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Abstract: Rhizoboxes are soil-root compartments 
that may well provide the closest naturalistic condi-
tions for studying root systems architectures (RSAs) 
in controlled environments. Rhizobox-based studies 
can however lead to mis-estimation of root traits 
due to poor recovery of roots and loss of fine root 
features during washing of roots. We used a novel 
scanner-based rhizobox system to evaluate: (i) 
RSA traits of Brassica rapa genotypes; (ii) the rela-
tionship between root traits recorded from rhizobox-
es and those of harvested roots and (iii) genotypic 
variation of seedlings in response to external P ([P]
ext) availability. Brassica rapa genotypes were grown 
in soil-filled rhizoboxes abutting flatbed scanners 
and were watered once with either deionised water 
or a solution of 600 μM KH2PO4 to approximately 
80% field capacity on a weight basis. Shoot and 
root P concentrations ([P]shoot and [P]root) of the B. 
rapa lines grown on different [P]ext were quantified. 
Visible root length at the surface of rhizoboxes con-
stituted 85% of the total root length recovered from 
harvested root samples. High P supply induced a 
strong increase in [P]shoot in all genotypes (P < 0.001) 
whereas low P supply generally led to greater parti-
tioning to roots. Seed P concentration and tissue P 
concentration were correlated only at low [P]ext. Total 
root length was strongly correlated with tissue P 
content under both low [P]ext (r = 0.81, P < 0.05) and 

high [P]ext (r = 0.82, P < 0.05) conditions. The novel 
scanner-based rhizobox system used addresses the 
substantial limitations associated with current use of 
rhizoboxes to study root growth dynamics.
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LeMarié et al. 2014, Kalogiros et al. 2016, Thomas 
et al. 2016) have been used successfully to screen 
plants for variation in RSA. However, such rooting 
media do not fully capture the soil properties, 
processes and conditions that prevail in the field, 
including microbial interactions and nutrient and 
water dynamics (Hutchings and John 2004, Nagel et 
al. 2009, Downie et al. 2015, Adu et al. 2016). 
Moreover, the mineral concentrations in commonly 
used artificial rooting media often differ from those 
found in soils (Jain et al. 2009, Gruber et al. 2013).

Soil-filled chambers (rhizoboxes) provide an 
alternative method for screening plant root systems 
in controlled environments under conditions closest 
to those prevailing in soils in the field. Rhizobox 
systems allow repeated, non-destructive and near-
naturalistic measurements of root development and 
rhizosphere processes and could be said to be 
relatively more suited to field-grown roots than 
other artificial systems. Compared to soil in the 
field, roots can be recovered easily from soil-filled 
containers and such systems can be scaled up to 
accommodate a large number of plants. Rhizobox 
systems have thus become popular choice for root 
system studies. For example, soil-filled containers 
with transparent walls have been used to allow non-
invasive, repeated measurements of the same roots 
on the surface of the containers at frequent time 
intervals for exploring the dynamics of water uptake 
(Garrigues et al. 2006, Neumann et al. 2009, Adu et 
al. 2016). Rhizoboxes have again been used to study 
the juvenile root system of field mustard (Brassica 
rapa), oilseed rape (Brassica napus L.) and Indian 
mustard (Brassica juncea L.) (Adu et al. 2016, 
Soledad et al. 2016, Yuan et al. 2016). Rhizoboxes 
have also been used to study the effect of root 
exudation from Indian mustard on soil solution 
properties such as pH, dissolved organic carbon 
(DOC) and metal solubility in the rhizosphere (Kim 
et al. 2010). Rhizoboxes have also been employed to 
study root proliferation in response to nutrient-rich 
patches in soils (Hodge et al. 1999) and the effects 
of soil compaction on RSA (Nagel et al. 2012). 

However, despite their extensive use, most 
rhizoboxes still suffer from disturbance of soil 
structure, altered root-zone temperatures, limited 
rooting volume and two-dimensionality of the 
observation windows (Neumann et al. 2009). Most 
rhizoboxes allow only a fraction of the root system 
to be observed and it is not certain that data on RSA 
obtained from rhizoboxes are representative of the 
actual RSA of the plants (Nagel et al. 2012). Also, 
there is the tendency for roots to grow away from 
the surface of the containers, which causes difficulty 
with imaging. To address this challenge, the study 
described here adapted a scanner-based imaging 

Introduction

The abi l i ty  of  p lants  to  explore  thei r  soi l 
environment for water and nutrients depends on the 
size and architecture of their root system (White et 
al. 2013b). Plants can adapt the growth and 
geometry of their root system (root system 
architecture, RSA) in response to the availability of 
water and nutrients in the soil environment (Hodge 
et al. 1999, White et al. 2013a, b). Hence, studying 
the responses of RSA to the availability of water and 
nutrients in the soil environment is crucial for 
developing crops that are resilient to abiotic stresses, 
effective in exploring the soil environment, and able 
to acquire and use resources efficiently to give good 
yields (Hodge et al. 1999, Lynch 2007, Ghanem et 
al. 2011, White et al. 2013a, b).  

A common method for studying root systems of 
plants growing in soil is root excavation and 
washing of plants grown in the field (van Noordwijk 
et al. 2000, Gregory 2006). However, this approach 
is time-consuming and destructive because root 
washing causes breakage and loss of fine roots, 
resulting in underestimation of fine root features 
(Kosola et al. 2007, Mairhofer et al. 2013). High-
throughput screening of root systems of juvenile 
plants in controlled environments is now possible as 
a result of recent advances in imaging techniques 
(Gregory et al. 2009, Dupuy et al. 2010a, b, Iyer-
Pascuzzi et al. 2010, Dai et al. 2012, Galkovskyi et 
al. 2012, Nagel et al. 2012, Faget et al. 2013, 
Downie et al. 2015). New advances such as X-ray 
computed  tomography  (X-ray  CT) ,  X- ray 
microcomputed tomography, neutron tomography, 
magnetic resonance imaging (MRI), electromagnetic 
acoustic imaging, hyperspectral and 3-D meta 
material imaging are now proving higher resolution 
and improved clarity, enabling new modalities and 
facilitating enhanced portability (Asseng et al. 2000, 
Perret et al. 2007, Moradi et al. 2009, Tracy et al. 
2010).

Root system phenotyping through imaging 
requires the use of uniform growth conditions. It 
also requires standard rooting medium that is 
affordable and provides repeatable root growth 
conditions (Crush et al. 2005, Adu et al. 2016). 
Quantitative imaging of roots requires imaging with 
good contrast between roots and their background to 
facilitate image analyses (Mairhofer et al. 2013, Adu 
et al. 2016). For these reasons, various rooting 
media have been used. Rooting media such as agar 
or gels (Jain et al. 2009, Yazdanbakhsh and Fisahn 
2012, Gruber et al. 2013, Shi et al. 2013) and paper 
pouches (Liao et al. 2001, Hammond et al. 2009, 
Hund et al. 2009, Adu et al. 2014, 2015, 2016, 
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is generic and can be used with any scanner 
provided a TWAIN driver is available. The number 
of scanners per computer depends on the number of 
plants to be screened, duration of experiment, 
frequency of scanning and the computers’ storage 
capacity. In our experiments, we used 3 computers 
to control 24 scanners. To set up an automated time-
lapse image acquisition, input parameters of the new 
project for example included initial scanning time, 
project duration/frequency of image acquisition, and 
desired image parameters (including colour, 
resolution, scaling, frame size, brightness, contrast, 
file format etc.) 

Lighting in the growth room was provided by 
100 W cool-white fluorescent tubes (Philips, 
Eindhoven, Netherlands), with photosynthetic active 
radiation (PAR) of 100 ± 15 μmol m−2 s−1 (mean ± 
standard deviation) at plant height (about 90 cm). In 
a pre-trial experiment, lighting in the growth room 
was provided by a Philips SON-T Agro 400-W high 
pressure sodium lamp with an illumination of 550 
μmol m−2 s−1 PAR (s.d. ± 12 μmol m−2 s−1) at plant 
height. Problems with the initial lighting were basis 
for our choice of the later lighting system. We opted 
for the 100 W cool-white fluorescent tubes because 
the distance between plants the light was short and 
as a result, the original lamps (the Philips SON-T 
Agro 400-W high pressure sodium lamp) produced 
excessive heat and condensation on the scanner 

system (Adu et al. 2014, 2015) to study the root 
growth dynamics of Brassica rapa L. seedlings 
grown in rhizoboxes. 

The objectives of this study were (i) to quantify 
the genotypic, environmental and temporal variation 
in root traits of plants grown in a soil-filled 
rhizobox, (ii) to assess whether the root system 
visible on the transparent surface of a rhizobox is 
representative of the actual root system of a plant 
and (iii) to assess the genotypic variation in RSA of 
seedlings in response to external P availability. 

Materials and Methods

Phenotyping Platform

The phenotyping platform, comprising 24 soil-filled 
rhizoboxes attached to scanners, was constructed in 
a controlled environment room on a heavy-duty wire 
mesh (3.85 m × 1 m) raised 30 cm above the floor 
(Fig. 1A). Root growth was routinely monitored and 
captured with ArchiScan which has been installed 
on a computer directory on which there is sufficient 
space to save images (Adu et al. 2014, 2015, http://
www.archiroot .org.uk).  ArchiScan is  ful ly 
parameterizable software which allows the 
management of several scanners for scheduled 
remote root growth acquisitions. The software has 
no limit to the number of scanners it can support. It 

Fig. 1. (A) System for phenotyping roots in soil-filled rhizoboxes showing 24 scanners arranged in rows of 6. The angle of 
inclination of the scanners and hence rhizoboxes was approximately 80°; (B) Example of root systems of Brassica rapa L. 
seedlings 15 d after sowing. R500 and IMB211 are parents and IRRI198 is a recombinant inbred line from the BraIRRI 
mapping population; (C) Relationship between total visible root length on the transparent surface of soil-filled rhizoboxes 
and total harvested root length of Brassica rapa seedlings grown for 15 d after sowing.
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window. To determine the suitability of the 100 W 
cool-white fluorescent tubes, we conducted a 
preliminary trial and compared stem elongation, 
development and shape of leaves and root growth of 
glasshouse-grown seedlings with that of seedlings 
grown in our growth room. The results (data not 
shown) did not suggest any possible effect of the low 
light conditions provided by the 100 W cool-white 
fluorescent tubes on the traits examined. The growth 
room air temperature was maintained at 15 ± 1°C 
and relative humidity at 60 ± 5% during the 16/8 h 
light/dark cycle. The rhizoboxes, adapted from 
Bengough et al. (2004), were constructed from two 
polyvinylchloride plates measuring 30 × 21.5 × 0.3 
cm, one of which was opaque and the other 
transparent. The two polyvinylchloride plates were 
separated by spacers made of strips of Perspex, 0.3 × 
0.3 × 30 cm and 0.3 × 0.3 × 21.5 cm, respectively, 
placed along the long-edges and short-edges of each 
plate, giving a separation of the two plates of 0.6 cm. 
Three gaps, each approximately 3 cm long, were left 
along the top edge to allow gas exchange with the 
surrounding atmosphere and unimpeded shoot 
growth. The spacers at the bottom of each soil-filled 
box had holes to allow free gravity drainage of water 
and improved aeration. Roots grew near the surface 
of the rhizobox windows for continued optical 
observation of the root-soil interface zone and non-
destructive measurements of root growth dynamics 
along the observation window.

