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Abstract

Optimal root system architecture (RSA) is critical for efficient resource capture
in soils, hence being an interest in crop breeding. Seminal root angle (SRA) at the
seedling stage in durum wheat has been suggested to be a good indicator of RSA.
However, research on correlating such laboratory-based seedling root phenotyp-
ing to RSA at later phases of plant growth is limited, resulting in the importance
of root trait variation seen in seedlings often being overstated. To explore the
role of SRA in modifying RSA at later phases of plant growth, we assessed 11
genotypes contrasting in SRA (wide and narrow), grown in a rhizobox designed
for phenotyping root systems of plants during late-tillering. Aboveground traits
and root dry mass in different soil depths and across the entire soil volume were
measured manually, while root architectural traits were extracted using image
analysis and summarised by multiple factor analysis to describe RSA. When
comparing the wide and narrow genotypes, no differences were detected for
aboveground traits and total root dry mass. However, differences were observed
in the allocation of root dry mass at different depths. The wide and narrow
genotypes showed distinct RSAs, particularly in the upper soil (0-30cm). The
wide genotypes exhibited a ‘spread-out’ root system with dense and thin roots,
whereas the narrow genotypes had a compact root system with fewer but thicker
roots. Our study demonstrated a clear difference in RSA between the wide and
narrow genotypes, highlighting the association between SRA on the direction
and distribution of root growth in plants at later growth stages.
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1 | INTRODUCTION

Root system architecture (RSA) is the spatial configura-
tion of the root system. RSA influences soil exploration
and therefore water and nutrient acquisition, and has been
proposed as an important breeding target for a ‘second
green revolution’ and the development of climate resilient
crops (Lynch, 2007; Ober et al., 2021). The architecture of
mature root systems results from a combination of internal
(i.e. underlying genetics, developmental influences) and
external factors (i.e. environments). The genetic variation
in RSA can further respond to environmental cues such
as climate, soil depth, as well as its physical and chemical
properties, leading to genotype-by-environment interac-
tions that greatly affect RSA and complicate its selection
in breeding programmes. Another challenge associated
with selection for RSA is the technical difficulties involved
in accessing and phenotyping root systems. In particu-
lar, it is laborious, costly and time-consuming (Johnson
et al., 2001; Trachsel et al., 2011; Wasson et al., 2014) to
measure roots under field conditions, despite the limita-
tions of the data they produce.

In contrast, root phenotyping in controlled environ-
ments can help address some of the above-mentioned
bottlenecks, enabling more reliable phenotypic data to be
obtained and permitting measurement at a relatively high
throughput. To date, there are number of custom pheno-
typing platforms developed that allow the study of root
systems (Figueroa-Bustos et al., 2018; Nagel et al., 2012).
These root phenotyping platforms consist of root growth
chambers and digital imaging of entire root systems.
Recent advances in image processing software have al-
lowed users to extract an array of traits that describe root
architecture within the root growth chambers. Thus, the
combination of root observation systems and new devel-
opments in computer-assisted electronic image analysis
presents an opportunity to enhance the capacity for phe-
notyping RSA in root growth chambers, with the intention
that these traits are relevant to the field performance of
the genotypes.

RSA is typically studied by analysing the sub-root sys-
tem component traits, for example, length, number and
angle of roots (Rich & Watt, 2013). The measurement
of root component traits or the utilisation of molecular
markers linked to these traits could provide an indirect
selection method for genotypes with desirable RSAs. One
root trait of particular interest is the angle of seminal roots.
In durum wheat (Triticum durum Desf.), previous studies
suggest that seminal root angle (SRA) at the seedling stage
could be a useful ‘proxy’ for the root angle of mature root
systems (Alahmad et al., 2019; Maccaferri et al., 2016).
SRA affects the direction of root growth during early
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developmental stages and therefore has the potential to
influence the later horizontal and vertical exploration of
the soil profile. In bread wheat, genetic loci for stay-green,
an integrated drought adaptation trait, have been found to
co-locate with loci for root angle (Christopher et al., 2018).
Similarly, previous studies in sorghum have also reported
co-locations of genetic loci for stay-green traits and root
angle (Borrell et al., 2014; Mace et al., 2012). Since one
of the important mechanisms underlying stay-green is
associated with increased post-flowering water uptake
in terminal drought environments, a root system with a
steep angle should result in a deep rooting system that en-
hances access to deep soil water (Borrell et al., 2014, 2022;
Manschadi et al., 2006; Singh et al., 2012). Therefore, SRA
may be a major determinant of the mature RSA, making
it a promising candidate for selection that can be con-
ducted in the early growth stages to accelerate the breed-
ing process.

