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Abstract

Root system architecture (RSA) plays a central role in water and nutrient acquisi-
tion in plants. Plasticity and genetic variation in RSA can be used as an adaptive
strategy to optimize plant performance under variable environments. We quantified
phenotypic variation for seedling RSA among 44 diverse pea (Pisum sativum L.)
genotypes, including breeding lines and germplasm accessions, grown under con-
trolled conditions for 14 days using two-dimensional hydroponic root imaging. Root
image analysis revealed significant genotypic variability among the lines for all root
traits, namely root length (RL), root diameter (RD), root volume, root surface area,
number of tips, network width (NW), network depth (ND), and network convex area.
Significant positive correlations were observed among the evaluated root traits, rang-
ing from 0.5 to 0.9. Pea lines were ranked based on estimated means for root traits,
with lines E20, F1, and F8 showing high rankings, while E4 and F5 received low
rankings for most traits. To associate root traits with nitrogen (N) fixation and field
agronomic performance, we performed redundancy analysis (RDA). The quantified
root traits accounted for significant variation in the agronomic traits (R> = ~30%,
p < 0.001). RDA showed a positive association between lodging susceptibility and
root system NW and between plant height and root system ND. RD was positively
associated with grain yield and N fixation. N fixation was positively associated with
the number of lateral roots. The findings of this study indicate that variation for
seedling root traits in pea could aid selection for N fixation and other important

agronomic traits.

Abbreviations: DAT, days after transplantation; NCA, network convex area; ND, network depth; NRT, number of root tips; NW, network width; RD, root

diameter; RDA, redundancy analysis; RL, total root length; RS, root surface area; RSA, root system architecture; RV, root volume.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided

the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Authors. Crop Science published by Wiley Periodicals LLC on behalf of Crop Science Society of America.

Crop Science. 2024;1-20.

wileyonlinelibrary.com/journal/csc2

1


https://orcid.org/0000-0003-3059-0606
mailto:Tom.Warkentin@usask.ca
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/csc2
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcsc2.21234&domain=pdf&date_stamp=2024-04-10

(Il Crop Science

DHILLON ET AL.

1 | INTRODUCTION

The root system acts as an interface between the plant and the
complex soil environment, functioning to absorb nutrients and
water, as well as anchoring the plant in the soil (Meister et al.,
2014). The three-dimensional spatial distribution of roots in
a particular growth environment is referred to as root system
architecture (RSA). RSA determines the extent of root explo-
ration through the soil profile (Manschadi et al., 2008), and
the acquisition of water and nutrients from the soil (Lynch &
Brown, 2012). RSA can be described quantitatively by esti-
mating the morphological, topological, and geometric traits of
the root system (Y. L. Chen et al., 2015; Hodge et al., 2009).
Morphological traits include the shape and size of the individ-
ual roots or root segments, or the summation of these traits for
the whole root system such as root diameter (RD), total root
system length, or surface area. Topological traits are associ-
ated with root branching patterns such as the number of lateral
roots, inter-branch distance, root angles, and the geometric
traits are associated with root distribution in space such as
overall root network width (NW) and depth, root network area,
and root system center of mass. RSA impacts aboveground
plant growth through altered root to shoot transport of min-
eral nutrients, water, and diverse organic signaling molecules,
including hormones, proteins, and RNAs (DoVale & Fritsche-
Neto, 2015). Thus, it is critical to explore the role of RSA in
improving nutrient uptake/use efficiency and enhancing crop
adaptability to changing environmental conditions (Lynch,
2007).

Pea (Pisum sativum L.) is a cool-season pulse crop and an
essential component of sustainable cropping systems because
of its ability to fix atmospheric nitrogen (N,) and boost
soil fertility (Mabrouk et al., 2018). The requirement of sus-
tainable cropping options under climate change, along with
the growing demand for plant-based protein, are incentives
for developing pea cultivars with greater productivity and
resilience. Pea breeding efforts have historically focused on
aboveground traits. This is primarily because measuring root
traits under field conditions is a challenging task due to
lack of efficient facilities/technologies to visualize and mean-
ingfully quantify root traits in an opaque soil environment,
particularly for the number of varieties needed to analyze
for meaningful analysis of the heritability of a range of root
system traits. In addition, the interaction between roots and
biological, chemical, and physical factors of soil is complex
(Kim et al., 2020). With the advancements in high-throughput
imaging technologies, two-dimensional (2D) root phenotyp-
ing has emerged as one of the most convenient techniques to
rapidly quantify RSA in large numbers of plants (e.g., map-
ping populations) (Clark et al., 2013). Two-dimensional root
phenotyping can be performed in paper pouches supplied
with hydroponic nutrient solution under controlled growth-
chamber conditions, and thus, can avoid the confounding
effects imposed by genetic and environmental interactions. In

Core Ideas

* Image analysis of pea seedling roots revealed
significant genotypic variability for key root traits.

* Redundancy analysis showed associations between
several key agronomic traits of pea and root
seedling traits.

* Assessing variation in seedling root traits could aid
pea breeding.

this setup, the technique offers a nondestructive, space sav-
ing, and clean-handling methodology for trait evaluation in
real-time and subsequent collection of root system images
for detailed trait evaluations (Paez-Garcia et al., 2015). How-
ever, there are valid concerns about the reproducibility of
results attained by phenotyping roots under controlled con-
ditions compared to quantifying RSA traits for plants grown
in natural environments. In wheat (Triticum aestivum L.),
root traits were significantly impacted by the experimental
growth system from comparisons of gel/nutrient-filled cham-
bers, soil-filled columns, and field conditions (Wojciechowski
et al., 2009). In contrast, Watt et al. (2013) obtained consis-
tent results for wheat root traits across experimental systems,
including growth cabinets and field.