Soil Characteristics

Each rhizobox was filled with topsoil collected from 
the 0 to 10 cm horizon of a cultivated field at 
Tayport (56.45° N, 2.88° W), Scotland. The soil was 
typical of arable soil of the region and plants grown 
on this soil have previously been shown to respond 
to P fertilisation (George et al. 2011). The soil was 
characterised as a sandy loam with a pH of 6.3 and 
total digestible P (Total P or acid digestible P) of 
1475 mg P kg−1 of which 40.8% was in organic 
moieties. The soil had Olsen P, water extractable 
inorganic P, and organic P concentrations of 84.5 
(probably due to applications of pig manure), 6.3 
and 0.5 mg P kg−1, respectively (George et al. 2011, 
Brown et al. 2012). Soil was air-dried, mixed and 
passed through a 2 mm sieve to remove coarse 
inorganic and organic matter. Sieved soil was 
loosely packed into each rhizobox at a dry bulk 
density of approximately 1.0 g cm−3 and occupied a 
volume of approximately 300 cm3. The soil in each 
rhizobox was watered once with either deionised 
water (un-amended soil, low [P]ext) or a solution of 
600 μM KH2PO4 (amended soil, high [P]ext) to 
approximately 80% field capacity on gravimetric 

water content basis immediately prior to planting 
pre-germinated seeds. 

Characterisation of RSA

The parents and ten recombinant inbred lines (RILs) 
of the BraIRRI mapping population of Brassica 
rapa L. (Iniguez-Luy et al. 2009) were used in this 
study. Seeds were pre-germinated on 12 cm × 12 cm 
germination papers (Anchor Paper Co., Saint Paul, 
MN, USA). The germination paper was sprayed 
with de-ionised water and placed in a near vertical 
position in a Sanyo MIR153® incubator at 15°C. 
Three days after sowing, seedlings of similar size 
with radicles 2−3 cm in length were transferred to 
rhizoboxes for experiments. In a completely 
randomized design, three seedlings of the same 
genotype were placed on each soil-filed box attached 
to a scanner and there were two scanners per 
genotype.  Two separate  exper iments  were 
performed. In both experiments, 24 rhizoboxes were 
sown each containing three seedlings of a particular 
genotype.

Experiment 1: Genotypic, environmental and 
temporal variation in RSA

Genotypic, environmental and temporal variation in 
the root system of randomly selected Brassica rapa 
L. genotypes was determined. These genotypes 
comprised the parents (cv. IMB211, cv. R500) and 
10 RIL (IRRI002, IRRI016, IRRI030, IRRI104, 
IRRI124, IRRI198, IRRI201, IRRI229, IRRI360, 
IRRI380) of the B. rapa recombinant inbred 
(BraIRRI) mapping population (Iniguez-Luy et al. 
2009). The BraIRRI population is a fixed mapping 
population consisting of 160 recombinant inbred 
lines (RILs) derived from the cross between 
IMB211 and R500 (Iniguez-Luy et al. 2009). 
Genotype IMB211 is a highly inbred rapid cycling 
Chinese cabbage B. rapa subsp. pekinensis and 
R500 is a highly inbred annual yellow sarson B. 
rapa subsp. trilocularis (Iniguez-Luy et al. 2009, Xu 
et al. 2010). 

Six seedlings of each genotype were grown on 
un-amended soil in each of two independent runs. 
Images of root system architecture (RSA) of 
seedlings were collected daily for 15 days after 
transfer to the rhizobox (DAS). Plants were 
harvested 15 DAS. Each plant was separated into 
shoot and root samples. The fresh weight (FW) of 
shoot material was determined immediately and the 
FW of root material was determined after RSA traits 
(e.g.: total root length, root volume, surface area) 
were measured using WinRhizo (Version 2012b; 
Regent Instruments, Quebec City, Canada). Shoot 
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and root material were dried at 70°C for 3 days, and 
their dry weight (DW) determined.

Experiment 2: Effect of soil P concentration ([P]ext) 
on RSA

The effect of soil P concentration ([P]ext) on RSA 
was determined for six Brassica rapa L. genotypes 
found to have contrasting RSA in Experiment 1. 
These genotypes were the parents (cv. R500, 
IMB211) and four RIL (IRRI016, IRRI124, 
IRRI201, IRRI229). Plants were either grown on un-
amended soil (low [P]ext) or on soil watered with a 
solution of 600 μM KH2PO4 (high [P]ext). Six 
seedlings of each genotype were grown in two 
independent runs. Images of RSA were collected 
daily for 21 DAS and plants were harvested 21 
DAS. Each plant was separated into shoot and root 
samples .  The  FWs of  these  samples  were 
determined, before they were dried at 70°C for three 
days and their DWs determined. Dried samples were 
acid-digested as described by Brown et al. (2012) 
and shoot P concentration ([P]shoot) and root P 
concentration ([P]root) were determined using the 
Malachite green assay of Irving and McLaughlin 
(1990). Seed P concentrations of the six genotypes 
used for Experiment 2 was also determined. Here, 
the Malachite green assay of Irving and McLaughlin 
(1990) was employed to determine the seed P of 
representative seed samples from those used as 
planting materials in Experiment 2. Dry weight per 
10 seeds for each of the six genotypes was also 
determined. 

Time-lapse imaging of roots

Root growth was automatically imaged with A4 
CanoScan 5600F flatbed scanners (Canon UK Ltd, 
Reigate, UK). Rhizoboxes were fixed to scanners 
using duct tape with the transparent wall aligned 
with the glass window of the scanner (Fig. 1A). 
Images were taken daily in the middle of the light 
period. The frequency of image acquisition, 
scanning resolution, and file format was controlled 
by three computers using the custom software 
ArchiScan. 

Measurement of RSA traits 

Root traits (length, area, volume and diameters) of 
plants were measured at harvest using WinRhizo 
(Version 2012b). Root systems of individual plants 
were placed in 150 mm polystyrene Petri dishes 
containing water and scanned using an Epson 
Expression 10000XL scanner (Epson UK, London). 
Images were converted to a binary image using a 

grey value threshold of 30 and objects with an area 
<1 cm2 and a length-to-width ratio <4 were 
removed (Nagel et al. 2012). Information on RSA 
was extracted from images captured with flatbed 
scanners during the experiments using SmartRoot 
software (Lobet et al. 2011). SmartRoot was used 
to extract traits such as primary root length (PRL), 
branching density (B. Dens.), number of lateral 
roots (NLR), mean lateral root length (LRL), root 
insertion angle (angle), interbranch distance (Int. 
Dist.), length of the apical unbranched zone 
(LAUZ) and total root length (TRL) and total 
lateral root length (TLRL). 

Statistical analysis 

Descriptive statistics for all traits were calculated. 
An estimate of the standard deviation (σ) and the 
mean (± standard error) were obtained and the 
coefficient of variation (CV) was determined as the 
standard deviation divided by the mean and 
expressed as a percentage. Root trait data from the 
parents of the population (cv. R500 and IMB211) 
in Experiment 1 were used to calculate the number 
of replicates (N) that would be required to detect a 
significant difference between the means of two 
populations with identical standard deviations in a 
trait using a two-sided, 95% confidence interval 
(CI) t-test, if the trait means differed by 50% using 
Supplemental equation S1. Pearson’s correlation 
coefficients between all trait combinations were 
determined. 

Genotypic variability was analysed using three-
way ANOVA. The sources of variation in static 
root traits (i.e. root traits measured on the last day 
of the experiment) were determined using a mixed 
effects model as described by Adu et al. (2014). 
The run, scanner and genotype were considered as 
random factors using Supplemental equation S2. 
Phenotypic variance was then calculated with the 
estimated genetic variance (σg ), genotype × run 
variance (σag) and the error variance (σε ) using 
Supplemental equation S3. Broad-sense heritability 
(H2) was estimated as σg /σp, where σg is the 
estimated variance associated with the genotypic 
effect and σp  is the total variance for the trait. 

The sources of variation in dynamic root traits 
(i.e. root traits determined throughout the growth 
period) were determined using mixed effects 
models incorporating both fixed and random effects 
as described by Adu et al. (2014). Genotype and 
run were considered as random factors and to 
account for non-linearity in growth curves, a 
logistic growth function was used to model the 
increase in total root length (TRL) and primary root 
length (PRL) with time using Supplemental 
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equation S4. The three parameters of the logistic 
function were the asymptote (Φ1), inflection point 
(Φ2), and scale parameter (Φ3). To account for 
heteroscedasticity in the models, a power variance 
function of the form shown in the Supplemental 
equation S5 was used. The sources of variation in 
the growth rate of lateral roots were determined 
using Supplemental equation S6. Data for growth 
rates of lateral roots were normalized by square root 
transformation. Adequacy and quality of the models 
for TRL, PRL and lateral root growth rate (LRGR) 
was assessed by log-likelihood (logLik), Akaike 
information criterion (AIC), Bayesian information 
criterion (BIC) and quantile-quantile (Q-Q) plots 
(Pinheiro and Bates, 2000, Adu et al. 2014). 