SRA of seedling plants can be easily measured using lab-
oratory- or glasshouse-based phenotypic screening protocols
(Cane et al., 2014; Richard et al., 2015), which are amena-
ble to large numbers of genotypes and have contributed to
the identification of genetic loci for SRA in wheat (Richard
et al., 2015), barley (Robinson et al., 2016), sorghum
(Menamo et al., 2023; Singh et al., 2012) and durum wheat
(Alahmad et al., 2019; Alemu et al., 2021; Cane et al., 2014;
Maccaferri et al., 2016). Although this shows the potential of
using SRA to enable high-throughput phenotyping and in-
direct selection for optimal root systems, it remains unclear
to what extent SRA influences the RSA. Previously, signifi-
cant genotypic variations in SRA have been demonstrated in
a durum wheat nested association mapping (NAM) popula-
tion (Alahmad et al., 2019). Based on this, the present study
aimed to elucidate the impact of SRA on RSA at later growth
stages. Here, we conducted a short-term glasshouse experi-
ment extended to the late-tillering stage to quantify the RSA
for two distinct groups of durum NAM lines categorised ac-
cording to contrasting SRA.

2 | MATERIALS AND METHODS

2.1 | Plant material

Previously, a durum NAM population was developed
by crossing eight ICARDA ‘founder’ lines with two
Australian durum ‘reference’ varieties Jandaroi and DBA
Aurora (Alahmad et al., 2022). For this study, 11 geno-
types including the reference parent DBA Aurora and
10 NAM lines, based on the SRA screenings by Alahmad
et al. (2019), were selected for divergent SRAs (wide and
narrow) (Table 1).
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seminal root angle (SRA) group and value Genotype Pedigree Group L)
of the genotypes surveyed in this study. DBA Aurora Tamaroi*2/Kalka//RH920318/Kalka///  Wide 81.1
Kalka*2/Tamaroi

1.17 DBA Aurora/Fastoz7 Wide 86.3
1_42 DBA Aurora/Fastoz7 Wide 79.3
1_63 DBA Aurora/Fastoz7 Wide 82.6
1.99 DBA Aurora/Fastoz7 Wide 80.4
1_107 DBA Aurora/Fastoz7 Wide 71.4
351 DBA Aurora/Fastoz8 Narrow 51.9
386 DBA Aurora/Fastoz8 Narrow 52.8
3 88 DBA Aurora/Fastoz8 Narrow 38.5
6_17 Jandaroi/Fastoz8 Narrow 41.5
6_21 Jandaroi/Fastoz8 Narrow 50.9

Note: Additional information supporting the groupings of these genotypes is found in Table S1.

“Values of SRA were the genotype means for DBA Aurora and the NAM lines obtained from the
association mapping study by Alahmad et al. (2019). The SRA, which is the angle between the first pair
of seminal roots, was measured 5days after sowing using the clear pot method (Alahmad et al., 2019;

Richard et al., 2015).

2.2 | Glasshouse rhizobox experiment

A glasshouse experiment was conducted in October 2020
in a temperature-controlled glasshouse (17 +2°C) under
natural light conditions at The University of Queensland,
Brisbane, Australia (27.50°S, 153.01°E). Four-sided open-
top rhizoboxes were constructed from timber, with each
rhizobox measuring 90 cm tall x 40 cm wide. The bottom
of each rhizobox was sealed with water-permeable shade
cloth to hold the soil. The rhizoboxes were placed up-
right in rectangular trays, braced across the top edges
with a wooden stay (Figure 1a) and filled with UQ23
potting mix (70% composted pine bark 0-5mm, 30%
cocoa peat, mineral fertiliser) pre-mixed with 2g/L of
Osmocote slow-release fertiliser. All rhizoboxes were
thoroughly watered before sowing.

At sowing (7 October 2020), to avoid confounding ge-
netic effects, uniformly sized seeds were selected closest
to the median size for each genotype. Eight seeds of a sin-
gle genotype were sown embryo down at a depth of 3cm,
with two seeds sown in each of the four holes that were
evenly distributed in each rhizobox. Plants were thinned
to four homogenous and healthy seedlings after germina-
tion. Rhizoboxes were arranged in a randomised complete
block design, with six rhizoboxes (replicates) of each gen-
otype. Rhizoboxes were watered regularly to ensure plants
were supplied with non-limiting water throughout the
experiment. For all plants, nutrients and disease control
measures were applied as necessary.

To determine when to open the rhizoboxes, (since the
experimental rhizoboxes were kept enclosed until the end
of the experiment), we created a pilot rhizobox planted
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with DBA Aurora seeds and opened it once a week to
monitor root growth. The pilot rhizobox was subjected to
the same sowing date and growing conditions as the ex-
perimental rhizoboxes.

