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Abstract
The spatial arrangement of the root system, termed root system architecture, is

important for resource acquisition as it directly affects the soil zone explored. Meth-

ods for phenotyping roots are mostly destructive, which prevents analysis of roots

over time as they grow. Here, we used X-ray microcomputed tomography (μCT) to

non-invasively characterize wheat (Triticum aestivum L.) seedling root development

across time under high and low nitrate nutrition. Roots were imaged multiple times

with the 3D models co-aligned and timestamped in the architectural plant model

OpenSimRoot for subsequent root growth and nitrate uptake simulations. Through

4D imaging, we found that lateral root traits were highly responsive to nitrate limita-

tion in soil with greater lateral root length under low N. The root growth model using

all μCT root scans was comparable to a parameterized model using only the final

root scan in the series. In a second μCT experiment, root growth and nitrate uptake

simulations of candidate wheat genotypes found significant root growth and uptake

differences between lines. A high nitrate uptake wheat line selected from field data

had a greater lateral root count and length at seedling growth stage compared with a

low uptake line.

Abbreviations: DAS, days after sowing; HN, high nitrogen; LN, low

nitrogen; NUp, Nitrate uptake; NUpE, Nitrogen-uptake efficiency; RSML,

root system markup language; S×R DH, Savannah × Rialto winter wheat

doubled haploid; μCT, microcomputed tomography.

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

work is properly cited.
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1 INTRODUCTION

The root system of a plant is a highly plastic organ for respond-

ing to the environmental availability of water and nutrients

and nutritional status. Roots capture vital resources for the

plant from the soil by intercepting passing water and solutes

during rainfall events and foraging into new soil zones. A sig-

nificant carbon investment and metabolic cost is associated
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with making and maintaining roots in a plant (Guo et al.,

2021). Therefore, optimization in the four-dimensional (time

and space) spatial arrangement of the root system is important

and has the potential to greatly improve resource efficiencies

(Morris et al., 2017; Rogers & Benfy, 2015). Improvement

in resource capture by roots is needed to make more resilient

cultivars that can maintain yield with lower fertilizer inputs.

Strategies to improve root system architecture are com-

plex as the resources that plants need to forage differ in

mobility and availability. Nitrate is highly soluble and mobile

in the soil and can readily leach into deep soil layers and

pollute groundwater. Root traits such as rooting depth that

affect soil exploration have been shown to be important for

resource capture and stress tolerance (Foulkes et al. et al.,

2009; Ho et al., 2005; Lynch, 2013). In addition to where

roots reside, variation in nutrient uptake rates occur among

root classes, by root age, and plant nutrient status (reviewed

in Griffiths & York, 2020). Understanding the effect of

rooting and uptake traits on the rhizosphere will be impor-

tant in directing breeding efforts and fertilizer management

strategies.

A significant challenge in plant root phenotyping is the abil-

ity to nondestructively image and measure roots without dis-

turbing the root system architecture or the soil environment

in which the roots reside (Manske et al., 2001). Root phe-

notyping methods are often destructive involving root dig-

ging and washing, preventing analysis of roots over time. In

vitro alternatives that allow root visualization during growth

include agar, gel, and hydroponic-based systems (Atkinson

et al., 2015; Nagel et al., 2020; Topp et al., 2013). However,

root development of in vitro grown plants vary with that of

soil due to differences in physical and chemical properties.

In recent years, root-soil imaging techniques including X-ray

microcomputed tomography (μCT) and magnetic resonance

imaging (MRI) are opening new opportunities in plant phe-

notyping for nondestructive rhizosphere imaging (Mooney,

2002; van Dusschoten et al., 2016). Using μCT imaging, root

and soil structure can be quantified at high resolution in 3D

without disturbing the sample (Atkinson et al., 2020; Zhou

et al., 2021). Analysis of such large volumetric image data

is, however, a significant computational challenge with deep-

machine learning approaches now being utilized to segment

root material from soil, water, and air fractions (Soltaninejad

et al., 2020).

Here we describe the use of μCT imaging to characterize

the root system architecture of wheat seedlings across time.

Through 4D imaging, we revealed the development of the

seminal and lateral root system and show that lateral root traits

are highly responsive to nitrate application in soil. Comparing

candidate genotypes selected from field data we found that a

high nitrate uptake (NUp) line had greater lateral root count

and length at seedling growth stage. These 4D μCT scans were

then used directly in a mathematical model of root NUp and

Core Ideas
∙ μCT can non-invasively image root system devel-

opment of plants across time.

