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Abstract: Roots are important for crop adaptation, particularly in dryland environments. We evalu-
ated root development of 37 durum wheat genotypes (modern cultivars and landraces) in the field at
the adult plant stage, through a shovelomics approach. Large genotypic variability was found for root
traits. Differences between the landraces and modern cultivars were the main driver of this variation,
with landraces showing higher plant vigor for roots and shoots. Nonetheless, genotypic variation
within groups was also observed, related to different models of root growth, largely independent of
total root length. These two models represented root growth were oriented either to occupy more soil
volume, or to occupy less soil volume with increased density. The field results were then compared
with root data previously collected in seedlings using a filter paper-based method, to assess whether
early root anticipated adult root features. Field plants showed a narrower root angle than seedlings.
In particular, landraces presented a narrower root angle than cultivars, but only at seedling stage.
Potentially useful correlations were found between the two growth stages for root length and number.

Keywords: roots; phenotyping; durum wheat; breeding

1. Introduction

Root system architecture (RSA) plays a key role in determining access to soil resources,
which ultimately affects plant performance and yield [1]. There are two main root types in
durum wheat (Triticum durum Desf.). First, at early growth stages, the seminal root system
develops, including one primary root, two pairs of symmetric roots at each side, and, at
times, a sixth central root [2]. Later, nodal and lateral roots appear, which represent the
framework and the network of the root system, respectively [3]. Several classifications for
the root system in cereal species were proposed, for instance, based on length, thickness and
branching of lateral roots, like S-type and L-type [4,5]. Other types of RSA were identified
based on the “root boxes” method, such as “concentrated” and “scattered”, following the
density and distribution of nodal roots [3,4]. Durum wheat, one of the main staple crops
in the Mediterranean region [6], is typically cultivated under rainfed conditions. Under
such conditions, grain yield is affected mostly by late drought, which coincides with the
periods of flowering and grain-filling [7-10]. Besides, the in-season rainfall is predicted to
decrease by up to 30% because of climate change, leading to increased drought occurrence
and severity [11].

Historically, root traits were not directly considered in plant breeding due to the
practical difficulties of phenotyping in large breeding populations, and selection was
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focused almost solely on above-ground traits. Over the last decades, however, the study
of roots has received more attention [12-16], as traits such as root length, root density,
and root depth could be related to water extraction ability, and water stress adaptation
in general [13-18]. Based on modeling studies, it has been proposed that wheat yield
would increase by 55 kg ha~! for each additional millimeter of water extracted during
the post-anthesis period [17,18]. Therefore, breeding for deep-rooted varieties, able to
extract water from deeper layers, has been proposed as a promising strategy to improve
drought tolerance, at least for environments where grain filling depends mostly on stored
water [17-21]. The root growth angle controls the overall root system architecture, driving
the distribution of roots in the soil profile [22-25]. When the root system grows at a narrow
angle, roots can grow deeper into the soil, which would be advantageous under terminal
drought conditions [17,26-29]. On the contrary, if the root angle is wide, roots better explore
the more superficial layers of the soil, which could also be beneficial for capturing the
superficial soil moisture and in-season rainfall [30].

Mediterranean cereal landraces are adapted to the region where they were grown for
up to ten thousand years [31-33]. Genetic heterogeneity and continuous evolution enabled
landraces coping with the changing conditions and evolving adaptive features to survive
under the predominant environmental challenges [32,34-36]. It is generally accepted that
high yielding modern wheat varieties are more adapted to favorable environments, whereas
old cultivars and landraces have better yield stability under water stress conditions [37,38].
Large grain yield increases were achieved by the introduction of dwarfing genes during the
Green Revolution. Dwarfing alleles were incorporated into tall durum wheat by crossing
with semi-dwarf bread wheats [39]. This process may have produced indirect responses
such as the reduction of root length and biomass in modern varieties [40—43]. However,
different studies have found different repercussions of breeding on root traits. In some
cases, root biomass at deep soil layers was similar or increased due to breeding [44,45],
whereas no change was observed in other studies [46,47].

Several phenotyping methods and platforms to characterize root system architecture
at different stages, and under various conditions, have been developed. Seminal roots
in seedlings have been studied by, among others, filter paper systems [48], gel-filled
chambers [12], and clear pots [14]. Other methods address the assessment of root traits
at the adult stage, on soil media, with special emphasis on root depth evaluation, like
PVC pipes systems in greenhouses [49,50], root-boxes and root-baskets [51], and in the
field [52], and more recently in bespoke facilities such as the Deep Root Observation
Platform (DROP) [16]. These methods can be useful but their performance to predict root
growth in agricultural soils at commercial stands should be validated. Recently, a modified
shovelomics method developed in maize [53] was applied to wheat [15,54]. This method
targets root features at superficial soil layers (root angle, number of nodal and seminal
roots, root dry weight, etc.) and takes advantage of image analysis to a have a better
perspective of root features than that achievable by visual scoring [55].

In this study, we present the assessment of root traits in adult plants of a collection
of durum wheat genotypes successfully grown in Algeria, presenting diverse breeding
histories, including a comparison of landraces with modern cultivars, to assess the indirect
effect of breeding on root traits. We compare these results with a previously published
experiment carried out at seedling stage for the same set of genotypes [56]. The relation-
ships among experiments within a representative set of cultivars and landraces were used
to assess: (i) the usefulness of these methods to depict root characteristics and (ii) the
genotypic diversity present in Algerian durum wheat, which is discussed with regard to
its potential use for plant breeding.