2.3 | Rootimaging

The experiment ceased 6weeks after sowing (late-
tillering) when roots in the pilot rhizobox had almost
reached the bottom of the wooden frame. All experi-
mental rhizoboxes were opened for root imaging using
a high-quality smartphone camera (Apple iPhone 11)
(Figure 1b,c), and plants were harvested. When taking
images, each rhizobox was carefully straightened and
its four edges were aligned parallel to the photo frame
of the camera. These images were then cropped to re-
tain only the soil section comprising the whole root sys-
tem. To further explore the RSA in different soil depths,
namely the 0-30, 30-60 and 60-90cm sections of the
rhizobox, we used the online image cropping tool at
https://www.imgonline.com.ua/eng/ to cut the cropped
images of the intact root system (0-90 cm) into three im-
ages of equal size (Figure 1le). Consequently, each ex-
perimental rhizobox had four images that showed the
whole root system (0-90 cm), and the root systems in the
0-30, 30-60 and 60-90 cm soil depths.

All images were processed using RhizoVision
Explorer version 2.0.3 software (Seethepalli et al., 2021)
(Figure 1f), selecting the “Whole root’ analysis mode,
which, unlike the ‘Broken root’ mode, gives additional
information on the growth direction of the root system
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FIGURE 1 Workflow of the rhizobox experiment for root phenotyping. (a) Seedlings were grown for 6 weeks in rhizoboxes in

a temperature-controlled glasshouse. (b) Opening of the rhizoboxes at the end of the experiment. (c) Imaging using a smartphone.

(d) Separating the soil profile into three equal sections (0-30, 30-60 and 60-90 cm) for root washing. (e) Cropping images into three equal

sections for analysing root system architecture (RSA) in differing soil depths. (f) Working photograph of image segmentation and analysis

with RhizoVision Explorer software.

(e.g. average root orientation, shallow angle frequency
and steep angle frequency), and filtering non-root ob-
jects with default size value and enabling pixel to mil-
limetre conversion for statistical analysis. The diameter
ranges 1, 2 and 3 were set as default, and corresponded
to 0-2, 2-5mm and above 5mm, respectively. A total of
32 root imaging traits were extracted from RhizoVision
Explorer, which provided detailed information on the
RSA (Table 2).

2.4 | Root and shoot manual
measurements

At the end of the experiment, shoots and roots were har-
vested. To determine root distribution with soil depth,
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root subsamples were cut from the root system into 0-30,
30-60 and 60-90cm sections and roots from each section
were washed clean (Figure 1d). Considering that root
washing is a time-consuming process, only two replicates
of each genotype were subjected to root washing, which
provided a total of 12 replicates for the wide SRA and 10
replicates for the narrow SRA for analysis. Shoot samples
from all rhizoboxes were carefully separated into leaves
and stems for measuring total leaf area using a LICOR
3100 leaf area metre and counting stem number before
drying and weighing. Shoot and root samples were dried
at 65°C in an air-forced oven for 72h to obtain the total
shoot dry mass and root dry mass of each section. The
root-to-shoot ratio was calculated as total root dry mass/
(total shoot dry massx1000). All trait values were ana-
lysed on a four-plant basis (rhizobox level).
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TABLE 2 Traits obtained from the rhizobox experiment.

Trait

Seminal root angle

Average root
orientation

Network area
Convex area
Solidity

Lower root area
Surface area
Average hole size

Projected area
diameter—range 1

Projected area
diameter—range 2

Projected area
diameter—range 3

Surface area
diameter—range 1

Surface area
diameter—range 2

Surface area
diameter—range 3

Average diameter
Median diameter
Maximum diameter
Total root length
Perimeter

Root length
diameter—range 1

Root length
diameter—range 2

Root length
diameter—range 3

Holes

Shallow angle
frequency

Medium angle
frequency

Steep angle frequency

Median number of
roots

Maximum number
of roots

Number of root tips
Volume

Volume diameter—
range 1

Volume diameter—
range 2
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Abbreviations

SRA
ARO

NeA
CoA

LRA
SA
AHS
PAD1

PAD2

PAD3

SAD1

SAD2

SAD3

AvD
MeD
MxD
TRL

RLD1

RLD2

RLD3

ShAF

MAF

StAF
MNR

MxNR

NRT

VDR1

VDR2

Root trait
group

Angle

Area
Area
Area
Area
Area
Area

Area

Area

Area

Area

Area

Area

Diameter
Diameter
Diameter
Length
Length
Length

Length

Length

Number

Number

Number

Number

Number

Number

Number
Volume

Volume

Volume

Unit

mm
mm
mm
mm
mm

mm

mm

mm

pen Acce

TABLE 2 (Continued)

Root trait
Trait Abbreviations  group Unit
Volume diameter— VDR3 Volume mm?
range 3
Root dry mass - - mg
Stem number - - -
Leaf area = - mm?
Shoot dry mass - - g

Root-to-shoot ratio - - _

Note: Root imaging traits analysed with RhizoVision Explorer were further
classified into different root trait groups. Abbreviations and root trait groups
of root imaging traits followed Adu et al. (2022), description of root imaging
traits is found in Seethepalli et al. (2021).

