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Abstract
Aims Root system architecture traits (RSAT) are crucial
for crop productivity, especially under drought and low
soil fertility. The Bshovelomics^ method of field exca-
vation of mature root crowns followed by manual phe-
notyping enables a relatively high throughput as needed
for breeding and quantitative genetics. We aimed to
develop a new sampling protocol in combination with
digital imaging and new software.
Methods Sampled rootstocks were split lengthwise,
photographed under controlled illumination in an imag-
ing tent and analysed using Root Estimator for
Shovelomics Traits (REST). A set of 33 diverse maize
hybrids, grown at 46 and 192 kg N ha−1, was used to
evaluate the method and software.

Results Splitting of the crowns enhanced soil removal
and enabled access to occluded traits: REST-derived
median gap size correlated negatively (r=−0.62) with
lateral root density based on counting. The manually
measured root angle correlated with the image-derived
root angle (r=0.89) and the horizontal extension of the
root system (r=0.91). The heritabilities of RSAT ranged
from 0.45 to 0.81, comparable to heritabilities of plant
height and leaf biomass.
Conclusion The combination of the novel crown split-
ting method, combined with imaging under controlled
illumination followed by automatic analysis with REST,
allowed for higher throughput while maintaining preci-
sion. The REST Software is available as supplement.

Keywords Root system architecture . Maize .

Automatedphenotyping . Imageprocessing .Heritability

Introduction

Enormous breeding efforts and the establishment of
modern high-yielding hybrid cultivars contributed sub-
stantially to increased maize (Zea mays L.) yields during
the last decades (Hammer et al. 2009; Abendroth et al.
2011). Generally, shoot traits like short anthesis silking
intervals, increased starch contents in the kernels and
tolerance of high stand densities were of interest
(Abendroth et al. 2011). Due to the lack of high-
throughput phenotyping systems and ignorance of trait
utility, root traits have not been directly selected so far
(Campos et al. 2004; Zhu et al. 2011; Passioura 2012).
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Based on computer simulations, Hammer et al. (2009)
proposed that the root systems of maize have become
steeper and deeper due to the selection towards higher
stand densities. This greater rooting depth may have
contributed to increased water uptake and yield in the
U.S. Corn Belt during the last decades. There is some
experimental evidence that a more vertical orientation of
the roots leads to increased rooting depth and is an
adaptation to low nitrogen conditions (Trachsel et al.
2013).

The increasing number of scientific publications
dealing with crop root systems indicates the growing
awareness regarding their importance for crop produc-
tivity (Zhu et al. 2011; Lynch 2013). Root system archi-
tecture traits (RSAT), which determine the spatial con-
figuration of coarse root structures in the soil, plays a
crucial role (Lynch 1995). To allow for comparison
between species, root traits are distributed into distinct
classes following the terminology proposed by the in-
ternational society of root research (Zobel and Waisel
2010) and further divided into subclasses by Zobel
(2011). In the case of mature root stocks of maize,
mainly the subclass of stem nodal roots within the class
of shoot-born roots can be observed. In case of maize,
these nodal roots can be further divided into below
ground nodal roots (crown roots) and above ground
nodal roots (prop or brace root). The terms crown and
prop roots are widely used in the maize literature (Hund
et al. 2011) and, therefore, also adopted here. Major
traits include nodal root angles, which correlate with
rooting depth (Araki et al. 2000; Trachsel et al. 2013;
Grieder et al. 2014), the number of nodal roots (Giuliani
et al. 2005; Lynch 2013; Saengwilai et al. 2014) and the
density and length of lateral roots (Wiesler and Horst
1994; Wu et al. 2005; Yu et al. 2007).

Remarkable genotypic diversity of root system archi-
tecture has been reported in artificial systems and in the
field for young and fully developed plants. Information
about root system architecture is mainly derived from
plants growing under controlled conditions:
Significantly different nodal root angles at the two-leaf
stage were observed among nine inbred lines (Hund
2010) and two hybrids (Singh et al. 2010). Hund
(2010) also confirmed the positive effect of steeper roots
on rooting depth during early growth. A study with 74
maize inbred lines showed differences in root numbers
14 days after planting: nodal root numbers ranged from
1.5 to 5.8 per plant; lateral root numbers ranged from
40.8 to 235.7 per plant (Kumar et al. 2012). Liu et al.

(2008) observed significant differences in terms of lat-
eral root length. Since the root system architecture can
change tremendously during growth, it is important to
monitor the entire growth period under field conditions
(Hund et al. 2011; Kumar et al. 2012; Passioura 2012).
A number of studies tackled this challenge: at the
changeover of vegetative to reproductive growth, where
the root system reaches its maximum extent
(Hochholdinger 2009), highly diverse nodal root angles
were reported among genotypes. Panel screenings in the
field with more than 200 inbred lines showed angles of
ten to almost ninety degrees from horizontal (Giuliani
et al. 2005; Grift et al. 2011; Trachsel et al. 2011). Also
the rooting depth (Worku et al. 2012; Trachsel et al.
2013) and the number of nodal roots of mature plants
varied strongly among different accessions (Trachsel
et al. 2011; Burton et al. 2013). Furthermore, branching
densities of lateral roots ranging from five to more than
30 lateral roots per centimeter have been reported
(Giuliani et al. 2005; Zhu et al. 2005a; Trachsel et al.
2011; Worku et al. 2012; Burton et al. 2013). Studying
the relationship between all these traits and their utilities
for soil resource acquisition will be important for under-
standing how root traits integrate to give rise to whole
root system functioning (York et al. 2013).