2. Materials and Methods
2.1. Plant Material

A diverse set of 37 durum wheat genotypes was selected, aiming to include genotypes
from different periods of Algerian agriculture, which were screened through both filter
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paper and shovelomics methods (Table S1). This set was formed by 10 local landraces and
27 modern cultivars from different countries (Algeria, France, Italy, Spain, and Tunisia),
and from international breeding programs addressing semi-arid areas, namely the Inter-
national Maize and Wheat Improvement Center (CYMMIT), the International Center for
Agricultural Research in the Dry Area (ICARDA) and the Arab Center for the Studies of
Arid Zones and Dry Lands (ACSAD).

2.2. Growth Chamber Experiment

The full description of this experiment was already published [56]. Briefly, 37 geno-
types (12 replications each) were grown in a filter paper system allowing vertical growth of
roots for each single seedling between two glasses for one week at 22/18 °C and 12/12 h
photoperiod, day/night. Roots of seedlings were scanned and analyzed with SmartRoot
software v.3.32 [57], a plugin for Image] 1.46R (http://imagej.nih.gov/ij/download.html,
accessed on 10 November 2021). The following traits were recorded: total root length
(TRL, cm), primary root length (PRL, cm), total root surface area (Surface, cm2), mean root
diameter (Diameter, cm), total root volume (Volume, cm?), root number (RN), and shoot
dry weight (SDW, g). Root angle (°) was determined for every single root with respect
to the vertical (90°), then maximum vertical angle (MVA), least vertical angle (LVA), and
mean vertical angle (MRA) were calculated for each seedling. For the comparison between
seedling and plant for the root angle, we used the root opening angle which was estimated
between the two outermost roots for each seedling (RoA of the seedling). Regarding this
experiment, we present only the comparison of the filter paper results with the adult
plant experiment.

2.3. Shovelomics Experiment
2.3.1. Experimental Conditions

The experiment was planted in the field, on November 2018, at the Aula Dei Experi-
mental Station (EEAD, CSIC), Zaragoza, Spain, following a randomized complete block
design with four replications, on loamy soil. Genotypes were grown in 36 cm-long single
rows with seeds spaced 2 cm apart. Each target row was surrounded by two rows of
a check durum wheat variety (Claudio, Figure S1). The rows were spaced 20 cm apart,
resulting in a sowing density of 250 seeds/m?, similar to a commercial stand. Sowing
was carried out manually, using a custom-built sowing frame for one plot size (one target
row and two neighboring rows). Seeds were hand-sown at ~3 cm of depth. Watering was
supplied by drip irrigation (Figure S2) once per week for 4 h from mid-February, provided
by tubes placed alongside the rows, with emitters every 20 cm, each one providing 0.6 L/h
of water. One flood irrigation was provided after jointing, after which drip irrigation was
halted for 30 days, to allow root growth in depth, and drip irrigation was resumed after
that until the end of the experiment.

2.3.2. Phenotyping

Many traits were recorded, especially those generated from image analysis, yielding a
large number of variables, some highly collinear (Table S2). To simplify the results, and to
avoid trait redundancy, hereafter we present a subset of selected traits, based on cluster
analysis, and on biological relevance of the traits (Figure S3). The cluster analysis was
performed using all field and laboratory traits together (Table S3), then the dendrogram was
cut at two points (levels of similarity) (Figure S3), where remarkable jumps were observed.
A set of traits was extracted at each level, from which those that were representative,
presenting biological relevance, were chosen for further analyses.

Anthesis time (DTA) was recorded for each row when 50% of stems reached Z65 [58].
Roots were excavated two weeks after anthesis for each row. One day before plant exca-
vation, rows were watered when it was necessary, to keep the soil at favorable humidity
for root excavation. Two straight-edged spades with a width of 15 cm were inserted up
to 20 cm directly adjacent to the neighboring rows on both sides of the focal row with the
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width of the blade parallel to the row (Figure S4A). The target plants and attached soil
were lifted from the ground on the spade and then plants were gently shaken to remove
as much attached soil as possible. Four typical plants, representative of the row based on
appearance and tiller number were chosen. The direction of root extension (towards the
space between rows) was marked on the stem of the selected plants with a permanent
marker and bundling the stems with a ribbon. Thereafter, this served for determining the
position for root angle measurement, orthogonal to the direction of the row.

The chosen plants were transported to the laboratory, where the data were taken,
considering a single row as the experimental unit. The plant height (PH), from the soil
to the top of the main spike, without awns, was determined. Thereafter, the plants were
soaked in water for two hours, shaken, allowed to dry, and then the roots were imaged
(Figure 54B,C). The root system was manually split into single roots, to count the nodal
and seminal root number (NRN and SRN, respectively), whose total was recorded as total
root number (TRN). The number of tillers per plant was counted (TN). Fine washing was
carried out by leaving the separated roots soaked in vinegar with 6% acidity, and then they
were shaken and filtered after 24 h. Shoot (SDW) and root (RDW) dry weight per plant
were determined after oven drying at 60 °C for one week. RDW and SDW were added,
to get an estimate of total plant biomass (TPB). The ratio of root to shoot dry weight was
calculated (RSR).