In similar types of root research by members of our research
team, we have a number of examples where genetic map-
ping of relatively young root systems (up to 15 days) reflected
what is occurring with older root systems in soil. For example,
Chandnani et al. (2023) used the same root 2D pouch growth
and imaging system employed in their paper to quantify root
traits in 300 genotypes of a soybean (Glycine max L.) associ-
ation panel (imaging 1500 root systems with five replicates
of each soybean line). The pouch-grown soybean cultivars
with the largest and smallest root systems were then grown
in soil for 30-45 days, and strong correlations were found
between the cultivars with large and small root systems in
pouches and growth until flowering in soil. Additionally, our
research on map-based cloning of sorghum (Sorghum bicolor
L.) aluminum (Al) tolerance on acid soils, which enabled the
cloning of the major sorghum Al tolerance gene, SbMATE,
was accomplished by phenotyping 7-day-old hydroponically
grown sorghum seedlings grown on +/— Al toxic solutions
(Magalhaes et al., 2007). Subsequently, we phenotyped one
of our sorghum mapping populations (a 300 recombinant
inbred lines population) for grain yield on an acid soil Al
toxic field site and also for root growth in +/— Al toxic
hydroponic media with 7-day-old seedlings, and found via
multi-trait quantitative trait locus (QTL) analysis that both
QTL overlapped very closely and there was a strong statis-
tical correlation with Al tolerance measured as root growth
in young seedlings and grain yield in the field (Carvalho
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et al., 2016). Finally, a superior allele (more Al tolerant) of
SbMATE was introduced via marker-assisted introgression
into an Al-sensitive sorghum breeding line which generated a
significant grain yield increase (6 tonne ha™!). These are sev-
eral examples from our research where superior root growth
in relatively young seedlings translated into improved per-
formance in more mature versions of these improved root
cultivars.

For monocots such as wheat and maize (Zea mays L.), pre-
dictions about the mature root systems from seedling roots are
sometimes hindered by the dominance of a secondary shoot-
borne root system, the crown root system, emerging around
10 days post-sowing (Hochholdinger, 2009; Zobel & Waisel,
2010). In contrast, dicot species, such as pea, feature a main
taproot and basal roots along with laterals at the seedling stage
(Zhao et al., 2017). Thus, the seedling root architecture in pea
can be considered as a reflection of the mature root system
with axes increasing in length and branching order (Chand-
nani et al., 2023; Fitter & Stickland, 1992; Nielsen et al.,
1997).

There are few reports on in-depth RSA evaluation in pea
and pea has received less research attention compared to
cereals (McPhee, 2005). Pea accessions exhibit large genetic
diversity for RSA traits such as taproot length, average RD,
total root volume (RV), and root surface area (RS) from the
seedling stage through to maturity (Bourion et al., 2010;
McPhee, 2005). Genotypic differences among pea accessions
for lateral root number have been observed, with subop-
timal root growth media temperatures causing decreased
root growth and developmental processes (Balliu & Sallaku,
2021). Acikbas et al. (2021) studied RSA variation in for-
age pea accessions and reported positive correlations between
seed weight, seed reserve utilization, and root system vigor.
Kraft and Boge (2001) highlighted the correlation of root
architectural traits such as greater number of lateral roots, high
RD, and root dry weight with Fusarium root rot resistance.
Association studies in diverse pea accessions identified simi-
larities in genomic regions controlling RSA and resistance to
Aphanomyces euteiches (Desgroux et al., 2018). Resistance
to Aphanomyces was reported to be associated with increased
root length, number of lateral roots, and root biomass in that
study.

The exploration of root system diversity will be instru-
mental in identifying pea genotypes with contrasting genetic
variation, facilitating their inclusion in breeding programs
to develop varieties efficient in nutrient/water capture and
biotic/abiotic stress tolerance. Studying the relationship of
RSA to shoot traits such as plant height, seed yield, and
seed protein content should further demonstrate the utility of
quantifying root traits for crop improvement under changing
environments. In this study, we hypothesized that differences
in seedling RSA of diverse pea accessions would capture the
range of variability for root traits in pea germplasm, and these
RSA differences would be associated with pea agronomic per-

formance. To test this hypothesis, we used a 2D pouch-based
root phenotyping technique to evaluate 44 diverse pea lines
for variation in their seedling RSA. The association among
root traits and their potential correlation with agronomic and
N fixation performance of pea were also investigated.

2 | MATERIALS AND METHODS

2.1 | Plant material

A total of 44 pea lines were analyzed for their RSA traits in
this study. Owing to the differences in their origin, breeding
methods, and techniques used for estimation of N fixation,
the pea lines were divided into two groups: G1 and G2. Gl
consisted of 20 pea lines (E5-E24) that arose from crosses
between Saskatchewan adapted pea cultivars CDC Meadow
(Warkentin et al., 2007), CDC Dakota (CDC, University of
Saskatchewan) and the pea nodulation mutants Rondo nod 3
(Jacobsen & Feenstra, 1984), and Frisson P88 Sym 29 (Sagan
& Duc, 1996). Pea lines E5-E9 in G1 resulted from repeated
selfing starting from F, until F5, whereas E10 to E24 were
backcrossed to CDC Meadow or CDC Dakota at the F; gen-
eration followed by selfing at each subsequent generation until
BC,F, (Dhillon et al., 2022). Along with the cultivar and
mutant parents, CDC Amarillo (Warkentin et al., 2014) and
a non-nodulating and non-nitrogen-fixing pea mutant Frisson
P56 (Sagan et al., 1993) were also included in G1.

