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If we want to understand how the environment has shaped the appearance and behavior of living creatures, we need to com-
pare groups of individuals that differ in genetic makeup and environment experience. For complex phenotypic features, such as
body posture or facial expression in humans, comparison is not straightforward because some of the contributing factors cannot
easily be quantified or averaged across individuals. Therefore, computational methods are used to reconstruct representative
prototypes using a range of algorithms for filling in missing information and calculating means. The same problem applies to
the root system architecture (RSA) of plants. Several computer programs are available for extracting numerical data from root
images, but they usually do not offer customized data analysis or visual reconstruction of RSA. We developed Root-VIS, a free
software tool that facilitates the determination of means and variance of many different RSA features across user-selected sets of
root images. Furthermore, Root-VIS offers several options to generate visual reconstructions of root systems from the averaged
data to enable screening and modeling. We confirmed the suitability of Root-VIS, combined with a new version of EZ-Rhizo, for
the rapid characterization of genotype-environment interactions and gene discovery through genome-wide association studies

in Arabidopsis (Arabidopsis thaliana).

Roots play a critical role in soil water and nutri-
ent uptake and, thus, in plant productivity. Root sys-
tem architecture (RSA) is determined by the relative
growth of different parts of the root system as well as
frequency of branching and branch angles. RSA is a key
determinant of root function and is highly plastic, be-
ing controlled by genotype-environment interactions
(Yu et al., 2016; Morris et al., 2017; Shahzad and Amt-
mann, 2017). Optimization of RSA is thus imperative
for the improvement of plant resilience, particularly
to soil-borne stresses such as soil drought, flooding,
nutrient deficiencies, and biotic factors (Julkowska and
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Testerink, 2015; Lynch, 2015; Rogers and Benfey, 2015).
Correlation of root morphology with DNA sequence
information allows the identification of the genetic
loci that underpin root features, for example, through
mutant screens, quantitative trait locus analysis or
genome-wide association studies (GWAS). New se-
quencing technology has vastly increased the amount
of available genetic information, and better phenotyp-
ing assays are now required to meet the pace of these
advancements. Depending on the research question,
different phenotyping approaches need to be taken
because there is a tradeoff between (1) reflecting real-
istic environments, (2) controlling environmental factors,
(3) obtaining precise information on individual parts
of the root systems, and (4) throughput.

Several platforms to obtain root images from plants
grown in soil (field, pots, or rhizotrons) are available,
together with software to capture and model the over-
all size and shape of the complex root systems (Lobet
et al., 2011; Bucksch et al., 2014; Kalogiros et al., 2016).
These studies are complemented by analyses of roots
developing on synthetic surfaces, which offer more pre-
cise control and manipulation of the root environment.
Open source software such as BRAT (Slovak et al.,
2014; Satbhai et al., 2017) and RootTrace (Naeem et al.,
2011) have been developed to precisely track the early
main root growth from scanned images of Arabidopsis
(Arabidopsis thaliana) seedlings growing on plates. An
intermediate analysis space is occupied by software
such as EZ-Rhizo (Armengaud et al., 2009), archiDART
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(Delory et al., 2016, 2018), RootScape (Ristova et al.,
2013), and the commercial WinRhizo (Arsenault et
al., 1995). They have facilitated the quantitative
assessment of more advanced root systems of Arabi-
dopsis and other dicot plants, including information
on lateral root features such as position, length, density,
and angle. This information has generated knowledge
on branching patterns, rather than just primary root
growth or overall shape, and has enabled large-scale
phenotyping of Arabidopsis roots to investigate natu-
ral variation and responses to multiple environmental
cues (Gruber et al., 2013; Kellermeier et al., 2013, 2014;
Julkowska et al., 2017).

With a good range of root image analysis software
in place, the next challenge is how to process the ac-
quired numerical data in order to extract biologically
meaningful and statistically valid results. Averaging
across replicates is easy for some simple RSA traits,
such as main root (MR) length and lateral root (LR)
number, but it is less straightforward for other traits.
For example, how should we calculate the mean LR
length if the number of LRs differs between replicate
plants? We can either average the length of all laterals
in each plant before averaging across plants, or we can
average individual LRs across replicates. The latter can
be done either by the order of appearance (1st, 2nd LR,
etc.) or by their position on the main root (e.g. all LRs
within a particular sector of the main root). There is no
one “correct” solution to this problem; rather, each of
the approaches is more or less suited to answer a spe-
cific question. For example, the first average provides a
measure of overall growth investment into lateral roots,
the second provides information on how individual
LRs develop, and the last approach best reflects the root
shape. It is therefore important that RSA analysis soft-
ware, in addition to enabling data acquisition, also of-
fers different options for extracting mean root traits and
their variance, which can then be used as a numerical
input for genetic studies or developmental models.

Another challenge is how to visually represent av-
eraged root systems in a manner that clearly and
faithfully reflects differences between genotypes or
environmental conditions. Current root image analy-
sis software packages rarely include options to visu-
ally reconstruct single-plant or mean RSAs from the
measured data. In publications, the individual aver-
aged RSA traits are usually represented in multiple bar
graphs. A picture of one “representative” root system
is often included, but considering the variability and
complexity of RSA, it is unlikely that one individual
plant can indeed be representative in all RSA traits.
The reader is left with the difficult task of deducing
the mean RSA from bar graphs of all individual traits.