The clean roots images were analyzed using the software REST (Figure S5), Root
Estimator for Shovelomics Traits [55]. REST first identified the outermost 2.5% of root
pixels at the right and left sides, and 5% of outermost pixels at the bottom, which were
excluded from the analysis. Therefore 90% of the root pixels were considered (the region of
interest or Rol) from which the root system Depth was determined (99% quantile depth,
corresponding to the depth of the 90% of the ROI). The area of the convex hull (AcH) is the
smallest convex perimeter of pixels that contains 90% of roots and indicates the size of the
entire system.

The root opening angle (RoA) measured by REST was not considered because it was
not properly measured in numerous images: the RoA could be measured correctly only
if the length of the two outermost roots reached at least 10 cm of length, which was not
always the case. Alternatively, we used RoA measured with the open-source image analysis
package Image J [59]. The angle of the two outermost roots of the excavated root system
was measured at the same distance by drawing a triangle and then the sum of them was
subtracted from 180°.

The following parameters were chosen to characterize the structure of the root system:
total projected structure length (tpSL), calculated as the sum, in cm, of the weighted length
of root-derived structures and the number of background patches within the AcH. Fill
factor (Ff) is the number of root-derived pixels within the convex hull, divided by the
number of pixels within the convex hull, which provides an idea of the root density. Median
gap size (mGS) within the root system explains lateral branching patterns and the apparent
density of lateral roots [55]. Median structure width (mSW), which is the distance from the
root system derived structure to the background, provides information about the diameters
of root clusters. Another structural measurement considered is the total number of gaps
enclosed by root derived pixels or number of gaps (NoG). Depth measurements selected
were the depth at the maximum root width (Dpth_mW), and the depth at which 99% of
the root pixels are accounted for (Dpth).

2.4. Data Analyses

Data analyses for the growth chamber experiment were already presented in [56]. For
the field (shovelomics) experiment, statistical analyses were performed using the general
ANOVA procedure with Genstat 18 [60]. First, ANOVA analyses were performed with
“genotypes” as a fixed effect, and replications considered as block factor. The experimental
unit was the average of the four plants sampled at each plot. The “type” effect (landraces
vs. modern cultivars) was tested using the appropriate contrasts for factor genotype.
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Multiple means separation was carried out using LSD at the 0.05 level, for variables
in which the F-value for “genotype”, “genotypes within type” and “type” effect were
significant. Combined ANOVA was performed only for the root growth angle (RoA) across
the two experiments.

A principal component analysis (PCA), a hierarchical cluster analysis (HC) using the
Ward’s method (based on shovelomics experiment data), and a multiple factorial analysis
(MFA) (based on data of the two experiments) were performed using the R package
FactoMineR [61]. The “hcut” function was used for tree cutting levels truncation. The R
package Factoextra [62] was employed for extracting and visualizing the results. The MFA
summarizes the observations described by a set of variables structured into four groups
(Genotype, Type, Growth chamber experiment, and Shovelomics experiment). Genotype
and Type are groups based on categorical variables specifying the genotype identity and
the type of germplasm, landraces or modern cultivars. Growth chamber experiment and
Shovelomics experiment are groups that gather quantitative variables measured in each
experiment. Experiments were considered as active groups and their contribution was
taken into account to define the distance between individuals. Each variable within a group
was equally weighted, so the influence of each set of variables in the analysis was balanced.
Broad-sense heritability (h?), which represents the maximal values as G x E was not part of
the denominator, was calculated for the shovelomics experiment on an entry-mean basis
using the REML procedure, as follows:

h? = 6% /(0%g + (0% /1)),

where ng is the genotypic variance, 02, is the error variance and r is the number of
replications. The genetic correlation (rg) between similar traits measured for seedlings
and for adult plants was performed using META-R software according to the following
formula [63]:

rg = (Covyy)/+/(Vark x Vary),

where Covyy indicates the genotypic covariance between traits x and y and /Vary and
v/ Vary indicate the square roots of genotypic variances of traits x and y, respectively.

3. Results
3.1. Shovelomics Experiment
3.1.1. Trait Variation

Significant differences between genotypes were found for all traits measured directly
in the field. Landrace vs. modern cultivar differences were significant for all traits except
root to shoot ratio (RSR). There was still significant genotypic variation within type for
all traits except tiller number (Table 1). Landraces reached anthesis seven days later than
modern cultivars on average, and had larger values in biomass (SDW, Table 2).

For root traits, landraces presented a larger root system than cultivars (expressed by
total projected structure length (tpSL)) and had a higher root density (Ff), median gap
size (mGS), number of gaps (NoG) and root dry weight (RDW), but no difference was
found for root number (SRN and TRN), root to shoot ratio (RSR) nor for the other REST
traits (Table 2). A considerable range of variation was observed for most traits, except for
TN, and SRN (Table 2). In general, a higher range of variation (revealed by higher CV)
was observed in modern cultivars compared to landraces, especially for the time to reach
anthesis (DTA) (Tables 1 and 2). Broad sense heritability (h?) of non-REST traits was high
for anthesis. Lesser h? values were observed for seminal, and total number of roots (SRN,
and TRN, respectively). The other traits had moderate h? values, ranging from 0.44 to 0.66
(Table 1).
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Table 1. Minimum, maximum, mean, CV%, broad heritability (h?) and ANOVA analysis of genotype
and type effect for the field and REST measured traits in the field experiment (shovelomics).