2.5 | Statistical analysis

Data were analysed and visualised in the R statistical en-
vironment (R Core Team, 2013). To summarise 32 root
imaging traits obtained from RhizoVision Explorer, we
structured these traits into six different root trait groups
as described by Adu et al. (2022), except for surface area
with different diameter ranges (i.e. 1, 2 and 3), which was
grouped to root area in our study. The list of root imag-
ing traits and their corresponding root trait groups (i.e.
root angle, area, diameter, length, number and volume) is
found in Table 2. To interpret RSA, we performed multi-
ple factor analysis to assess the correlative structure of the
groups of root imaging traits measured on the intact root
system (0-90cm) and on the roots in different soil depths
(0-30, 30-60 and 60-90 cm). Briefly, multiple factor analy-
sis computed the principal component analysis (PCA)
twice, with the first PCA conducted for each group of root
imaging traits; then, the resulting normalised group-based
PCA data were used to compute the second PCA (global
PCA) to assess the relationships between root trait groups.
The group similarity that reflected the correlation be-
tween the two groups was evaluated by the RV coefficient
(ranging from 0 to 1, the higher the RV, the stronger the
relationship), a multivariate generalisation of the squared
Pearson correlation coefficient (Abdi et al., 2013). The R
package ‘FactoMineR’ was used to perform multiple fac-
tor analysis (Le et al., 2008).

For the comparison of RSA, we used the axis scores of
the first two principal components (PCs) extracted from
each multiple factor analysis. To gain a better understand-
ing of the PCs, pairwise Pearson's correlation was con-
ducted between the root imaging traits and the scores of
the first two PCs of each multiple factor analysis. Only the
root imaging traits that showed a significant correlation
with the PC scores were retained to explain the corre-
sponding PC. To make the analysis more manageable, we
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only interpreted the PCs that were significantly different
between the wide and narrow SRAs to demonstrate the
difference in RSA.

For shoot traits, overall root dry mass (0-90cm), over-
all RSA PCs (0-90 cm) and root-to-shoot ratio, significance
testing of the genotype or SRA effects was performed via
one-way analysis of variance (ANOVA). Whereas for root
dry mass and RSA PCs assessed at various depths (0-30,
30-60 and 60-90cm), two-way ANOVA was used to iden-
tify the effects of soil depth and genotype or SRA. The
residual normal distribution and homoscedasticity of all
models were ascertained by Shapiro's test and plotting
residuals against quantiles. A t-test or post-hoc test was
followed up to compare the arithmetic means of the wide
and narrow SRA genotypes. Unless otherwise stated, sta-
tistical significance was at p <0.05.

3 | RESULTS

3.1 | The relationship between seminal
root angle and distribution of root biomass

The phenotypic variation differed among traits measured
manually in the rhizobox experiment, with the lowest
being shoot dry mass (CV=20.4%) and the highest being
the allocation of root dry mass within the 60-90cm soil
section (CV =47.8%) (Table 3). The results of the ANOVA
suggested that genotype was a significant factor affecting
most of these traits. Between the wide and narrow geno-
types, differences were observed for root dry mass in the
0-30cm soil section (p <0.01). Specifically, in this section,
wide genotypes had significantly increased root dry mass
compared with the narrow genotypes (narrow=932mg;
wide =1258 mg) (Figure 2, Table 3).

3.2 | Summarising root system
architecture by multiple factor analysis

The multiple factor analysis was conducted on the in-
tact root system (0-90cm) and on the roots in different
soil depths (0-30, 30-60 and 60-90cm) (Table 4). The
results suggested that 77.3%-82.5% of the total variation
in RSA was captured by PC1 and PC2, with 63.5%-69.8%
and 9.9%-17.8% explained by PC1 and PC2, respectively.
Since PC3 accounted for the least variation in RSA (it
only contributed 5.4%-7.7%), it was excluded from fur-
ther analyses. Among six root trait groups, root angle
had the least contribution to PC1, ranging between 9.4%
and 12.4% (Figure 3 and Table S2). Concerning PC2, it
was primarily associated with root angle and/or root
area, where the contribution of root angle was as high
as 49%. Moreover, the relationship between root trait
groups showed that except for root angle, the other five
groups were highly related to each other (RV=0.68-0.92)
(Table 5). Root angle showed less of a relationship with
other groups (RV=0.21-0.67), with the strongest corre-
lation being observed with root number, with RV coef-
ficients ranging from 0.45 to 0.67.

3.3 | Seminal root angle influenced the
proportion of roots in the top 0-30 cm soil
section

The genotype means for the scores of the first two PCs are
presented in Table S3. The rankings of these 11 genotypes
for PC1 and PC2 provide an approximate indication of the
relationship between SRA and RSA. The results showed a
good separation between the wide and narrow genotypes
for PC1 of the multiple factor analysis conducted on the

TABLE 3 Descriptive statistics for traits manually measured in the rhizobox experiment, including mean, range and coefficients of
variation (CV), and the significance of the genotype main effect and comparison between the wide and narrow seminal root angles (SRAs).