To address these problems, we have developed a
new application, Root-VIS, which enables calculation
and visual reconstruction of mean RSAs from mea-
sured data. We exemplify the possibilities offered by
Root-VIS using data acquired with a greatly enhanced
version of the previously published EZ-Rhizo program.
The combined EZ-Root-VIS pipeline provides an easy
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procedure to capture RSA features of many individual
plants and to visualize averaged RSAs for different
genotypes under various environments or at different
time points. Root-VIS offers a range of choices for how
to calculate means and how to visually represent the
average root phenotypes. For example, it allows users
to calculate means of LR-related traits on a per-plant or
a per-branch basis. It provides possibilities to redraw
average root architectures from the extracted data or
to regenerate root shapes in the form of flag plots, as
well as growth-investment or LR length profiles. We
validated the utility of the EZ-Root-VIS pipeline for
studying root growth dynamics, quantitative genetics,
and genotype-environment interactions.

RESULTS
Description of the EZ-Root-VIS Pipeline

The software is a standalone implementation, com-
patible with all Microsoft Windows operating systems
from Windows XP (SP-3) onwards, including Vista,
Windows 7, 8/8.1, and 10 (in “classic desktop” mode).
Separate versions are available for 32- and 64-bit plat-
forms. The installation package includes Root-VIS and
the latest version of the EZ-Rhizo program, which has a
number of additions and improvements over the origi-
nal 2009 release (Armengaud et al., 2009). For example,
EZ-Rhizo now accepts input images in any of the stan-
dard formats: Windows bitmap (BMP) files, graphics
interchange format (GIF), joint photographic experts
group compressed images (JPEG), portable network
graphics (PNG), or tagged image file format (TIFF)
files, and at any resolution. The software presents a
typical, Windows-style graphical user interface (GUL
Supplemental Fig. S1A) that will be very familiar to us-
ers of the Microsoft Visual Studio development envi-
ronment. Extensive (and context-sensitive) online help
is included with the software (Supplemental Fig. S1B).
The software also provides numerous, user-selectable
options for controlling the content and style of dis-
plays, and the parameters used in the reconstruction
and averaging algorithms. These are adjustable via a
“settings” property sheet (Supplemental Fig. S1C).

Figure 1A summarizes the workflow of RSA anal-
ysis with the EZ-Root-VIS pipeline. Images of plants
grown on agar plates in 2D are usually acquired with
flatbed scanners (Fig. 1B), but any image capturing de-
vice that generates sufficient contrast and resolution is
suitable. First, EZ-Rhizo is used to process the images
and extract numerical data of RSA features of individ-
ual roots (Fig. 1C). After image cropping, conversion
into black and white, and background noise filtering,
roots are pixelated, skeletonized, edited, and detected
as described before (Armengaud et al., 2009). In the
new version of EZ-Rhizo, we have included an option
to redefine the main root (the original version assumed
the longest root path formed the MR and this is also
the default setting). The numerical results of the anal-
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Figure 1. Overview of EZ-Root-VIS pipeline. A, EZ-Rhizo and Root-VIS software packages provide a convenient analysis pipeline
transforming root images into a numerical and statistical data output describing root system architecture. B, A suitable image of
Arabidopsis plants growing on a vertical agar plate can be acquired with a flatbed scanner at 200 dpi. C, Skeletonized roots
obtained after image processing with EZ-Rhizo provide the basis for quantification of RSA features by EZ-Rhizo. The obtained data
are saved in a searchable database. D, Root-VIS reconstructs the individual roots using the data extracted by EZ-Rhizo. E to ], Root-
VIS generates visual reconstructions of root system architecture from a user-defined set of individual roots (replicates), including
absolute (E) and binned (F) average RSA, alpha blends (C), flag plots (H), and LR profiles (I). The examples shown are based on
data from the five individual Arabidopsis plants shown in B. Roots images were taken at 12 DAG. ], For subsequent generation
of graphs, statistical analyses, and modeling, the numerical data obtained with Root-VIS are saved and can be displayed in Excel
using the XL-Orate plug-in. The screenshot shows an example Excel output from a large data set. Data for each RSA parameter are
provided in a separate datasheet. MRL, Main root path length; LRN, lateral root number; MRV, main root vector length.

ysis are saved in a user-selectable database, which is
now in XML format, allowing easy sharing of data sets
between the acquisition and analysis modules. Root-VIS
then “reads” the database generated by EZ-Rhizo and
displays the files in a database window (left panel in Sup-
plemental Fig. S1A). Prior to averaging RSA data from
replicate roots, Root-VIS offers the possibility to draw a
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visual reconstruction of any individual root in the data
set (Fig. 1D), which allows the user to verify the data that
were captured by the image acquisition software.

At the heart of the Root-VIS software lies the con-
cept of the “collection analysis,” in which data extracted
from the database are grouped according to the
metadata parameters entered during image analysis,

Plant Physiol. Vol. 177, 2018
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including genotype, media type, and plant age. Analy-
ses can be carried out with zero, one, or two of these
parameters being variants. The database structure
displayed in the analysis window makes it easy to re-
move or pool individual samples or groups of samples
from the analysis (Supplemental Fig. S1B). The aver-
aged root for each group can then be displayed visu-
ally using a “reconstruction” algorithm described in
more detail in the “Materials and Methods” section.
Two types of averaged root systems can be generated:
“absolute” and “binned” (Fig. 1, E and F). In the “ab-
solute” mode, lateral roots are averaged according to
their order of appearance; in the “binned” mode, the
branched zone is divided into sectors (the number of
which is equal to the mean number of LRs), and the
lengths of LRs in each sector (“bin”) are averaged.
The program also provides an option to visualize the
variation between individual replicate roots in “alpha
blends” (Fig. 1G). Additional visualization options are
“flag plots” (Fig. 1H), which represent the overall den-
sity and shape of the root system, and LR profiles (Fig.
1I), which represent the size of LRs in different parts
of the root system. Flag plots are based on LR angle
and LR density as well as the lengths of branched and
unbranched zones of the MR as depicted in Supple-
mental Figure S2. For the LR profiles, the MR length
is divided into a user-defined number of sections, and
for each section, LR length is displayed as a rectangle
of appropriate size. Each of the display modes has a
number of suboptions, which the user can select in the
“settings” windows. For example, LR profiles can be
chosen to show either the sum length of all LRs (LR
size [LRS]) or the mean LR length (LRL) in each MR
sector. The former provides a measure of total growth
investment into a certain part of the root, whereas the
latter reflects the local root system width. The differ-
ent displays are exemplified below using experimental
data. We also generated an optional plug-in module,
XL-Orate, which allows users to create formatted ta-
bles of averaged trait data, including SEs and number
of replicates using Microsoft Excel (Fig. 1]; Supplemen-
tal Data Set 1), and to rapidly generate bar charts for
any data generated with EZ-Rhizo and Root-VIS. The
obtained data sets can now be used in a range of down-
stream studies, including growth models, quantitative
genetics, and breeding.