ANOVA
Trait Mean  CV% SD h?
Genotype Type w(i;tilrilflt"}l:;);e
Field measured traits
DTA (days) 122.2 3.5 44 0.93 o ok ok
SDW (g) 10.15 314 3.1 0.65 e ok ok
TN 2.7 25.9 0.7 0.44 * B ns
RDW (g) 0.240 442 0.1 0.66 o ok ek
RSR 0.024 35.2 0.01 0.53 ok ns ok
Laboratory and image analysis traits
SRN 4.9 17.6 0.8 0.29 * ns *
TRN 30.1 20.5 6.0 0.37 * ns ns
RoA (°) 54.2 18.0 9.5 0.23 ns ns ns
AcH (cm?) 93.5 379 35.5 0.31 e ns o
Ff 0.20 36.7 0.07 0.37 ok ** e
tpSL (cm) 278.0 28.8 80.0 0.55 o o *
Dpth (cm) 16.49 20.74 3.42 0.46 > ns **
Dpth_mW 610 2786 170  0.00 ns ns ns
(cm)
NoG 388.46 32.89 127.77 0.51 > * **
mGS (cm?) 0.0018 56.4 0.001 0.27 ns ** ns
mSW (cm) 0.0603 27.3 0.016 0.00 ns ns ns

DTA: days to anthesis, SDW: shoot dry weight, TN: tiller number, RDW: root dry weight, RSR: root to shoot ratio,
SRN: seminal root number, TRN: total root number, RoA: root opening angle, AcH: area of the convex hull, Ff:
fill factor, tpSL: total projected structure length, Dpth: root system depth (99% quantile depth), Dpth_mW: root
system depth at maximum width, NoG: number of gaps, mGS: median gap size, mSW: median structure width, *,
**, ***: significant differences at 0.05, 0.001 and <0.001, respectively, ns: non-significant difference.

Table 2. Minimum, maximum, CV% and mean comparison between cultivar and landrace for all
assessed traits in the field experiment (shovelomics).

Modern Cultivars Landraces
Traits Min Max Mean CV% Min Max Mean CV%
Field measured traits

DTA (days) 111.0 130.0 120.3 P 2.8 124.0 134.0 12732 1.6
SDW (g) 4.40 15.23 9.73b 20.8 8.53 21.00 12.28 2 18.9
TN 1.75 5.00 2.82 20.0 2.00 3.50 25P 16.5
RDW (g) 0.08 0.53 0.221b 32.6 0.105 0.599 0.3012 34.3
RSR 0.01 0.04 0.0234 27.2 0.012 0.040 0.024 2 26.6

Laboratory and image analysis traits

SRN 3.33 5.75 492 10.6 3.25 6.00 492 12.5
TRN 16.33 42.00 30.12 15.0 22.67 44.25 31.02 13.5
RoA (°) 29.19 88.97 5402 17.6 36.82 77.14 5472 175
AcH (cm?) 43.77 159.79 9162 24.9 56.53 137.02 98.52 17.7
Ff 0.11 0.31 0.19b 239 0.13 0.34 0212 18.2

tpSL (cm) 120.62 39439 2635P 20.6 168.16 472.19 31794 21.2
Dpth (cm) 10.07 34.51 16.72 22.53 10.97 20.17 15.922 13.6
Dp(t?r;r)“w 183 1181 6032 27.75 3.46 966 6462 277
NoG 111.75 78850 376.6P 34.3 151.50 71050 42152 28.3
mGS (sz) 0.0005 0.0051 0.0018P 41.3 0.0013 0.0034 0.00222 23.8
mSW (cm) 0.0461 0.1149 0.0604 2 16.5 0.0516 0.0746 0.0607 2 9.3
DTA: days to anthesis, SDW: shoot dry weight, TN: tiller number, RDW: root dry weight, RSR: root to shoot ratio,
SRN: seminal root number, TRN: total root number, RoA: root opening angle, AcH: area of the convex hull, Ff: fill
factor, tpSL: total projected structure length, Dpth: root system depth (99% quantile), Dpth_mW: root system
depth at maximum width, NoG: number of gaps, mGS: median gap size, mSW: median structure width. Different
letters indicate significant differences between modern cultivars and landraces at p < 0.05.
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Genotypic variation was present for most traits, and although type (modern cultivar
vs. landrace) was highly significant for some traits, there was still genotypic variation left
within types (Table 1). The landraces presented a significantly longer roots (tpSL) than the
tested modern cultivars (317.9 vs. 263.5 cm, respectively) (Table 2). The larger size of the
root system in the landraces was also characterized by higher values for Ff (root density)
and mGS compared to the cultivars, and all variables were related to the structure of the
root system (Table 2).

Overall, the traits generated with the REST software presented a lower heritability
compared to the other traits recorded in the experiment, from a minimum of 0 for mSW to
a maximum of 0.55 for tpSL. As for the field measured traits, the CVs of modern cultivars
were higher than those of landraces for most of them (Table 1).

3.1.2. Relationships among Traits and Clustering of Varieties

Among the traits measured in the field experiment, significant correlations were found
between shoot dry weight (SDW) and total root number (TRN) (0.45) (Table S3). Root dry
weight (RDW) had significant positive correlations with shoot biomass traits, indicating
that there was a positive relationship between shoot and root biomass (0.74), and with total
number of roots (0.64) (Table S3, Figure 1).