Pioneering work about crop root systems in the field
showed basic characteristics of root system architecture
and its responses to edaphic factors (Weaver 1925;
Kutscherea and Lichtenegger 1960). However, for the
incorporation of RSAT into breeding programs, pheno-
typing approaches are needed that enable high-
throughput evaluation of mature root systems in the
field (Campos et al. 2004; Zhu et al. 2011; Passioura
2012). Such methods were used to characterize smaller
samples of field-grown varieties (Stoffella et al. 1979;
Kahn and Stoffella 1991), but still lacked the required
number of genotypes needed for genetic mapping. The
need of higher throughput for the characterization of
root traits of mapping populations led to new concepts
of root phenotyping. Zhong et al. (2009) used a support
vector machine to analyse the complexity of maize root
stocks by means of image analysis. Grift et al. (2011)
developed an imaging methodology in combination
with the digita l measurement of the outermost root
angle and the fractal dimensions of excavates root
stocks of maize. Trachsel et al. (2011) coined the term
Bshovelomics,^ for the process of excavating and eval-
uating large numbers of field-grown plants for basic root
characteristics. Though the initial Bshovelomics^
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method was based on simple rating (Trachsel et al.
2011), it was subsequently updated to use manual mea-
surements (Trachsel et al. 2013). The time needed to
assess the RSAT by scoring was 2 min per rootstock
(Trachsel et al. 2011) while no time requirements for the
manual measurement were reported. To complement
shovelomics with image processing the software
Digital imaging of root traits (DIRT) was developed,
allowing to measure about 30 root traits of dicots and
monocots with an online interface (Bucksch et al. 2014).
However, whereas DIRT focused on image analysis
capable of handling a variety of image qualities, prog-
ress would likely be made by improving image quality
and sample preparation. For example, current manual
shovelomics and the DIRT-based approach only pheno-
type the outer brace and crown roots which occlude the
internal root system and ignore the root traits of the
younger nodes even though these roots contribute great-
ly to maize growth.

Successful incorporation of RSAT into modern
breeding schemes is highly dependent on the heritability
of the respective traits. The correlation between trait
expression in hybrids and their parental lines is still
unclear or weak (Chun et al. 2005; Gallais and Coque
2005; Coque et al. 2008; Hochholdinger and Tuberosa
2009). In early vegetative growth stages broad sense
heritabilities of the number of nodal roots of 0.34
(Hund et al. 2004) and 0.65 (Kumar et al. 2012) were
observed. Kumar et al. (2012) estimated the heritability
for the number of lateral roots as 0.81. The estimations
for the length of lateral and axial roots were in the same
range as for the branching densities (Hund et al. 2004;
Ruta et al. 2010; Kumar et al. 2012). Furthermore, that
these heritabilities tend to decrease under abiotic stress
due to an increasing environmental variance has been
observed (Gallais and Hirel 2004; Ruta et al. 2010).

In this study, the approaches described by Trachsel
et al. (2011) and Grift et al. (2011) were combined and
partially modified. By using a set of test hybrids, with a
common father line, heritabilities of RSAT and shoot
traits could be compared. To obtain information about
the outer shape and inner complexity of the root systems
at once, root crowns were split lengthwise. The aim was
to facilitate washing and enable an insight into the root
crowns without the need of cutting off single roots.
Manual phenotyping of the RSAT was done similar to
Trachsel et al. (2011) and image derived parameters
were obtained from standardized images photographed
under controlled illumination in an imaging tent. The

tent is constructed in a way to place the root in the imaging
plane of the camera, while the black, light absorbing
background is 0.58 m further away. This diffuse back-
ground differs strongly in its pixel values compared to
the root object. The resulting images were processed with
the newly developed software Root Estimator for
Shovelomics Traits (REST), which is available as supple-
ment or from SorceForge (rest4roots).

The objectives of the current study were (i) to devel-
op a new sampling and imaging strategy in combination
with a custom image analysis software, (ii) to evaluate
the power of this approach to describe the root system
architecture by comparing image-derived traits with
manually assessed traits and (iii) to obtain a general idea
about the degree of heritability of RSAT and its robust-
ness under nitrogen deficiency. The utility of the ap-
proach was tested using data from a field experiment in
South Africa with 33 test hybrids and two levels of
nitrogen fertilization (46 and 192 kg N ha−1).

Material and methods

Experimental site

Experiments were carried out in 2013 near Alma,
Limpopo province, South Africa (24°33′00.12 S,
28°07′25.84 E, 1235 m. a.s.l.). The site was character-
ized by a loamy sand (clovelly plinthic in South African
nomenclature: Typic Ustipsamment according to USDA
Soil Taxonomy). Average day and night temperatures
were 25.0 and 18.5 °C respectively. Growing degree
days (GDD) were calculated according to Abendroth
et al. (2011) as:

GDD�C ¼
Xn

i¼1

Tmini þ Tmaxi
2

� �
−10 ð1Þ

where Tmin and Tmax is the daily minimum and
maximum temperature in °C and i the number of days
after sowing (DAS) (ntotal=97 DAS). Irrigation was
provided from the on-site centre pivot irrigation system.

Plant material

The plant material consisted of the core EURoot maize
panel (www.euroot.eu) with 33 dent inbred lines (A310,
A347, B100, B73, B89, B97, EC169, EP52, EZ11A,
EZ37, F1808, F7028, F894, F912, F98902, FC1890,
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FV353, LAN496, LH38, Mo17, MS153, MS71, N25,
N6, Oh33, Oh43, Pa405, PB40R, PH207, PHK76,
RootABA1-, RootABA1+, W64A) crossed to UH007
as common flint tester. The EURoot panel is part of the
larger DROPs (www.dropsproject.eu) panel and
consists of temperate germplasm from the United
States and Europe. Three other genotypes were added
for spatial adjustment and were not evaluated.

Experimental design and agronomic treatments

The designwas a split-plot design with four replications,
two nitrogen levels (LN=46, HN=192 kg N ha−1) as the
whole-plot factor and the 33 genotypes as the split-plot
factor. The split-plots were arranged in three rows by 12
columns. The replications were independently distribut-
ed in the pivot and surrounded by border plants. To
control for spatial variability, six incomplete blocks
were arranged within the whole-plots. Each plot
consisted of three rows of 20 individuals planted by
hand with a planting distance of 15 cm and a row
spacing of 75 cm. Genotypes were sown December
5th 2012 and 50 % silking was reached 52 DAS or at
615 GDD.

Before planting both fertilizer treatments received
46 kg N ha−1 in the form of urea. The following urea
applications in the HN treatment were split over the
whole vegetative growth phase due to the heavy
leaching in the sandy soil. Other nutrients, irrigation
and pesticides were applied as needed.

Sampling

After flowering (BBCH: 67–73 from 61 to 73 DAS),
three representative, non-adjacent plants were sampled
in the middle row of each plot. About 80 rootstocks
were sampled each morning following the order of
incomplete blocks. Stalks were cut exactly 25 cm above
the soil surface and the shoots collected. Afterwards the
remaining stalk was split lengthwise with a knife either
along or across the row’s orientation. After cutting, both
halves were dug out in a cylinder of around thirty
centimeter diameter and depth (Fig. 1) using a spade.
The excavated root crowns were shaken briefly to re-
move a large fraction of the soil adhering to the root
crown. Afterwards, the root crowns were washed under
low pressure using a water hose and nozzle, then kept in
water until RSAT analysis.