G2 consisted of 18 pea accessions that were part of a
genome-wide association study panel. Briefly, Gali et al.
(2019) used a collection of 135 pea accessions from 23 dif-
ferent global pea breeding programs. These accessions were
genotyped using genotyping-by-sequencing, and 16,877 high-
quality SNPs were used to determine the population structure.
The pea accessions were clustered into nine admixture groups.
Two accessions belonging to each of these nine admixture
groups were selected for the present study. The 18 pea acces-
sions included 11 relatively old pea cultivars developed in
the United States, Australia, and eastern Europe (F1-F9, F13
and F14), three relatively recent Canadian cultivars (F10, F11,
and F12), two old Canadian cultivars (F15 and F17), and two
old western European cultivars (F16 and F18). Thus, these
18 accessions were anticipated to represent diversity in many
traits, including root architecture. For simplicity, all the geno-
types in G1 and G2 will be referred to as “lines” from this
point onward in this paper.

2.2 | Methodology for 2D root phenotyping

2.2.1 | Seed germination

Thirty uniform seeds from each pea line were treated with a
broad-spectrum fungicide, Maxim Quattro (Syngenta), at a
concentration of 50 L g~! of seed. The treated seeds were
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placed in Petri dishes, half filled with water, and left overnight
at room temperature to allow seeds to imbibe water. The fol-
lowing day, imbibed seeds were placed in between layers
of germination paper stacked vertically in mesh stands in a
plastic tub. The bottom of the germination paper was in con-
tact with distilled water in the tub to ensure the hydration of
germinating seeds. The seeds were allowed to germinate for
5 days under controlled conditions (27°C/22°C temperature;
light 16/8 h day/night and 50% relative humidity) in a growth
chamber at the Global Institute for Food Security (GIFS) in
Saskatoon, Canada.

2.2.2 | Seedling transplantation

After 5 days, five uniform seedlings (five replicates) per pea
line were selected. Each seedling was transplanted onto a fil-
ter paper-based growth pouch. The growth pouch (0.5 m by
0.5 m) consisted of a perforated rigid polypropylene plate
(McMaster-Carr) covered with a double layer of brown ger-
mination paper (Anchor Paper Co.). This set-up provided
support to fragile seedlings and enhanced air, moisture, and
nutrient exchange compared to the use of a solid backing
plate. The germination paper was covered with one sheet
of black filter paper (VWR International). The seedling was
transplanted onto the black filter paper as this allowed a
good contrast of white roots against a black background for
improved image quality. The transplanted seedling in the
growth pouch was covered with thin and transparent polyester
film (McMaster-Carr) that aided in root system anchorage and
maintained root hydration. The whole set-up of the growth
pouch was secured using plastic clips on all sides and cor-
ners. The growth pouches carrying transplanted seedlings
were placed in plastic bins filled with Magnavaca hydroponic
nutrient solution (Magnavaca et al., 1987). Aerator pumps
were fitted inside the plastic bins to supply air to the growing
seedling roots via thin plastic tubing connected to the pumps.

223 |
roots

Two-dimensional imaging of seedling

The seedling roots of each pea line and their replicates were
imaged twice, at 4 and 7 days after transplantation (DAT),
using a 2D root imaging platform developed at GIFS. For
imaging, the polyester film was removed, and the growth
pouch was gently placed in a transparent water trough. In
order to prevent root distortion in water, the root portion
of the pouch was covered with a transparent glass plate.
Overhead images were captured with a Nikon D7000 digital
camera (50-mm lens) controlled by Plant Root Imaging and

Data Acquisition (PRIDA), a Python-based image acquisition
and data management software, originally developed by Dr.
Kochian’s previous Cornell University team that was adapted
and improved at GIFS. The imaging box was fitted with strobe
pro brand flashlights triggered by a flash master. After first
imaging at 4 DAT, the polyester film was put back onto the
pouch, and pouches were transferred back into the plastic bins
until the second imaging at 7 DAT. The hydroponic solution
was regularly monitored and adjusted to maintain constant pH
of 5.8 and replaced with fresh hydroponic solution after the
first imaging at 4 DAT to replenish nutrients for the growing
roots.

2.2.4 | Two-dimensional image analyses

The images acquired through PRIDA were exported to tiff
file format. Root images were manually cropped to a region
of interest, keeping only the area with the root system, using
ImageJ (Schneider et al., 2012). The cropped images were
then subjected to a computer vision-based image segmen-
tation pipeline that differentiated between foreground roots
and background objects visible in the image. The segmen-
tation pipeline makes use of various digital color spaces to
properly classify images into foreground (assigned pixel value
as “true”) and background (assigned pixel value as “false”),
resulting in a binary (black and white) image. The binary
images obtained from this processing step were analyzed to
detect any remaining root-like objects in the image that were
not part of the RSA. These non-root parts were removed based
on the projected area of the detected objects. Finally, after
this post-processing step, the resulting binary image, with a
clear distinction between RSA and background, also known
as the image mask with regards to image processing, was
applied to the original RGB images to export as RGB tiff
files with 8-bit depth per channel. The cleaned image files
for both imaging sessions (4 DAT and 7 DAT) were analyzed
using WinRHIZO Arabidopsis software (Regent Instruments
Inc.) for root growth and morphology traits and GiA Roots
software for root architecture traits (Galkovskyi et al., 2012).
Scale calibration of pixels/cm was determined by imaging a
ruler.

2.2.5 | Root traits

Eight seedling root traits were evaluated in this study
(Table 1). The root trait data for morphological traits
such as, total root length (RL), average RD, total RS,
total RV, and number of root tips (NRT), were extracted
using WinRhizo. GiA Roots software was used to estimate
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Average estimated root diameter based on formula of projected area/total root length.

Total root system length captured as all pixels in root skeleton (with pixel size, root

direction, and overlap correction).

Total root system volume calculated from root length and diameter with assumption roots

Total root system surface area as a factor of diameter and total root length.

Total number of root tips estimated, also an estimate of number of lateral roots such that 1

— NRT = no. of lateral roots (for dicot species).