Data for shoot and root biomass, and the length 
of the total root system, were log-transformed to 
linearize these data before statistical analyses in 
Experiment 2, but frequency distributions indicated 
that neither of the remaining traits in Experiment 2 
nor any trait measured in Experiment 1 required 
transformation (data not shown). A mixed effect 
model was used to analyse static root data using 
Supplemental equation S7 and the mean trait value 
for genotypes was determined using the [([P]ext × 
genotype)] term as a fixed factor retaining [run × 

([P]ext × genotype)] as a random factor (Shi et al. 
2013). Statistical analyses were performed using 
GenStat (GenStat Release 14.1, VSN International, 
Oxford, UK) and the nlme library in the R software 
(Pinheiro and Bates 2000, Pinheiro et al. 2008). 
Regressions were executed between seed P, seed 
mass and tissue P. 

Results 

Experiment 1

A rhizobox platform for high-resolution quantification 
of RSA development 

In this study, only the roots reaching the surface of 
the observation windows of the rhizobox can be 
observed and measured through image analysis (Fig. 
1B). Total root length (TRL) was mostly larger than 
total visible root length (TVRL). In a few of the 
dataset (8.3% of measurements taken), TVRL was 
larger than TRL for the corresponding plant. This 
suggests that in such occurrences, some roots may 
have been left in the soil or lost during washing. The 
proportion of roots reaching the surface of the 
observation window (total visible root length) 

Fig. 2. Correlation between root lengths visible at the transparent surface of soil-filled rhizoboxes with (A) harvested total root-
system lengths; (B) shoot biomass; (C) root biomass and (D) number of lateral roots. Open circles, filled circles and filled 
triangles are data points for IMB211, RILs and R500, respectively; Equations and R2 values on each plot are from left to 
right on each chat, the trend lines of IMB211, RILs and R500, respectively. 31 
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ranged from 78 to 93% and were 93.0, 83.9, 82.6, 
81.4, 79.0, 84.3, 90.3, 92.2, 78.0, 91.0, 78.4 and 
85.5%, respectively for IMB211, IRRI002, IRRI016, 
IRRI030, IRRI104, IRRI124, IRRI198, IRRI201, 
IRRI229, IRRI360, IRR380 and R500. On average, 
85% of the TRL was visible on the surface of the 
observation window (i.e. TVRL). There was a linear 
relationship (r = 0.90) between TVRL and TRL with 
a slope of 0.65 for all the genotypes combined (Fig. 
1C). The correlation coefficients (r) for the 
relationship between TVRL and TRL for the 
parental genotypes were 0.60 and 0.77, respectively. 
The correlation coefficient (r) for the relationship 
between the TVRL and the TRL for the RILs 
combined was 0.82, suggesting that about 33% of 
variation of TVRL (1−0.822) is due to other variables 
than TRL. However, the correlation coefficient (r) 
for the relationship between the TVRL and TRL 
differed between genotypes, which may be a 
consequence of differences in the size of the root 
system between genotypes or differences in root 
diameter or other aspects which would likely induce 
different proportions of TVRL and TRL. Slopes of 
linear regressions between TVRL and TRL also 
varied between genotypes, with values of 1.20, 1.61 
and 1.15 recorded for IMB211, R500 and all RILs 
combined, respectively (Fig. 2). Total visible root 
length also correlated well with traits such as shoot 
biomass, root biomass and number of lateral roots 
and could, therefore, be explored as proxies for those 
traits. However, these relationships were also 
influenced by the genotype (Fig. 2). Correlation 
coefficients (r) for the relationships between TVRL 
and shoot biomass and number of lateral roots were 
0.68 and 0.61, respectively, for parental genotype 
IMB211; 0.71 and 0.74, respectively, for parental 
genotype, R500; and 0.65 and 0.82, respectively, for 
the 10 RILs combined. The correlation coefficients 
(r) for the relationship between TVRL and root 
biomass was the lowest of all traits studied (Fig. 2).

Requisite replication 

Between 4 (calculated for number of lateral roots) 
and 48 (calculated for root-to-shoot ratio) replicates, 
depending upon the trait, would be required to 
detect a significant difference in means of two 
genotypes using a 2-sided, 95% CI, t-test if trait 
means differed by 50% (Supplemental Table S1). 
Differences between means for certain traits 
including branching density, lateral root insertion 
angle, mean inter-branch distance and specific root 
length were very small and for such traits, estimated 
sample sizes required to detect a significant 
difference in means of two genotypes using a 
2-sided, 95% CI, t-test if trait means differed by 

50% were large (Supplemental Table S1). This 
could be due to an inability to detect some root axes 
on the surface of the rhizobox or essentially small 
differences for these variables. 

Sources of variation in static root traits 

Most of the variation in all root traits could be 
attributed to the genotype and experimental 
conditions (i.e. run and block). Genotypic variation 
comprised 0−39% of the overall trait variation. The 
parental genotypes exhibited extreme values for 
many biomass and root architectural traits with the 
R500 and IMB211 genotypes having the greatest and 
smallest values, respectively, for the majority of root 
and shoot traits. However, there was evidence of 
transgressive segregation in some traits, where some 
RILs exhibited phenotypes that were extreme relative 
to the parental genotypes. Although this will be more 
relevant with whole population and not 12 genotypes, 
transgression was observed in traits such as branching 
density, mean lateral root (LR) length, LR insertion 
angle and LR inter-branch distance (Supplemental 
Table S2). The effects of genotype, and the effects of 
interactions between genotype × run, genotype × 
block and genotype × run × block accounted for most 
of the variation in the experiment (Table 1). Broad-
sense heritability was greatest for root biomass traits 
(>0.84), PRL (0.88) and total lateral root length 
(TLRL, 0.76), intermediate (0.40−0.68) for shoot 
biomass, mean LRL (0.65) and length of the apical 
unbranched zone (LAUZ, 0.64), and lowest (<0.4) for 
branching density and root volume (Table 1). 

Relationships between measured traits

There were strong positive correlations among 
biomass traits for the 144 plants studied (Fig. 3). 
There were also strong correlations between biomass 
and root architectural traits (Fig. 3). Total root 
length was positively correlated with shoot fresh 
weigh (SFW; r = 0.85; P < 0.05), shoot dry weight 
(SDW; r = 0.81; P < 0.05), root fresh weight (RFW; 
r = 0.83; P < 0.05). Within root traits, TRL strongly 
correlated with root surface area (r = 0.86; P < 0.05), 
PRL (r = 0.75; P < 0.05), number of lateral roots 
(LRs; r = 0.75; P < 0.05) and TLRL (r = 0.85; P < 
0.05). Root FW showed strong positive correlation 
with PRL (r = 0.77; P < 0.05) and TLRL (r = 0.77; 
P < 0.05). Other significant positive correlations 
included that between TLRL and number of LRs (r 
= 0.75; P < 0.05), PRL and number of LRs (r = 0.76; 
P < 0.05), TLRL and PRL (r = 0.65; P < 0.05). 
Significant correlations were also recorded between 
root-to-shoot ratio (R:S) and specific root length 
(SRL; r = −0.67; P < 0.05) (Fig. 3). 
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Table 1. Sources of variation and broad sense heritability (H2) in shoot and root traits among 144 seedlings (12 replicate seedlings 
each of the parents and 10 recombinant inbred lines of the Brassica rapa BraIRRI mapping population) grown for 15 days 
after transfer to the rhizobox in two runs each of six blocks in soil-filled rhizoboxes 

Measured Trait a

Standard deviations of effects

H2

Source of variation (%)
σg σag σbg σabg σε Genotype Genotype

 × Run
Genotype
 × Block

Genotype 
× Run
× Block

Residual

SFW (mg) 30.74 28.54 0.00 11.09 24.04 0.68 32.56 30.23 0.00 11.74 25.47
SDW (mg) 1.24 1.29 0.00 0.14 1.30 0.64 31.20 32.57 0.00 3.56 32.67
RFW (mg) 4.55 1.13 0.00 2.67 3.25 0.89 39.18 9.75 0.00 23.04 28.03
RDW (mg) 0.48 0.13 0.00 0.36 0.33 0.84 36.86 10.06 0.00 27.55 25.53
TRL (cm) 6.25 9.70 0.00 4.45 6.87 0.42 22.91 35.57 0.00 16.32 25.20
Mean Diam. (mm) 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00 4.66 55.09 40.25
Surf. Area (cm2) 0.00 0.97 0.20 0.31 0.82 0.00 0.00 42.03 8.84 13.41 35.72
Root Vol. (cm3) 2.11 7.72 0.00 7.56 5.50 0.09 9.22 33.74 0.00 33.03 24.01
PRL (cm) 3.25 1.17 0.00 1.61 2.33 0.88 38.91 13.98 0.00 19.23 27.88
B. Dens. (root cm-1 PRL) 0.13 0.14 0.00 0.31 0.44 0.31 12.71 13.96 0.00 30.04 43.29
NLR 4.69 1.79 0.70 1.85 3.79 0.88 36.60 13.95 5.47 14.42 29.56
Mean LRL (cm) 0.13 0.12 0.01 0.05 0.23 0.65 23.61 21.53 1.66 9.99 43.20
Angle (°) 0.66 2.74 1.48 0.00 6.06 0.07 6.06 25.02 13.55 0.00 55.37
Int. Dist. (cm) 0.15 0.15 0.13 0.11 0.27 0.49 18.82 18.22 16.01 13.71 33.24
LAUZ (cm) 0.91 0.82 0.33 0.00 1.89 0.64 22.99 20.77 8.44 0.00 47.79
TLRL (cm) 6.00 4.14 0.00 2.81 6.45 0.76 30.91 21.32 0.00 14.51 33.26
SRL (cm mg-1 SDW) 0.00 16.66 0.00 4.96 10.48 0.00 0.00 51.91 0.00 15.45 32.64
R:S 0.00 0.07 0.00 0.05 0.06 0.00 0.00 40.78 0.00 25.50 33.73

aAbbreviations: Shoot Fresh Weight (SFW), Shoot Dry Weight (SDW), Root Fresh Weight (RFW), Root Dry Weight (RDW), 
Total Root Length (TRL), Mean Root Diameter (Mean Diam.), Total Surface Area of Root (Surf. Area), Root Volume (Root 
Vol.), Primary Root Length (PRL), Branching Density (B. Dens.), Number of Lateral Roots (NLR), Mean Lateral Root Length 
(LRL), Root Insertion Angle (Angle), Lateral Root Interbranch Distance (Int. Dist.), Length of the Primary Root Apical 
Unbranched Zone (LAUZ), Total Lateral Root Length (TLRL), Specific Root Length (SRL), RDW/SDW (R:S).
σg = estimated variance associated with the effect of genotype, σag = estimated covariance associated with the effect of genotype × 
experimental run, σbg = estimated covariance associated with the effect of genotype × block, σabg = estimated covariance associated 
with the effect of genotype × experimental run × block, σε = estimated variance associated with the residual error, H2 = broad-
sense heritability.