Analysis of RSAT

The larger half of each rootstock, in which the full root
top angle and stem diameter were visible, was
phenotyped. Angles were measured using a scoreboard
and numbers of nodal roots were counted before the
rootstock was photographed in a custom-made imaging
tent, both as described below. Representative nodal
roots for manually determining branching density were
excised from the other half of the rootstock before that
half was discarded. Time requirements for both manual
and digital evaluation were recorded.

Trait abbreviations

Hund et al. (2011) proposed a system of trait abbrevia-
tions used for a QTL meta-analysis. Here we aim to use
the same system but adapt it to the situation of mature
root system. As the root systemmatures, it develops 5 to
6 underground whorls bearing crown root, eventually
followed by several above ground whorls bearing prop
roots. The system proposed by Hund et al. (2011) starts
counting from old to young roots starting with the
seminal root emerging from node 0, followed by the
crown roots emerging from internode 1 and so on.When
assessing root systems with high-throughput, it is usu-
ally too time consuming to count the exact number of
whorls upwards. Accordingly the systemwas adapted to
a downwards count, where the youngest whorl of a
mature root system is noted as No-0 (i.e., the youngest
whorl of nodal roots minus 0) indicating the last whorl
of prop roots. Increasingly older whorls would then be
noted as No-1, No-2 … No-n, where the counting
includes first the prop and then the crown root whorls.
Note that both prop and crown roots are nodal roots. As
in the system of Hund et al. (2011) the trait abbreviation
is followed by the root index in lower case letters, e.g.,
AngNo-2 for the angle of the third youngest whorl of
nodal roots, which were usually below ground crown
roots.

Score board method

The manual scoring was based on the published
Bshovelomics^ approach (Trachsel et al. 2011) but with
somemodifications. Measured traits were the number of
above ground whorls occupied with nodal roots
(#WhPp) and the number of nodal roots on the youngest
whorl (#NoNo-0). Root angles from horizontal were
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determined on an angle scoreboard where the vertex of
the angle was set to the middle of the stalk at soil
surface. The nodal root angles were measured along an
arc with a 10 cm radius from the vertex. The angles to
the left and the right of the youngest (AngNo-0), the
second (AngNo-1) and the third (AngNo-2) youngest
whorl were recorded on a 10° scale. Additionally, the
root top angle to the left and the right (AngRt) was also
determined irrespectively of the whorls. For further
analyses the average of right and left angles were used
(AngRt, AngNo-0, AngNo-1, AngNo-2).

Branching density was measured on the second half
of the root stock on excised representative roots from the
youngest (BDNo-0) and the third youngest whorl (BDNo-

2). First order lateral roots (Lat) were counted in a 2 cm
segment starting at 5 cm from the basal zone of the
respective nodal root. Branching density was expressed
as lateral roots per cm of axile root.

Imaging tent and camera for automated method

The imaging tent was constructed using aluminium bars
connected with plastic joints (Phoenix Mecano
Komponenten AG, Stein am Rhein, Switzerland) and cov-
ered with a black velvet casing. The tent consisted of a
cuboid-shaped backside (70*58*100 cm) and a prism-
shaped front side (70*94*100 cm). A ten-megapixel dig-
ital camera (CanonEOS400D,Canon, Tokyo, Japan) with
a 35 mm fixed focal length objective (Canon EF 35 mm
f/2.0, Canon, Tokyo, Japan) was placed on the top of the

prism at 50 cm above the ground. The imaging plane was
at the conjunction of the cuboid and the prism. There the
rootstocks were clamped with the cut plane facing the
camera. Two flashlights (Mecablitz 44 AF1-digital, Metz-
Werke GmbH & Co KG, Zirndorf, Germany), covered
with a diffusor, illuminated the root systems at a 90° angle
from the side and the bottom. Aluminium foil was placed
as a reflector at the opposite side of the flashlights to
minimize shadows. The whole set up was controlled by a
notebook computer using the EOS utility software (EOS
Utility version 2.12.0, Canon, Tokyo, Japan). The picture
size at the focal plane was 35*52.5 cm resulting in a pixel
size of 0.13 mm. Images were recorded and stored as
JPEG (Fig. 2). An aperture value of 9.0 and an exposure
time of 1 sec allowed for optimal image quality with
minimized background noise. A label was placed in the
field of view of the camera for sample identification.

Image processing with REST

For image analyses, we developed a software called
Root Estimator for Shovelomics Traits (REST), in
MatLab 7.12 (The Mathworks, Natick Massachusetts,
United States). It is available as supplement or from
SorceForge (rest4roots). For the identification of the
root crown samples, an optical character recognition
(OCR) algorithm was programmed to detect the labels,
read their content and rename the images accordingly.
Rootstocks were segmented from the background and
converted into binary images using Otsu’s method (Otsu

Fig. 1 Sampling of root stocks in
the field: a removal of shoots
25 cm above the soil surface, b
lengthwise splitting of the stalk
with a knife, c cutting of entire
root crown in the soil with a
sharpened and flat spade, d and
excavation of the root stock as a
cylinder of 30 cm depth and
diameter e excavated root stocks

Plant Soil (2015) 388:1–20 5



1979). Due to the optimized image quality, uniform
illumination in the imaging tent and contrast between
object and background, this could be done in a batch
processing routine with a minimal loss of details.

Due to the standardized removal of the shoots in the
field at 25 cm, the soil surface was on a fixed level in the
images. An arc with a 10 cm radius was virtually drawn
from themiddle of the stalk. The angles of the left and right
uppermost root were determined and their average was
recorded as the image derived root top angle (IAngRt)
(Fig. 3). To reduce errors due to single roots standing out
of the bulk root stock, the evaluated area was reduced to
95 % in width and depth for further analyses (Fig. 3). On
the vertical axis, 5 % of root pixels from the lower edge
were discarded; on the horizontal axis 2.5 % of root pixels
on each side were discarded. All following analysis are
based on these images comprising 90 % of pixel classified
as roots.

The filling factor along the arc was measured as the rate
of root derived pixels along the arc of the opening angle
(Fig. 3). The size of the entire root systemwas estimated as
the area of convex hull (AcH), starting at the soil surface.
In addition, the projected total structure length, calculated
as the sum of theweighted length of root derived structures

and the number of background patches within the AcH
were determined. Further information about the spatial
extension and the shape of the root system in the soil were
obtained from the maximum width (mWRt) of the root
system.