∙ Wheat seedlings modify their root systems in

response to N levels in soil.

∙ Simulation modeling can accurately predict root

development and nitrate uptake.

soil nitrate depletion using the 3D root architectural model

OpenSimRoot (Postma et al., 2017). The root growth and

uptake model used could accurately predict seedling growth

using only the final root shape as reference.

2 MATERIALS AND METHODS

2.1 Plant materials

Parents and selected members of the Savannah × Rialto win-

ter wheat doubled haploid (S×R DH) mapping population

were used in this study (Table S1). The S×R DH popula-

tion was supplied by Limagrain UK Limited. Lines were cho-

sen based on contrasting nitrogen-uptake efficiency (NUpE;

above-ground N uptake/N available (soil N + fertilizer N)

performance from multi-year and site field trials (Atkinson

et al., 2015). Seeds were sieved to a specific seed size range

of 2.8–3.35 mm based on the mean of the parents to reduce

any influence of variations in seed reserve size. The seeds

were then laid out on germination paper (Anchor Paper Com-

pany) saturated with deionized water and stratified at 4˚C

in a controlled environment room for 5 d in darkness. After

stratification, seeds were transferred to a controlled environ-

ment chamber at 20/15˚C, 12-h, in darkness. After 48 h,

the seeds had uniformly germinated with ∼5 mm radicle

length.

2.2 Soil column preparation, μCT root
scanning and analysis pipeline for seedling
studies

Soil mixtures were prepared using a <2 mm calibrated grad-

uated sieve (Scientific Laboratory Supplies Ltd.) and com-

post mixer (Alvan Blanch Development Company Ltd.). The

mixture was formulated to oven-dry soil weight dried at

105˚C for 48 h (Rowell, 1994). Available N in the soil mix-

tures were determined by a United Kingdom Accreditation

Services accredited commercial laboratory (NRM Laborato-

ries, Bracknell, UK). PVC soil columns (75 mm [internal

diameter] × 170 mm [height]) were cut to size using a pipe
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F I G U R E 1 Microcomputed tomography (μCT) 3D seedling root phenotyping pipeline. (a) Wheat seedlings growing in 75 mm [w] × 170 mm

[h] soil columns. (b) Phoenix v|tome|x m® μCT scanner. (c) Example μCT z axis image slice of soil column. (d) μCT image slice with segmented

root material shown in red using RooTrak/VGStudio Max software. (e) Render of a wheat root system grown in soil that has been sliced to make

roots visible. (f) Skeletonisation and extraction of quantitative root system architecture traits using RooTh software. Root classification is depicted

with pseudo colors with primary seminal in purple, seminal roots in red, and lateral roots in blue. (g) OpenSimRoot model simulation using root

system markup language (RSML) output from RooTh for a growing root system model with pseudo colors representing N depletion from 3.5 mM in

red to zero in blue

cutter and a fine gauge curtain mesh was fastened to the bot-

tom. The columns were evenly packed using air dried soil.

The soil columns were then irrigated by capillary rise with

the columns placed in a water tank for 24 h (Mairhofer et al.,

2018). Saturated soil columns were allowed to dry for 48 h for

determination of field capacity weights. With soil columns at

field capacity, one pregerminated seedling was sown per col-

umn at approximately 15 mm soil depth (Figure 1a). Experi-

ment specific details are detailed in Sections 3.3 and 3.4.

Soil columns were scanned using a Phoenix v|tome|x m®

industrial μCT scanner (GE Measurement & Control Solu-

tions) (Figure 1b). Prior to μCT scanning, the soil columns

were not watered for 2 d to ensure a high level of contrast

between root and background. All columns were scanned with

a 0.2-mm copper filter on the X-ray tube, at a potential energy

of 160 Kv, current of 200 μA, collecting 1,800 projection

images over a 360-degree rotation with a detector exposure

timing of 250 ms, image averaging of 2, and a skip of 1. To

image the entire 170-mm column height at a voxel resolution

of 54 μm, three individual scans were collected (top, middle,

and bottom) and digitally stitched together following image

reconstruction. The three scans for each column were com-

pleted in 69 min. The projection images of the scan were

reconstructed into a 32-bit volume using Phoenix Datos|x

REC software (GE Measurement & Control Solutions) with

the application of a beam hardening correction value of 8.