Table 2. Estimates of the asymptotes and inflection points (Φi1 and Φi2 in the Supplemental equation S4) for mixed effects 
models describing temporal variation in Total Root Length (TRL), the asymptote (Φ1 in the Supplemental equation S4) 
for Primary Root Length (PRL), and the intercept (bi1 + β1, Supplemental equation S6) for mixed effects models 
describing the growth rate of lateral roots (LGR), among the parents (IMB211, R500) and 10 recombinant inbred lines of 
the Brassica rapa BraIRRI mapping population grown for 15 days after transfer to soil-filled rhizoboxes

IMB
211

R
500 

IRRI
 002

IRRI
 016

IRRI
 030

IRRI
 104

IRRI
 124

IRRI
 198

IRRI
 201

IRRI
 229

IRRI
 360

IRRI
 380

TRL
Asymptote

(Φi1)
9.02 61.59 35.75 29.45 23.00 37.20 35.43 31.84 41.24 29.69 42.01 24.52

TRL
Inflection

(Φi2)
8.99 11.33 10.50 9.10 9.55 11.63 11.13 11.19 12.18 9.22 11.24 8.69

PRL
Asymptote

(Φ1) 
8.89 31.91 17.52 16.44 15.99 23.73 18.71 18.61 18.38 16.95 20.17 18.53

LGR
Intercept
(bi1 + β1)

0.071 0.086 0.079 0.080 0.083 0.080 0.083 0.091 0.083 0.085 0.075 0.086

PRL/TRL
Asymptotes

(Φ1/Φi1 × 100)
99 52 49 56 70 64 53 58 45 57 48 76

The percentages of the asymptotic TRL made up of asymptotic PRL (Φ1/Φi1) are also indicated.
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The dynamics of root growth

Total root length increased sigmoidally for all 
genotypes in both runs (Supplemental Fig. S1). 
There was considerable variability, both in the 
asymptote of TRL and in its gradient over time. The 
best-fit model was obtained with models consisting 
of two random-effects parameters, the asymptote,  
Φi1 and inflection point, Φi2 (Supplemental equation 
S4), describing the effect of genotype on the 
maximum TRL and time measured in DAS at which 
50% of the maximum TRL occurs. The parental 
genotypes, IMB211 and R500, recorded the smallest 
and largest asymptotes, respectively for TRL 
(Supplemental Fig. S1). Maximum TRL ranged 
from 9.0 to 62.0 cm and these were the values 
recorded by the parental genotypes IMB211 and 
R500, respectively. The inflection point of TRL 
ranged from 8.0 to 12 DAS with the parental 
genotypes, IMB211 and R500 having values of 
approximately 9 and 11 DAS, respectively. The 

scale parameter of the logistic growth function for 
TRL (Φ3), which represents time in days from the 
inflection point to the time when 73% of the 
m a x i m u m  r o o t  l e n g t h  i s  a c h i e v e d ,  w a s 
approximately 4 days across the genotypes. 

Primary root length was a major contributor to 
TRL (PRL was 45−99%; Table 2), which might be a 
consequence of LRs being less visible at the surface 
of the rhizobox, particularly for the genotypes with 
smaller root systems (e.g. IMB211). Primary root 
length also increased sigmoidally for all genotypes 
in both runs (Supplemental Fig. S1). The most 
informative model for PRL was obtained from a 
model with only one random effect (asymptote, Φ1; 
Supplemental equation S4) and this differed between 
genotypes (P < 0.05) (Table 2). Asymptotes for PRL 
ranged from 8.9 (IMB211) to 31.9 (R500) cm. 
Values for the inflection point and scale parameter 
of the logistic growth function for PRL were 
constant and were approximately 8 DAS and 5, 
respectively. 
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Fig. 3. Correlations between traits observed in plants grown in soil-filled rhizoboxes. Traits shown in the matrix are SFW: shoot 
fresh weight, SDW: shoot dry weight, RFW: root fresh weight, RDW: root dry weight, TRL: total root length, TLRL: total 
lateral root length, PRL: primary root length, Surf Area: root surface area, Root Vol.: root volume, Mean Diam.: mean root 
diameter, B. Dens.: branching density, LR No.: number of lateral roots, Mean LRL: mean lateral root length, Angle: mean 
insertion angle of lateral roots, Inter Branch: mean inter-branch distance between lateral roots, LAUZ: length of the apical 
un-branched zone of primary roots, R:S: root-to-shoot ratio and SRL: specific root length. Eccentricity and colour of the 
ellipses represents the correlation value. The scale is indicated in the bar below the matrix. Boxes with crosses indicate 
non-significant relationships (P < 0.05). 
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Lateral root growth rate (LRGR) increased 
quadratically with time (DAS) for all genotypes 
(Supplemental Fig. S1). The most informative 
model included only one, random-effect parameter 
(bi1, Supplemental equation S6) describing the effect 
of genotype on the initial growth rate of LRs. The 
model also included a correlation structure and 
variance function. The initial LRGR (bi1 + β1) 
differed between genotypes (Table 2). Values for bi1 
+ β1 ranged from 0.071 (IMB211) to 0.091 (IRRI 
198) cm d−1. The other parental genotype, R500 had 
a value of 0.086 cm d−1. Model quality assessed with 

logLik, AIC, BIC and Q-Q plots suggested that the 
models were satisfactory (data not shown). 

Experiment 2

Effect of genotype, external Pi concentration and 
their interactions

All genotypes responded to P supply. A linear 
relationship was observed between biomass of the 
six genotypes of Brassica rapa L. grown in soil with 
either 600 µM of KH2PO4 solution (high [P]ext) or 0 

Fig. 4. Shoot and root traits for six Brassica rapa genotypes grown in soil-filled rhizoboxes at low [P]ext (un-amended soil) and 
high [P]ext (soil amended with solution containing 600 μM KH2PO4) for 21 DAS. For all Figs where applicable, grey 
columns and filled circles are for plants grown on High [P]ext soil and open columns and open circles are for plants grown 
under Low [P]ext and symbols represent means ± s.e.m. (n = 12). (A) Relationship between shoot dry weight at low and 
high [P]ext; (B) Relationship between root dry weight at low and high [P]ext. The dash line represents the 1:1 line; (C) 
Variation in shoot and root dry weight. Columns represent shoots and circles represent roots. (D) Variation in primary root 
length (PRL) and length of the apical unbranched zone of the primary root (LAUZ). Columns represent PRL and circles 
represent LAUZ. (E) Variation in total root length (TRL). (F) Variation in number of lateral roots (NLRs) and total lateral 
root length (TLRL). Columns represent NLRs and circles represent TLRL
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µM of  KH 2PO 4 ( low [P] ext)  (Fig .  4A,  4B) . 
Correlations between low [P]ext and high [P]ext 
treatments for biomass were significant (P < 0.001; 
Fig. 4A, 4B). Genotypes grown on high [P]ext soil 
yielded between 13 and 36% greater SDW but 
between 3 and 53% less RDW than lines grown on 
low [P]ext soil (Fig. 4A, 4B, 4C). While the effect of 
[P]ext did not alter PRL significantly, it affected 
LAUZ significantly (P < 0.001). The LAUZ was 
28.4, 22.9, 11.7, 50.6, 64.2 and 81.8% greater in 
seedlings of IMB211, IRRI016, IRRI124, IRRI201, 
IRRI229 and R500 grown on high [P] ext soil 
compared to those grown on low [P] ext soil, 
respectively (Fig. 4D). At high [P]ext, the roots 
accounted for approximately 8 to 10% of total 
biomass in various lines compared to 10 to 14% at 
low [P]ext. Total root length was significantly 
reduced in three of the six lines assayed at high [P]ext 
compared with low [P]ext (Fig. 4E). Seedlings grown 

on high [P]ext soil had less TLRL than those grown 
on low [P]ext soil in majority of the genotypes 
studied (Fig. 4F). Whilst mean diameter and volume 
of roots were on average reduced when plants were 
grown on low [P]ext soil, root tissue density (RTD, 
the ratio of root dry mass to root volume) and the 
ratio of root surface area to root volume were 
generally greater (P < 0.001) when plants were 
grown on low [P]ext soil (Supplemental Fig. S2).

Genotypic effects accounted for the largest 
proportion of total variance in SDW (78%), RDW 
(64%), number of LRs (76%), PRL (59%) and TRL 
(56%) (Supplemental Table S3). Genotype accounted 
for less variance in average diameter, angle, inter-
branch distance, branching density, and R:S. Less 
variation was attributed to [P]ext than genotype, 
including 5% for SDW, 19% for average diameter, 
10% for LAUZ, 23% for branching density, 30% for 
R:S, 18% for root area to volume ratio and 19% for 

Fig. 5. Tissue Phosphorus (P) concentrations and its relationship with root systems of Brassica rapa genotypes grown for 21 DAS 
in soil-filled rhizoboxes amended with 0 (white columns) or 600 µM KH2PO4 solution (black columns); Symbols represent 
means ± s.e.m. (n = 12). (A) P concentrations of shoot and roots; (B) P contents of the Brassica rapa genotypes; (C) 
Relationship between total root length (TRL) and plant P content. (D) Percentage partitioning of plant P content to roots. 
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RTD. Genotype × [P]ext interactions accounted for 
variation ranging from 0 to 11% (Supplemental 
Table S3). Relatively consistent with the results of 
Experiment 1, and not surprising given the lack of G 
× P interactions, broad-sense heritability (σg/σp) was 
greatest for shoot biomass, number of LRs (>0.75), 
RDW, surface area and TLRL (>0.60). Broad-sense 
heritability was intermediate for TRL, PRL and 
mean LRL (>0.40), but low (<0.40) for the 
remaining traits (Supplemental Table S3). Whilst 
Run accounted for little variability (0−23%) in most 
traits, it accounted for 36, 64 and 99% of the 
variation in average diameter, branching density, and 
root angle, respectively (Supplemental Table S3).