Further parameters were measured to generate more
detailed information about the internal structure of the
root system. By dividing the number of root pixels
within the convex hull by the pixel number of the AcH
the root system filling factor (Ff) was determined. The
size of all the background gaps within the convex hull
was measured as a measure for the root system com-
plexity (Fig. 4). Furthermore, a distance map within the
same area provided information about the diameters of
the root clusters in the binary images. Therefore, dis-
tances of every root derived pixel to the closest back-
ground pixel were measured (Fig. 5). According to Grift
et al. (2011), fractal dimensions (FD) of the root systems
were obtained as an additional indicator for the internal
complexity of the root crown. By using a standard Bbox-
counting^ algorithm (Moisy 2006), a grid was applied
on the picture and its fineness was reduced stepwise by the
factor two. Grid mashes, which coincidence with pixels,
were counted in each step. Logarithms of these counts

Fig. 2 Root imaging tent with cuboid-shape backside
(70*58*100 cm) and prism-shape frontside (70*94*100 cm); root
crown (a) with 25 cm stalk hanged on clap; uniform illumination

was achieved with two flashlights (b) and reflector foil on the
opposites of the flashlights(c); pictures taken with 10 megapixel
camera (d) as JPEG

6 Plant Soil (2015) 388:1–20



Fig. 3 Image processing with RootEstimatorforShovelomicsTraits:
a original RGB picture takenwith a 10megapixel and segmented into
binary images;b I) automated determination of image derived root top
angle (IAngRt), II) correction for outstanding roots by subtracting
2.5 % of the pixels at the left and the right side and 5 % at the bottom

of the root stock, III) determination of Filling factor along the arc; c I)
area of the convex hull (AcH) and II) maximum width (mWRt);
Within AcH: determination of the projected total structure length
(PLSt), number of holes and the filling factor (Ff)

Fig. 4 Distribution of gap sizes measured as size of holes
enclosed by roots in the test crosses a) FV353×UH007 under high
nitrogen (HN; 192 kg N ha−1), b) B97×UH007 under high nitro-
gen (HN; 192 kg N ha−1) and c) B97×UH007 under low nitrogen

(LN; 46 kg N ha−1); Lateral branching density at youngest whorl
a) 9 lateral roots cm−1, b) 39 lateral roots cm−1 and c) 20 lateral
roots cm−1; Median gap size a) 0.00383 cm2, b) 0.00274 cm2 and
c) 0.00374 cm2

Plant Soil (2015) 388:1–20 7



were plotted against the logarithm of the respective recip-
rocal mash size values. Finally FD was calculated as the
slope of the linear regression in these plots (Supplemental
Fig. S1).

Shoot measurements

Flowering data

Silking data were recorded in the middle row of each plot.
Ten plants were randomly selected and silking was record-
ed 47, 50, 52 and 58 DAS. Linear interpolation allowed
estimating the date of 50 % silking (SD) in each plot.

Plant vigor

Vigor traits were recorded from the same plants as those
investigated for RSAT. Plant height from the soil surface to
the collar of the flag leaf wasmeasured after tasseling at 58
DAS. At the same day SPAD values (SPAD-502, Konica
Minolta, Tokyo, Japan) were recorded by taking three
random measurement points on the second leaf above the
ear.

After the shoots were cut from the rootstocks in the
field, they were stored in a cool room at 4 °C to avoid
water loss. The leaf fresh weight (FWLf) was assessed
with precision spring scales (Medio-Line 40600 and
41002, Pesola AG, Switzerland) on a five gram scale.

Data analysis and statistics

All statistics were computed in R version 3.0.1 (R Core
Team 2013) and data were fitted by using linear mixed
models in the ASReml package (Guilmour et al. 2009)
for R.

Diversity of traits in the set

According to the randomization in the field design, the
following linear mixed model was used to control for
spatial variability:

Y ijkl ¼ μþ αi þ β j þ αβð Þi j þ rk þ βrð Þ jk
þ βrbð Þ jkl þ εijkl ð2Þ

where Y is the plot-mean trait value of the ith (i=1,
2,…, 32, 33) genotype within the jth nitrogen treatment
(j=HN, LN), within the kth replicate (k=1, 2, 3, 4) and

the lth incomplete block (l=1, 2,…, 5, 6); α is the
main genotype effect, β the main nitrogen level
effect, αβ the interaction effect between genotype
and nitrogen level, r the replicate effect, βr the
effect of the interaction between nitrogen level and
replicate, βrb the effect of the incomplete block
and ε the residual error. For phenotypic investiga-
tions, genotype, nitrogen level, genotype-nitrogen
level interaction and the replicate were set as fixed
factors while the rest was set as random factors.
Analyses of variances (ANOVA) and Wald F-
statistic tests were used to identify significant ef-
fects of fixed effects.

Best linear unbiased estimators (BLUEs) were taken
to investigate the phenotypic diversity in the set (Piepho
and Möhring 2007). Tukey’s honestly significant differ-
ences (Tukey HSD) were used as post-hoc test and
calculated as:

TukeyHSD ¼ q*

ffiffiffiffiffiffiffiffiffiffiffi
MSE

n

r
ð3Þ

where q is the critical value according to the chosen
significance level and degree of freedom, MSE is the
mean square error calculated from the average standard
error of the difference (avsed) supplied by the predict
function of ASReml-R and n is the number of treatment
levels.

Heritability estimations

Variance components were used to estimate the
heritability of selected traits at the hybrid level
(Vargas et al. 2013). To check for the stability of
trait inheritance under stress, estimations were
done separately for HN and LN using the follow-
ing linear mixed model:

Y ikl ¼ μþ αi þ rk þ rbð Þkl þ εikl ð4Þ

with Y as the trait value of the ith (i=1, 2,…, 32, 33)
genotype within the kth replicate (k=1, 2, 3, 4) and
within the lth incomplete block (l=1, 2,…, 5, 6); α as
the main genotype effect, r the replicate effect, rb the
effect of the incomplete block and ε the residual error.
The replicate was set as a fixed factor, the rest as
random.
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Broad-sense heritability based on the mean of the
four replications was calculated according to Falconer
and Mackay (1996) as:

H2 ¼ σ2
g

σ2
g þ

σ2
e

r

ð5Þ

where σg
2 and σe

2 are the genotypic and residual error
variance respectively obtained from the linear mixed
model fitting (Eq. 4) and r as the number of replications.