The top and bottom of the projections (approx. 200 pixels

in Z axis for each) were excluded from the reconstruction to

remove cone beam artifacts. The root system architecture was

then extracted from the reconstructed soil volume using auto-

matic root segmentation software RooTrak (Mairhofer et al.,

2014) and VGStudio Max® v2.2.5 (Volume Graphics GmbH)
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based on greyscale intensity values and root morphological

features (Figure 1c–e). The root systems were subsequently

used to train a deep machine learning approach for root seg-

mentation (Soltaninejad et al., 2020). Data analysis in this

study was performed using the original segmentations. Fol-

lowing root segmentation from the soil, the segmented root

volume was skeletonized into a nested root system skeleton

using RooTh (Mairhofer et al., 2018) (Figure 1f). RooTh was

used to extract a root skeleton in the root system markup lan-

guage (RSML) file format (Lobet et al., 2015) for each root

scan and to measure root length and angle traits (Table S2).

Global root traits that were not available in RooTh, such as

convex hull, were calculated from the binary root image stack

using RooTrak (Table S2) (Mairhofer et al., 2014). Root NUp

simulations using the skeletonized root systems were then

conducted using OpenSimRoot as described in Section 3.3

(Postma et al., 2017) (Table S2) (Figure 1g).

Destructive harvesting was conducted after the final μCT

scan of the time-series. The root system was severed from the

shoot and washed from the soil material using a root washer

(Hydropneumatic Elutriation System, Gillison’s Variety Fab-

rication, Inc.) based on the work of Smucker et al. (1982).

The roots were washed for 15 min and then immediately

stored at −20˚C for subsequent analysis. Roots were subse-

quently thawed, spread out on a clear waterproof tray, and

then imaged on a flatbed scanner at 600 dpi resolution with

a transparency unit (Epson Perfection v700; Regent Instru-

ments Inc.). The 2D root scans were analyzed using Win-

Rhizo® software v2002 (Regent Instruments Inc.) (Arsenault

et al., 1995). After scanning, the roots and the shoots were

dried at 80˚C for 48 h for determination of dry biomass.

2.3 Time-series of wheat root development
in soil under varying N nutrition

A high NUpE wheat line from the S×R DH mapping popula-

tion, identified in high nitrogen (HN) and low nitrogen (LN)

field trials (Line 47) was used in a temporal seedling study

under varying soil N nutrition (Table S4). A sandy-loam soil

obtained from a long-term unfertilized field at Ryton Gar-

dens Farm, Warwickshire, UK (52.37 ˚N, 1.42 ˚W) was pre-

pared (1.3 g cm–3 bulk density). The soil mixture available

total nitrogen (N) was determined as 5.22 mg kg−1 (nitrate

2.74 mg kg−1, ammonium 2.48 mg kg−1) (NRM Laborato-

ries). Eight columns were prepared, half of which were irri-

gated with 10 mM Ca(NO3)2 solution and the remaining irri-

gated with deionized water. The nitrate availability of the soil

mixture represented a concentration typically found in unfer-

tilized agricultural soils with the high nitrate treatment repre-

sentative of the range found in fertilized soils and low affin-

ity transport conditions (Lark et al., 2004; Miller et al., 2007;

Zhu et al., 2021). Columns were placed in a glasshouse (four

replicates for each treatment, 27 March 2016–9 April 2016,

temperature range 20/6 ˚C, 12.5 h photoperiod). A plastic

disk with a cut-out for the shoot was placed on top of the

soil surface to reduce evaporation from the soil. No additional

irrigation was provided during the growth period. Eight soil

columns were μCT scanned every 48 h from 0 to 12 DAS. At

each μCT imaging timepoint, a side-viewpoint image of the

shoot was taken using a mounted digital SLR camera (Canon

EOS 700D, Canon Inc.).

