1.20 0.49 0.37 0.621
RVR-upper/lower 0.55 3.48 1.17 1.11 0.44 0.38 0.688

Traits with coefficients of variation (CVs) >0.25 appear in bold type. Probability values (P) were based on a GLM multivariate analysis of
174 genotypes and appear in bold if <0.01 and italic if <0.05 (see Table 1 for trait descriptions and units)

respective depths. For example, root length in the upper
layer (RL-upper) ranged from 201 to 818 cm (mean
443 cm; CV =0.28) and root length in the lower layer
(RL-lower) ranged from 106 to 772 cm (mean 381 cm;
CV =0.31) (Table 2). For the combined data of all
genotypes in each section, the 1020 cm section had
the maximum root length accounting for 31% of the
total root length, with more than half the root length in
the top 20 cm and 93% in the top 40 cm (Table 2, Fig. 4).
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The mean root length of Chinese cultivars in each 10 cm
section (except for 50-60 cm) was higher than those of
Serbian hybrids and Chinese breeding lines (Fig. 4).
Root diameter data showed that maize plants had
relatively thin roots with an average root diameter of
0.5 mm for all genotypes (Table 2). Most of the root
lengths was in the 0- to 0.5-mm diameter class of thin
roots (RL-thin), which accounted for 75% of the total
root length. The root length of thick roots (RL-thick)
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Fig. 2 Genotypic variation in root length and root mass (RM) of
174 maize genotypes grown in a semi-hydroponic phenotyping
platform. Mean values were plotted by three groups of genotypes:
50 Serbian hybrids, 11 Chinese breeding lines, and 113 Chinese
cultivars released from 2000 to 2015. Mean values of total root
length for each genotype group (colored bars) and that of the all

contributed only 0.7% to total root length, and was
primarily proximal (at the top, near the shoot) (Table 2).

Correlation among traits

A subset of 16 traits including 15 root traits and one
shoot trait (i.e., shoot mass, SM) with larger coefficients
of variation (CVs>0.25, Table 2) were selected for
Pearson correlation analysis to identify relationships
among the traits. Strong correlations were observed for
most of the selected traits (Table 3). Total root length

Chinese cultivars 2000-2015

genotypes (dashed line) are presented. Mean data of root length in
each genotype group with different letters differ significantly
between genotype groups (P <0.05). Both RL-upper (root length
in 0—20 cm depth) and RL-lower (root length below 20-cm depth)
are presented. Trend lines of RM for each genotype groups with
correlation value (R°) are also given

(RL) was strongly associated with all other traits (all
P<0.01) except root volume ratio (P < 0.05). For ex-
ample, RL was strongly correlated with total root depth
and SM, respectively. Root length, root surface area, and
root volume in upper and lower layers were strongly
associated with all other traits (all P<0.01) except for
the mentioned traits in the upper layer with root length
ratio (P <0.05). In addition, nodal root angle showed
good correlation with root width (P <0.01).

The same set of traits with CV >0.25 (Table 2) was
included in the principal component analysis (PCA).
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Fig. 4 Root length distribution in
10-cm increments for three

Root length in each 10 cm depth (cm)
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Two principal components (PCs) were identified with
eigenvalues > 1, capturing 84.2% of the total variation
in these traits across the 174 maize genotypes (Table 4).
The first component (PC1) captured 62.0% of the vari-
ability, accounting for most of the root-related traits,
including total root length (RL), root surface areca
(RA), root volume (RV), total root depth (TRD), root
traits in the upper and lower layers, and shoot mass
(SM) (Table 4). PC2 represented 22.2% of the total
variation and accounted for root length ratio (RLR-
upper/lower), root area ratio (RAR-upper/lower), and
root volume ratio (RVR-upper/lower) (Table 4; Fig. 5a).