150- (r=0.74, P<0.0001) (=0.72, P<0.0001)

10.0-

03
RDW (g)

(r=0.64, P<0.0001) 4001 (r=0.86, P<0.0001)

TRN
tpSL (cm)

02 03
RDW (g) RDW (q)

Figure 1. Root dry weight (RDW) relationship with shoot dry weight (SDW), number of gaps in the
root area (NoG), total root number (TRN), total projected structure length (tpSL) recorded in the
shovelomics experiment. The grey area is the 95% confidence interval of the regression line.

The area of convex hull (AcH) was negatively correlated with the fill factor (Ff),
indicating that more spread roots were also less dense. Total projected structure length
showed moderate positive correlations with both density related variables (like Ff) and
spread (like AcH) (Table S3). This indicates that the genotypes that invested more root
growth in exploring a larger volume of soil also tended to fill the soil with more roots
(probably lateral), creating a dense network. Root angle was only related to TRN, mGS and
mSW (correlation coefficients of —0.33, 0.35 and —0.33, respectively) (Table S3).

Correlations of REST with field traits showed some relationships, such as between
the area of the convex hull (AcH) and SDW (0.36) (Table S3). Root dry weight, on the
other hand, was positively correlated with some traits, such as tpSL, and Ff, with moderate
to large coefficients of correlation, which makes sense as they are all related to root size
(Figure 1, Table S3).
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The principal component analysis based on shoot and root traits showed that PC1 and
PC2 explained together 48% of the total variation (31.1% and 16.9%, respectively). PC1
was influenced mostly by traits related to root and shoot biomass, and days to anthesis
(Figure 2A). Therefore, this principal component represented traits related to shoot and
root size.

Type
®  Cultivar
:: Landrace
| o
~5.0- E *
L} | 1 1
=3 0 3 6
Dim1 (31.1%)
B
10-
£
=
[T
I 2
D_

Figure 2. Biplot of the principal component (A) and hierarchical analysis (B) of shoot and root traits recorded in the field
(shovelomics) experiment. Abbreviation of genotype’s names and their type and origin are given in Table S1. Type groups
according to the cluster analysis, are color coded similarly in A and B (cultivars in blue and landraces in yellow).
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The distribution of genotypes on this axis showed a clear distinction of genotypes
based on their type (modern cultivar vs. landrace), where most landraces showed higher
values for all the biomass traits, being more vigorous compared to modern cultivars.
Root system depth at maximum width, area of convex hull (AcH), and root angle (RoA)
contributed more to the second principal component (PC2) on the positive side, whereas
tiller and root number were contributing most on the negative side (Figure 2A). PC2
distinguishes between genotypes with a large and sparse root system (upper part of the
plot, with higher AcH, lower root number) from those with a small and dense one (lower
part of the plot).

Five genotypic groups were identified based on a hierarchical classification (Figure 2B),
three composed of cultivars and two of landraces. The two landrace groups spread mostly
over the quadrant with positive signs in the first two components, with the smaller group
made of Glo and Dje, showing more extreme values of root and shoot size and number.
The first component was basically related to size, with low negative scores for seminal
root number, tiller number and root angle. Landraces were larger, later, and with more
developed root systems (larger RDW, tpSL and Ff). Regarding the cultivars, they were
spread over three groups, spread over the first and second components of the PCA biplot.
Genotypes like Inr and Pol had more roots with a narrower angle, whereas the opposite
was true for genotype Acs.

3.2. Relationships of Traits between Experiments and Growth Stages
3.2.1. Multifactorial Analysis Considering the Two Systems

We performed a multiple factorial analysis (MFA) to examine the patterns of rela-
tionships between the variables measured in the two experiments, based on 37 genotypes
(Figures 3 and 4, Table 54). The factors were divided into two groups, namely, growth
chamber experiment, and shovelomics experiment, and two supplementary groups, “geno-
type” and “type” (modern cultivar or landrace). To avoid confusion, the variables are color
coded in the figures according to the experiments (Figure 4A). The proportion of variance
explained by the first axis of the MFA was 27.1%, while the second dimension explained
14.8% (Figure 3). Growth chamber and shovelomics active groups showed a high and
similar contribution to the first dimension, and a smaller one to the second dimension. The
supplementary group genotype contributed equally to both dimensions while, interestingly,
type only explained the variation retained by the first axis. The variables that drove the
two dimensions belong to the two experiments (Figure 4A). The first dimension captures in
full the differences in plant development, including root biomass (length and weight) and
seedling root angles (Figure S6A), due to the contrast of landraces vs. modern cultivars
(type). The second dimension was mainly related to the architecture of inner and outer
root structure traits like SH-AcH, SH-Ff, Dpth_mW and GC-Diameter (Figure S6B), and
represents genetic variation not explained by the contrast landraces vs. modern cultivars.