2.4 Simulation modelling of μCT scanned
roots using OpenSimRoot

Nitrate uptake of wheat seedlings and soil nitrate depletion

zones were simulated using the model framework OpenSim-

Root (Postma et al., 2017). Basic nitrate and water modules

were used as supplied in the OpenSimRoot repository, but

root growth was prescribed so that individual plants were

constrained to grow from seed to the final recorded root

system architecture as determined using the μCT analysis

pipeline. The model soil environment was set with homoge-

nous N distribution as an initial condition, and the plant

NUp was simulated over time for each root system scan. A

description and guide for using the OpenSimRoot model is

provided in Schäfer et al. (2022) and at https://gitlab.com/

rootmodels/OpenSimRoot/-/wikis/home. For specific details

of model parameters and settings used in this study see

Data S1.

The model instances for each individual plant were gener-

ated using the RSML root system skeleton data output from

RooTh. In addition to generating root systems procedurally,

OpenSimRoot has the facility to prescribe growth prior to run-

time via its input files. This is done by defining the growth

direction and rate of each root tip over the desired simulation

time, along with the overall branching structure of the root

system. A Python script was used to convert the RSML data

into the inputs needed by OpenSimRoot. In the absence of

intermediate time-point data, growth of each root is assumed

to occur at a constant rate from the root’s start time to the end

of the simulation (generally the age of the plant at the final

scan). The growth rate of each root is calculated so that the

length of the root measured from the scan matches the length

of the model root at the end of the simulation. The start time

of each root (other than the primary which starts at time zero)

is calculated based on the time the tip of its parent root passes

its own start (or origin) point.

For simulations in which intermediate time-series data was

used, the OpenSimRoot input was prepared in the same way

using the final scan as the model template, except that the

intermediate scans were used to adjust the growth rates and

start times of each root where necessary. This was done by

identifying which roots present in the final scan were present

https://gitlab.com/rootmodels/OpenSimRoot/-/wikis/home
https://gitlab.com/rootmodels/OpenSimRoot/-/wikis/home
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at each preceding scan and noting its length at that time.

Growth rates between successive time-points are then calcu-

lated based on this list of lengths over time, again assuming a

constant growth rate between data points. Roots that appear in

a scan at a given time-point but do not appear at the preceding

time-point are assumed to have start times at the preceding

time-point or at the time the tip of the parent root passes the

roots start point, whichever occurs later. Again, the primary

root is given a start time of zero.

Identification or registration of individual roots between

scans was done in a semi-automatic way in two stages. First,

the primary and seminal roots were matched between scans

by rotating about the origin of the primary in the horizontal

plane and minimizing differences in the x and y coordinates

of the roots (where the z-axis represents depth). Because of

the noisy nature of the data, especially around the origin or

seed point and at earlier scans, these matches were checked

visually by plotting potential matches and correcting errors

manually where present. Secondly, after the primary and sem-

inal roots were registered between scans, lateral roots were

matched based on branching position and order along the root.

Again, these were checked visually, and any identification

errors checked manually.

2.5 Characterization of root system
architecture for candidate wheat genotypes
contrasting for field NUpE

Four wheat lines from the S×R DH mapping population that

contrasted for NUpE, lines 29, 47, 52, and 73, identified in

HN and LN field trials, were used in a seedling study with

varying soil N nutrition (Table S4). A sandy loam sand mix-

ture (Wissington SPORTS 10 sandy loam [30%]/Wareham

bunker sand [70%]; w/w in dry weight basis; 1.3 g cm–3 bulk

density) (British Sugar plc and D.E. Drew Limited) was pre-

pared. The soil mixture available total N was determined as

17.41 mg kg−1 (nitrate 10.84 mg kg−1, ammonium 6.58 mg

kg−1) (NRM Laboratories, Bracknell, UK). This nitrate con-

centration is within the range reported for agricultural soils

(Zhu et al., 2021). Forty-eight columns were prepared, half

of which were irrigated with modified 3.13 mM NO3
– 1/4

Hoagland’s media and the remaining irrigated with a 0.23 mM

NO3
– 1/4 Hoagland’s solution to match the treatments in the

time series experiment. Columns were placed in a growth

chamber in a randomized block design (four blocks one repli-

cate for each line × treatment at 20/16 ˚C 16:8 h photoperiod).

The soil columns were irrigated from the top every 2 d with

either 40 mL HN or LN 1/4 Hoagland’s nutrient solution back

to field capacity weight. The experiment was staggered over 4

wk with one replicate μCT scanned per week at 9 DAS. Shoots

were measured manually using a ruler at destructive harvest.