The loading plot for PC1 vs. PC2 representing 84.2%
of the variability identified four general clades of the
tested 16 traits. Clade I includes RL, RA, RV, RL-thin,
RL-thick, TRD and SM (Fig. 5a). Root length, area, and
volume in the upper and lower layers were grouped into
clades II and III, respectively (Fig. 5a), and root trait
ratios were classified as a separate clade (clade IV).
Genotype distribution based on PCA regression scores
of the 16 traits is shown in Fig. 5b. The relative distance
among the 174 genotypes is displayed for each combi-
nation of root traits. The outer genotypes with particular
traits are shown in red, and should be selected for further
study.

Genotype homogeneous grouping based on root trait
variation

An agglomerative hierarchical clustering (AHC) den-
drogram was constructed using the average linkage
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method of the 16 selected traits, which revealed large
diversity among the 174 maize genotypes (Fig. S2).
Three general clades (clades I to III) were determined
using a distance of 18 and further separated into six
groups (G1 to G6) at a middle distance of 12. These
six groups were then divided into 14 sub-groups at a
shorter distance of 6, with 1 to 74 genotypes per sub-
group. Group 1 had five sub-groups with 129 geno-
types, group 2 had three sub-groups with 33 genotypes,
group 3 had one sub-group with seven genotypes, group
4 had two sub-groups with two genotypes (genotype
#038 and #049), group 5 had two sub-groups with two
genotypes (genotype #066 and #118), and group 6 had
one sub-group with one genotype (genotype #100).

Composite score and genotype distribution

The composite score (CS) based on PCA was used to
rank the 174 maize genotypes from the least to the most
(Fig. 6). The Chinese cultivars had a significantly higher
average CS (0.11) than the Serbian hybrids (— 0.19) and
Chinese breeding lines (—0.23) (Fig. 6).

The experimental data were further analyzed based
on origin and breeding status. The 174 maize genotypes
were assigned to six groups at a middle distance of 12
(Fig. S2): Serbian hybrids in groups 1 to 4, Chinese
breeding lines in groups 1 to 3, and the Chinese cultivars
released from 2000 to 2005 in groups 1 and 2, from
2006 to 2010 in groups 1, 2, and 5, and from 2011 to
2015 in all groups except group 4 (Fig. 7). Seventeen
genotypes, with the highest CS values in each category
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Table4 Principal component analysis of 16 selected traits and the
proportion of variation in each principal component

Traits and variability PCI PC2
RA 0.99 0.08
RL 0.94 0.04
RV 0.94 0.09
RA-lower 0.91 -0.35
RL-thin 0.89 0.03
RV-lower 0.87 -0.30
RA-upper 0.86 0.47
SM 0.85 0.07
RL-thick 0.83 0.07
RL-upper 0.83 0.41
RL-lower 0.83 -0.36
RV-upper 0.80 0.49
TRD 0.69 0.04
RAR-upper/lower -0.22 0.96
RVR-upper/lower -0.20 0.91
RLR-upper/lower -0.25 0.90
Eigenvalue 9.92 3.56
Variability (%) 62.0 222
Cumulative (%) 62.0 84.2

Sixteen root traits with CVs>0.25 (Table 2) were used for factor
analysis using the principal component analysis (PCA) extraction
method. For each trait, the largest variable loading score crossing
the two components appears in bold. Principal components with
eigenvalues > | are presented and considered significant

for each group of genotypes, were selected for further
study (Fig. 7). The widely planted cultivar #091
(Zhendan 958) in north China was considered the refer-
ence genotype.

Genotypic variation in root traits for selected genotypes

Large differences in root-related traits exist among
the 17 selected genotypes and the reference culti-
var (genotype #091). Their ranking scores for the
16 selected traits (CV >0.25) are in Table S2. The
17 genotypes varied in their rooting patterns; for
example, genotype #100 (Chinese cultivar released
in 2015) and #049 (Serbian hybrid) had similar
root lengths (ranked 40th and 39th longest roots,
respectively, based on actual mean values) but
different root length ratios (RL-upper/lower, ranked
44th and 168th), and had similar total root depths
(ranked 166th and 149th) but different maximal

@ Springer

root depths (ranked 128th and 13th) (Table S2).
Variations in root length, root length-upper, root
length-lower, root mass, shoot mass, and nodal
root angle in the pre-selected 18 genotype repre-
sentatives are in Fig. S3.