Correlations among RSAT

Relationships between genotype means of manually
assessed RSAT and image derived traits were assessed

Fig. 5 Distribution of cluster diameters measured as distances from
root crown derived structures to the background in the test crosses a)
W64A×UH007 and b) F1808×UH007 under high nitrogen (HN;

192 kgNha−1); Number of nodal roots at youngestwhorl a) 10,b) 14;
Filling factor a) 0.550, b) 0.699 and median cluster diameter a)
0.171 cm, b) 0.324

Plant Soil (2015) 388:1–20 9



with linear correlations. This allowed identifying possi-
ble proxy parameters for manually measured RSAT.
Significant correlations based on Pearson correlation
coefficients were considered to be weak, moderate, rea-
sonably strong and strong if r<0.5, 0.5<r<0.7, 0.7<r<
0.85 and r>0.85 respectively.

Rotational symmetry of maize root crowns

The response of the rotational symmetry of the maize
root crowns with respect to the row orientation was
obtained from the BLUEs of a slightly modified linear
mixed model as shown in Eq. (2):

Y iklmn ¼ μþ αi þ cn þ αcð Þin þ rk þ rbð Þkl
þ rbpð Þklm þ εklmn ð6Þ

where Y is the plant trait value of the ith (i=1, 2,…,
32, 33) genotype and the nth split direction (n=along the
row orientation, against the row orientation), within the
kth replicate (k=1, 2, 3, 4), within the lth incomplete
block (l=1, 2,…, 11, 12) and within the mth plot (m=1,
2,…,5, 6). The parameters α, r and ε describe the same
effects as in Eq. (3). The effects of the cut, cut-genotype
interaction, the incomplete block and the plot respec-
tively are described by c, αc, rb and rbp respectively.
Fixed effects were α, c, αc and r while the other effects
were set as random.

Results

The time needed to determine the RSAT by rating
followed by counting of lateral roots was around
4.3 min per root crown. Imaging was 6.5 times faster,
requiring only 40 sec per root stock for image capture,
followed by 6 sec per image for the image analysis with
REST.

Different RSAT among genotypes and comparably high
heritability for root angles, branching densities and gap
size distribution

The evaluated test crosses covered a remarkable range
of phenotypic diversity. All measured RSAT except of
FD showed significant (p<0.05) genotype responses
(Table 1). The differences between minimum and max-
imum genotype mean values of these RSAT exceeded
the respective Tukey HSD (Table 1). Significant

responses to the nitrogen treatment could be observed
for all the traits except AngNo-2, BDNo-0, BDNo-2, Ff and
the 3rd quartile of the gap size (Table 1). Most manual
scores and counts showed significant interactions be-
tween genotype and nitrogen fertilization, whereas
image-derived traits except of the IAngRt did not show
interactions (Table 1).

The date of 50 % silking varied among genotypes
between 49 and 56 DAS and was not affected by the
level of nitrogen fertilization (Table 1). Plant height,
SPAD values and leaf fresh weight differed among
genotypes and the latter two responded significantly to
the nitrogen level as well (Table 1). Average SPAD
values were reduced from 51.4 in the HN treatment to
40.4 in the LN treatment while FWLf dropped from 89.9
to 67.5 g per plant under nitrogen deficiency.

The estimated heritabilities of the assessed RSAT
ranged from almost 0 to values higher than 0.8 and were
generally reduced in the LN treatment. For the nodal root
angles, H2 ranged from 0.54 to 0.77 under high nitrogen
and from 0.48 to 0.63 under low nitrogen. Thereby, the
manual AngRt and the digital IAngRt showed very similar
heritability estimations (Table 1). The heritabilities of the
image-derived traits Ff, AcH and mWRt were in the same
range as the estimations for the nodal root angles. A very
high H2 could be observed for the branching density of
lateral roots at the youngest whorl under well fertilized
conditions. The heritability of BDNo-0 was 0.81 under HN
and 0.54 under LN; heritability of BDNo-2 was 0.67 under
HN and 0.67 under LN (Table 1). Under both nitrogen
levels, median gap size and median cluster diameters
showed heritabilities between 0.45 and 0.64 (Table 1).
Relatively low H2 values were observed of #WhPp,
#NoNo-0 and FD. The heritabilities of these traits covered
a range between 0.00 and 0.41 over both nitrogen treat-
ments (Table 1). By comparison, heritability of most
shoot traits ranged between 0.44 and 0.61 with the ex-
ception of flowering time, being well above 0.8. Thus, we
could identify root traits, such as root angles and
branching density that had an even higher heritability
than most shoot traits (Table 1).

REST parameters explained focal RSAT

Nodal root angles correlated with image derived root
top angles

A common pattern of nodal root angels of different
whorls was observed under both nitrogen levels for all

10 Plant Soil (2015) 388:1–20
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evaluated genotypes. Nodal root angles of older whorls
were steeper compared to angles of the later emerged
whorls (Supplemental Fig. S6). The correlation between
genotype means of the AngRt and the IAngRt was strong
(r=0.89) (Fig. 6). Furthermore, the AngRt was correlat-
ed with the AngNo-0 and AngNo-1 (r=0.98 and 0.64,
respectively). The correlation of AngRt and AngNo-2
was not significant (Supplemental Fig. S2) yet AngNo-1
and AngNo-2 were weakly (r=0.38) correlated with each
other. With the applied methodology AngRt or IAngRt
were reliable measurements to describe the nodal root
angles of at least the two latest emerged whorls within a
maize root crown.

Nodal root angles defined the size and lateral expansion
of the root system

Lower and, therefore, shallower AngRt caused a more
horizontal expansion of the root system. The root top
angles correlated reasonably strong with the area of the

convex hull (r=−0.82 Fig. 7). Since the root crowns
were always excavated at the same depth, the genotypic
differences in the size of the root systems were mainly
measurable by the lateral expansion. The strong corre-
lation between AcH and the maximum width of the root
system (r=0.91) confirmed this suggestion (Fig. 7). A
further strong positive correlation among size describing
traits was observed between AcH and the projected total
structure length (r=0.89). In contrast, the number of
nodal roots on the youngest whorl was not significantly
correlated to the nodal root angles or the AcH
(Supplemental Fig. S3).

As shown in table 1, AngRt, AcH and mWRt

responded to the level of nitrogen fertilization. Thereby
root top angles became steeper and AcH and mWRt

became smaller under low nitrogen (data not shown).
Weak relationships of RSAT and plant vigor were

observed. Increasing leaf fresh weight were related to an
increased #NoNo-0 (r=0.49), increased FD (r=0.42) but
not to AcH (Supplemental Fig. S4) or AngRt.