Descriptive statistics

Trait Depth Mean Range CV (%)
Root dry mass 0-30cm 1109 618-2451 37.8
(mg) 30-60cm 473 296-668 20.5
60-90cm 396 113-857 47.8
Overall root dry - 1978 1125-3075 24.5
mass (mg)
Stem number - 7 3-11 27.7
Leaf area (mm?) - 424 225-669 23.7
Shoot dry mass - 2.33 1.30-3.48 20.4
®
Root-to-shoot - 0.86 0.57-1.30 23.6
ratio
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Genotype effect Mean Comparison
(p-value) Wide Narrow (p-value)
<2.49E-07 1258 932 <0.01

471 475 1.00

314 495 0.35
<0.01 2042 1901 0.51
1.30E-06 7 6 0.38
<0.001 400 431 0.67
<0.05 2.39 2.23 0.32
0.09 0.87 0.85 0.88
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FIGURE 2 Rootdry mass in different ns
soil depths of rhizoboxes for groups f y
of genotypes contrasting for seminal
root angles (i.e. wide and narrow). The 2000
comparison between the wide and narrow —
genotypes indicates that the means g’ =5
are non-significant (ns), or significant ;‘ 15001
at **p <0.01, respectively. Error bars & Seminal root angle
represent the 95% ClIs for means. The £ . T
statistics can be found in Table 3. 2 1000 1
T . Wide
‘6' ns ns
° | —] . 1
& 500
O -
0—36 cm 30—Sb cm 60—9b cm Ovérall
Soil depth (cm)
TABLE 4 Contribution of the first .
L. Contribution (%)
three principal components (PC1, PC2
and PC3) of the multiple factor analysis Multiple factor analysis PC1 PC2 PC3 PC1+PC2
conducted on the intact roo.t sy.stem ‘ 0-30cm 68.3 121 6.9 30.4
(0-90cm) and on the roots in different soil
depths (0-30, 30-60 and 60-90 cm). sl Sl LU 20 —
60-90cm 69.8 9.9 5.9 79.7
Overall (0-90cm) 63.5 13.7 7.7 77.3

roots in the 0-90 and 0-30cm depths, where the wide and
narrow genotypes were additionally well separated for PC2
in the 0-30cm section (Figure 4). In contrast, no obvious
trend of difference between the wide and narrow geno-
types was observed for PCs at other depths (i.e. 30-60 and
60-90cm). These results indicated the potential effective-
ness of SRA in creating root systems with divergent RSA,
which was likely driven by the difference in RSA in the
0-30cm section.

To further investigate the association between SRA
and RSA in the soil, we compared the wide and narrow
genotypes for the first two PCs in different soil depths as
well as across the entire soil profile (Figure 5). When as-
sessed across the entire soil profile (0-90cm), PC1 was
significantly different between the wide and narrow gen-
otypes (p <0.05). When assessed in different soil depths,
the wide and narrow genotypes differed significantly in
the 0-30cm soil section (p <0.01) for both PC1 and PC2.
These results confirmed that the different overall RSA
between the wide and narrow genotypes was mainly
due to their difference in RSA in the 0-30cm section.
Specifically, in this section, the narrow genotypes dis-
played lower PC1 than the wide genotypes but higher
PC2 than the wide genotypes.
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3.4 | Wide and narrow genotypes
differed in root growth direction and
morphology

Since the RSAs of wide and narrow genotypes were dif-
ferentiated by PC1 and PC2 in the 0-30cm soil section,
and by PC1 in the 0-90 cm soil section, we focused on the
interpretation of these PCs. To do this, correlations were
analysed between individual root imaging traits and each
of the PC scores. Traits showing significant correlation
with PC are detailed in Table S5.

For PC1 in the 0-30cm section, its higher values were
correlated with smaller average root orientation (i.e. roots
grew in a more horizontal direction, as root orientation is
measured in relation to the horizontal line), larger projected
and surface areas with thinner roots (diameter ranges 1
and 2), smaller projected and surface areas with thicker
roots (diameter range 3), and an overall smaller root area
(i.e. SA, NeA and CoA). Higher PC1 values were also cor-
related with thinner roots, greater total root length, greater
number of roots and greater number of roots with shallow
angle, higher volume with thin roots (diameter ranges 1
and 2), smaller volume with thick roots (diameter range 3),
and an overall smaller root volume. For PC1 in the 0-90cm
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TABLE 5 Pairwise RV coefficients from each multiple factor analysis performed on six root trait groups.

Multiple factor analysis Root trait group Angle
0-30cm Area 0.44
Diameter 0.33
Length 0.26
Number 0.45
Volume 0.36
30-60cm Area 0.52
Diameter 0.42
Length 0.21
Number 0.63
Volume 0.44
60-90cm Area 0.60
Diameter 0.42
Length 0.45
Number 0.67
Volume 0.48
Overall (0-90cm) Area 0.48
Diameter 0.39
Length 0.30
Number 0.66
Volume 0.44

section, generally this showed the same correlation trend
as in the 0-30cm section. This again confirmed that SRA
primarily influenced RSA in the 0-30cm section.