Discussion
Variation among root architecture traits

Collecting genetic data from large genotypes is increas-
ingly becoming a strategy in plant breeding. The devel-
opment of automated phenotyping platforms improves
the efficiency and accuracy of collecting genetic data
(Kuijken et al. 2015). This study used a semi-
hydroponic phenotyping platform (Chen et al. 2011a)
to characterize a range of root architecture traits in 174
maize genotypes. Plant genetic variation needs to be
considered in phenotyping experiments. Since the root
system is plastic and sensitive to G x E effects
(Avramova et al. 2016), the ability of roots to adapt to
varying environmental conditions may differ among
genotypes and growth environments. One study identi-
fied a basic pattern of maize root distribution in the soil
that was modified, but not fundamentally changed when
plants were grown under varying conditions (Liedgens
and Richner 2001). The efficiency and reliability of the
semi-hydroponic phenotyping platform used in this
study to reveal root system architecture (RSA) and
increase genetic gain have been tested on a large number
of germplasm from various crop species (Chen et al.
2011a, 2011b, 2011, 2012, 2016, 2017).

We measured 30 root-related traits, including 18
global and 12 local traits, and identified large var-
iation in these traits among the 174 maize geno-
types; 16 traits had CVs>0.25, 11 of which were
local traits (Table 2). Studies of RSA are concerned
with the entire root system of an individual plant as
well as fine details of the root structure (Lynch
1995). However, variation in local root traits is of
particular interest as it indicates differences in some
underlying genes among genotypes that control root
functions and contribution (Oikeh et al. 1999). Sig-
nificant genetic variation in local root traits in the
tested maize genotypes, especially root distribution
and density at various depths may provide useful
data for breeding programs by utilizing potential
root traits.
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Contribution of individual root traits

The 30 root-related traits measured in this study reflect
root growth (such as total root length, total root number,
and root growth rate), root distribution (such as maxi-
mum root depth, nodal root angle, and root width), and
shoot growth (such as shoot mass, shoot height, and leaf
number) (Table 2). Root size (total root length and total
root dry mass) is often associated with plant foraging for
soil resources (Wijesinghe et al. 2001). In barley, geno-
types with contrasting root system size influenced grain
yield in barley (Svacina et al. 2014). Total root length at
the seedling stage has been associated with drought

PC1 (62.0%)

tolerance under field conditions (Avramova et al. 2016;
He et al. 2017; Palta et al. 2011). In this study, the largest
root systems had more than four times the total root
length (RL) and root mass (RM) of the smallest root
systems (Table 2). Root growth rates varied up to twofold
among the genotypes (Table 2). In chickpea, root length
tends to increase with increasing root growth rate (Chen
et al. 2017). In our study on maize, there was a positive
trend between RL and total root number. However, ge-
notypes with more roots did not always have larger root
systems in terms of RL, and vice versa. Our study ob-
served up to three-fold difference in total root numbers
among genotypes (Table 2). Decreases in nodal root

@ Springer
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Fig. 6 The ranking of composite score based on principal com-
ponent analysis of 174 maize genotypes grown in a semi-hydro-
ponic phenotyping platform. Data were plotted by five groups of
genotypes: 50 Serbian hybrids, 11 Chinese breeding lines, 35

number may relate to enhanced nitrogen-use efficiency
when maize plants are grown in low-nitrogen soils
(Saengwilai et al. 2014). Total root number has been
positively correlated with grain yield in maize (Wang
et al. 2015). The contribution of root genetic variation
to plant drought tolerance has been verified in maize at
the seedling stage (Wang et al. 2016).