TABLE 1 Description of root traits evaluated in this study.
Root trait Abbreviation Description
Root diameter (cm) RD
Root length (cm) RL
Root volume (cm?) RV

are round.
Root surface area (cm?) RS
Number of root tips NRT
Network depth (cm) ND
Network width (cm) NwW
Network convex area (cm?) NCA

geometrical traits: network depth (ND), NW, and network
convex area (NCA). The suffixes “_4” and “_7” following a
root trait indicates the imaging sessions at 4 DAT and 7 DAT,
respectively.

2.2.6 | Field traits

The agronomic and N fixation trait data used in this study
were collected as a part of field experimental trials involv-
ing pea lines in the G1 and G2 groups. The pea lines in G1
(except mutant Rondo nod3 and Frisson P88 Sym29) were
evaluated at multiple locations in Saskatchewan from 2018 to
2020. The details of the field experiment set-up for G1 and G2
pea lines are provided in Dhillon et al. (2022) and Table S1,
respectively. The experimental trials were arranged in a ran-
domized complete block design with four and two replicates
in G1 and G2, respectively. The data for seed yield (kg ha™!),
seed protein concentration (%), lodging score (LS) (score 1-9;
where 1 means upright and 9 means completely horizontal),
plant height (cm), and %N derived from the air (%Ndfa) were
collected for G1 lines. All the field traits were also mea-
sured for pea accessions in G2 at three locations (Rosthern,
Sutherland, and Floral) in Saskatchewan in 2020 and 2021.
For N fixation estimations, field plots including pea lines in
G1 were treated with 19N labeled fertilizer (5.6 kg N ha~! of
10 atom % 'SNH, '°NO;, Berry & Associates/ICON Isotopes;
www.iconisotopes.com) 2 weeks after planting at two of the
experimental locations in 2019 and 2020. The >N isotope
dilution technique (McAuliffe et al., 1958) was used to esti-
mate %N derived from air (%Ndfa). The pea lines in G2 were
not treated with 19N labeled fertilizer, thus the “natural abun-
dance method” (Shearer & Kohl, 1986) for %Ndfa estimation
was used. Both techniques of measuring %Ndfa involve N
isotope analysis in the plant tissue samples through mass spec-
trometry. The only difference is that in the isotope enrichment
technique, the soil is enriched with >N isotope above the

Maximum vertical distance in pixels occupied by the root system.
Maximum horizontal distance in pixels occupied by the root system.

Area of the convex hull that encloses the entire root image.

natural PN isotope abundance, while the natural abundance
method relies on PN isotope naturally present in the soil
(Unkovich et al., 2008).

2.2.7 | Statistical data analysis

Data were analyzed using R statistical software (R Core Team,
2022). Prior to analysis of variance (ANOVA), the data col-
lected for the root traits were tested for normality through
Shapiro-Wilk’s test. The data for RD, RV, NW, and ND
showed a normal distribution for pea lines in G1, while data
for RL, RSA, NRT, and NCA showed a skewed distribution.
For pealines in G2, the data for most of the root traits showed a
normal distribution except RD and NRT. Log-transformation
was thus applied on the root trait data with non-normal distri-
butions. Repeated measures of ANOVA were performed to
estimate significant differences among the pea lines in Gl
and G2 and interactions among the pea lines and seedling
root traits at the two imaging sessions (4 DAT and 7 DAT).
Pea lines, DAT, and their interaction were considered as fixed
effects in the model, while replication nested within DAT was
treated as a random effect. Estimated means were calculated
for all the root traits using the emmeans function in R. The
percent (%) change (increase or decrease) in a root trait value
(RTV) between 4 DAT and 7 DAT was calculated as follows:

RTV — RTV
pRTV = 7 DAT 4DAT o 100
RTV, par

where p denotes the percent change and RTV;p,r and
RTV, par represent the value of a root trait at 4 DAT and 7
DAT, respectively.

Association among the seedling root traits estimated at
4 DAT and 7 DAT was analyzed using Pearson’s correla-
tion coefficients. Redundancy analysis (RDA) was carried out
using the vegan package (Oksanen et al., 2022) to evaluate
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TABLE 2
measured in this study.

Analysis of variance for various root architectural traits

Source of

variation RD RL RS RV NRT ND NW NCA
Gl (n=26)

Pea liIlGS ek skeksk skekesk skekesk skekek skekesk ckekok sekk
Pea lines X DAT sefeck sekek skeksk skekesk skek skeksk kel sekok
G2 (n=18)

Pea 1ines skskck eksk skekek skekek skskck skekk skekek ko
DAT ns sfoksk skekek skekk skskok ns skkk ssksk
Pealines X DAT ns ns ns ns ns ns ns ns

Note: G1 and G2 represent groups into which 44 pea lines were divided;
n = number of pea lines in the respective group.

Abbreviations: DAT, days after transplantation; NCA, network convex area; ND,
network depth; NRT, number of root tips; ns, nonsignificant; NW, network width;
RD, root diameter; RL, root length; RS, root surface area; RV, root volume.

** and *** denote statistical significance at the 0.01 and 0.001 probability levels,
respectively.

the proportion of variation in agronomic and N fixation traits
explained by root traits quantified in this study. Plots were
developed using the ggplot package (Wickham, 2016) in R
statistical software.

3 | RESULTS

3.1 | Analysis of variation for root
architectural traits in pea lines

Pea lines within each group (i.e., G1 and G2) showed statis-
tically significant differences for all the root traits that were
studied (Table 2). For G1, all the root traits showed signifi-
cant variation (p < 0.001) between the two imaging sessions
(4 DAT and 7 DAT). The interaction between the pea lines
and DAT was also significant (p < 0.001). For G2, all the esti-
mated root traits showed significant variation between 4 DAT
and 7 DAT (p < 0.001), except for RD and ND (p > 0.05).
Unlike G1, the interaction between the pea lines and DAT in
G2 was found to be nonsignificant (p > 0.05) for the root traits
under study.