Tissue P concentration and P-content

Increased P availability resulted in a large increase 
in [P]shoot in all genotypes (P < 0.001, Fig. 5A). 
Tissue P content increased with increasing P supply 
(Fig. 5B). Total root length was strongly correlated 
with tissue P content both in plants grown on low 
[P]ext soils (r = 0.81, P < 0.05; Fig. 5C) and on high 
[P]ext soils (r = 0.82, P < 0.05; Fig. 5C). There was 
no consistent effect of P availability on [P]root (Fig. 
5A). However, four genotypes grown on un-
amended soil IRRI016, IRRI124, IRRI201 and 
R500, partitioned 87%, 52%, 72% and 76% more P 
to their roots than their counterparts grown on soil 
amended with solution of 600 μM KH2PO4, 
respectively (Fig.  5D).  The remaining two 
genotypes, IMB211and IRRI229, partitioned 20% 
and 14% less P to the roots of plants grown on low 
[P]ext soils than those grown on high [P]ext soil, 
respectively (Fig. 5D).

Relationship of tissue P concentration, seed P 
concentration and seed weight

The mean seed P concentration of the six genotypes 
used in Experiment 2 were ranked in the order: 
R500 (1.12% DW) > IRRI124 (0.70% DW) > 
IMB211 (0.64% DW) > IRR229 (0.62% DW) > 
IRRI201 (0.6%DW) > IRRI 016 (0.58%DW). The 
contribution of seed P concentration to tissue P 
(shoot and root P) under high [P]ext was low given 
that there was no significant relationship between 
seed P concentration and shoot P (r = 0.24, P = 0.15) 
and root P (r = 0.24, P = 0.10) at high [P]ext 
(Supplemental Fig. S3A, S3B). Seed P concentration 
and tissue P concentration were correlated only at 
low [P]ext. There was a significant relationship 
between seed P concentrat ion and shoot  P 
concentration (r = 0.84, P < 0.01) and root P 
concentration (r = 0.80, P < 0.01) at low [P]ext 
(Supplemental Fig. S3A, S3B). The data revealed an 

exponential (Seed P vs. Shoot P) and quadratic 
(Seed P vs. Root P) relationships for the best fit lines 
(Supplemental  Fig .  3) .  Increase  in  seed P 
concentration from approximately 0.5% DM to 1.1% 
DM led to an exponential decrease in shoot P 
concentration from approximately 0.7% DM to 0.3% 
DM (Supplemental Fig. S3A, S3B). Increase in seed 
P concentration from approximately 0.5% DM to 
0.7% DM led to a decrease in root P concentration 
from approximately 0.1% DM to 0.02% DM but 
root P concentration increased from approximately 
0.04 to 0.6% DM when seed P concentrations were 
between 0.7 and 1.12% DM (Supplemental Fig. 
S3A, S3B). At high [P]ext, shoot- and root P 
concentration showed a significant negative 
quadratic (r = 0.60, P < 0.05) and positive quadratic 
(r = 0.68, P < 0.05) correlation with seed mass, 
respectively (Supplemental Fig. S3C, S6D). The 
curvilinear correlations peaked at the seed mass of 
approximately 18 mg (per 10 seeds) for both shoot 
and root. Similarly, at low [P]ext, shoot P and root P 
showed a significant negative quadratic (r = 0.63, P 
< 0.05) and positive quadratic (r = 0.61, P < 0.05) 
re la t ionship  wi th  seed  mass ,  respec t ive ly 
(Supplemental Fig. S3C, S3D). The curvilinear 
correlations peaked at the seed mass of 20 mg (per 
10 seeds) and 12 mg (per 10 seeds) for shoot and 
root P, respectively (Supplemental Fig. S3C, S3D).

Discussion

A simplified scanner-based, high resolution root 
imaging system

In this study, a scanner-based phenotyping system 
on germination papers (Adu et al. 2014) was 
adopted to accommodate the imaging of roots grown 
in thin rhizoboxes following the design of Bengough 
et al. (2004). Results obtained in the present study 
suggest that a large proportion of the root system 
becomes visible on the transparent surface (Fig. 1). 
On average, the proportion of visible roots on the 
transparent surface of rhizoboxes and accessible for 
digitalisation was 85% (range: 78−93%). The slopes 
of the regression lines however changed depending 
on genotype (Fig. 2). This suggests that visible 
fraction of the root system may be a function of 
plant genotype and that total visible root length may 
not be a reliable indicator of actual root length in all 
cases. Generally, it seemed that the percentage of 
total visible roots might be related to specific root 
length (SRL) of a given genotype. Thus, roots that 
have a high length to dry mass ratio or SRL tended 
to position higher fraction of visible roots on the 
surface of the plate. For example, SRL was 
respectively, 37.7, 28.4 and 20.4 cm mg−1 SDW for 
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the parental genotype IMB211, all the RILs 
combined and the parental genotype R500 and these 
correspondingly positioned on average 93, 84 and 
86% of their actual total root system length along 
the surface of the transparent plate. It was also 
observed that PRs, which are larger and more 
gravitropic than LRs, were a major contributor to 
the  TVRL and TRL (Table  2) .  The s t rong 
correlations between the TVRL and TRL (Fig. 1, 2) 
suggest that the use of thin rhizoboxes is an 
appropriate system to assess the TRL from TVRL 
for the genotypes studied. Our results agree with 
those of Nagel et al. (2012) who suggested that 
fraction of visible roots on rhizoboxes could be 
related to specific root weight. 

Total root length (TRL) strongly correlated with 
root surface area but this was not surprising, given 
that this is a natural correlation where an increase in 
the PRL automatically increases the number of LR 
(and TLRL) and therefore TRL and root surface 
area. What was interesting was the significant 
positive correlation recorded between R:S and SRL. 
Specific root length is normally influenced by tissue 
density and strongly dependent on the fine root 
classes, (i.e. on roots <0.5 mm, <1 mm, <2 mm and 
1−2 mm in diameter) (Wright and Westoby 1999, 
Ostonen et al. 2007, Paula and Pausas 2011). Whilst 
root biomass is a covariate for TRL and SRL 
considers individual variability in both TRL and 
root biomass, root dry mass fractions can mask 
shifts in root morphology or RSA by remaining 
constant when TRL increases or decreases with 
relatively small shifts in SRL (Paula and Pausas, 
2011, Comas et al. 2013). Results here therefore 
suggest that root dry mass changed when TRL 
increased and this was accompanied with relatively 
small shifts in SRL. Strong phenotypic correlations 
observed between traits suggest that selection for a 
trait such as PR length will not be detrimental to 
other traits such as number of LR (Seiler 2008). 
However, in some cases, low correlation between 
trai ts  may also be beneficial  in permitt ing 
independent manipulation of traits (Gifford et al. 
2013). 

Large replication is required to detect significant 
differences in RSA between genotypes 

The present study showed that CVs for many root 
traits are large with up to 40 replicates required to 
detect significant differences in root/shoot ratio 
between genotypes (Supplemental Table S1). 
Previously, the number of replications required to 
detect a significant difference in means of two 
genotypes using a 2-sided, 95% CI, t-test if trait 
means differed by 50% were estimated for seedlings 

cultured on seed germination paper (Adu et al. 
2014). Comparisons of the results of the present 
study with those of Adu et al. (2014) suggest that 
the growth environment influences the magnitude of 
variation in root traits and hence the replication 
required. For example, whilst 5 replicates, for TRL, 
and 20 replicates, for LRL, were estimated as 
adequate to detect a significant difference in means 
of two genotypes using a 2-sided, 95% CI, t-test if 
trait means differed by 50% when seedlings were 
grown in soil-filled rhizoboxes (Supplemental Table 
S1), 12 replicates for TRL and 14 replicates for LRL 
were estimated to be required to achieve the same 
statistical discrimination when seedlings were grown 
on paper (Adu et al. 2014). 

RSA traits of Brassica rapa seedlings exhibit 
temporal dynamics

In the present study, it was observed that TRL 
increased sigmoidally for all genotypes in both runs 
(Supplemental Fig. S1). This occurrence must be put 
in context, given the relatively shorter duration for 
this experiment. Particularly for the genotypes with 
bigger root system size (e.g. R500 and IRRI380), it 
is possible that the plateauing of TRL is attributable 
to root growth restriction in the rhizoboxes. For 
example, in Fig. 1B, the LAUZ, which is a proxy for 
the average PR growth rate over the last ~100 hours 
(Lecompte et al. 2001), is much shorter on the plant 
with bigger root system than on the two others 
which do not reach the end of the rhizobox. This is 
visible on Fig. 4 where it is seen that PRL saturates 
at large values (with LAUZ decreasing, indicating 
restriction) while the LR number displays a 
progressive variation. In such situations and in the 
limits allowed by the variation of inter-lateral 
distance, the number of LR is probably a good 
substitute for PRL. Moreover, analysing root system 
growth with the assumption of a constant growth 
rate may be unrealistic (Paine et al. 2012, Adu et al. 
2016). In the present study, analysis of root growth 
of a seedling through time showed that there were 
significant effects of both time and genotype on the 
dynamics of root growth (Table 2; Supplemental 
Fig. S1). Also, lateral root growth rate (LRGR) 
increased quadratically with time (DAS) for all 
genotypes (Supplemental Fig. S1) suggesting that if 
there was a restriction on PR growth, it did not 
apply to LR growth in the rhizobox. 