For PC2 in the 0-30cm soil section, its higher values
were correlated with greater average root orientation (so
steeper root growth), larger root area with thick roots (di-
ameter range 3) and an overall larger root area, as well as
greater root length with thick roots (diameter range 3) and
a greater total root length, a greater number of roots with
steep angle, and a smaller number of roots with shallow
angle. However as PC2 was dominated by root angle (con-
tribution=49%) and root number (contribution=20.5%) in
the 0-30cm section (Table S2), its interpretation was there-
fore simplified by referencing its correlation with root angle
and number of groups alone. As such, higher PC2 values
were correlated with steeper root growth, greater number
of roots with steep angle and smaller number of roots with
shallow angle, all features indicating a steeper root system.

To conclude, the higher PC1 and lower PC2 of the wide
genotypes in the 0-30cm section indicated a horizontal
root distribution with a greater total root length, a larger
number, surface area and volume of thin roots (Figure 6).
Conversely, the narrow genotypes had a more vertical root
distribution with a shorter total root length, but a larger
number, surface area and volume of thick roots.
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Area Diameter Length Number
0.77

0.71 0.80

0.77 0.79 0.83

0.87 0.92 0.88 0.87
0.74

0.69 0.74

0.79 0.80 0.78

0.85 0.92 0.82 0.86
0.71

0.76 0.83

0.81 0.73 0.85

0.81 0.92 0.92 0.82
0.71

0.68 0.75

0.75 0.74 0.79

0.79 0.91 0.85 0.82

4 | DISCUSSION

This study investigated the association between SRA
and different aspects of RSA measured in later-tillering
plants, with the aim of providing evidence that low-cost
high-throughput SRA phenotyping methods (e.g. ‘clear
pot’ method) can be used to make inferences about
subsequent growth of the root system in older plants.
Although the use of rhizoboxes does not establish a di-
rect connection between SRA and the fully developed
root system or production at the field level, it represents
a good compromise between time efficiency and han-
dling capacity for studying root systems at intermediate
time points. Understanding root development through-
out various growth stages is crucial, and the earlier RSA
may significantly influence the mature RSA. Coupled
with imaging analysis, quantitative descriptions of RSA
facilitated complex comparisons between the narrow
and wide SRA-associated root systems. The observed dif-
ferences in RSA of genotypes contrasting for SRA indi-
cate that the high-throughput SRA phenotyping may be
a useful tool in predicting RSA expressed at later growth
stages, which could be applied in durum wheat breeding
programmes to develop optimal root systems for specific
environments.
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FIGURE 5 Comparison of the PC1 and PC2 between the wide and narrow SRAs in the soil profile. Statistically significant differences
are indicated by asterisks, where *, ** and ns denote significance at p <0.05 and p <0.01 and non-significance, respectively. Results are
displayed as means with 95% CIs, with details provided in the Table S4.
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FIGURE 6 (a)Representative root images of two genotypes with contrasting seminal root angles, (b) and visualisation of roots in the
0-30cm section in RhizoVision Explorer.
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4.1 | Seminal root angle may regulate
root growth direction over time
independent of total root biomass

Root biomass is an important indicator of the size of a
root system (Adiku et al., 2001). A larger root system can
improve the uptake of water and nutrients and hence in-
crease yield performance. However, the benefit of a large
root system is very context-dependent, relying greatly
on the differences in the depth at which soil resources
are present under variable growing conditions (Palta
et al., 2011). In some circumstances, for example, in the
presence of terminal drought, early exploitation of soil
water deep in the profile may lead to early depletion of soil
water and limited growth of yield components, ultimately
reducing grain yield (Figueroa-Bustos et al., 2020). In fact,
the ‘Green Revolution’ resulted in the unintentional se-
lection of smaller root systems in modern wheat cultivars
(Waines & Ehdaie, 2007). Thus, several decades of breed-
ing for yield have progressively reduced root biomass,
root length and root length density in modern cultivars,
while nitrogen uptake has increased (Aziz et al., 2017;
Zhang et al., 2020). This highlights the importance of an
efficient root system rather than simply a large one (van
Oosterom et al., 2016). Thus, root traits that can improve
the efficiency of the root system in acquiring soil resources
would be better targets for selection than root size per se
(Lynch, 2007).