Fig. 6 Scatter plot and Pearson correlation coefficient between genotype means of root top angle (AngRt) and image derived root top angle
(IAngRt); (**) denotes significant correlations on p-level 0.01

12 Plant Soil (2015) 388:1–20



Furthermore, the leaf fresh weight was related to the
projected total structure length (r=0.44) (Fig. 8).

Branching density was closely related to gap size
distribution

The two lateral branching densities of nodal lateral roots
were assessed to describe the inner architecture of the
root crowns. Similar to the pattern of nodal root angles
described above, the branching density of lateral roots
was lower at older whorls than at the youngest (data not
shown). Thereby BDNo-0 and BDNo-2 were correlated
reasonably well (r=0.77). Altered branching intensities
of lateral roots due to different genotypes or nitrogen
levels changed the size distribution of the background
gaps in the images (Fig. 4). Increased BDNo-0 and BDNo-

2 caused lower median gap sizes as indicated by the
negative correlations of −0.62 (Fig. 9) and −0.44, re-
spectively (Supplemental Fig. S5).

The other image derived parameters describing the
inner structure of the root system (Ff, fill factor along the
arc and cluster diameters) were not correlated with the
manually assessed branching densities. However, higher
#NoNo-0 caused larger median cluster diameters (r=
0.44). Furthermore, #NoNo-0 was positively correlated
with Ff (r=0.46). In Fig. 5 the relationship between
#NoNo-0, median cluster diameter and Ff is shown on
exemplary contrasting plants of two genotypes.

The filling factor itself was related to other image
derived traits. Increasing filling factors were related to

smaller median gap sizes and larger median cluster
diameters. The filling factor showed relatively high
correlations with the median cluster diameter (r=0.81)
(Fig. 9) and median gap size (r=−0.59) (Supplemental
Fig. S5).

Rotational symmetry of maize root crowns

Due to the two different cut directions of the root crowns
it was possible to check their rotational symmetry.
Thereby the lateral extension of roots into the intra-
and inter-row space was of interest. Significant effects
to the split direction could be observed for the AngRt and
AngNo-0. The root top angle showed an average angle of
56.6° when the root crown was split along the direction
of the rows in the field. When the root stocks were split
at 90° orientation to the row, the average AngRt was
slightly shallower and decreased by 1.9°. A similar 1.8°
difference was observed for AngNo-0. The other nodal
root angles, mWRt (p=0.06) and AcH (p=0.25) did not
show significant responses to the cut direction. Thus, the
deviation from rotational symmetry where statistically
significant but too small that they would be of major
relevance for root foraging within the inter rows.

Discussion

The current study aimed for the development of a high-
throughput phenotyping method for mature maize root

Fig. 7 Scatter plots and Pearson correlation coefficients between genotype means of the area of the convex hull (AcH) and a) root top angle
(AngRt) and b) the maximum widht of the root crown (mWRt); (**), denotes significant correlations on p-level 0.01

Plant Soil (2015) 388:1–20 13



Fig. 8 Scatter plot and Pearson correlation coefficient between genotype means of the leaf fresh weight (FWLf) and projected total structure
length; (*) denote significant correlations on p-level 0.05

Fig. 9 Scatter plots and Pearson correlation coefficients between
genotype means of the a) branching density of lateral roots at
youngest whorl (BDNo-0) and themedian gap size and b) the filling

factor (Ff) in the convex hull andmedian cluster diameter; (**), (*)
denote significant correlations on p-level 0.01 and 0.05
respectively

14 Plant Soil (2015) 388:1–20



systems in the field. This was achieved with advance-
ments of the approaches presented by Trachsel et al.
(2011) and Grift et al. (2011). We combined an im-
proved sampling method (half-cut) and an improved
imaging acquisition in an imaging tent with custom
software (REST). The software was programmed to
supply summary parameters describing basic character-
istics of root stocks of maize based on standardized
images. Hand measured traits were correlated with dig-
ital parameters obtained from REST. Cutting the root
crowns lengthwise (half-cut) aimed at improving han-
dling related to transport and cleaning and the accessi-
bility of the inner structures, such as branching densities,
without the need of cutting off single roots.
Furthermore, due to this splitting the root crowns were
exactly at the focal plane of the camera, facilitating the
discrimination of object and background during image
processing. Furthermore, a diverse set of 33 test hybrids
allowed getting a general idea of the phenotypic diver-
sity at the hybrid level and the heritability of focal traits.
The panel was selected to represent genotypes with a
comparably narrow window of flowering time to allow
for field trials within the DROPS consortium (Welcker,
personal communication). The narrow flowering, with
differences of 7 days between the earliest and latest
genotype confirmed this selection.

Standardized acquisition of high quality images enabled
detailed and fast image processing

Phenotyping based on scoring of certain traits, such as
number and angles of nodal roots and lateral branching
densities required 2 min per root stock (Trachsel et al.
2011). Time expenditures for manual measurements
have not been reported (Trachsel et al. 2011; Trachsel
et al. 2013). In the current study the required time for
manual measurements was more than twice as much as
presented by Trachsel et al. (2011), in which visual
scoring was used. Image capturing with a standardized
procedure as presented here or by Grift et al. (2011),
reduced the duration of the whole procedure tremen-
dously while maintaining an optimal image quality.
Pictures of high quality and with a good contrast be-
tween object and background were the basis for a fast
and precise image processing (Zhong et al. 2009; Grift
et al. 2011). Furthermore, the standardization of the
imaging allowed detecting the soil level in the images
which is crucial when quantifying the position of the
roots in the soil (Bucksch et al. 2014). The readout of the

label and the processing with REST of a single image
was completely automatized and took just a few sec-
onds. Hence, automated phenotyping required less than
1 min per root crown, while the manual measurements
took more than 6 min per rootstock. Importantly, auto-
mated phenotyping requires no oversight from the re-
searcher so trait measurement time is effectively close to
zero. The REST software is specifically adapted to
measure root traits in maize. With some modifications
on the image acquisition side, e.g., an increased resolu-
tion of the camera, it may be also used to measure root
systems of small grain cereals. However, to measure
root systems of dicots, one may refer to more appropri-
ate software, such as DIRT (Bucksch et al. 2014).