EZ-Root-VIS Captures Root Growth Dynamics

To validate the ability of the EZ-Root-VIS pipeline
to capture root system growth, we measured RSA of
Arabidopsis Col-0 plants every 2 d over a period of 4 to
14 d after germination (DAG). Quantitative data for 16
root traits (see "Abbreviations") were obtained using
EZ-Rhizo. A 3D bar chart generated for three root traits
(main root length, LRL, and LR density in the branched
zone [LRD-BZ]; Fig. 2A) exemplifies the difficulty of
visually representing the complexity of RSA chang-
es in bar graphs; several additional graphs would be
required to represent the overall RSA. In contrast, the
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visual root system reconstructions implemented in
Root-VIS accommodate all the root traits and represent
averaged RSA (either “absolute” or “binned”) as a sin-
gle image (Fig. 2, B and C). In this example, the display
incorporated bends into the MR path to account for
the measured difference between MR path length and
MR vector length (straightness). The program accom-
modates any surplus of path length over vector length
across equally sized bends, which are placed at LR
emergence sites in the branched zone and at equal dis-
tances along the apical zone (see Methods). However,
the user should keep in mind that EZ-Rhizo does not
determine the number, size, and position of bends, and
the displayed bending pattern could look very differ-
ent from the original images. To avoid overinterpreta-
tion of the displayed bending pattern it might be safer
to display either path or vector length as a straight line.
Therefore, in the settings property sheet, the user can
toggle between displaying bends (in the MR and/or
LR) or not.

Figure 2D shows the superposition of all reconstruct-
ed individual roots as alpha blends, reflecting the vari-
ation across replicates. A similar darkness of the blends
indicated that the variation of RSA between individual
plants did not substantially increase with plant age.
The flag plots (Fig. 2E) show how the root system in-
creases in depth, width, and density over time. For this
figure, flag plots were produced based on absolute val-
ues of MR and LR lengths and angles and on the slope
of the linear regression of average LR lengths at the given
LR positions (see Supplemental Fig. S2 and “Materials
and Methods”). The shade of the flag fill color indicates
LR density with darker shades representing higher
density. Finally, LRS profiles (Fig. 2F) allow the reader
to quickly evaluate the growth investment into LRs
in different parts of the root. In this case, the MR was
divided into four equal sections (quartiles). The pro-
files show a sharp increase of mean LRS from 8 DAG
onwards, especially in the two basal quartiles of the
main root. The data underpinning Figure 2, extracted
using XL-Orate (Supplemental Data Set 2), provide a
convenient input for root growth models.

EZ-Root-VIS Reveals Genotype-by-Environment
Interactions

To demonstrate the effectiveness of the pipeline
in capturing genotype-by-environment interactions,
RSA data were acquired with EZ-Rhizo from replicate
plants of nine Arabidopsis accessions, grown in four
nutrient media: control, low phosphate (P; 20 um), low
potassium (K; 10 um), or combined low PK media (Fig.
3; Supplemental Data Set 3; for growth media, see
“Materials and Methods”). The visual reconstructions
(Fig. 3) generated by Root-VIS facilitate the rapid iden-
tification of interesting responses and RSA ideotypes,
while Excel-generated bar graphs (Fig. 4) depict means
and sEs of the individual traits. As reported before
(Chevalier etal., 2003; Reymond et al., 2006; Svistoonoff
et al., 2007), the Shahdara accession showed a strong
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Figure 2. Visual representation of RSA development over time. A, Change of selected RSA features over time displayed in a
conventional bar graph. Plotted are plant age in days after germination (x axis), mean LRD-BZ (y axis), mean main root length
(MRL; z axis), and mean LRL (color) of Arabidopsis Col-0 plants growing on control media. Numbers of roots analyzed at each
time point are given in B. B to F, Root-VIS offers several options to visualize the RSA of many replicate plants, including abso-
lute (B) and binned (C) average RSA reconstructions, superimposition of normalized RSAs in alpha blends (D), as well as shape
reconstructions in the form of flag plots (E) and LRS profiles (F). All Root-VIS reconstructions shown were based on EZ-Rhizo
data obtained from Arabidopsis Col-0 plants grown in control conditions. Plant age (in days) and numbers of replicate roots

(n) are given in B.

inhibition of MR growth in response to P limitation.
An even stronger reduction of MR length was found
for T1080 despite similar MR length on control media.
In most other accessions, e.g. Aitba-2 and Cerv-1, MR
growth was not sensitive to P availability, and in the
Ber accession, MR growth was even stimulated by
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decreasing the P supply (Figs. 3A and 4A). By contrast,
in Ber, Aitba-2, and Cerv-1, low P resulted in a reduc-
tion in the LRS (measured as total lateral root path
length; Fig. 4B), particularly in the basal (upper) quar-
tile of the main root (LRS [0.25]; Figs. 3A and 4D). Un-
like low P, low K decreased MR length in all accessions