The MFA reveals interesting patterns based on overall correlations (also shown in
Figure 4A). Adult plant traits (shovelomics experiment) seem to carry more information
overall, as their vectors are more spread over the plane formed by the first two principal
components (Figure 4B). Shovelomics traits are distributed extensively over three quadrants
(1,2,4), whereas seedling traits are present mainly in two (1,2). There is only one variable
in quadrant 3, tiller number (TN), which seems rather independent of the rest of the
variables. Variables related to plant size (shoot and root) are grouped in quadrant 1. Shoot
dry weights, measured in 1-week old seedlings and in adult plants, show a significant
positive correlation, also indicated by the narrow angle between their vectors. The two
most integrative measurements of root length (tpSL in the field and TRL in seedlings) also
show a significant correlation, and present long and close vectors almost parallel to axis 1.
The second quadrant gathers angle measurements. The main angle variables are RoA_S
(seedlings) and RoA (field). Although they do not show a significant correlation per se
(Figure 4), their vectors are almost parallel, indicating that there is a relationship of root
angles measured in the two experiments when all variables are taken into consideration.
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Quadrant 4 groups several variables from the field experiment, and root number from
the seedling experiment. They represent features related to root size (RDW, TRN) and
structure (NoG, Ff, mSW). Interestingly, the two main variables describing the number of
roots in the two experiments (RN in seedlings, and TRN in the field) are present in this
quadrant. Their vectors are not long (meaning they do not have much weight on these
axes), but they appear surprisingly close, indicating a positive relationship along these
two axes that represent the size and structure of roots and whole plants. Therefore, the
first axis confronts size and angles. The second axis confronts variables that reveal the
presence of different root structures: genotypes with large areas occupied by roots in the
field (indicated by large AcH and depth at maximum width, supported by longer primary
roots in seedlings), tend to display lesser total number of roots, lower fill factor, a lower
number of gaps, that is, a less intricate root structure. Interestingly, total root lengths do
not show much variation along this axis, meaning that the variations in structure occur
independently of the potential for root growth.

% 1.00 Genotypes
i :
o~ :
E :
= i
075
050 |
1 Fy
[ Growth chamber
[ Shovelomics
025
0004tk L L wPe .
0.00 0.25 0.50 0.75 1.00

Dim 1 {27.09%)

Figure 3. Multiple factorial analysis (MFA). The plot represents the correlation between groups of
variables and axes. Growth chamber (green), and shovelomics experiment (red) are active groups
based on quantitative variables used to define the dimensions of the MFA. Genotype and Type are
supplementary groups based on categorical variables specifying the genotype identity and the type
of germplasm (landraces vs. modern cultivars). Triangles represent the correlation of groups with
the axes.

When plotting the individual genotypes in the MFA, we confirmed that the first axis
mainly opposed the landraces and modern cultivars (Figure 4B). The landrace Gloire de
Montgolfier, showed the highest positive scores in the x-axis, opposed to most modern
cultivars, with a negative score in this component. The second axis, however, seemed
less related to the divide between type of genotypes, as there were landraces and modern
cultivars with positive and negative signs, although more variation was evident among
the latter.
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Dimension 2 (14.78%)

Type
®  Cultvar

g'ee > | Landrace

Dimension 1 (27.09%)

Figure 4. Multiple factorial analysis (MFA) of the shovelomics and seedling (rhizoslides) experiments combined. On the left
hand side (A), variables plotted with vectors representing their loadings in the first two dimensions. Shovelomics variables
represented in red and rhizoslides ones in green. On the right hand side (B), genotypes plotted onto the same dimensions.
Landraces represented with yellow dots, modern cultivar with blue dots. Large ellipses represent the landraces and modern
cultivars spaces, assuming normal distributions. Genotype labels as in Table S1.

3.2.2. Correlation of Adult Traits Measured in the Field with Seedling Traits

There were several traits that reflect similar biological features in the field experiment
and in the previously published seedling experiment. From a breeding point of view, it is
important to question whether these traits showed similarities or not. These traits were
root depth (Dpth in the field vs. length of primary root in seedlings), total root length (tpSL
vs. total root length), root number, root angle, and shoot dry weight (exactly the same trait
for the last three cases)

In general, the direct correlations were low to moderate, as shown in Figure 5. Geno-
typic correlations were slightly better, ranging from 0.99 for depth to 0.59 for total root
length, 0.63 (root number), 0.15 (root angle) and 0.71 for shoot dry weight, although only
the first one was significantly different from zero.

Root angles measured in the growth chamber and shovelomics experiments were directly
comparable. This trait has received a lot of attention lately, and its determination at an
early stage could impact breeding practices for root phenotyping. A joint ANOVA for
root opening angle (RoA) measured at both seedling and adult stages revealed highly
significant effects of all sources of variation: growth stage, genotype, type, genotype within
type, and the interactions (Table 3). Levene’s Test proved that variances were homogenous
across growth stages (p-value of 0.074). On average, seedlings presented a wider root angle
than adult plants. The landrace group developed narrower root angles than cultivars at the
seedling stage but, as adult plants, this difference disappeared, resulting in a significant
interaction of growth stage x type. Both landraces and cultivars developed a narrower root
angle as adult plants than as seedlings, but this reduction of the adult plants” angle was
larger for cultivars 32.45% vs. 20.43% for landraces (% deduced from Table 2, Figure 6).

At genotype level, genotypes ranked differently depending on growth stage, as
revealed by the highly significant interaction terms (Table 3), in particular for the Growth
stage x type interaction. Change of RoA from seedling to adult plants ranged from —10.47°
in Montpellier to 42.73° in Chen’s (Table S5).
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Figure 5. Relationships between similar traits measured at seedling and adult plant stages (shov-
elomics); tpSL, total projected structure length. The 95% confidence interval is indicated in grey.
Correlations calculated based on 37 genotypes in common between the two experiments, growth
chamber and shovelomics.