Heritabilities of REST parameters were comparable
with those of manually assessed RSAT and shoot traits

The phenotyping of root traits is useful to breeders only
if the variability caused by genetic effects is much larger
than the variance due to environmental influences. The
study showed a remarkable genotypic variation among
the hybrids (Table 1). Nevertheless, this variation is
much narrower than the phenotypic diversity reported
from large inbred panel screenings (Grift et al. 2011;
Trachsel et al. 2011; Trachsel et al. 2013). This can
possibly be explained by the overriding effect of the
common father line. It may have masked many allelic
effects of the mother inbred lines due to additive or
dominant effects. However, dent-by-flint hybrids are
typical for temperate regions. Accordingly, the observed
variation at the hybrid level serves as better estimate
about the genetic variability available to breeders. The
degree of heritability for RSAT found in the literature
cover a broad range from <0.4 to >0.8 (Hund et al. 2004;
Ruta et al. 2010; Kumar et al. 2012; Grieder et al. 2014),
what is in accordance with our results. Low H2 estima-
tions were observed for #WhPp, #NoNo-0 and FD, while
the heritabilities of AngRt, IAngRt,BDNo-0, size and di-
ameter distributions of gaps and clusters respectively
were comparable or even higher than the H2 of shoot
traits (Table 1). Decreasing heritabilities under low ni-
trogen have been observed for most of the assessed
RSAT. This can be explained by the increasing environ-
mental error due a pronounced effect of soil inhomoge-
neity (Gallais and Hirel 2004) and fits in well with
previous studies (Chun et al. 2005; Gallais and Coque
2005; Ruta et al. 2010; Zhu et al. 2011). Yet, heritability
was so far mainly calculated based on replication within

Plant Soil (2015) 388:1–20 15



one experimental setup under similar environmental
conditions. It remains to be elucidated, if heritabilities
of root traits stay high, when compared across years and
soil types (Liedgens et al. 2000; Cai et al. 2012).
Furthermore, as mean-based heritability increases with
the number of measurements on the same genotype,
shoot traits that are simple to measure and related to
root traits may be a better choice for selection as
discussed by Grieder et al. 2014.

REST parameters explained focal RSAT and allowed
observing genotype and nitrogen effects

Previous studies used traits such as FD (Grift et al. 2011)
or support vector machine parameters (Zhong et al.
2009; Iyer-Pascuzzi et al. 2010) as proxy parameters
for RSAT. In this study correlations between measured
traits and a set of digitally assessed parameters could be
shown. Furthermore, significant genotype and nitrogen
effects were observed for those image-derived traits.

Image derived root top angle as reliable proxy value
for nodal root angles

Genotype responses of nodal root angles were highly
significant (Table 1). The difference in the used set
between maximum and minimum values of AngRt,
IAngRt, AngNo-0 and AngNo-1 were around 20°.
Digitally assessed root top angles in a population of
200 inbred lines showed a similar degree of variation
(Grift et al. 2011). In another study the observed varia-
tion of scored nodal root angles among 218 inbred lines
was almost 90° (Trachsel et al. 2011). It has been sug-
gested that AngRt is inherited additively (Grift et al.
2011). Since the current study just evaluated the test-
crosses and not the parental lines it was not possible to
verify this claim. Nevertheless, it could be shown that
the broad sense heritability of nodal root angles is be-
tween 0.54 and 0.77 under well-fertilized conditions and
decreased by around 20% under low nitrogen (Table 1).
These estimations are comparable to H2 estimations of
other RSAT such as nodal root number or branching
density (Kumar et al. 2012).

Previous studies reported moderate to strong correla-
tions between nodal root angles of different whorls
(Trachsel et al. 2013) which corresponds to our results
(Supplemental Fig. S2). Furthermore, we could show
that AngRt, and AngNo-0 can be replaced by the digitally
assessed IAngRt (Fig. 6). Since the vertex of nodal root

angles from different whorls was fixed at the soil sur-
face, angle patterns were not comparable with other
studies, where the vertex was set at the respective whorl.
With the applied methodology roots at younger whorls
seemed to be shallower than at older ones, that disagrees
with previous results (Araki et al. 2000; Trachsel et al.
2011; Grieder et al. 2014).

Area of the convex hull as measure for root system size
and lateral extension

Nodal root angles were the major trait measured manu-
ally defining the size of the excavated root crown,
expressed as AcH. Beside AcH also mWRt and the
projected total structure length described the size of
the root system in the images (Fig. 7 and
Supplemental Fig. S3). For all these RSAT genotype
and nitrogen responses could be observed (Table 1).
These findings correspond well with previous studies
in the field and under controlled conditions, where root
system size differed among genotypes (Kumar et al.
2012; Worku et al. 2012; Manavalan et al. 2012) and
fertilization levels (Vamerali et al. 2003; Yu et al. 2007;
Liu et al. 2008; Worku et al. 2012). As reported by
Trachsel et al. (2013), root angles became steeper in
the LN treatment. Furthermore, mWRt and AcH de-
creased under low nitrogen. Due to the excavation of
the rootstock at a fixed depth, the AcH was mainly
defined by its lateral extent (mWRt) and the steepness
of the nodal root angles (Fig. 7). The vertical dimension
was affected by the excavation depth, only. Links be-
tween the steepness of nodal root angles and the degree
of topsoil root density have been shown in greenhouse
and field experiments (Zhu et al. 2005b). Similar results
were obtained in other studies with mature maize root
systems in the field. Correlations between the steepness
of nodal root angles and the maximum rooting depth
could be shown (Araki et al. 2000; Hund 2010; Trachsel
et al. 2013).

Further genotype and fertilization responses were
observed for #WhPp and #NoNo-0 (Table 1). These find-
ings have been reported in several studies, where #WhPp
differed between nitrogen levels (Ku et al. 2012) and
genotypes (Trachsel et al. 2011; Ku et al. 2012; Burton
et al. 2013). The same effects have also been observed
for the nodal root number (Trachsel et al. 2011; Burton
et al. 2013; Trachsel et al. 2013). Similar to the findings
of Trachsel et al. (2013), we did not find significant
correlations (p<0.05) between #NoNo-0 and nodal root
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angles, AcH (Supplemental Fig. S3) or mWRt.
Compared to other studies, where the H2 of #WhPp
and #NoNo-0 were estimated under controlled conditions
(Kumar et al. 2012; Ku et al. 2012) our estimations were
much lower (0.15<H2<0.41). Hund et al. (2004) report-
ed similar degrees of heritability for #NoNo-0. The her-
itabilities of AcH, mWRt and projected total structure
length were between 0.33 and 0.71 and therefore com-
parable to H2 for RSAT reported by other authors (Hund
et al. 2004; Ruta et al. 2010; Kumar et al. 2012).