3.2 | Performance of pea lines for root
architectural traits

The average performance (estimated means) of pea lines in
G1 and G2 for the root traits evaluated in this study is summa-
rized in Tables 3 and 4, respectively. In general, the root trait
values, except RD, increased between 4 DAT and 7 DAT. A
decrease in RD was observed between 4 DAT and 7 DAT in all
the pea lines included in G1 (Table 3), whereas the decrease
in RD from 4 DAT to 7 DAT was observed in only seven (F5,
F6, F12, F14, F15, F17, and F18) out of 18 pea accessions in

G2 (Table 4). The percent change in the values of root traits
(pRTV) between 4 DAT and 7 DAT for each pea line in G1 and
G2 was different (Tables 3 and 4). The pRD of G1 pea lines
ranged from —8% to —58% and from —10% to 15% in G2 pea
lines. The pRL was higher in pea lines belonging to G1, rang-
ing from 57% to 357% as compared to pea lines in G2, where
it ranged from 22% to 213% (Tables 3 and 4). The pea lines in
Gl also showed higher pNRT and pND than pea lines in G2.
On the other hand, pRS, pRV, pNW, and pNCA were higher
in G2 pea lines as compared to pea lines in G1. Pea lines E16
in G1 and F5 in G2 showed higher percent increase between 4
DAT and 7 DAT for majority of the root traits (Tables 3 and 4).
Compared to pea lines in GI, the pea lines in G2 showed
higher coefficient of variation (CV) values for root traits at
4 DAT. However, at 7 DAT, the CV for root traits in G1 pea
lines was higher.

Mean comparisons for the pea lines within each group were
performed by ranking them based on the estimated means for
each root trait. The top and bottom five pea lines for each root
trait in G1 and G2 are shown in Tables 5 and 6, respectively.
In group G1, pea line E20 showed the highest values for RL,
RS, RV, NRT, and NCA both at 4 DAT and 7 DAT (Table 5).
E4 was among the bottom five entries for almost every root
trait except NW and showed the lowest value for RS, RV, and
NCA at 4 DAT and 7 DAT. Pea lines F1 and F9 from G2
were among the five pea lines showing the highest values for
RL, RS, NRT, NW, and NCA at 4 DAT and 7 DAT (Table 6).
For all the root traits estimated at 4 DAT and 7 DAT, F5 was
among the bottom five pea lines except for RD_4, RD_7, and
RV_7. Figure 1 shows images of root systems of selected pea
lines at 7 DAT. Root systems images of the same pea lines at
4 DAT are shown in Figure S1.

3.3 | Association analysis among root traits

Pearson’s correlation was used to estimate the association
among the root traits evaluated at 4 DAT and 7 DAT. The
root morphological traits RL, RS, and RV showed a posi-
tive correlation with the root topological trait NRT at 4 DAT
and 7 DAT (Tables 7 and 8). In G1, the RD showed nega-
tive association with RL at 4 DAT (r = —0.36, p < 0.1) and
7 DAT (r = —0.45, p < 0.001). A similar trend of negative
correlation between RD and RL was seen in G2 at 4 DAT
(r = =0.57, p < 0.001) and 7 DAT (r = —0.45, p < 0.1).
In G1, NRT also showed a highly positive correlation with
NCA at 4 DAT (r = 0.61, p < 0.001) and 7 DAT (r = 0.81,
p < 0.001). NCA was observed to be positively correlated
to other geometrical traits, including ND (at 4 DAT and 7
DAT) and NW_7 in G1 (Table 7). We found that ND and NW
were negatively correlated (r = —0.8, p < 0.001) at 4 DAT
in G1, while no significant correlation was observed between
these two traits at 7 DAT. At 7 DAT, RD was negatively
correlated with NW (r = —0.45, p < 0.001) and NCA
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(r = =042, p < 0.001). In G2, RD showed a negative

<
%@ correlation with NW and NCA (r = -04, p < 0.1) at 4
e DAT. At 4 DAT, RS showed a positive correlation with ND
§ NE (r=0.47, p <0.001) in G2. The root topological trait NRT_7
. ﬁ also showed a significant positive correlation with the root
§ - i geometrical trait NW_7 (» = 0.61, p < 0.001).
s :
N - 3.4 | Redundancy analysis
RDA is a dimension-reduction technique of multivariate anal-
25 . o . i ysis that allows extraction and summarization of variation in
M o response variables (here, field traits) that are explained by
% g o 2 o é explanatory variables (here, root traits). It is a constrained
ordination procedure that involves defining a set of orthog-
é‘ E onal axes within the space of explanatory variables. This is
. < & achieved by combining explanatory variables linearly in a
g' EC z * % E manner that explains the maximum variation in response vari-
- ol & ables, resulting in the most optimal orthogonal axes (Borcard
%g o @ 2 E’ Z E et al., 2011). The root traits account for 28% (R? = 0.28,
- ? 2 p <0.001) and 32% (R? = 0.32, p < 0.001) of the variation in
EI % g field traits in G1 and G2, respectively (Figure 2). The length
. . é g of the vectors associated with the explanatory variables (i.e.,
E N . ;. ég root traits) indicates the strength of their contribution to the
Sz dispersion of pea genotypes within the ordination space. The
28 3 = E E 5 angles between the response and explanatory variable vectors
oo 2 % indicate the nature of their correlations.
2§ :5 2 For G1, plant height (located in quadrant IV) showed a
N = 5 k positive association with the root ND (located in quadrant
222w s s % ; IV), and a negative association with NW (located in quadrant
2o .5 . I 3 é II; Figure 2a). Seed yield, %Ndfa, and protein concentration
N . - i§ B showed a positive association with RD_4 (quadrant I), but
';,WE E S: a negative correlation with most other root traits (such as
j . % § RS, RV, RL, and NRT measured at 4 and 7 days) located in
g "5 g 2 ‘i *é E, quadrant IIT (Figure 2a). Lodging score (LS) showed strong
N - E“ 2 associations with NW_7 and NW_4, (quadrant II) and a neg-
8 0 5 3 3 g E ative association with ND_4 and ND_7 (quadrant IV). Similar
5 g %% to G1, plant height in G2 pea lines showed a strong positive
S é : association with ND measured at 4 and 7 days (Figure 2b,
- A - % - l:; quadrant IV). %Ndfa and LS in G2 were positively correlated
B - ¢ & I8 £7 with NRT (quadrant II). Like in G1, the association between
8525 e § é % LS and ND (at 4 and 7 days) was negative in G2. The average
N - performance of pea lines for agronomic and N fixation traits
;.;' E g ;i is recorded in Table S2.
. 3| 2
s BEzE = S Ty 4 | DISCUSSION
=] 5§
é q E 4.1 | Variability among pea lines for root
e : . I architectural traits
= : g = § Zé The pea lines belonging to G1 and G2 showed significant vari-
: e - ;?: N Zg é % ) : é ability amongst themselves for all the root traits evaluated in
: 828" &7 2 § % this study (Table 2). Genetic variability in legume species for
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FIGURE 1
after transplantation.