One advantage of the logistic mixed-effects 
approach employed here to model aspects of RSA 
(Table 2; Supplemental Fig. S1) is that the 
behaviour of the model is biologically plausible 
(Calegario et al. 2005, Guan et al. 2006, Paine et al. 
2012). The asymptote in the model may represent 
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root growth limitation due to changes in a seedlings’ 
ontogeny, but under field conditions or studies of 
extended periods, it may also represent root growth 
limitation due to finite resources. The scale 
parameter indicates the time when root growth 
begins to slow down, perhaps due to growth 
restriction of bigger root systems in our system. 
Under field conditions, the scale parameter again 
may be reflecting limitation by finite resources or 
changes in a seedlings’ ontogeny (Calegario et al. 
2005, Guan et al. 2006, Paine et al. 2012). Such 
information could help identify root growth 
responses and stages of root development of 
seedlings. For example, genotypes with bigger 
asymptotes, but smaller inflection points and scale 
parameters, could suggest that growth was limited in 
the initial stages of seedling development. Thus, 
mixed-effects logistic modelling for example may 
answer biologically relevant questions such as the 
potential of different genotypes for early or 
sustained resource acquisition. 

Genotypic variation in seedling RSA traits and 
implications for phosphorus acquisition in Brassica 
rapa

Variation in specific RSA traits and plasticity in 
response to P availability were observed among the 
genotypes studied (Fig. 3, Supplemental Fig. S2). In 
a similar study of oilseed rape (Brassica napus L.) 
grown in a rhizotron system, Yuan et al. (2016) 
reported that total root length and root tip number 
increased in high P than in low P plants and there 
was positive correlation between shoot and seed 
biomass with root biomass and other RSA traits at 
both high P than low P conditions. In the present 
study, [P]ext did not alter PRL significantly, but it 
a f fec ted  LAUZ s igni f icant ly  (P  <  0 .001) . 
Conclusions on this result must however be 
contextualised and cautiously drawn since, as 
alluded to earlier, it is possible that the effect on 
LAUZ reflects a restriction effect on PRL for 
genotypes with bigger root systems. In this study, 
effects of P on biomass and tissue P varied among 
different genotypes but genotypes varied in the 
extent of their responses to low P (Fig. 4). Based on 
theoretical considerations, significant genotypic 
variation in P concentration and P-content observed 
in the present study (Fig. 5) indicates the existence 
of useful genetic variation among genotypes for 
P-utilisation and P acquisition from environments 
with low P availability. The genetic variation 
o b s e r v e d  b e t w e e n  g e n o t y p e s  o f  B .  r a p a 
demonstrates the potential for breeding cultivars 
with improved P use efficiency, which will 
ultimately utilize applied inorganic Pi fertilizers 

more efficiently (Hammond et al. 2009).
Shoot P concentration was significantly reduced 

in the parental genotype R500 at low [P]ext (Fig. 
5A). Given that shoot P content is a measure of P 
acquisition efficiency (Ozturk et al. 2005), it would 
seem that the rest of the genotypes were superior in 
P acquisition than the R500. However root P, 
percentage root P content and total tissue P were 
significantly higher in R500 at low [P]ext, although 
total tissue P of IRRI124 was comparable to that of 
R500 (Fig. 5). This result suggests that R500 was 
efficient at P acquisition but perhaps had a relatively 
reduced translocation of P to the shoot. Among the 
RILs, the results show that IRRI124 was more 
P-efficient because it accumulated the highest DW 
among the RILs and also obtained the most tissue P 
at low [P]ext (Fig. 4C, 5B). Therefore, the larger 
shoot biomass of the seedlings of the parental 
genotype R500 and IRRI124 (among the RILs) 
indicated an increase in total P uptake. 

For all genotypes, root length and tissue P 
content was highly correlated (Fig. 5C). It would, 
therefore, appear that P acquisition was limited in 
plants with reduced root system length and that the 
ability of roots to explore the soil volume was of 
greater importance for P acquisition than the rate of 
P uptake per unit root length. This is in agreement 
with many previous studies (Lynch 2007, White et 
al. 2012, White et al. 2013a, b). In the present study, 
a relative increase of partitioning of P to roots was 
shown to be a characteristic of B. rapa plants grown 
under a low [P]ext regime. Under P deficient 
conditions,  roots,  the organs involved in P 
acquisition, lack P for growth and so will retain 
more P. Less P is consequently translocated to the 
shoot, generally leading to a reduced recycling of P 
from shoot to root. This acclimatory response of 
altered carbohydrate metabolism in shoots and 
attendant increased root-to-shoot (R:S) biomass 
ratio under P starvation has been reported (Hermans 
et al. 2006).

As seed P concentration can affect plant 
performance under P-deficient conditions (Ozturk et 
al. 2005), the seeds of the genotypes used in the 
present study were also analysed for P concentration 
and seed mass. It has been suggested by White and 
Veneklaas (2012) that seeds of crop plants generally 
contain P reserves to support maximal growth of 
seedlings for several weeks after germination. This 
allows the development of an extensive root system, 
required for the acquisition of P for continued 
growth. It was necessary to determine if the effect of 
[P]ext on the brassica genotypes were confounded by 
internal seed P reserves considering the fact that the 
experiment lasted only 21 days. In the present study, 
the contribution of seed P concentration to tissue P 
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under high [P]ext was low (Supplemental Fig. S3). 
Seed P concentration and tissue P concentration 
were correlated only at low [P]ext (Supplemental Fig. 
S3). These results suggest that genotypic variation 
for tissue P at high [P]ext is inherent or based on 
external P application and not related to seed P 
concentration. Genotypic variation for tissue P at 
low [P]ext could however be confounded by seed P 
reserves. Thus, the effect of seed P on tissue P and 
by extension, P efficiency, may be greatest when 
there is a low external P supply. Consequently, seed 
P is not likely to be a major factor when adequate or 
high levels of P are applied. The results also indicate 
that tissue P concentration at low [P]ext but not at 
high [P]ext supply may be reliable parameter in 
ranking genotypes for P efficiency at the seedling 
stage of growth. 

At both [P]ext regimes, tissue P concentration 
showed a significant correlation with seed mass but 
the quadratic relationship was negative for shoot P 
and positive for root P (Supplemental Fig. S3). Liao 
and Yan (1999) reported similar results and 
suggested that increased seed mass enhances seed 
reserves for higher growth rate in seedlings leading 
to higher biomass produced per unit P absorbed. The 
authors also suggested that increased seed mass may 
increase cell size in leaf tissue in plants leading to 
greater leaf expansion for higher photosynthesis rate 
per unit P. The results of the present study indicate 
that variations in seed mass may have contributed to 
the variation in tissue P at the seedling stage for 
Brassica genotypes. Whist rhizobox setups might be 
useful in the detecting RSA response to varied [P]ext 
levels; it is likely that variation in seed mass might 
confound effects of external P application at the 
early stages of plant growth. At the seedling stage, 
higher seed weight may contribute to higher tissue P, 
and therefore, should be considered in evaluation of 
genotypes for P efficiency. 

Conclusions

The results presented in this study show that about 
85% of the root system of seedlings can be observed 
in a scanner-based, soil-filled rhizobox system. Soil-
filled rhizobox systems can provide information on 
genotypic and environmental effects on RSA 
provided an appropriate number of replicates are 
u s e d .  S e e d  P  concen t r a t i on  and  t i s s ue  P 
concentration were correlated only at low [P]ext, 
suggesting that genotypic variation for tissue P at 
high [P]ext is inherent or based on external P 
application and not related to seed P concentration. 
It was also found that, at the seedling stage, higher 
seed weight may contribute to higher tissue P, and 
therefore, should be considered in evaluation of 

genotypes for P efficiency. The results of the P 
supply experiment demonstrate the potential for 
using this system to quantify environmental and 
temporal variations in traits contributing to RSA 
provided the confounding effects of seed P reserves 
and seed weight especially at low [P]ext can be 
delineated.
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Supplemental Table S1, Descriptive statistics for traits measured on the parents and 10 RIL of Brassica rapa L. seedlings 
grown for 15 days after transfer to soil-filled rhizoboxes

Descriptive statistics for all genotypes Difference 
between 
means of 
parental lines

SDᶧs Estimated 
sample sizeᶧᶧTraita Unit Minimum Maximum Mean CV (%)

SFW mg 24 333.3 111.07 43.02 144.4 45.4 12
SDW mg 1.1 16.6 5.64 38.39 6.21 2.38 18
RFW mg 3.5 39.5 13.75 43.18 19.91 4.84 7
RDW mg 0.1 4.4 1.05 63.54 2.24 0.57 8
TRL cm 4.27 77.27 28.32 47.73 40.84 11.6 10
TLRL cm 1.42 64.59 16.84 57.69 27 8.89 14
PRL cm 4.69 28.7 13.93 30.23 14.65 3.17 6
B. Dens. root cm-1 0.59 3.89 1.71 32.39 0.24 0.52 590
NLR  - 2 34 12.59 51.18 19.75 3.54 4
LRL cm 0.08 1.93 0.68 43.11 0.32 0.18 39
Angle ° 55.53 94.82 67.33 9.46 1.86 7.82 2212
Int. Dist. cm 0.3 3.01 0.8 47.14 0.11 0.26 762
Mean Diam. mm 0.25 0.42 0.31 10.64 2.81 1.22 24
Surf. Area cm2 2.57 8.84 6.77 19.02 28.75 11.7 21
Root Vol. mm3 4 64 20.89 55.25 0 - -
LAUZ cm 2.48 18.99 6.15 37.89 4.03 2.25 39
R:S  - 0.03 0.72 0.19 53.2 0.21 0.13 48
SRL cm mg-1 8.48 94.45 32.68 53.11 19.79 19 116

aAbbreviations: Shoot Fresh Weight (SFW), Shoot Dry Weight (SDW), Root Fresh Weight (RFW), Root Dry Weight (RDW), 
Total Root Length (TRL), Total Lateral Root Length (TLRL), Primary Root Length (PRL),  Branching Density (B. Dens.),  
Number of Lateral Roots (NLR),  Mean Lateral Root Length (LRL), Root Insertion Angle (Angle), Lateral Root Interbranch 
Distance (Int. Dist.), Mean Root Diameter (Mean Diam.),  Total Surface Area of Root (Surf. Area), Root Volume (Root Vol.), 
Length of the Primary Root Apical Unbranched Zone (LAUZ), RDW/SDW (R:S), Specific Root Length (SRL).
Sample size was estimated based on the difference between mean values of the parental genotypes for each trait. CV: Coefficient 
of variation, ᶧSD: standard deviation - estimated as 50% of the sum of SDs calculated for a given trait for each parent; 
ᶧᶧrepresents the sum of the estimated sample size for both parental genotypes and calculated for 50% difference between means.
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Supplemental Table S2. Genotypic variation in shoot and root traits assayed 15 DAS among the parents (IMB211, R500) and 
10 RILs of the Brassica rapa L. of the BraIRRI mapping population grown for 15 days in soil-filled rhizobox system  
(** P < 0.001 or *P < 0.005, n = 12 plants; d.f = 143; ns = Not Significant; LSD = Least Significant Difference)