2.6 Statistical analysis

Statistical analyses were conducted using R version 4.0.5

(R Development Core Team, 2021); the statistical analy-

sis R codes including the packages needed are available

at https://doi.org/10.5281/zenodo.5504298. Calculated traits

are described in Table S2. Statistical significance of dif-

ferences between means in the root data was tested with a

two-way analysis of variance (ANOVA) using the R pack-

age ‘lmerTest’ (Kuznetsova et al., 2017) and where signifi-

cant main effects were observed a Tukey’s honestly significant

difference post hoc test was conducted for multiple pairwise

comparisons.

3 RESULTS

3.1 Root-soil imaging of wheat seedling
using μCT reveals temporal organization of
seminal root system and highly plastic lateral
roots in response to nitrate

For the time-series seedling study, μCT was used to image

root development every 2 d of a high performing NUpE line

from the Savannah × Rialto population (line 47) (Figure 2ab).

Plants were grown under a HN and LN treatment with pheno-

typic variation observed across time and treatment (Figure 2,

Table S2). The seminal root system was the dominant root

class by length for the first 11 d with the first lateral roots

emerging between Day 7 and Day 9 (Figure 2c). By Day 13,

the lateral root length was comparable to the seminal root sys-

tem length (Figure 2c). A significant day × N treatment inter-

action was observed for total root length (p < .001, Table S2).

Under the LN treatment there was a significant increase in

seminal root length, seminal root count, and mean lateral root

length (p < .001, p < .01, p < .05, respectively, Table S3). At

Day 13, there was a significant difference in lateral root length

between N treatments with a 73% increase in the LN treat-

ment compared with the HN treatment (p < .001, Figure 2c,

Table S2). There was also a significant shoot length difference

between the N treatments with a 10% greater shoot length in

the LN plants at Day 13.

3.2 NUp simulations using root system
architecture extracted from μCT were
comparable to a parameterized root growing
module using only the final root scan

Using temporal μCT root scans of wheat roots that were

scanned every 2 d, the root shapes were imported into the

OpenSimRoot model. The root systems for each plant were

https://doi.org/10.5281/zenodo.5504298
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F I G U R E 2 Microcomputed tomography (μCT) time-series analysis reveals the temporal organization of the wheat root system at a resolution

of 2 d. The seminal root system of wheat seedlings grown in (a) low and (b) high N showed significant root system differences at 13 d after sowing

(DAS). Root classes are color coded as primary seminal (purple), seminal roots (red), and lateral roots (blue). (c): At 13 DAS, a significantly larger

root length (p < .001) was observed in the low N treatment with an increase in seminal and lateral root length and count traits (p < .05)

co-aligned and then simulations were run using the root data

with root growth between timepoints. Nitrate uptake by roots

was also simulated as the plants grew with a significant day ×
N treatment interaction observed for simulated NUp (p< .001,

Table S3). In the growth and uptake simulations, root sys-

tem architecture of the LN treated plants had a 35% greater

simulated NUp compared with the architecture of HN treated

roots at the final timepoint (Figure 3a). Using the time-series

μCT root scans, an exponential NUp curve was observed with

the increase in lateral root length in the later time points

(Figure 3a). Using only the final μCT root scan for reference,

the NUp simulation closely followed the model using the μCT

time-series scans with a R2 of 0.93 (Figure 3abc). For NUp

rate, a nonlinear increase was observed across time in both

the time-series and final μCT root simulations with lateral

roots having a greater NUp rate than the seminal root sys-

tem (Figure 3de). Between the time-series and final μCT root

simulations for NUp rate, a positive relationship was observed

with an R2 of 0.55 (Figure 3f).

3.3 Genetic differences in 3D root system
architecture at seedling stage for lines
contrasting in field NUpE performance

In the second μCT study, the root system architecture for

Savannah, Rialto, and their four progeny lines from the dou-

bled haploid population with contrasting NUpE were com-

pared. Significant N treatment effects were observed with
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F I G U R E 3 OpenSimRoot simulations across time for cumulative NUp per day and NUp rate using time-series root scans and final

microcomputed tomography (μCT) scans only. Cumulative NUP per day simulation using μCT time-series root scans (a) and final μCT scans

only(b). (c): Cumulative NUp between the two models in A and B was positively correlated (R2 = .93). NUp rate per day simulations across time

using μCT time-series root scans (d) and final μCT scans only(e). (f): Nitrate uptake rate between the two models in D and E were positively

correlated (R2 = .55)

an overall increased lateral root length, increased lateral root

count, and shallower seminal root angle, in LN conditions

(p < .05, Table S4). Significant genotypic differences were

observed for lateral root length, lateral root count, lateral root

angle, and convex hull traits (p < .05, p < .01, p < .05, p < .05,

respectively; Table S4). A significant shoot length difference

was also observed between wheat lines (p < .001; Table S4).