root traits such as root length, root depth, number of lateral
roots, root hair, and length density and their relationship with
nutrient acquisition have been documented in chickpea (Cicer
arietinum L.) (Gaur et al., 2008), lupin (Lupinus angustifolius
L.) (Y. L. Chen et al., 2013), and lentils (Lens culinaris L.)
(Gahoonia et al., 2006). Genotypic variability for root growth,
number, and distribution in crop species exhibits their poten-
tial to optimize water and nutrient capture under optimum
and sub-optimum environments (Y. L. Chen et al., 2015). The
pea lines under study showed significant variation for root
traits evaluated between 4 DAT and 7 DAT (Table 2), and
the percent change in the root trait values between two time
points was highly variable among the pea lines in G1 and
G2 (Tables 3 and 4). In general, the average values of eval-
uated root traits in G2 pea lines were higher than in G1 pea
lines. However, the percent change in the values of root traits
between 4 DAT and 7 DAT showed variable trends. Pea lines
belonging to G1 showed higher pRL, pNRT, and pND than G2
pea lines, while G2 pea lines showed higher pRS, pRV, pNW,
and pNCA (Tables 3 and 4). Variable rates of root growth
in terms of RD, root length, RV, and RS among pea culti-

Images of the root system of selected pea lines belonging to the G1 group: E4 and E20, and the G2 group: F5 and F9, at 7 days

vars have been reported (Heyes, 1977; Kraft & Boge, 2001;
McPhee, 2005).

Differences in genetic composition/background of pea lines
in G1 and G2 are one plausible attribute for observation of
such trends. Rhizoeconomics plays a crucial role in direct-
ing root growth by prioritizing investment of carbon (C) and
metabolic energy between shoots and roots, and between
different regions of shoots/roots (Lynch & Ho, 2005). The
differential response of a range of root growth traits may
also arise from the method of utilization of C as a source of
metabolic energy by a particular pea genotype. Regarding the
partitioning of metabolic energy sources within the root sys-
tem, the available energy could be invested in forming new
roots or used in the maintenance of previously formed roots.
So, the pea lines under study potentially differ in the way C
is partitioned, and the resulting metabolic energy is generated
and used in the roots. Further research is required to unravel
the complex regulations and interactions governing RSA in a
particular genetic background. Owing to the contrasting dif-
ferences in root architectural traits among the top and bottom
five pea lines with regards to overall root system size and
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FIGURE 2 Redundancy analysis (RDA) plots showing
association between field traits and root traits estimated for pea lines in

(a) GI and (b) G2 groups. I, II, II, and IV represent the quadrants. LS,
lodging score; NCA, network convex area; %ndfa, %N derived from the
air; ND, network depth; NRT, number of root tips; NW, network width;

RD, root diameter; RL, root length; RS, root surface area; RV, root

volume

extent (Tables 5 and 6), these can be investigated to identify

the genes or loci controlling various root traits and to improve
biotic/abiotic stress tolerance and/or resource capture in pea.

Pea genotypes with variation in specific root traits can be used

in raising new crossing combinations aimed at generating pea
cultivars with improved nutrient uptake and productivity. We

observed recurring performance of a few pea lines (G1:E20
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[top five], E4 [bottom five]; G2:F1, F9 [top five], F5 [top
five]) for some root traits (Tables 5 and 6). Apart from these
pea lines, we did not observe much overlap in the accessions
appearing in the top five and bottom five. This emphasizes
that aiming for a specific root ideotype may be a quick and
reachable target, but selection for multiple root traits in a
single accession is complicated, as there is no perfect/ideal
accession. Also, a specific root architecture may be benefi-
cial for a particular accession for a specific soil/rhizosphere
condition (York et al., 2013). Targeting selection for multi-
ple root traits further necessitates the in-depth analysis of the
mechanisms regulating RSA in peas.