It is well-known that crop production is restricted
by drought, soil compaction, and low-fertility stresses
(Chen et al. 2013a, 2014; Comas et al. 2013; Fang
et al. 2017). Root growth into deep horizons is often
affected by one or more constraints, which influence
plant acquisition of water and nutrients from the soil
(Adcock et al. 2007). In our study, root distribution in
the soil profile was divided into vertical and horizontal
directions. Other studies have shown that, in the ver-
tical direction, root depth and root angle are the most
important traits in terms of their influence on crop
yield; while in the horizontal direction, root angle
and root width are considered the most important traits
(Colombi and Walter 2017; Lynch 2013; Lynch and
Wojciechowski 2015). In this study, deep-rooting ge-
notypes had almost twice the maximal root depth of
shallow-rooting genotypes, and the total root vertical
depth differed up to sevenfold among the genotypes
(Table 2). Deeper root systems are preferred for im-
proved water and nitrogen uptake in leaching environ-
ments (Ytting et al. 2014), and maximum rooting
depth is commonly used to characterize the suscepti-
bility of plant species to drought (Nippert and Holdo
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Chinese cultivars 2006-2010 Chinese cultivars 2011-2015

Chinese cultivars released from 2000 to 2005, 40 Chinese cultivars
released from 2006 to 2010, and 38 Chinese cultivars released
from 2011 to 2015. Group means (red bars) with different letters
differ significantly between genotype groups (P <0.05)

2015). Root angles play an important role in deter-
mining rooting depth and drought tolerance in crops
(Ali et al. 2015). Our data showed that most of the
genotypes were in the 65-90° angle classes and only
9.8% had steep angles (<65°) (Fig. 3). Root width
differed about twofold among the genotypes (Table 2).
There was a general trend between nodal root angle
and root width. Under high plant density and suffi-
cient fertilization, maize root systems tend to distrib-
ute narrower and deeper in semi-arid areas (Wang
et al. 2015). Nodal root angle in young plants is an
important trait for drought tolerance (Singh et al.
2012). The maize genotypes with steep angles in this
study could be used for further study of drought tol-
erance. Genotypic variation in shoot traits was strong-
ly correlated some important root traits. Studies have
shown that root traits in seedlings grown under con-
trolled conditions mirrored plant performance in the
field (Landi et al. 1998; Tuberosa et al. 2002). A
significant reduction in total root length, root depth,
and root width was reflected in the corresponding
reduction in root dry mass and shoot production in
maize under drought stress (Avramova et al. 2016).

Genotype selection based on root trait properties
for breeding programs

Some root traits such as total root length, shoot mass,
nodal root angle, and local root traits at various depths
can potentially serve as parameters for future screening
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Fig.7 The distribution of 174 maize genotypes in six groups at a
middle distance of 12 based on a combination of principal com-
ponent analysis, hierarchical clustering analysis and composite
score. Data were plotted by five groups of genotypes: 50 Serbian
hybrids, 11 Chinese breeding lines, 35 Chinese cultivars released

programs. One study showed that root mass deep in the
soil profile, total root mass, and root length are associ-
ated with maize grain yield under water-deficit field
conditions (Ali et al. 2016). Phenotypic differences
among genotypes under drought conditions in the field
can be identified from total root length and total shoot
dry mass at the seedling stage (Avramova et al. 2016). A
strong positive correlation was observed between nodal
root angle and grain yield under drought, and high-
yielding hybrids had steeper root growth angles than
low-yielding hybrids (Ali et al. 2015). These results
indicate that such root traits can be selected to breed
cultivars for target environments in future studies.
Crop breeders and researchers are increasingly inter-
ested in phenotyping for root architecture traits in their

from 2000 to 2005, 40 Chinese cultivars released from 2006 to
2010, and 38 Chinese cultivars released from 2011 to 2015. The
labeled genotypes from each genotype groups can be selected for
future studies