Table 3. Combined ANOVA analysis for root opening angle in seedlings and adult plants (RoA) for
37 genotypes and type of genotypes (cultivar vs. landrace).

Source of Variation df SumsofSquares MeanSquares Variance Ratio  Fpr
Growth stage (GS) 1 57,345 57,345 275.3 <0.001
Genotype 36 56,508 1570 7.5 <0.001
Type 1 7965 7965 38.2 <0.001
Within type 35 48,543 1387 6.7 <0.001
GS x Genotype 36 19,197 533 2.6 <0.001
GS x Type 1 3104 3104 14.9 <0.001
GS x Within type 35 16,094 460 22 <0.001
Residual 518 107,882 208
Total 591 240,933

OSeedling @ Adult

90 * %% % % %k % % %

80 =

70

i

60
50
40
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20

Root opening angle ° (RoA)

10
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Figure 6. Root opening angle (RoA) in modern cultivars and landraces at seedling (growth chamber)
and adult plant stages (shovelomics). Bars are the standard error of the mean (SEM). *** indicates the
significant difference between the corresponding means.
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4. Discussion
4.1. Sowing Density and Trait Variability in the Shovelomics Experiment

The plants in this experiment were grown at commercial sowing density (250 seeds/m?)
to assess root traits under real agronomic conditions. Therefore, wheat plants had, on
average, 10 cm (half of the inter-row distance) on both sides to extend their roots towards
the neighboring rows, and just 2 cm within the row. As a result, most growth occurred on
a bidimensional plane perpendicular to the direction of sowing. This realistic experimental
setting undoubtedly affected the results of the experiment, as seed density modifies root
system architecture in wheat [64] and barley [65], at least by decreasing crown (nodal) root
number per plant. Besides, seed density has a large effect on aboveground traits, such as
reducing tiller number per plant [66] and shoot dry weight per plant [67], while increasing
tillers per area [68], leaf number per area [69,70], and leaf area index [70,71]. Additionally,
it can change biomass allocation and fine root distribution [72]. In the current experiment,
the range of variation of root angle in the field (RoA) was higher, and root number lower,
than found in another study [54] that used lesser sowing density (200 plants/ m?). As
the two studies used the same inter-row space (20 cm), differences should come from a
wider genetic variation in our case, or from different soil conditions affecting expression of
root traits.

The shovelomics approach involves a large investment in labor that should pay
off with the collection of a commensurate amount of biologically and agronomically
meaningful data; our results indicate that the collection of data using the “shovelomics”
approach at commercial stands is challenging. For this reason, we examined the quality of
the data collected. In this study, the heritability of root REST-traits ranged from very low to
moderate, 0 in mSW to 0.55 in tpSL, and were mostly lower than those found in a maize
study [73], where the highest h? was observed for maximum width (mW) (0.77-0.80) and
Ff (0.70). A high heritability is desirable to achieve meaningful results, and we propose
that to perform this type of experiment successfully, an increased number of plants should
be sampled, and plant density should be reduced to facilitate handling of roots.

4.2. Shovelomics Revealed Different Patterns of Root Growth in Durum Wheat Cultivars

Based on the results of the two experiments on root growth patterns, reported here
and in our previous results [56], the set of durum wheat genotypes presented diversity of
root system architectures. Compared to cultivars, landraces’ plants were larger, above and
below ground, at the adult stage. They also have narrower root angles as seedlings but,
interestingly, this difference was lost at the adult stage, possibly influenced by differences in
plant density between the experimental systems. Overall, there was appreciable genotypic
variability for most traits, with the main driver of variability being the differences between
cultivars and landraces. This last group had a larger/vigorous root system both at seedling
and adult plant stages, expressed as total root length, root dry weight, area of convex hull,
root area, total projected structure length, and root number. In conclusion, landraces had
larger root systems than modern cultivars, at least when grown in good water availability
conditions. The multivariate analyses run for the shovelomics experiment (Figure 2) or the
combination of shovelomics and seedling traits (Figure 4) revealed a dimension of root
structure variation independent of the difference between landraces and modern cultivars,
and mostly independent of root growth potential (represented by total root length and root
weight). The second axis of the MFA analysis revealed different root structures present in
both types of accessions. The main feature could be summarized as favoring root growth
in distance vs. growth in density. Examples of these contrasting rooting patterns were
landrace Langlois and modern cultivar Acsad 65, which share a wide root angle, large area
of convex hull, low fill factor, deeper maximum width (Dpth_mW) and small number of
gaps, presenting a large and sparse root system. Contrary to those, modern cultivar Inrat
69 and landrace MBB show opposite expression of all these traits, and a more compact and
intricate root system. Apparently, these two types of root systems are independent of total
root length.
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The predominantly large and shallow root system of landraces is the result of adapta-
tion to the predominantly dry conditions of Algeria. The usefulness of a large root system
in dry environments is a controversial issue. Several authors [44,74,75] suggested that deep,
wide-spread and profusely branched root systems were essential traits to target in breeding
for drought-tolerant crops, but there is a trade-off for grain yield [76]. Other authors
propose that a non-vigorous root system that progresses in depth slowly, and exploits the
stored water during grain filling would be a potentially advantageous ideotype [77,78],
particularly with modifications of anatomical features such as a reduced xylem vessel
diameter [79]. In general, plants should have a root to shoot ratio that would not exceed
an optimum, above which further increase in root size would not only be useless, but also
would impose a cost on shoot growth by wasting biomass. There is no general conclusion
for this section. The optimum root system depends on the prevalent soil, climate, and
management conditions [77]. The fact that the root system features have changed markedly
in Algeria due to modern breeding indicates the presence of these interactions and, also,
that there is more than one good outcome for a common environment.