Fractal dimensions have been suggested to be a
proxy measurement for the complexity of the root sys-
tem (Grift et al. 2011). Although fractal geometry of
whole root systems differs from the fractal geometry of
linear and planar root system transects (Nielsen et al.
1997), and FD alone is less informative than integrated
analysis of FD, fractal abundance and lacunarity (Walk
et al. 2004), most previous studies focus on planar FD
computed just from a subsection of the root system.
These authors observed significant differences between
maize (Grift et al. 2011) and common bean genotypes
(Nielsen et al. 1999; Walk et al. 2004). In REST planar
FD were computed from 90 % of the pixels classified as
roots, which resulted in non-significant differences of
FD among genotypes (Table 1). This would also be an
explanation for the low heritability estimations for FD.
Unlike to Walk et al. (2004) we could observe fertilizer
responses of FD (Table 1) and a correlation to FWLf

(Supplemental Fig. S4). These findings suggest that
with the applied methodology FD describes plant
vigor and the size of the excavated root stock rather
than the complexity or the inner structure of the root
system per se. Burton et al. (2013) showed correlations
of plant biomass and the diameter of the rootstock. This
corresponds to our results, since planar FD, as computed
with REST, is influenced to a certain extent by the
diameter of the root system. Further relations of RSAT
and FWLf have been observed for #NoNo-0 and the
projected total structure length. This confirms results
from other studies, where number and length of nodal
roots (Burton et al. 2013) or root biomass (Manavalan
et al. 2012) were positively correlated with shoot
biomass.

Half-cut enabled insights into the root system and REST
provided measures for inner complexity

While nodal roots define the very coarse structures and
the outer shape of a root system, lateral roots are

responsible for finer structures and the inner complexity
of a root crown (Lynch 1995; Hochholdinger 2009;
Gaudin et al. 2011). In this study different lateral
branching densities were observed among the test-
crosses (Table 1). The manual measurements ranged
from 11.88 to 27.33 and from 7.76 to 13.48 lateral roots
per centimeter of crown root for BDNo-0 and BDNo-2

respectively. In large panel screenings withmaize inbred
lines (Trachsel et al. 2011) and land races (Burton et al.
2013) genotype responses with a larger variation were
reported. Branching densities of lateral roots at different
whorls correlated well, what agrees with the results by
Kumar et al. (2012) and Trachsel et al. (2013).
Furthermore, the estimated heritabilities of BDNo-0 and
BDNo-2 were comparably high (Table 1) and in the same
range as reported previously (Kumar et al. 2012).

Planar fractal dimension as computed in this study
could not explain the lateral branching patterns. Rather
using the number of root tips (Bucksch et al. 2014), this
study used gap sizes within the root crown to explain
lateral branching patterns. The current results showed
for the first time, that the median size of the gaps
between root derived pixels in the images correlate
moderately with BDNo-0 (Fig. 9) and to a smaller extent
with BDNo-2 (Supplemental Fig. S5). Our findings sug-
gested that Ff provides a more general idea of the inner
structure and is a more robust measurement with respect
to nitrogen deficiency while median gap size provided
more detailed information about the inner structure and
is clearly related to the apparent density of lateral roots.
By increasing the resolution to 20 or more megapixels
new insights into the lateral root system can be obtained
such as diameters of lateral roots or even secondary
lateral branching.

Half-cut enabled to study rotational symmetry of root
crowns

Plant-to-plant competition might affect rotational sym-
metry of the root system. Leaf orientation is adjusted by
modern varieties to point toward the inter row, closing
the large gaps between rows (Maddonni et al. 2002).
This might be also the case of roots. The approach of
lengthwise splitting of the root crowns in the field either
along or against the planting row, allowed investigating
the rotational symmetry of the rootstocks without extra
effort. Compared to gel-based systems (Iyer-Pascuzzi
et al. 2010) or computed tomography (Zhu et al. 2011)
this could be done much faster, at lower acquisition
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costs and with mature root systems. The effects of the
split directions on the lateral extension were significant
in the case of AngRt and AngNo-0, but with 2° steeper
angles within the row the effect is very small. In the case
of mWRt and AcH no significant responses to the split
direction could be seen. This suggests that maize root
crowns keep their rotational symmetry, even if more
unoccupied soil volume is provided between the plant-
ing rows than within. However, we did not evaluate to
what extent the excavation method might bias the re-
sults. In a more specific experiment the question of inter
vs. intra row foraging may be addressed by extending
the dimensions of the excavated root stock. For exam-
ple, two adjacent neighboring plants might be harvested
together with the target plant and carefully cleaned.
Certainly, such a methodology would come at the costs
of lower throughput.

Conclusion

The results of this study illustrated clearly the potential
and the power of image processing as a phenotyping
approach of mature maize root crowns. A standardized
acquisition of images of high resolution and contrast are
crucial for fast and detailed image processing.
Furthermore, the lengthwise split of the root crowns
enabled to determine the outer shape and the inner
structure of root systems at once without cutting of
roots. The software REST provided a set of parameters,
which allowed observing significant differences be-
tween genotypes and nitrogen levels at the periphery
and the interior of the crowns. Moderate to strong cor-
relations between focal RSAT measured by hand and
parameters provided by REST were observed. The im-
age derived root top angle showed a strong correlation
with the root top angle determined manually. Further
traits, such as the area of the convex hull and the
maximum width of the root system measured the size,
and even more importantly, the lateral extent of the
excavated root system. These traits were also strongly
related to nodal root angles. Based on the distribution of
root clusters diameters and background gap sizes the
inner structure of the crowns with respect to genotypes
and the level of nitrogen fertilization could be quanti-
fied. The median gap size was correlated to the apparent
lateral branching density and the filling factor within the
root crown.

Furthermore, the results showed, that manually
assessed RSAT and REST parameters have a sim-
ilar degree of heritability like shoot traits such as
plant height or leaf fresh weight. This indicated
the opportunity to incorporate RSAT into hybrid
breeding programs. However, to have a more evi-
dent idea about the heritability of RSAT, the study
needs to be repeated at several locations and under
various stress conditions.

Currently, the adaptation of sampling and imaging
strategies to measure root systems of other crop species
is in progress. As REST serves only a rough estimate of
branching density, further image-based approaches to
measure length, diameters and branching density of
lateral roots on individual roots, are certainly desirable.
This will further increase the power and utility of REST
for large genotype screenings of various crops.
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