In the rhizobox experiment, the wide and narrow
genotypes did not differ in total root biomass, but did
show significant variation in the distribution of root
biomass across the soil profile. This suggests the poten-
tial for SRA to change root biomass distribution without
influencing the total root biomass. Thus, selection for
SRA may not result in a carbon trade-off where photo-
synthate is diverted from aboveground to belowground.
As a non-photosynthetic organ, the plant root system
requires photosynthates produced by shoots to maintain
its metabolism, of which demand increases with root age
(Eissenstat & Volder, 2005). The carbon cost of a root sys-
tem can be substantial, accounting for as much as >50% of
the total produced photosynthates (Lambers et al., 2002).
Particularly under water— or nutrient-limited conditions,
plants tend to increase the root-to-shoot ratio by directing
more biomass to roots to enhance soil exploration (Lopez
et al., 2023; Sharp et al., 2003). If plants can access the
resources they need through a more efficient root system
rather than a larger one, this would have significant bene-
fits for overall plant health and productivity.

Our study showed that the narrow genotypes pos-
sessed compact root systems, whereas the wide genotypes
possessed laterally spread root systems. This supported a
consistent direction of root development from seedling
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to late-tillering growth stages. In line with previous re-
search that has shown a good correlation between SRA
and the root angle of mature plants in the field (Alahmad
et al., 2019; Maccaferri et al., 2016), it implies that there
is some degree of common genetic control of root angle
across developmental stages, potentially enabling the use
of high-throughput measurements in controlled envi-
ronments to predict or select for adaptation in the field.
Similar relationships between the angle of root axes and
spatial patterns of root distribution have also been re-
ported in other crops such as bread wheat and rice (Kato
et al., 2006; Manschadi et al., 2006, 2008).

4.2 | Potential implications of
selection for seminal root angle on the
architecture and functioning of the
root system

In addition to root growth direction, the investigation of
RSA based on the multiple factor analysis also revealed
differences between wide and narrow genotypes in other
root morphology traits. For example, the wide genotypes
had a greater number of thinner roots, whereas the nar-
row genotypes tended to have fewer and thicker roots.
This suggests the potential trade-off among some root
morphology traits within the root system (i.e. root num-
ber and root diameter), as confirmed by RV coefficients
that highlighted multiple covariations between many root
trait groups.

Such trade-offs can be caused by physiological and/
or genetic constraints (Weih, 2003). On the one hand,
changes in RSA in relation to SRA did not influence the
root biomass accumulation in the rhizobox study. This
indicates a root morphological trade-off at the physio-
logical level. The expression of root traits has a carbon
cost. Therefore, for a given biomass investment in root
systems, the promotion of certain root traits may come at
the expense of other root traits. So it is important to de-
termine the generality of our observations, understanding
to what extent SRA can influence the inter-connections
among different root morphological traits. On the other
hand, the correlated response of root morphological traits
to the selection for SRA could arise from the shared ge-
netic control and/or linkage disequilibrium among differ-
ent QTLs. Previous studies have found some SRA QTL in
durum wheat with pleiotropic effects controlling several
root morphological traits (Alemu et al., 2021; Maccaferri
et al., 2016). This suggested that root morphological trade-
off might be genetically determined, and SRA might have
an inherent effect on it. This being said, selecting for SRA
may simultaneously select for some root morphological
traits in a certain direction. For instance, selection for
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narrow SRA may favour selection for thick roots and small
number of roots. As such, from a breeding perspective, the
manipulation of SRA may constrain the genetic improve-
ment of other root traits. Using SRA to identify optimal
root systems would require a good understanding of the
physiological and genetic links between SRA and other
root traits. This knowledge will enhance our capacity to
selectively breed for desired RSA.

Root traits are coordinated to shape the function of the
root system. Their different expression reflects different
resource acquisition strategies. The root traits observed
in the wide-angle genotypes, such as a greater number of
roots and roots with shallow angles, favour intensive soil
exploration, particularly for local resources, for example
water and nutrients. Small-diameter roots in the wide-
angle genotypes also indicate high ratios of surface area
to volume of roots, which increases contact with the soil,
thereby enhancing the efficiency of soil resource capture.
In contrast, narrow-angle genotypes exhibit root traits
that are better suited for mining soil resources. Steep root
angle combined with large-diameter roots increases the
root penetration into deeper soil layers (Clark et al., 2008;
Lynch et al., 2021), enhancing the access to mobile soil re-
sources, like water and nitrogen. Furthermore, larger root
diameter has been linked to higher root hydraulic conduc-
tance that can improve water uptake and transport (Wan
et al., 2000). These variations in RSA suggest that SRA
may be a key attribute that helps to identify genotypes
with a RSA better adapted to target production environ-
ments. Narrow SRA could contribute to subsoil exploita-
tion and provide advantages in environments where crops
largely rely on deep water reserves, especially in terminal
drought scenarios. On the contrary, wide SRA could sup-
port topsoil foraging, delivering benefits in environments
characterised by limited availability of relatively immobile
nutrients like phosphorus, or capturing in-season rainfall
that has not yet leached to the subsoil.

