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Abstract 

The role of root phenes in nitrogen (N) acquisition and biomass production was evaluated in 10 contrasting natural 
accessions of Arabidopsis thaliana L. Seedlings were grown on vertical agar plates with two different nitrate supplies. 
The low N treatment increased the root to shoot biomass ratio and promoted the proliferation of lateral roots and root 
hairs. The cost of a larger root system did not impact shoot biomass. Greater biomass production could be achieved 
through increased root length or through specific root hair characteristics. A greater number of root hairs may pro-
vide a low-resistance pathway under elevated N conditions, while root hair length may enhance root zone exploration 
under low N conditions. The variability of N uptake and the expression levels of genes encoding nitrate transporters 
were measured. A positive correlation was found between root system size and high-affinity nitrate uptake, empha-
sizing the benefits of an exploratory root organ in N acquisition. The expression levels of NRT1.2/NPF4.6, NRT2.2, 
and NRT1.5/NPF7.3 negatively correlated with some root morphological traits. Such basic knowledge in Arabidopsis 
demonstrates the importance of root phenes to improve N acquisition and paves the way to design eudicot ideotypes.
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Introduction

The root is an important organ in achieving more sustainable 
global food production. Mineral nutrition of plants is central 
to reaching global food security for the rapidly growing world 
population (Spiertz, 2010; Fanzo et al., 2020). More food is 
needed from the same land area, while reducing the environ-
mental impact of agriculture (Pradhan et al., 2015). To this end, 
there is a pressing need to develop new crop cultivars with 
better capture and use of soil resources. Root morphology, 
especially the dynamic three-dimensional exploration of the 
available soil volume, is critical in plant mineral nutrition and 
nutrient use efficiency (White, 2019).

Nitrogen (N) is quantitatively the most important nu-
trient required by crops. Mineral N fertilizer manufacturing 
comes with a huge energetic cost and releases large quan-
tities of greenhouse gases. Yet over half of all applied fertil-
izer is currently lost, with additional detrimental consequences 
on the environment and human health (Martinez-Dalmau et 
al., 2021). Agronomic N use efficiency (NUE) is calculated 
as crop biomass per unit of N fertilizer applied. The uptake 
(NUpE) and utilization (NUtE) efficiencies are two NUE 
components (Moll et al., 1982). NUpE reflects the ability of 
the plant to take up the N available in soil, and NUtE repre-
sents the transfer of N taken up to harvestable products. One 
sensible target to enhance NUpE is manipulating root morph-
ology (Lynch and Brown, 2012; Li et al., 2016). Root traits 
have been largely absent from crop breeding programs due to 
the difficulty in observing root morphology below ground 
(Louvieaux et al., 2020a, b). A ‘steep, cheap, and deep’ root 
system could be a key target for developing genotypes with 
greater N capture (Lynch, 2013, 2019; Li et al., 2016; Pierret 
et al., 2016). Nitrate is the predominant N form in most agri-
cultural soils and acts a major determinant of root morphology 
(Kiba and Krapp, 2016). Local nitrate sources stimulate lateral 
root growth, whereas high nitrate concentrations throughout 
the growth medium have a systemic inhibitory effect on lat-
eral root formation (Zhang et al., 2007). Arabidopsis thaliana L. 
(Arabidopsis) has become universally recognized as a model 
for studying root morphogenesis with unprecedented depth 
of knowledge (Banda et al., 2019; Vangheluwe and Beeckman, 
2021). Knowledge of the role of nitrate signaling in the regula-
tion of lateral root development in Arabidopsis has been grad-
ually building (Sun et al., 2017; Asim et al., 2020; Vidal et al., 
2020).

In addition to overall root organ architecture and size, 
root hairs should be taken into account in crop improve-
ment programs (Lynch, 2019) as they provide a low-resistance 
pathway for collecting mineral nutrients, disproportionately 
enhancing uptake of less mobile elements (Jungk, 2001). Root 
hair formation is also modulated by nitrate availability (Vatter 
et al., 2015; Jia and von Wirén, 2020). Canales et al. (2017) 
found that some root hair-defective Arabidopsis mutants 
had reduced nitrate uptake compared with their wild types. 

Although root hair density has been attributed to greater up-
take of nitrate and other mineral nutrients, modeling of diffu-
sion has long suggested that root hair distribution and length 
are the most important traits in enhancing mineral nutrient 
diffusion (Nye, 1966; Itoh and Barber, 1983; Keyes et al., 2013). 
Despite longstanding interest in the impact of root hairs in 
water and nutrient uptake, only a few studies have addressed 
root hairs at the whole root organ level or have compared the 
impacts of various root hair phenotypes (e.g. density, length, or 
total root hair production) on plant growth.