Plant Physiol. Vol. 177, 2018
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Figure 3. Environment- and genotype-dependent growth investment into main root and lateral roots. LRS profiles (A) and av-
erage RSA reconstruction (B) of Arabidopsis accessions grown in control, low K, low P, and combined low P and low K (low
PK) media. Vertical lines represent the mean main root path length. The main root path was divided into four equally sized
sections and lengths of laterals were added within each section. The width of each square represents the mean LRS of three to

six replicate plants.

tested, albeit to varying extents, and caused a decrease
of LRS in most accessions (Fig. 3A). Exceptions to the
latter were Gie-0 and N13, which already had very
small LRS in control conditions.

The effects of combined P and K limitation were
striking and in many cases could not have been pre-
dicted from individual deficiency effects. In accessions
experiencing MR inhibition under low P (e.g. Shahdara,
T1080), combined PK limitation had an additive

Plant Physiol. Vol. 177, 2018

inhibitory effect, but in several other accessions (Gie-
0, Ber, N13, and Aitba-2), we recorded a complete or
partial reversal of the low K-induced MR inhibition by
decreasing P (Fig. 4A). In Cerv-1 and Dog-4, MR inhi-
bition by low K was maintained in low PK and dom-
inated over MR insensitivity to low P. In contrast to
the genotype-dependent response of MR to single and
double deficiency, the LRS of all genotypes was smaller
under combined PK limitation than under single
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Figure 4. RSA traits of Arabidopsis accessions grown in different nutrient conditions. Means and sks of selected RSA features of
12-d-old Arabidopsis accessions grown in control (black bars), low K (blue bars), low P (red bars), or low PK (green bars) media.
The data were generated by EZ-Rhizo, and means across replicates (n = 3—6 plants) were calculated with Root-VIS for main root
length (MRL; A), total LRS (B), LRD-BZ (C), and MRA (D). E, Means and SEs of LRL within four sections of the main root. Data
were extracted from LRL profiles generated by Root-VIS and transferred to Excel using the XL-Orate plug-in.

deficiencies (Fig. 4B). LRD-BZ was in most accessions
stable across treatments (Fig. 4C) with the exception
of Ber, N13, and Aitba-2, which showed an increase
of LRD-BZ under low K. To separate the effects of LR
number and LR length on total LRS, LRL profiles and
flag plots were also plotted (Supplemental Fig. S3).
Figure 4E shows the extracted data from these profiles
as bar graphs.

The reconstructed average RSAs (Fig. 3B) pinpoint-
ed additional differences. For example, MR growth
was more or less vertical depending on genotype and
environment. In control medium, the MR angle (MRA)
differed between accessions (Fig. 4D), although the
direction was always the same (“positive”; see “Mate-
rials and Methods” for sign definition). Under low P,
MRA remained similar to control in most accessions,
but markedly increased in Ber, N13, and Aitba-2, and
decreased in T1080. Under low K, MRAs decreased in
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all accessions apart from N13. In most accessions the
low-K MRA phenotype was reverted back to control
or to low-P phenotypes in low PK, with the notable ex-
ception of Shahdara.

In summary, the EZ-Root-VIS pipeline enabled the
analysis of complex responses of various root architec-
tural traits to either single or combined nutrient lim-
itations. The averaged visual representations allow the
fast identification of nutrient interactions and of acces-
sions that show particularly interesting RSA responses.
It is remarkable that the relatively small number of ac-
cessions and nutrients tested here already encompass
a diverse range of combinatorial phenotypic outputs.

EZ-Root-VIS Enables Large-Scale RSA Genetic Studies

To validate the utility of our pipeline for large-scale
quantitative genetic studies, we measured RSA of 147

Plant Physiol. Vol. 177, 2018
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Arabidopsis accessions with EZ-Rhizo and determined
means of 16 root traits with Root-VIS for downstream
analyses (Supplemental Data Set 4). Five plants per
accession were grown on standard medium, and it
took one person 13 h to analyze all root images obtained
at one time point (12 DAG) using the EZ-Root-VIS
pipeline.

Ten of the analyzed root traits exhibited a normal
distribution (Supplemental Fig. S4), but several traits
showed a positively skewed trait distribution, includ-
ing for example LR size and number. Correlation anal-
ysis revealed a high degree of interdependence of the
RSA traits (Fig. 5A). Only MRA and lateral root angle
were relatively independent of other RSA traits, al-
though they showed correlation with the size of MR
and LRs, respectively. Surprisingly, MR length was not
correlated with the LR density over the MR but was
negatively correlated with LRD-BZ. This observation
stresses the importance of determining LR density in
the branched zone rather than relating the number of
LRs to the entire main root. Interestingly, LR density
was also negatively correlated with the length of the
basal zone (BsZL). In fact, BsZL was negatively cor-
related with most LR traits, suggesting that the amount
of main root growth before emergence of the first LR is
an important determinant of other RSA features.

Hierarchical clustering was performed to classify
the accessions into groups sharing similar RSA based
on 15 RSA architecture traits (LR angle was excluded
from this analysis due to some negative values). As
shown in Figure 5B, the accessions were assigned into
eight clusters (Supplemental Data Set 4). Four clusters
contained only one accession [Da(1)-12, Lp2-2, N13,
and Kn-0], while the largest cluster contained 73 ac-
cessions. Average LRS profiles of the central genotype
of each cluster (Fig. 5C) indicated different growth in-
vestment into MR and LR. Averaged RSA reconstruc-
tions revealed differences in MRA. For example, the
Sanna-2 and Mt-0 groups exhibited more positively
skewed MRs than other groups. Thus, when applied to
natural variation studies, Root-VIS quickly identifies
root traits that are critical determinants of the overall
RSA.