Between the high NUpE line 47 and low NUpE line 52, lateral

root length and lateral root count were responsible for the root

length differences between the lines (Figure 4). Across both

N treatments, the high NUpE line had a 74% greater lateral

root length and 57% more lateral roots than the low NUpE

line (Figure 4c, 4D; p < .01).

3.4 Root traits that affect soil exploration
are correlated with NUp and soil-zone
depletion of nitrate

As a positive correlation was observed between actual

and simulated root growth in the time-series experiment

(Figure 3c), simulations were performed on a single-timepoint

experiment containing a larger number of genotypes. A nitrate

depletion simulation was also performed using OpenSimRoot.

Significant differences in total NUp were found between the

high NUpE line 47 and low NUpE line 52 in the simulated

study (p < .05). This was likely due to the presence of lateral

roots later in the time points with a strong correlation between

NUp and lateral root length and count (Figure 5a, 5b). A larger

root system and therefore convex hull was also positively cor-

related with NUp (Figure 5c). Values for lateral root and con-

vex hull traits were positively correlated with the size of the

nitrate depletion zone in the simulated soil (Figure 5d–5f).

4 DISCUSSION

Root growth and development directly affects the volume of

soil explored for both foraging and interception of water and

nutrients. Phenotyping roots without disturbing the root sys-

tem architecture is a technical challenge with approaches gen-

erally destructive or in vitro (Fang et al., 2009; Liu et al.,

2021; Tracy et al., 2015; Zeng et al., 2021). Utilizing μCT

for scanning of undisturbed roots in soil provides an unpar-
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F I G U R E 4 Microcomputed tomography (μCT) analysis reveals the genetic differences in root development of wheat seedlings. Root traits for

lines 47 and 52 derived from μCT scans with significant differences in (a) total root length (p < .01), (b) lateral root length (p < .01), and (c) lateral

root count (LN p < .01, HN p < .05). Skeletonized root systems for 10-d old wheat seedlings lines (d) 47 and (e) 52. Root classes are color coded as

primary seminal (purple), seminal roots (red), and lateral roots (blue). HN, high nitrogen; LN, low nitrogen

alleled opportunity to characterize dynamic rhizosphere pro-

cesses (Bao et al., 2014; Giri et al., 2018). In the present work,

μCT was used to show that significant N treatment and geno-

typic differences can be observed in wheat seedling root sys-

tem architecture at high spatial and temporal resolution.

Roots are plastic in responding to the environment and

resource needs. Here we show in soil a significant interac-

tion between plant age and N treatment early in development

with increased root length under LN. Nitrate is soluble and

therefore mobile and can leach quickly out of the root zone.

Lateral roots are particularly responsive to environmental N

levels and plant N status (Granato & Raper, 1989; Remans

et al., 2006; Weligama et al., 2008; Zhang et al., 1999). A

plastic response of greater seminal root length and elonga-

tion of lateral roots in LN conditions was observed. These

traits can increase soil exploration into new soil zones that

would be beneficial for foraging for more resources in low

input systems, and the greater root length can help intercept

passing nitrate from applied fertilizers in high input systems.

Increased length of lateral roots is shown to be advantageous

in N stress (Griffiths et al., 2021; Zhan & Lynch, 2015) with

the response observed here a likely beneficial N stress mit-

igation strategy. Because the seedling root phenotype is sig-

nificantly influenced by nitrate plasticity how the present phe-

notype translates in mature plants remains to be determined.

Reports of colocalization of quantitative trait loci between

seedling root traits and mature crop yield and uptake traits

suggest that there is value in appropriate investment strategies

in roots (Atkinson et al., 2015; Tuberosa et al., 2002). Scaling

root plasticity screens to mapped populations could accelerate

discovery in plastic responses and abiotic stress tolerance.