4.3 | Outlook for exploring seminal root
angle in future research

The results presented here suggest that narrow SRA geno-
types have the propensity to develop deeper root systems
at later stages of development. However, the differences
in the RSAs between the wide and narrow genotypes were
not statistically significant in the 60-90cm soil section
(Figure 5). This could be due to several reasons. For in-
stance, roots in most rhizoboxes were found to have al-
ready occupied the bottom section of the rhizobox when
imaged. Hence, the time at which the experiment ceased
could have been too late to observe the difference in root
systems in deep soil. Moreover, we noted that although
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there is a general difference in RSA between the wide and
narrow genotypes, for a specific genotype, its RSA may
not match its SRA phenotype. For example, the NAM line
1_99 was considered a wide genotype, but its ranking for
PC1 at different depths implies that its RSA resembles
that of a narrow genotype (Figure 4). Therefore, factors
other than the genetic loci controlling SRA might also
have influenced the phenotypic expression of genetically
pre-defined RSA. Hence, to better understand how SRA
affects RSA, future research will need to account for ge-
netic background, whose dissimilarities have the potential
to contribute to variations in root phenotypes that might
obscure the impact of SRA. RSA at the time of imaging,
described by a range of static traits (e.g. length, volume
and orientation) and their depth distributions, is the prod-
uct of both the direction and rate of root growth. Total bio-
mass reflects biomass accumulation over time. Although
this study did not observe a significant difference in root
system biomass between narrow and wide genotypes, they
may vary in root growth rates which could potentially in-
fluence root distribution patterns. The plant often coor-
dinates above- and belowground growth, and previous
studies in wheat have revealed such relationships. For
instance, Hendriks et al. (2016) found that tillering inten-
sity was associated with root morphology, affecting total
root length during tillering and rooting depth at maturity.
Additionally, wheat cultivars with greater early vigour
have been reported to increase root length, branching and
rooting depth compared to less vigorous cultivars (Liao
et al., 2006; Palta et al., 2011). Therefore, besides similari-
ties in total root biomass, similar aboveground phenology
is also critical to evaluate the effect of SRA on RSA.
RhizoVision Explorer allows automatic extraction of
many RSA features; however, it does not measure the
angle of root axes. Hence, the SRA captured at the seed-
ling stage in the ‘clear pot’ experiment cannot be directly
scaled to the root angle (i.e. the outer angle of the nodal
roots) of plants grown in rhizoboxes. While root angle can
be measured via other manual or semi-automated soft-
ware such as ImageJ and RootNav which requires man-
ual tracing (Pound et al., 2013; Schneider et al., 2012),
challenges arise in soil-based systems where roots may
be incompletely visible and overlap due to high root pro-
duction over extended growth periods or dense planting,
causing roots to grow closely together. This complicates
the quantification of root angle, as it strongly depends
on fitting a straight line to bending root axes (Alsalem
et al., 2021). Future studies could potentially benefit
from reducing the number of plants per rhizobox, ide-
ally having only a single plant and integrating image
processing tools (i.e. combing manual/semi-automated
and automated root analysis software) to permit more
reliable and comprehensive characterisation on root
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systems. This will improve our understanding of the re-
lation of lower-level traits such as SRA with higher-level
root architecture both at the single axis (long-term root
angle) and at the whole system (top-to-bottom root dis-
tribution) scale.

The rhizobox experiment conducted in this study mea-
sured the root systems of plants after 6 weeks of growth
at the late-tillering stage. The stability of phenotype ex-
pression during development is an important criterion in
plant breeding when selecting for a trait assessed at very
early growth stages. Our study indicates that SRA allows
some inferences to be made about RSA in older plants,
which suggests that its association with the architec-
ture of fully matured root systems merits investigation.
Moreover, the current study conducted root phenotyping
under controlled conditions that limit environmental in-
fluence. Given the plasticity of roots around the compet-
ing acquisition of soil resources, conducting studies in
controlled environments with limited water and/or nutri-
ents will provide insights into root ideotypes for breeding
more stress-resilient and resource-efficient crops. Lastly,
since the ultimate benefit of high-throughput phenotypic
screening is dependent on the validation of useful root
traits in the field for selection, it is also crucial to under-
stand the expression of such root phenotypes in response
to field environments.

5 | CONCLUSION

In this study, a set of genotypes with contrasting seedling
SRAs were examined for their RSAs under controlled con-
ditions. The significant differences in RSA between the
wide and narrow genotypes demonstrate the prolonged
effect of SRA on root development in the plants during
later stages, which is likely independent of root: shoot bio-
mass partitioning. Wide SRA showed a topsoil foraging
root system that results from shallow angles of roots and
high density/length of thin roots. In contrast, the RSA of
narrow SRA favours deeper rooting, due to steep angles of
roots and high proportion of thick roots. The results pre-
sented here support SRA of seedlings as a promising target
for selection in breeding programmes that aim to optimise
root systems for improved crop resilience. Nevertheless,
RSA is a complex trait, of which genetic variation is not
only mediated by SRA. Therefore, further research into
germplasm with more uniform genetic backgrounds to
better evaluate SRA, particularly on fully mature root sys-
tems in the field, is required.
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