To test if the data extracted with EZ-Root-VIS can
facilitate genetic mapping studies, we performed GWA
mapping for 16 root traits using an accelerated mixed
model implemented in the GWAPP web application
(Seren et al., 2012). In total, seven unique locus-specific
single nucleotide polymorphisms (SNPs) were found
to be associated with various root traits at 5% false
discovery rate (FDR; Supplemental Data Set 5). Out of
these, one (SNP4 6374071) was associated with TRS,
LRS, and LRS (0.25) (Fig. 6A), three were associated
with BsZL, and one was associated with lateral root
density.

Forty-seven additional SNPs were identified to be
associated with root traits with an adjusted threshold
of —log, (P) > 5.0 (Supplemental Data Set 5). One of
them resembled SNP4 6374071 insofar as it showed as-
sociation with LRS (0.25), LRS, and TRS, suggesting a
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strong contribution of the lateral root size in the basal
quartile to the overall root size. We named the two loci
Lateral Root Size Locus (LRSL) and General Regulator
Factor 1 (GRF1) (Fig. 6A). LRS designates a 5-kb region
that harbors four candidate genes (Supplemental Fig.
S5B). The GRF1 locus was named after the only gene,
AT4G09000 (GRF1), present in a 5-kb window around
the strongest associated SNPs for this region (Supple-
mental Fig. S5A). Interestingly, GRF1 has been report-
ed to be downregulated during LR emergence (Vofs et
al., 2015), and the expression of one of the candidates
in LRSL, AT4G10270, is strongly induced around the
time of LR emergence and in emerged LRs (Supple-
mental Fig. S5, C and D). We therefore investigated
root phenotypes of Col-0 T-DNA insertion mutants for
these two genes. Indeed, the LRS profiles showed that
knockout mutants of GRF1 or AT4G10270 exhibited
reductions in LRS (0.25), LRS, and TRS compared to
wild-type plants (Fig. 6B), and the extracted data con-
firmed that the differences were statistically significant
(Fig. 6C).

In addition, we characterized the root phenotypes of
T-DNA insertion lines of candidate genes underlying
18 other associations [4 significant and 14 between —
log (P) > 5.0 and significant threshold] in the Col-0 or
Col-3 backgrounds (Supplemental Data Set 5). In total,
for 14 out of the 21 associations, the mutants showed
significant phenotypic differences from the wild type
in root traits for which associations were initially iden-
tified, including MR angle, MR length, LRD-BZ, LR
number, BsZL, and apical ZL (Supplemental Fig. S6;
Supplemental Data Set 5). Some genes, such as ALF5
and AXR5, were found to contribute to more RSA traits
than initially highlighted by the GWAS, suggesting a
more general role in root growth and development.
Data for all RSA traits in all lines are provided in Sup-
plemental Data Set 6. These results confirm that the
EZ-Root-VIS pipeline is a useful tool for fast gene dis-
covery by high-throughput RSA phenotyping.

DISCUSSION

Root-VIS is novel for its ability to average RSA
traits using several different algorithms and to visu-
ally reconstruct the averaged RSA in several manners.
During the development of the software, great effort
has been made to create an ergonomically efficient
user interface, which is a critical factor in determining
the software’s ease of use. Both EZ-Rhizo and Root-VIS
present a Windows-style GUI that will be easy to handle
for new users. Other features include numerous key-
board accelerators and the option to skip parameter-
setting dialogues using the shift key, and an “undo”
command to avoid having to restart processing fol-
lowing inadvertent errors. Such features may, at first,
seem trivial but, when considering that a typical exper-
iment may involve processing several hundred images
per day, they can make an enormous difference to the
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Figure 5. Use of the EZ-Root-VIS pipeline for large-scale natural variation studies. A, Heat map of pairwise correlations (Pear-
son correlation coefficient) of 16 RSA traits in 147 Arabidopsis accessions. Plants were grown in control conditions. The correla-
tions between different root features were calculated using means of five plants for each genotype. Stars indicate significance
at P < 0.05 (Student’s t test). B, Hierarchical clustering of Arabidopsis accessions by genotype. Calculation of similarity was
based on 15 mean RSA traits calculated by Root-VIS. See Supplemental Data Set 5 for the class assignment of the individual
accessions. C, Visual reconstructions of RSA and LRS profiles of the central accession of each cluster. Accession names are

colored according to B.

overall user experience and greatly reduce problems
arising from “software fatigue.”

We validated our pipeline to capture fairly com-
plex RSA of 12-d-old Arabidopsis plants in multiple
contexts, including time series experiments, large-
scale natural variation, and genotype-environment
interaction studies. We provide the options to extract
means based on order (“absolute”) or local position
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of the lateral (“binned”). It was noted that depending
on how much LR number varies between individual
plants, the different averaging methods can lead to
about 10% variation in means determined for LR-related
traits. Such variation can be crucial when handling a
large number of genotypes since the phenotypic spec-
trum across accessions is continuous with relatively
small differences between the individual accessions.
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Figure 6. Genome-wide association studies for root system architecture traits. A, Manhattan plots for GWA mapping of three
RSA traits; LRS over the basal quartile of the main root [LRS (0.25)], total LRS, and total root size (TRS). The horizontal dotted
line corresponds to a 5% FDR threshold. Light-blue ticks labeled “GRF1” and “LRSL” indicate the location of the most signifi-
cant associations. B,) LRS profiles of Arabidopsis Col-0 wild type and mutant lines. Plants were grown on control media in three
independent experiments. The total number of replicate roots contributing to each LRS profile is given in parentheses. C, Means
and SEs (n as shown in B) of some RSA traits in wild type Col-0 and mutant lines. Significant differences to the wild type are

indicated by asterisks (P < 0.05, Student’s t test).