As early root responses to N level were observed in wheat

seedlings, soil N content at sowing appears to have important

implications on root system architecture. Comparing multiple

lines from a doubled haploid mapping population with con-

trasting field NUpE measured at physiological maturity, sig-

nificant genotypic differences were observed for lateral root

length, lateral count, lateral angle, and convex hull repre-

senting the potential variation to exploit for improving root-

ing traits and N uptake. Among the candidate wheat lines
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F I G U R E 5 Correlation analyses for microcomputed tomography (μCT) root system architecture traits with nitrate uptake among the selected

Savannah × Rialto winter wheat doubled (S×R DH) lines and parents using OpenSimRoot. Positive correlation between NUp at end of simulation

and (a) lateral root length, (b) lateral root count, and (c) convex hull of root system. Positive correlation between percentage of soil with 50% nitrate

depletion at end of simulation and (d) lateral root length, (e) lateral root count, and (f) convex hull of root system

tested, the high NUpE line 47 had a significantly greater lat-

eral root length and lateral root count than the low NUpE line

52. Greater lateral root length at this early stage may be a

beneficial investment trait as it will allow greater soil explo-

ration for nitrate earlier in the season and may provide a cumu-

lative benefit of N uptake. Selecting wheat lines based on early

vigor lateral root traits, therefore, may be beneficial for select-

ing greater field performance lines (Wang et al., 2018). More-

over, the seminal roots penetrate to a depth of more than 1.5 m

in field soils, become the deepest roots (Araki & Iijima, 2001)

and are the most important for capture of N from the deep soil

layers during grain filling under N limitation. The diversity

observed in root plasticity to nitrate within the tested doubled

haploid population subset lines poses the potential to find the

underlying genetics involved for root plasticity to nitrate.

The holistic plant model OpenSimRoot was used to simu-

late NUp by the plants in a simulated soil environment using

the μCT root system architecture (Postma et al., 2017). Two-

day temporal resolution μCT scans were co-aligned and then

used as reference points in a nonlinear root growth model.

Across the root growth simulation, NUp was also simulated by

roots using the extracted root system architecture. The param-

eterized model was then used to compare against a simula-

tion using only the final μCT root system as a reference. A

strong positive correlation between the two model types was

observed for NUp that validates scaling up this approach with-

out the need of high-temporal root shape information once the

model is parameterized and implying root growth rate is gen-

erally linear. Greater variation was observed in the simulated

NUp rate between the two model types than the cumulative

NUp, which likely represents inaccuracy in the emergence and

growth of lateral roots that drive the majority of the uptake

in the simulations. Further study into defining the differential

growth rates of roots by age and root type would be useful for

further model parameterization.

Continued exploration of roots into new soil domains may

provide more resources to forage. As expected, root length

positively correlated with NUp in the simulations with lateral

root length and lateral root count being key drivers in root dis-

tribution for uptake. The simulations ran in this study used

real root system architectures as extracted from μCT scans

and were simulated without plant neighbors. Intra-root com-

petition for nitrate is an important property to consider for

optimal root system architecture; depending on the soil type,
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plant density, N fixation, and fertilizer management strat-

egy, the soil will exhibit localized depletion by root uptake.

In the field, lateral soil exploration poses greater inter-plant

competition than vertical exploration, which would be impor-

tant to consider in future simulations. The cost of having an

extensive root system would also be important to consider in

longer simulations where the nitrate environment can become

depleted or when more N can enter the system. Intra- and

inter-root competition is not an efficient use of resources as

the increased metabolic cost outweighs the benefit of a rel-

atively small gain in resource capture (Lynch & Ho, 2005;

Nielsen et al., 1994; van Vuuren et al., 1996).

Using temporal μCT imaging and simulation, we demon-

strated genotypic and N treatment variation in root system

architecture. Comparing wheat lines exhibiting differential

NUpE in field trials, we show that greater lateral root length,

lateral root count, and convex hull size during seedling estab-

lishment may be a predictive trait for increased NUpE. By

conducting temporal root analysis and simulation, we demon-

strate that a root growth and NUp model with a 2-d temporal

resolution reference was comparable to a model that only uti-

lized the final root system shape. Utilizing nondestructive root

phenotyping approaches and simulation fusion will be impor-

tant aspects of functional phenomics (York, 2019) of rhizo-

sphere processes and root system architecture traits for breed-

ing of more resource efficient crops.
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