Traita IMB211 IRRI002 IRRI016 IRRI030 IRRI104  RI124 IRRI198 IRRI201 IRRI229 IRRI360 IRRI380  R500 P LSD
SFW 50.4 105.2 115.3 56.8 102.5 102.5 143.7 130.3 112.1 114 105 194.8 ** 26.55
SDW 3 5.23 5.03 4.04 4.7 5.24 7.12 6.13 6.17 6.47 5.28 9.21 ** 1.298
RFW 5.41 13.65 11.12 9.52 14.28 11.62 13.57 16.4 15.7 12.76 15.63 25.32 ** 3.19
RDW 0.28 1 0.717 0.842 0.817 1.083 1.083 1.053 1.017 1.113 1.067 2.517 ** 0.3716
TRL 10.55 30.32 24.09 20.9 28.7 24.81 28.89 34.03 31.5 27.67 26.94 51.39 ** 8.415
Mean Diam. 0.306 0.296 0.315 0.3 0.318 0.315 0.312 0.298 0.296 0.328 0.323 0.307 ns 0.026
Surf. Area 4.811 7.276 6.85 6.408 7.338 6.66 6.628 6.846 7.018 6.577 7.205 7.62 ** 0.9163
Root Vol. 8.14 20.9 18.25 15.25 22.92 19.58 22.25 22.52 22.42 19.18 22.33 36.92 ** 8.115
PRL 7.35 14.25 12.76 10.67 15.71 12.28 14.1 15.07 14.04 14.33 14.6 22 ** 2.217
B. Dens. 1.868 2.015 2.022 1.561 1.149 1.694 1.728 1.703 1.785 1.851 1.489 1.63 * 0.4227
LRN. 4.47 15.15 8.58 7.67 9.88 12 14.42 14.57 14.33 15.83 9.92 24.25 ** 3.532
LRL 0.278 0.705 0.69 0.768 0.679 0.655 0.886 0.93 0.716 0.678 0.52 0.598 ** 0.2038
Angle 71.09 69.69 68.09 69.6 69.79 64.26 62.56 65.76 65.97 66.05 65.86 69.23 * 4.919
Int. Dist. 0.853 0.581 0.791 0.841 1.409 0.711 0.695 0.665 0.628 0.668 1.038 0.746 ** 0.2596
LAUZ 4.41 6.58 7.25 5.49 7.11 5.29 5.43 6.08 5.77 5.57 7.49 8.44 ** 1.475
LBZ 4.31 18.56 12.03 11.08 14.73 14.96 21.15 23.15 18.88 19.48 12.46 31.31 ** 5.975
SRL 43.8 34.2 43.7 26.4 40.8 24.2 30.7 32.1 31.5 32.4 28.4 24 * 13.48
R:S 0.1075 0.1891 0.1492 0.2244 0.1761 0.2192 0.1546 0.173 0.1694 0.1725 0.2142 0.3166 ** 0.07332

aAbbreviations: Shoot Fresh Weight (SFW), Shoot Dry Weight (SDW), Root Fresh Weight (RFW), Root Dry Weight (RDW), 
Total Root Length (TRL),  Mean Root Diameter (Mean Diam.),  Total Surface Area of Root (Surf. Area), Root Volume (Root 
Vol.),  Primary Root Length (PRL),  Branching Density (B. Dens.),  Number of Lateral Roots (NLR),  Mean Lateral Root 
Length (LRL), Root Insertion Angle (Angle),  Lateral Root Interbranch Distance (Int. Dist.),  Length of the Primary Root Apical 
Unbranched Zone (LAUZ),  Length of the Branching Zone of the root system (LBZ), Specific Root Length (SRL), RDW/ SDW 
(R:S). 
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Supplemental Table S3. Sources of variation and broad sense heritability (H2) in shoot and root traits assayed among the 
parents and four recombinant inbred lines of the Brassica rapa BraIRRI mapping population grown in soil filled 
rhizoboxes at differential external P concentration for up to 21 days in the phenotyping platform

Traita μ
Variances of effects

H2

Source of variation (%)
σg σβ σα σgα σε Run Genotype [P]ext Gen.×[P]ext Residual

SFW (mg) 209 14.2 × 103 5 83 20 16.2 × 102 0.89 0 89 1 0 10
SDW (mg) 11.9 33.8 3.8 × 10-1 2 0 6.9 0.78 1 78 5 0 16
RFW (mg) 25.5 2.5 × 10-1 1.3 × 10-2 7.4 × 10-3 0 2.1 × 10-1 0.52 2.7 51.8 1.5 0 44
RDW (mg) 1.4 5.5 × 10-1 3.9 × 10-2 3.1 × 10-2 1.2 × 10-2 2.3 × 10-1 0.64 4.5 64 3.6 1.2 26.7
TRL (cm) 61.2 72.2 × 10 26.1 × 10 10.9 0 30 × 10 0.56 20.2 55.8 0.8 0 23.2
TLRL (cm) 55.7 80.1 × 10 16.4 × 10 24.6 0 29.1 × 10 0.63 12.8 62.5 2 0 22.7
PRL (cm) 21.4 23.61 3 × 10-2 3.3 × 10-1 0 1.63 × 10 0.59 0.1 58.6 0.8 0 40.5
Mean Diam.(mm) 0.39 2.1 ×10-5 10.3 × 10-4 5.4 × 10-4 11.4 × 10-4 11.3 × 10-4 0.01 36.5 0.7 19 4 39.8
NLR 21.5 10.7 × 10-1 0 0 0 33.6 × 10-2 0.76 0 76 0 0 24
Angle (°) 69.2 16.7 × 10-5 27.3 × 10-1 0 46.4 × 10-5 83.1 × 10-4 0 99.7 0 0 0 0.3
Int. Dist. (cm) 1 9.8 × 10-3 0 0 6.8 × 10-3 14.2 × 10-2 0.06 0 6.2 0 4.3 89.5
Mean LRL (cm) 1.1 12 × 10-2 0 7 × 10-4 0 14.2 × 10-2 0.46 0 45.6 0.3 0 54.1
LAUZ (cm) 5.6 43.4 × 10-1 7.7 × 10-2 13.8 ×10-1 0 8.7 × 10-1 0.3 0 30 10 0 60
B. Dens. 
(root cm-1 PRL) 1.6 8 × 10-5 20.6 × 10-2 7.4 × 10-2 0 4.9 × 10-2 0 62.5 0 22.5 0 15

R:S 0.12 2.5 × 10-5 7 × 10-6 9.3 ×10-4 7.4 × 10-5 20.2 × 10-4 0.01 0.2 0.8 30.4 2.4 66.2
Root vol. (cm3) 0.07 7.3 × 10-4 8.4 × 10-6 4.7 × 10-5 13.1 ×10-5 5.4 ×10-4 0.5 0.5 50 3.2 9 37.3
Surf. area (cm2) 7.3 92.7 × 10-1 81.1 × 10-2 0 41.5 × 10-2 44.1 × 10-1 0.62 5.4 62.2 0 2.9 29.5
Area: Vol. (cm-1) 104 9 × 10-1 58 43.3 13.8 131.7 0 23.4 0.4 17.5 5.5 53.2
RTD 
(RDW/Root fresh 
vol.; g cm-3)

0.02 1.2 × 10-5 8.1 × 10-6 2.0 × 10-5 1.2 × 10-5 5.7 × 10-5 0.11 7.4 11.2 18.5 11.1 51.8