We do not consider one of the averaging methods
to be superior to the other; instead, we provide the
user with both options, allowing them to consider
which approach is particularly suitable to answer their
questions.

We exemplified the utility of the EZ-Root-VIS pipe-
line to represent the plastic responses of various Ara-
bidopsis accessions to environmental cues, with a
particular focus on LRS profiles. Indeed, this analysis
helped us to identify extreme and interesting geno-
types in terms of their sensitivity to P or K limitation
and combined deficiency. Under the low-P condi-
tions applied here, none of the Arabidopsis accessions
showed preferential growth investment into upper
(basal) lateral roots despite the widespread view that
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low-P adapted RSA ideotypes preferentially explore
residual P in the topsoil (Lynch and Brown, 2001).
This suggests that the accessions have not evolved in a
P-limited environment or that they only extend later-
als if they perceive an actual P gradient. Our pipeline
also revealed that interactive effect of K and P limita-
tion modulate RSA in a genotype-specific manner that
could not have been predicted from measuring RSA
under single deficiency or in one accession only.

We further validated the usefulness of the EZ-
Root-VIS pipeline for facilitating GWAS on RSA. A
total of 56 loci controlling various root traits could be
mapped at a cutoff threshold of -log, (P) > 5.0. We ad-
justed the threshold to this level for two reasons: first,
SNPs in genes encoding known regulators affecting

1377



Shahzad et al.

root traits such as IAA1/AXR5 and ALF5 were as-
sociated with LRD-BZ and main root length with a
-log,(P) > 5.0 and <5% FDR significance threshold,
respectively. Second, some associations that are not
significant at 5% FDR, yet above -log, (P) > 5.0, have
been shown to be false negatives because multiple
testing correction methods are overly conservative
(Meijon et al., 2014; Miiller et al., 2016; Kalladan et
al., 2017). The vast majority of the loci identified here
did not contain any previously known RSA regula-
tors. Indeed, the follow-up characterization of Col-
0 knockout mutants pointed to several genes with
functions in RSA development, including AT4G09000
(GRF1), AT4G10270, AT4G10570 (UBP9), AT4G01550
(NTM2), AT3G29300, AT5G51560, and AT3G04260
(PTAC3). We also found natural variation in genes
that had previously been shown to affect root traits,
such as AT4G14560 (IAA1/AXR5), AT5G22300 (NIT4),
and AT3G23560 (ALF5; Supplemental Data Sets 5
and 6). These findings provide an excellent starting
point for understanding the genetics of previously
unresolved traits, such as LRS (0.25) and MR angle,
and the role of RSA in plant adaptation to their nat-
ural habitats. Studying these traits can also provide
insights into fundamental biological processes. For
example, MR angle studies are expected to advance
our understanding of plagiogravitropism, cell wall
integrity (Van der Does et al., 2017), and voltage sens-
ing (Kellermeier et al., 2014), as Arabidopsis mutants
impaired in cellulose biosynthesis or membrane de-
polarization show altered MR angle.

Approaches such as GWAS become highly time
and cost-effective if data for multiple traits can be ob-
tained from the same experiment. Using the EZ-Root-
VIS pipeline, it is currently possible to generate data
for 20 root traits (more can be added) over a mapping
population comprising about 150 accessions in the
course of a few days. While the throughput is low-
er than for some other software packages (e.g. BRAT;
Slovak et al., 2014), the RSAs quantified by EZ-Root-
VIS can be more complex and hence more traits can
be extracted. Importantly, the visual reconstructions
of averaged root systems replace the need to rely on
“representative” example pictures and enable fast in-
tegration of the measured individual RSA traits into
meaningful root system shapes, which can be consid-
ered a breakthrough in the field of plant root biology.
In publications, provision of averaged root system
images rather than representative images is critical
for interpretation and follow-up studies and it may
also improve the reproducibility of results between
various labs. Visual root shape reconstruction can
also aid breeding efforts aimed at improving plant re-
silience to soil-borne stresses, facilitating the selection
of desired root ideotypes from large phenotypic data
sets.

EZ-Rhizo and Root-VIS have been developed over
several years, and the versions released with this article
have already been beta-tested by volunteer research-
ers. The software therefore represents a community
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effort, and we will continue to make improvements
in response to suggestions and requests from the aca-
demic community.

MATERIALS AND METHODS
Software Development

The EZ-Rhizo and Root-VIS applications, and their various plug-in mod-
ules (collectively packaged as The Rhizo-II Root Biometrics Suite), were devel-
oped on, and for, the Microsoft Windows operating systems, in the C++ lan-
guage, using Microsoft Visual Studio 2010/2017. The GUI was implemented
using objects derived from the Microsoft Foundation Class library, and inter-
action with the XML database is built on code from the CMarkup (V-11.5) C++
XML Parser (www.firstobject.com). The software package can be downloaded
from http://www.psrg.org.uk/download /Rhizo-64.msi (for 64-bit platforms)
or http://www.psrg.org.uk/download /Rhizo-32.msi (for 32-bit platforms); it
is free of charge, but we ask users to register their installation.