One important conclusion of this work is that we found that there is still genetic
variation for root traits after accounting for trends ascribable to the use of dwarfing genes.
Therefore, breeding for root traits in durum wheat is possible, beyond the possible effect of
dwarfing genes.

4.3. Assessment of Two Different Experimental Set-Ups to Phenotype Durum Wheat Roots

One goal of root phenotyping at the seedling stage is predicting the root traits of
mature plants. If the relationship exists, plant breeding for this kind of traits would be
largely facilitated. Different studies have yielded contrasting results in this respect [80-82].
Many factors, like type of seedling and adult plant tests, extent of phenotypic diversity,
appropriate control of experimental error, will affect the outcome of these comparisons.
Therefore, it is sensible to test the relationship of the specific systems of choice at each
particular situation, before embarking on large plant breeding activities.

In our study, we found that adult plants displayed significant differences in root
growth angle, confirming previous reports [54,76,83]. However, the relationship with
seedling root opening angle was low (although not non-existent, as indicated by the
multiple factorial analysis). It is worth noting that our genotypes behaved differently for
root growth angle across growth stages, expressed by the significant interaction genotype
by growth stage. Adult plants narrowed their root angle by an average of 22.7° compared
to seedlings (54.2° vs. 76.9°, as reported previously [81]), in agreement with previous
results [54]. In our case, root angle at seedling stage was a poor predictor of root angle in
adult plants. The landraces tested in our experiment had a narrower nodal root angle (14°)
than the set of modern cultivars (26°). However, this significant difference in root angle
disappeared in adult plants (RoA) in contrast to previous findings [64] where cultivars
presented wider root angle compared to landraces. This was probably affected by the
substrate and by plant density, as discussed above. A further source of difference may be
that root opening angle in mature plants was determined mainly by nodal roots, which
were not present at the seedling stage.

The correlation coefficients among comparable traits between the adult plant (shov-
elomics) and seedling (rhizoslides) experiments were moderate, but still worthwhile for
breeding purposes. We found some similarities between the two experiments in capturing
general features of plant structure, such as root number, length and depth, shoot size and,
to a lesser extent, root opening angle. Multivariate analyses provided further insight into
these relationships, as they focus on the main sources of variation within the data, and
separate pattern from error. Variables describing root angle, root number, root length
and shoot weight, from the seedling and adult plant experiments, were all located in the
vicinity of each other. This indicates that at least some essential features of plant structure
are consistent among the two systems, and that seedling testing holds some promise as an
early screening method for root traits in breeding programs.
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5. Conclusions and Perspectives

Our study contributed to the identification of different patterns of superficial root
system development within landraces and modern cultivars in durum wheat, using a
shovelomics approach accompanied with root image analysis. We confirmed the usefulness
of the shovelomics method for studying roots in a relatively large number of accessions
under commercial sowing density, which would be interesting in breeding programs based
on root traits. Interesting correlations were detected between root traits at seminal and
adult plant growth stages. This finding would help make decisions early in the selection of
lines with the traits of interest. In the near future, the usefulness of the root traits revealed
in this study will be validated by testing their relationships with the field performance of
these varieties in agronomic trials.

Supplementary Materials: The following materials are available online at https:/ /www.mdpi.com/
article/10.3390/agronomy11122545/s1: Table S1: Type, origin and year of release of the genotypes
studied. Table S2 (Excel file): Abbreviations and explanation of laboratory, field and REST traits
measured in shovelomics experiment, and genotypic means; Table S3: Pearson correlation coefficients
between traits assessed in the field, based on 37 genotypes; Table S4: Pearson correlation coefficients
for traits recorded at seedling stage (growth chamber) and traits measured in the shovelomics
experiment, based on 37 genotypes. Table S5: Root opening angle (RoA,°) at seedling and adult plant
(field) stages for the 37 genotypes. Figure S1. Scheme showing the layout of the target and guard
rows of durum wheat. Figure S2: Drip irrigation system installed during the field (shovelomics)
experiment. Figure S3: Hierarchical classification of all shovelomics traits measured in field and
laboratory, and by image analysis with the REST software. Dashed lines (green and brown) were
used to cut the dendrogram and to choose non-redundant, representative, and most relevant traits,
which were presented in the main text. Traits selected indicated with arrows. Traits abbreviations
as in Table S2. Figure S4: Process of root extraction in the field experiment. Excavated rows before
cleaning (A) and individual durum wheat plants for modern cultivar Simeto (B) and landrace Djenah
Khotifa (C). Figure S5. REST output showing the original image (left) and its segmented (binary)
form (right), with the arc where the outermost angle is determined (in red), and the values for the
angle from the horizontal to the left (here 37.5°) and the right arm (here 52.2°). The opening angle
(here 90.3°) and the 90% region of interest (in blue). Figure S6. Multiple factorial analysis (MFA).
Contribution (in %) of quantitative variables to the first (A) and second dimension (B). Variables
measured in the growth chamber experiment are depicted in red, and variables measured in the field
experiment are depicted in blue. Red dashed lines indicate the expected contribution for an equal
contribution of all variables.
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