breeding programs (Kuijken et al. 2015). Identifying
genotypes with suitable root traits for improved adapta-
tion to environmental stresses and improved grain yield
remains challenging. Based on the hierarchical cluster
and composite score analyses, representative genotypes
with contrasting root traits were selected, although the
total number of genotypes to be selected relies on the
requirements and feasibility of future studies. There may
be a possible association in some root-related traits with
year of release among genotypes under edaphic stresses
(Aziz et al. 2017) although no apparent trend was ob-
served in this study. In this study, cultivars generally had
higher values for total root length, root length at various
depths, and composite scores than the breeding lines
(Figs. 2, 4, and 6), which suggests that maize cultivars
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may capture more suitable root properties through the
breeding programs. One study showed that indirect
selection of the maize root system in the past 100 years
had evolved phenotypes suited to more intense compe-
tition for nitrogen (York et al. 2015).

Phenotyping for root trait variability in a relatively
large number of genotypes in maize provides opportu-
nities to select genotypes with suitable root properties
for improved adaptation to abiotic stress and enhanced
crop yield. Root trait data collected in this phenotyping
study forms a basis for breeding new cultivars through
marker-assisted selection programs. Root trait-marker
association and linkage mapping analyses have already
identified the genetic basis of a few root traits in maize
(Manavalan et al. 2011) and other crops (Arifuzzaman
et al. 2014; Henry 2013; Sanguineti et al. 2007; Uga
et al. 2013; Varshney 2016).

The selected 16 genotypes with contrasting root ar-
chitecture traits, together with the widely planted culti-
var #091 (Zhengdan 958) in north China (Fu etal. 2011;
Qi et al. 2012; Wu et al. 2011; Zhu et al. 2011) as a
reference cultivar are being used in the follow-up stud-
ies. These 17 genotypes are being further examined for
plant adaptation and root responses to polyethylene
glycol induced drought, low phosphorus and salinity
stresses, using the same semi-hydroponic phenotyping
system. Preliminary analyses of root trait data in non-
stressed plants showed consistent rankings of genotypes
in these separate studies (unpublished data). Previous
studies in selected genotypes of narrow-leafed lupin also
reported a relatively consistent ranking of genotypes in
some important root traits between the semi-hydroponic
system and two soil media in glasshouse environment
and field conditions, which confirms the advances of
this phenotyping technique for screening large numbers
of genotype for characterizing root trait variability, and
its capacity to represent growth conditions in simple,
uniform soil environments (Chen et al. 2011b, 2012,
2014). Our recent study showed that genotypic vari-
ation in root system size among five selected geno-
types from a phenotyping experiment using the same
semi-hydroponic system was reproducible at the
booting stage (Z4.9; 63 days after sowing) grown in
rhizoboxes filled with soil (Figueroa-Bustos et al.
2018). Despite some studies confirming the correla-
tion between root traits at the seedling stage under
controlled conditions and those obtained at various
growth stages in the field, future studies are needed to
validate root trait variability in soil and under field
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conditions. The selected genotypes can be further
assessed for their adaptation to drought stress, low
soil fertility, and other edaphic stresses in soils in
both controlled and field environments as we did
recently in narrow-leafed lupin (Chen et al. 2011b,
2013a, b, 2014, 2016).

Conclusion

Our study identified substantial variation in a wide range
of root-related traits across the tested 174 maize geno-
types. Findings in genotypic variation in root architec-
ture traits, particularly, local root traits at various depths,
form a basis for future study. Genotypic variation in root
traits among diverse maize lines could be used to iden-
tify potential quantitative trait loci controlling root ar-
chitecture. Some typical traits such as total root length,
root length at various depths, nodal root angle, and shoot
mass can potentially serve as parameters for future
breeding programs aimed at producing cultivars with
improved adaptation to adverse environments and better
resource-use efficiency and grain yield.
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