The XL-Orate plug-in is an “application extension module” (dynamic link
library), which is activated via the “Plug-Ins” command in the “File” menu.
It was also written in C++ and developed using the same tools and coding
strategy as for the main programs. It requires installation of the Microsoft Ex-
cel software on the user’s computer and interacts with Excel directly (without
user involvement) through programmed automation.

Root-VIS was developed to be used in conjunction with EZ-Rhizo. Nev-
ertheless, in principle, any data set can be analyzed with Root-VIS so long
as it is presented in the correct format and contains all the data required
for the visual reconstructions. To facilitate data input from other sources,
Root-VIS is already compatible with RSML (Lobet et al., 2015), and proce-
dures for enabling Root-VIS to read those data files are currently under
development.

Visual Reconstructions

The Root-VIS program uses a subtle, smart algorithm to reconstruct
visually representative forms, (optionally) adding “bends” to roots based
on the available information (the length-to-vector ratio, and the number,
position, and orientation of lateral roots). We implemented five types of
average visual reconstructions of root systems in Root-VIS, named Absolute
Averages, Binned Averages, Alpha Blends, Flag Plots, and LR Profiles. The
information available from the database, for a main root, comprises its
path length (the total length of the root, from base to apex), its vector length
(the straight-line distance between base and apex), the angle of its vector
from vertical (positive angles being clockwise when looking at the root
from the back of the plate), and the number of lateral roots. Lengths are
expressed in centimeters and angles are in degrees. For a lateral root, the
information also includes its position (the distance along its parent root
from its parent’s base).

Adding Bending Patterns

Roots are usually not straight and therefore any visualization has to ac-
commodate the difference between path length and vector length. However,
the precise bending patterns are currently not quantified by EZ-Rhizo. We
implemented different visualization options in Root-VIS consisting of either
straight lines representing path or vector length, or added bends. For roots
that have no subroot, bends can be added in a predetermined number, equally
spaced along the vector’s axis, with the displacement of each point from the
axis being calculated by the application of Pythagoras’ theorem. However, for
roots with one or more subroots, a correlation has been demonstrated between
the bending of a root and the emergence of a lateral root and that lateral roots
will preferentially form at bends and follow an alternating directional pattern
(Laskowski et al., 2008). We therefore decided to place bends along the vector,
not at equal intervals, but rather at points corresponding to the position of
each lateral root, with the direction of the off-axis displacement being deter-
mined by the sign of the branch angle. If two consecutive lateral roots branch
in the same direction, Root-VIS adds an extra bend point between them, being
displaced in the direction opposite to that of the two real subroots. Finally, we
need to allow for a degree of bending in the apical part of the root: For this, we
distribute the total amount of added “bend” between the branched and apical
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zones according to the relative lengths of these two root segments and allow
the user to specify how many (equally spaced) bends to add in the apical zone.
Clearly, the described procedure does not recreate the original bending pattern
but applies existing evidence and user’s choices to fill in missing information.
While the displayed bending pattern will not be faithful, the approach allowed
us to correctly display both path and vector length in one picture.

Averaged RSA: Absolute and Binned Modes

The Root-VIS program provides two different methods for calculating
the averaged RSA of a given data set, which we call “absolute averaging”
and “binned averaging.” For absolute averages, first, the mean parameters
(length, vector, and angle) for the main root are determined by dividing
the totals for all plants by the number of samples; for the angle parameter,
averages are formed using the absolute values (i.e. not including the sign)
and the modal sign is then given to the calculated mean. Next, the median
number of lateral roots is calculated. Then, for each lateral root, in order of
appearance, their means are calculated (in the same way as for the main
root, with the addition of the position parameter). If a plant in the data set
has less than the median number of lateral roots, zeros are given as the four
parameter values for any “missing” roots, and the divisor for the parameter
totals for those lateral roots is reduced by one. Since LRs are numbered from
base to apex in EZ-Rhizo any “missing” lateral roots will always be at the tip
of the parent root.

For the binned averaging algorithm, first, each main root within the data
set is split into three sections: the basal zone, the branched zone, and the api-
cal zone as described (Armengaud et al., 2009). The path and vector lengths
are then established for each of these zones and accumulated across all of the
roots, and the means calculated. By adding each mean, the total mean path
length and mean vector length of the root are determined. Next, the mean
angle and median number of laterals are calculated as for absolute averages.
However, to calculate the mean parameters for each lateral root, we first
split the branched zone into a number of sections, or bins, equal to the mean
number of lateral roots. The lateral roots for each sample in the data set are
allocated to one of these bins according to their position. The mean values
for LR length, vector, and angle are then calculated for each bin (as before)
and for visualization they are positioned at the midpoint of the bin section.
This averaging algorithm takes into account that the order of appearance
does not necessarily reflect where a LR is placed; for example, the 4th lateral
root in one plant could be located near the top of the main root, whereas in
another it could be positioned in the middle. In the visual reconstruction the
representative average LR is placed at the halfway point of the respective
parent root segment.

Alpha Blends

The RSA reconstructions do not include an indication of the amount of
variance between samples in each data set (although SEs are included in the
numerical output). The alpha blend option allows the reconstructions of the
individual roots to be overlaid in a semitransparent fashion, thus indicating
the degree of variance across the data set. By default, when creating alpha
blends, the vector angles of the main roots are normalized to the average vec-
tor angle for the samples included. Additional user-selectable options also al-
low for the MR path lengths and/or vector lengths to be normalized.