Several genes that alter RSA have been identified and
used to improve crop performance under suboptimal condi-
tions. The Deeper Rooting I (DROI) gene was identified
by map-based cloning of a QTL controlling rooting depth
in rice (Oryza sativa L.). A shallow rooting rice line intro-
gressed with DRO1 showed increased rooting depth and much
higher grain yields under drought using rain-out shelters in
the field (Uga et al., 2013). This deeper rooting appears to
be due to the DRO1 protein interacting with auxin distribu-
tion in the root tip, increasing root gravitropism. Heuer and

—0.34 ns
0.62%%*
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0.45%
0.44%
0.75%%
0.75%%**

NCA_7

0.22 ns

0.69%7*
0.59%%
0.61%5%

NW_7
—0.26 ns
0 7 1 kkck

—0.30 ns
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0.18 ns
0.08 ns
0.07 ns
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0.89%:*
0 73*7-*

NRT_7

0.22 ns
0 76‘<>I"<
0.93***

RV_7

—0.15ns
0.94%33

RS_7

RL_7
—0.45*

coworkers identified a gene, phosphorus starvation tolerance
1 (PSTOLI), in rice that increased root system size during
early root growth to better “mine” Pi from the soil (Gamuyao
et al., 2012; Heuer et al., 2013). The mechanism by which the
PSTOLL1 protein alters RSA to increase total root length and
surface area is not known, but it could involve altered parti-
tioning of photosynthate and metabolic energy between the
root and shoot or between different parts of the root system.
While DROI and PSTOLI orthologs have not been discov-
ered in pea, they demonstrate the foundational nature to which
RSA can be modified by single gene loci and suggest appli-
cations for breeding. QTLs associated with root length (rll1,
rl2, and rl13) in pea (Fondevilla et al., 2010, 2011), root sur-
face area 6 (RSA6) in chickpea (Jaganathan et al., 2015), and
RD1 in cowpea (Vigna unguiculata L.) (Burridge et al., 2017)
have been detected. Related to biotic stress tolerance, over-
lapping QTLs for root projected area and greater resistance
to Aphanomyces euteiches root rot have been observed in pea
(Desgroux et al., 2018).

—0.41°%
0'79***
0.807%:%:*
(IG5 EEE
0.33 ns
O 73r%
0 9’;***

NCA_4

0,697+
0.475%%

0.86%+
0.45%

W_4
—0.43%*
0875

—0.34 ns
0.45%
0.47%%*
0.38 ns

—0.02 ns

ND_4

—0.39 ns
OIGIREES
0.58 %
0.39 ns

NRT_4

0.13 ns
0'70***
0.9k

RV_4

RS_4
—0.28 ns
0.94#3k:%

4.2 | Correlation among root traits

In the present study, we found a negative correlation between
RD and RL in pea lines belonging to G1 and G2 (Tables 7
and 8), similar to the reports by Tayade et al. (2022) and
Tripathi and Kim (2021) in mung bean and soybean, respec-
tively. Decreasing RD in order to increase RL, termed as
“root etiolation,” is acknowledged as an adaptive strategy to

—0.57%

RL_4

RD_4

RL_4
RS_4
RV_4
NRT_4
ND_4
NW_4
RD_7
RL_7
RS_7
RV_7
NRT_7
ND_7
NW_7

improve nutrient acquisition in maize (Lynch & Brown, 2008;
Zhu & Lynch, 2004). Longer RL with fine RD has a strong

RD_4
Abbreviations: NCA, network convex area; ND, network depth; NRT, number of root tips; ns, nonsignificant; NW, network width; RD, root diameter; RL, root length; RS, root surface area; RV, root volume.

TABLE 8 Correlations among root traits and seed weight as assessed at 4 and 7 days after transplantation for 18 pea lines in G2.
*Significant at 0.10 probability level. ***Significant at 0.001 probability level.

Note: 4 and 7 represent root trait values at 4 and 7 days after transplantation.
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correlation with stomatal conductance and aids in increasing
water retention capacity of plants (Becker et al., 2016). The
thinner the root, the greater the RS:RV ratio. As increased RS
is associated with improved nutrient acquisition, and reduced
RV reduces the carbon cost to make a unit length of root, this
could be a strategy to decrease the carbon costs for larger
root systems. Other root morphological traits, RL, RS, and
RV, were positively correlated with NRT and NCA (Tables 7
and 8). RV is reflection of size of a root system and gov-
erns water and nutrients taken up from the soil (Fageria,
2005) and constitutes RL and RS. NCA reflects the extent
of exploration of soil environment by whole root system in
three-dimensional space (Topp et al., 2013) and thus repre-
sents collaboration among RL, RS, RV, and NRT. NRT is a
major element governing RSA, as it represents the number
of roots in the entire root system and a larger NRT should
represent greater potential for water and nutrient absorption
through increased root-soil contact area. Depending on the
intensity of the stress, plants can either increase or decrease
the NRT or alter the thickness of roots (RD) to penetrate
deeper in search of water (Idrissi et al., 2015; Kashiwagi et al.,
2015). We observed a positive correlation between RL and
ND (Tables 7 and 8), which is reported to be beneficial for
plant nutrient uptake and adaptation in wheat (Y. Chen et al.,
2020) and soybean (S. Liu et al., 2021). Furthermore, RD,
ND, and NRT have been identified as key traits in increasing
plant adaptation to water stress in pulses (L. Liu et al., 2011).

4.3 | Relationship between root traits and
field traits

Exploring the variation in RSA is crucial to understanding its
role and impact on the overall agronomic performance and for
improving adaptability and resilience in pea. It is not feasible
to conduct a detailed RSA evaluation under field conditions,
as the traditional approaches for assessing root traits in soil,
including digging, washing, and tracing, are slow and destruc-
tive (Smit et al., 2000). Growing plants in growth pouches
beyond 15 days for assessing adult plant traits is not practi-
cal due to the size of the plants. The phenotyping of relatively
young root systems (up to 15 days) using a 2D pouch growth
and imaging system accurately mirrored the processes tak-
ing place in older root systems within the soil in soybean
(Chandnani et al., 2023) and sorghum (Carvalho et al., 2016;
Magalhaes et al., 2007), indicating the potential benefit of this
approach for predicting favorable RSA in pea.