aAbbreviations: Shoot Fresh Weight (SFW), Shoot Dry Weight (SDW), Root Fresh Weight (RFW), Root Dry Weight (RDW), 
Total Root Length (TRL), Total Lateral Root Length (TLRL), Primary Root Length (PRL), Mean Root Diameter (Mean Diam.), 
Number of Lateral Roots (NLR), Root Insertion Angle (Angle), Lateral Root Interbranch Distance (Int. Dist.), Mean Lateral 
Root Length (LRL), Length of the Primary Root Apical Unbranched Zone (LAUZ), Branching Density (B. Dens.), RDW/ SDW 
(R:S). Total Root Volume (Root Vol.), Total Surface Area of Root (Surf. Area), Total root volume / Total root area (Area:Vol.), 
Root Tissue Density (RTD).
 μ = the overall mean, σg = estimated variance associated with the effect of genotype, σβ = estimated variance associated with the 
effect of experimental run, σα = estimated variance associated with the effect of external phosphorus concentration, σgα= 
estimated covariance associated with the effect of genotype x external phosphorus concentration, σε = estimated variance 
associated with the residual error, H2 = broad-sense heritability.
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Supplemental Fig. S1: Measured (circles) and predicted (lines) values of (A) primary root 
and (B) total root length of the 12 Brassica rapa L. genotypes measured daily for the 15 d 
following  transfer to the phenotyping platform in two independent runs. Predicted values 
were estimated using a nonlinear mixed-effects model using Supplemental equation S4.  (C): 
Measured (circles) and predicted (lines) values of the elongation rates of lateral roots of the 
two parents and ten recombinant inbred lines of the Brassica rapa L of the BraIRRI  mapping 
population as a function of the time of their emergence after transfer to the soil-filled 
rhizoboxes. Predicted values were estimated using a nonlinear mixed-effects model 
(Supplemental equation S6). 
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Supplemental Fig. S1. Measured (circles) and predicted (lines) values of (A) primary root and (B) total root length of the 12 
Brassica rapa L. genotypes measured daily for the 15 d following  transfer to the phenotyping platform in two independent 
runs. Predicted values were estimated using a nonlinear mixed-effects model using Supplemental equation S4.  (C): 
Measured (circles) and predicted (lines) values of the elongation rates of lateral roots of the two parents and ten 
recombinant inbred lines of the Brassica rapa L of the BraIRRI  mapping population as a function of the time of their 
emergence after transfer to the soil-filled rhizoboxes. Predicted values were estimated using a nonlinear mixed-effects 
model (Supplemental equation S6).
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Supplemental Fig. S2: (A) Mean diameter of roots of Brassica rapa L. genotypes grown for 
21 DAT in soil-filled rhizoboxes amended with 0 (white columns) or 600 µM KH2PO4 
solution (grey columns); Symbols represent means ± s.e.m. (n = 12); (B) Volume of root 
systems of Brassica rapa L. genotypes grown for 21 DAT in soil-filled rhizoboxes amended 
with 0 (white columns) or 600 µM KH2PO4 solution (grey columns); Symbols represent 
means ± s.e.m. (n = 12); (C) Root tissue density (Primary axis and columns) and root surface 
area to root volume ratio (secondary axis and circles) of Brassica rapa L. genotypes grown 
for 21 DAT in soil-filled rhizoboxes amended with 0 (white columns and white circles) or 
600 µM KH2PO4 solution (grey columns and black circles). Symbols represent means ± s.e.m. 
(n = 12). 
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Supplemental Fig. S2. (A) Mean diameter of roots of Brassica rapa L. genotypes grown for 21 DAT in soil-filled rhizoboxes 
amended with 0 (white columns) or 600 µM KH2PO4 solution (grey columns); Symbols represent means ± s.e.m. (n = 12); 
(B) Volume of root systems of Brassica rapa L. genotypes grown for 21 DAT in soil-filled rhizoboxes amended with 0 
(white columns) or 600 µM KH2PO4 solution (grey columns); Symbols represent means ± s.e.m. (n = 12); (C) Root tissue 
density (Primary axis and columns) and root surface area to root volume ratio (secondary axis and circles) of Brassica 
rapa L. genotypes grown for 21 DAT in soil-filled rhizoboxes amended with 0 (white columns and white circles) or 600 
µM KH2PO4 solution (grey columns and black circles). Symbols represent means ± s.e.m. (n = 12).
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Supplemental Fig. S3: (A) Relationship between seed P concentration and shoot P 
concentration, (B) Relationship between seed P concentration and root P concentration, (C) 
Relationship between seed mass (per 10 seeds each) and shoot P concentration of six 
Brassica rapa L. genotypes grown for 21 DAT in soil-filled rhizoboxes amended with 0 
(filled circles) or 600 µM KH2PO4 solution (open circles), (D)  Relationship between seed 
mass (per 10 seeds each) and root P concentration of six Brassica rapa L. genotypes grown 
for 21 DAT in soil-filled rhizoboxes amended with 0 (filled circles) or 600 µM KH2PO4 
solution (open circles). 

Supplemental Fig. S3. (A) Relationship between seed P concentration and shoot P concentration, (B) Relationship between seed 
P concentration and root P concentration, (C) Relationship between seed mass (per 10 seeds each) and shoot P 
concentration of six Brassica rapa L. genotypes grown for 21 DAT in soil-filled rhizoboxes amended with 0 (filled circles) 
or 600 µM KH2PO4 solution (open circles), (D)  Relationship between seed mass (per 10 seeds each) and root P 
concentration of six Brassica rapa L. genotypes grown for 21 DAT in soil-filled rhizoboxes amended with 0 (filled circles) 
or 600 µM KH2PO4 solution (open circles).
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Supplemental equations 
 
 

𝑁𝑁 =  
4𝜎𝜎2(𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +  𝑧𝑧𝑝𝑝𝑝𝑝𝑐𝑐)2

𝐷𝐷2               (𝐒𝐒𝐒𝐒) 
 

where: N is the total sample size, σ is the standard deviation of both groups, the zcrit value is 
the standard normal deviate given in normal score tables and corresponding to the a 
confidence interval of 95% (1.96), the zpwr is the standard normal deviate corresponding to 
0.80 statistical power and D is the minimum expected difference between the two means 
(50%). R represents the sum of the sample sizes of both comparison groups and σ is assumed 
to be equal for both groups (Eng 2003). 
 

𝑦𝑦𝑐𝑐𝑖𝑖𝑖𝑖 = 𝑚𝑚 + 𝑔𝑔𝑖𝑖 + 𝑎𝑎𝑔𝑔𝑐𝑐𝑖𝑖 + 𝑏𝑏𝑔𝑔𝑖𝑖𝑖𝑖 +  𝑎𝑎𝑏𝑏𝑔𝑔𝑐𝑐𝑖𝑖𝑖𝑖 +  𝜖𝜖𝑐𝑐𝑖𝑖𝑖𝑖,           (𝐒𝐒𝟐𝟐)   

𝑖𝑖 ∈ {1, … ,𝑛𝑛}, 𝑗𝑗 ∈ {1, … , 𝑟𝑟},𝑘𝑘 ∈ {1, … , 𝑠𝑠}, 

𝑔𝑔𝑖𝑖/𝑎𝑎𝑔𝑔𝑐𝑐𝑖𝑖/ 𝑏𝑏𝑔𝑔𝑖𝑖𝑖𝑖 /𝑎𝑎𝑏𝑏𝑔𝑔𝑐𝑐𝑖𝑖𝑖𝑖 ~ 𝑁𝑁�0,𝜎𝜎𝑔𝑔/𝑎𝑎𝑔𝑔/𝑏𝑏𝑔𝑔/𝑎𝑎𝑏𝑏𝑔𝑔
2 �, 𝜖𝜖𝑐𝑐𝑖𝑖  ~ 𝑁𝑁(0,𝜎𝜎2 ), 

where 𝑦𝑦𝑐𝑐𝑖𝑖𝑖𝑖  represents the root trait from the ith experimental run, jth scanner and kth genotype, 
𝑚𝑚 is the mean trait value, 𝑔𝑔𝑖𝑖 is the effect of the genotype, 𝑎𝑎𝑔𝑔𝑐𝑐𝑖𝑖 is the effect of interactions 
between experimental run and genotypic factors, 𝑏𝑏𝑔𝑔𝑖𝑖𝑖𝑖 is the effect of interactions between 
scanner and genotypic factors, 𝑎𝑎𝑏𝑏𝑔𝑔𝑐𝑐𝑖𝑖𝑖𝑖 is the effect of interactions between experimental run, 
scanner and genotypic factors, 𝜖𝜖𝑐𝑐𝑖𝑖𝑖𝑖 is the residual error, n is the number of runs (2), r is the 
total number of scanners (24) and s is the number of genotypes (10).  
 
 

𝜎𝜎𝑝𝑝2 =  𝜎𝜎𝑔𝑔2 +  
𝜎𝜎𝑎𝑎𝑔𝑔2

𝑛𝑛
+ 
𝜎𝜎2

𝑝𝑝𝑛𝑛
            (𝐒𝐒𝟑𝟑)      

where 𝜎𝜎𝑝𝑝2 = Phenotypic variance; p = 6 is the number of replicates and n = 2 is the number of 
experiments.  
 

𝑦𝑦𝑐𝑐𝑖𝑖 =  
∅𝑐𝑐1

1 + exp [−�𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 −  ∅𝑐𝑐2 �/ ∅𝑐𝑐3]
 +  𝝐𝝐𝒊𝒊𝒊𝒊,    (𝐒𝐒𝟒𝟒) 

 

∅𝑐𝑐 =  �
∅𝑐𝑐1
∅𝑐𝑐2 
∅𝑐𝑐3

� = �
𝛽𝛽1
𝛽𝛽2
𝛽𝛽3
� + �

𝑏𝑏𝑐𝑐1
𝑏𝑏𝑐𝑐2
0
�, 

𝑖𝑖 = {1, … , 𝑠𝑠}, 𝑗𝑗 = {1, … , 𝑡𝑡}, 

𝑏𝑏𝑐𝑐1 & 𝑏𝑏𝑐𝑐1 ~ 𝑁𝑁 (0,𝜎𝜎𝑏𝑏2), 𝜖𝜖𝑐𝑐𝑖𝑖  ~ 𝑁𝑁 (0,𝜎𝜎2). 

where yij is the total root length or primary root length for the ith genotype, on the jth DAS, 
and t is the number of time-points at which measurements were made (15). The parameters β1, 
β2 and β3 are the mean values of the individual logistic parameters ∅i1, ∅i2 and ∅i3, 
respectively, bi1 and bi2, are respectively the random effect on the asymptote and inflection 
point of the logistic function and ϵij is the residual error. A likelihood ratio test was used to 8 
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where yij is the total root length or primary root length for the ith genotype, on the jth DAS, and t is the number of time-points at 
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Φi1, Φi2 and Φi3, respectively, bi1 and bi2, are respectively the random effect on the asymptote and inflection point of the logistic 
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fixed effects and the asymptote and inflection point as random effects. Autocorrelation in the data was modelled using the 
moving average (corARMA) and autoregressive model of an order 1 (AR1) correlation structure (Pinheiro and Bates, 2000). 
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where 𝜎𝜎2 is the variance when j = 0 and δ1 and δ2 are the two parameters for the power 
variance function (Pinheiro and Bates, 2000).  
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where yij is the lateral root growth rate for genotype i on the jth day of the experiment, β1, β2 
and β3 are the fixed effect parameters for the quadratic function and bi1 is the random effects 
on the intercept of the quadratic function.  
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where Yijk is the trait value of the ith genotype (i = 1, 2…,6) within the jth run (j = 1,2) and 
within the kth [P]ext treatment (k = 1,2); μ the overall mean, g the effect of the genotype, 𝛽𝛽 the 
effect of the run, 𝛼𝛼  the effect of [P]ext treatment, 𝑔𝑔𝛼𝛼  the genotype by [P]ext treatment 
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where Yijk is the trait value of the ith genotype (i = 1, 2…,6) within the jth run (j = 1,2) and within the kth [P]ext treatment (k = 1,2); 
μ the overall mean, g the effect of the genotype, β the effect of the run, α the effect of [P]ext treatment, gα the genotype by [P]ext 
treatment interaction, and εijk is the residual error. 
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