Flag Plots

The various components of a flag plot are indicated in Supplemental
Figure S2; the flagpole is divided into three sections, the lengths of which are
proportional to the lengths of each of the root zones (basal, branched, and
apical); the angles between the upper and lower edges of the flag and the pole
represent the mean insertion angles of the LRs (upper edge) and the slope of
the linear regression between the mean length of the LRs and their position
on the main root. Alternatively, the length of the upper edge can represent the
average length of the LRs, in which case the angle between the lower edge and
the flagpole will not represent any directly measured RSA data. The density
of the flag’s fill color represents the average lateral root density—the value of
which is normalized (i.e. scaled to a value between 0 and 1) within the given
set of plots.

The software provides a number of options to control how to draw flag
plots, including the selections described above, selections for root path or vec-
tor data, and choice of fill color.
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LR Profiles

The fact that EZ-Rhizo determines the position of each LR allows simple
visualization of local differences in LR growth. To construct the LR profiles,
the MR is divided into a user-defined number of sectors (2-10) and the LR data
within each sector is represented as a rectangle over the sector. The width of
the rectangle can be chosen to represent either the total LR size (added lengths
of all LRs in the sector, LRS profile) or the mean length of the LRs in the sector
(LRL profile).

Plant Material, Growth Conditions, and Root Image
Processing

Arabidopsis (Arabidopsis thaliana) accessions from the RegMap panel (Hor-
ton et al., 2012), and homozygous T-DNA insertion mutant lines for candidate
genes and their corresponding wild types, Col-0 or Col-3, were obtained from
the Nottingham Arabidopsis Stock Centre.

Seeds were surface sterilized in absolute ethanol for 1 min and then
washed for 5 min with a solution containing 2.8% (w/v) sodium hypochlorite
and 0.1% (v/v) Tween 20, followed by five washes with sterile distilled water.
Seeds were incubated at 4°C for 5 to 7 d. The sterilized and stratified seeds
were sown on vertical plates with minimal media (Kellermeier et al., 2014)
containing 1% (w/v) agar (Formedium), 0.5% (w/v) Suc, and 0.2 M MES/Tris,
pH 5.6. For nutrient limitation experiments, concentrations of K and P were
lowered to 10 and 20 pMm, respectively, and the osmotic potential of these media
was adjusted as described before (Kellermeier et al., 2014). Plants were grown
in a growth chamber at 60% relative humidity and 20°C, with 9 h of light (120
pE m= s7'). Images of each plate were acquired using a flatbed scanner at
200 dpi as previously described (Kellermeier and Amtmann, 2013). The RSA
of each plant was quantified from the images using EZ-Rhizo as described
before (Armengaud et al., 2009), facilitated by some new software functions
described in the Help files of the latest version of EZ-Rhizo package released
with this publication.

Statistical Tests

Averaged root trait data obtained from Root-VIS using the XL-Orate plug-
in were used for statistical analyses unless otherwise stated. Trait frequency
distribution and Shapiro-Wilk test of uniformity, correlation, and agglomera-
tive hierarchical clustering analyses were performed using XLSTAT software.
Genome-wide association mapping was conducted using GWAPP web inter-
face (https://gwas.gmi.oeaw.ac.at/) with 250k SNP data and the accelerated
mixed-model algorithm method (Seren et al., 2012). Statistically significant dif-
ferences between wild-type and mutant plants was assessed using a Student’s
t test (*P < 0.05) using Microsoft Excel.

Abbreviations

MRL, Main root path length; MRV, main root vector length; MRA, main
root angle; BsZL, basal zone length (from hypocotyl to the first lateral root);
BZL, branched zone length; AZL, apical zone length; TRS, total root system;
LRS, total lateral root path length; LRS (0.25), total lateral root path length in
the top quartile of main root; LRL, average lateral root path length; LRL (0.25),
average lateral root path length in the upper quartile of main root; LRN, num-
ber of lateral roots; LRD-MR, lateral root density over the entire main root path
(LRN/MRL); LRD-BZ, lateral root density in the branched zone of the main
root (LRN/BZL); LRA, lateral root angle; OAD, overall depth.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: AT4G09000 (GRF1), AT4G10270 (in locus LRS), AT4G10570 (UBPY),
AT4G01550 (NTM2), AT3G29300 (in locus LRDB), AT5G51560 (in locus LRK-
LRN), AT3G04260 (PTAC3), ATAG14560 (IAA1/AXRS5), AT5G22300 (NIT4), and
AT3G23560 (ALF5). See also Supplemental Data Sets 5 and 6.

Supplemental Data

The following supplemental materials are available.
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Supplemental Figure S1. Screenshots of the Root-VIS software.

Supplemental Figure S2. Visual explanation of the data incorporated into
a Root-VIS flag plot.

Supplemental Figure S3. Root-VIS representations of average RSAs of
nine Arabidopsis accessions in four different nutrient conditions.

Supplemental Figure S4. Frequency distribution of RS traits in Arabidop-
sis accessions.

Supplemental Figure S5. Genes and transcript profiles for two RSA asso-
ciations.

Supplemental Figure S6. Candidate gene validation

Supplemental Data Set 1. Numerical data for average RSA traits, number
of replicate plants, and st underpinning the roots shown in Figure 1,
Eand E

Supplemental Data Set 2. Numerical data for average RSA traits, num-
ber of replicate plants, and s underpinning the roots shown in
Figure 2.

Supplemental Data Set 3. Means and SE of RSA traits of different acces-
sions in four nutrient conditions (data underpinning Figs. 3 and 4 and
Supplemental Fig. S3).

Supplemental Data Set 4. Means of RSA traits of 147 Arabidopsis acces-
sions under control conditions and hierarchical clustering of accessions
based on root traits.

Supplemental Data Set 5. Description of the GWAS data set.

Supplemental Data Set 6. Means and SEs of root system architecture traits
of mutants of candidate genes identified through GWAS (data under-
pinning Fig. 6 and Supplemental Fig. S6).
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