Considering the reproducibility of results obtained by
2D root phenotyping in a controlled environment and
evaluation of RSA in field environments, a RDA was
utilized to investigate the potential associations between
root architectural traits and agronomic traits assessed. The
root traits accounted for ~30% of the variation in agro-

nomic and N fixation performance of pea lines under study
(Figure 2).

Plant height was positively associated with ND for pea lines
in G1 and G2 (Figure 2). The positive correlation between
root ND and plant height was also reported in common
bean (Phaseolus vulgaricus L.) (Berny-Mier y Teran et al.,
2019) and rice (Yoshida et al., 1982). Vasileva and Kosev
(2015) reported high phenotypic and genotypic correlations
(r = ~0.8) among plant height, root weight, and root length
in pea. Selection by plant breeders is often oriented towards
aboveground traits. It is possible that selection for height, in
order to achieve higher aboveground biomass and productiv-
ity, may have indirectly selected for longer roots. The root
morphological trait, RD, showed a strong positive association
with yield, %Ndfa, and seed protein (Figure 2a) at 4 DAT.
Thicker roots possess strong penetration power and can estab-
lish themselves better in the soil. Enlargement of RD in rice
resulted in enhanced drought tolerance and increased grain
yield (Jeong et al., 2013). Pramanik et al. (2020) reported
that a lentil cultivar with higher RD showed higher N fixa-
tion and accumulated more N in the grain. It is likely that crop
species are at an advantage with higher RD as larger diameter
provide more penetration power to roots, especially in com-
pact soils, and can enhance soil porosity as they penetrate
these compact soils, consequently promoting greater estab-
lishment of soil microbial communities (Goss, 1991; Lavelle
et al., 2005). Similar to the findings of Xiu et al. (2021)
in soybean, a positive association of %Ndfa with NRT was
observed (Figure 2b). An increase in the number of lateral
roots increases RS and provides multiple attachment sites for
rhizobia and nodulation (Yin et al., 2022).

Lodging susceptibility exhibited a positive association with
root NW and number of root tips, that is, good lodging resis-
tance was associated with deeper root network and fewer root
tips. Root architecture’s role in lodging tolerance varies across
crops, with deeper root systems correlated with lodging tol-
erance in rice (Furuhata & Arima, 2007), whereas shallow
root systems were correlated with lodging tolerance in wheat
(Oyanagi et al., 2001). The findings of this study suggest that
deeper root systems with better anchorage may be crucial for
preventing lodging in peas. The energy-intensive production
of lateral roots (Lynch & Ho, 2005) diverts carbon sources
to roots, weakening aboveground plant structures, potentially
causing lodging. Another explanation could be the enhanced
uptake of water and nutrients by increased lateral roots, lead-
ing to greater pod production, and increased seed weight,
as observed in peas by Ciaglo-Androsuik (2012), ultimately
contributing to increased lodging.

The average values of quantified root traits in G1 pea lines
were lower than those in G2 lines (Tables 3 and 4), yet G1
lines generally exceeded G2 in seed yield and %Ndfa (Table
S2). This differential performance can be attributed to dis-
tinct genetic backgrounds (as explained in Section 2) and
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adaptability to Saskatchewan environments, with G1 lines
benefiting from pedigrees involving top-performing local cul-
tivars. In contrast, G2 lines sourced globally (Table S3)
displaying greater diversity are generally less adapted to
Saskatchewan conditions. Dhillon et al. (2022) concluded that
pea lines derived from CDC Dakota had higher yield and
%Ndfa than those lines from CDC Meadow crosses (Table
S2), but exhibited lower values for root traits. Similarly,
Saskatchewan-adapted cultivars in G2 (CDC Bronco, CDC
Striker, and CDC Golden) showed higher yields (Table S2)
but low root trait values compared to the other accessions in
G2 (Table 4). Thus, it appears that larger root systems are
not always desirable, and pea lines may strategize to direct a
greater proportion of their C-sources to aboveground growth
over root growth to maximize seed yield. Intermediate values
for root length were associated with higher yield and biomass
in pea (Bourgault et al., 2022), while a shallower root system
was associated with higher yield in lentil (Rao et al., 2024). A
negative association of root biomass traits to yield, typically
under optimal nutrient conditions and higher density planting,
is a consistent theme among field crops and includes cereals
such as wheat, barley (Hordeum vulgare L.), and oat (Avena
sativa L.) (Fradgley et al., 2020; Vain et al., 2023).

S | CONCLUSION

We observed significant variability among the pea lines for
various root traits evaluated at the seedling stage. This reflects
an extent of variation concealed in pea germplasm for RSA
that should be explored to generate pea cultivars more effi-
cient in water and nutrient uptake from the soil. Strong
correlations were observed among the root traits analyzed
at 4 DAT and 7 DAT. Significant positive correlations were
observed among root length, RS, RV, number of root tips, and
NCA. The correlations among these root traits indicate that
the interactions and relationships among these traits in gov-
erning overall RSA may provide a pathway to significantly
improve the ability of the pea root system to better toler-
ate drought and maintain yields with lower fertilizer (N-P-K)
inputs. We found that root traits were associated with signif-
icant variation in the agronomic and N fixation performance
of the pea lines investigated here. Plant height was positively
associated with root ND. Susceptibility to lodging was posi-
tively associated with root NW and negatively associated with
root ND, suggesting that deeper root systems could contribute
to lodging resistance. RD showed a positive association with
yield. The number of root tips (NRT), which is a measure of
the number of roots in the whole root system, was positively
associated with N fixation. The root traits quantified in this
study could be attributes for future pea breeding programs
aimed at generating pea cultivars with increased water and
resource use efficiency and overall productivity.
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