The uptake of nitrate from the soil solution occurs at the 
plasma membrane of root cells through the action of well-
characterized transport systems. The low-affinity transport 
system (LATS) is active at elevated nitrate concentrations 
(>0.5–1 mM) and the high-affinity transporter system (HATS) 
at low (<1  mM) concentrations. Both systems include in-
ducible and constitutive carriers (reviewed in Vidal et al., 
2020; Muratore et al., 2021). In Arabidopsis, the NITRATE 
TRANSPORTER1/PEPTIDE TRANSPORTER FAMILY 
(NPF, formerly NRT1/PTR) (Léran et al., 2014) and the 
NITRATE RELATED TRANSPORTER 2 (NRT2) fam-
ilies play a role in nitrate uptake at the root level (Orsel et al., 
2002). At low substrate concentrations, NRT2.1 and NRT2.2 
are responsible for three-quarters and one-fifth, respect-
ively, of the HAT activity (Li et al., 2010). At high substrate 
levels, NRT1.1/NPF6.3 and NRT1.2/NPF4.6 have a major 
but non-exclusive contribution to the total LATS activity, 
indicating the existence of other low-affinity systems (Huang 
et al., 1999; Krouk et al., 2006). Additional transporters such 
as NRT1.4/NPF6.2, NRT1.5/NPF7.3, NRT1.7/NPF2.13, 
NRT1.8/NPF7.2, or NRT2.4, 5 play roles in root to shoot 
allocation and remobilization from source to sink (Chiu et al., 
2004; Lin et al., 2008; Fan et al., 2009; Li et al., 2010; Kiba et 
al., 2012; Lezhneva et al., 2014; Drechsler et al., 2015; Meng 
et al., 2016; Li et al., 2017a). Furthermore, NRT1.1 also has a 
signaling function (Krouk et al., 2010) and plays a role in lateral 
root proliferation in response to local nitrate sources (Remans 
et al., 2006a; Mounier et al., 2014; Maghiaoui et al., 2020), and 
high root branching in nutrient-rich zones may be a desirable 
phenotype to enhance NUE. Additionally, there are several 
examples in crops of nitrate transporter expression manipu-
lation increasing plant growth, source to sink remobilization, 
and NUE (Hu et al., 2015, Fan et al., 2016; Chen et al., 2020).

Natural populations of Arabidopsis, which grow in a wide 
range of soil conditions, provide a rich and diverse gen-
etic resource to study N-related adaptive differences in root 
morphology (De Pessemier et al., 2013) and NUE processes 
(North et al., 2009; Chardon et al., 2010; Masclaux-Daubresse 
and Chardon, 2011). Through the exploration of natural vari-
ation, several genes and alleles regulating root morphological 
traits in response to N were uncovered (Gifford et al., 2013; 
Jia et al., 2019, 2020, 2021; Rosas et al., 2013). Furthermore, 
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key NUE-related traits identified in the model species could 
be applicable to economically important crop species (Li et al., 
2017b; Stephenson et al., 2019).

This study examined the relationships between root char-
acteristics, nitrate uptake capacity, and biomass production. 
A core set of 10 Arabidopsis accessions with contrasting root 
morphologies was assembled on the basis of a larger prelim-
inary screen. First, a comparative analysis with two divergent 
nitrate supplies was conducted for biomass production, root 
morphology, root hair characteristics, root growth dynamics, 
nitrate uptake rate, and expression levels of genes encoding 
nitrate transporters. Second, the relationships between these 
variables were evaluated. Root characteristics which could be 
an asset for improving N capture and biomass production are 
discussed.

Materials and methods

Plant material and growth conditions
The following A. thaliana accessions were obtained from the Nottingham 
Arabidopsis Stock Centre or INRAE Versailles Genomic Resource 
Center: Borky-1 (Bor-1), C24, Cape Verde Islands-0 (Cvi-0), Columbia-0 
(Col-0), Le Pyla-1 (Pyl-1), Llagostera-0 (Ll-0), Noordwijk-1 (Nok-1), 
Oystese-0 (Oy-0), Petergof, and Tsushima-0 (Tsu-0). The two T-DNA 
insertion lines of NRT1.5/NPF7.3 (SALK_043036 and SALK_063393) 
in the Col-0 background were obtained from Q. Ma, College of Pastoral 
Agriculture Science and Technology, Lanzhou University, Lanzhou, PR 
China. Prior to performing the experiments, seed stocks were regenerated 
in the same environment. Seed surfaces were sterilized with 70% (v/v) 
ethanol for 10 min and in 20% (v/v) HClO for 5 min. They were sown 
on 1× Murashige and Skoog medium modified with nitrate as the only 
source of N (Hermans et al., 2010), 1% (w/v) sucrose and pH adjusted 
to 5.7. Each square Petri plate (12 × 12 cm) contained 50 ml of medium 
solidified with 0.8% (w/v) agar (Plant agar, Duschefa Biochemie). Seeds 
were stratified for 2 d at 4 °C in the dark then vertically incubated in a 
culture chamber at a temperature of 20 °C and a daylight regime of 16 h 
light (45 µmol photons m–2 s–1)/8 h darkness. Six days after germination 
on a medium containing 10  mM KNO3 (N+), seedlings were trans-
ferred for an additional 6 d to an identical medium or one with 0.01 mM 
KNO3 (N−). Potassium chloride (9.99  mM) was added to prevent K 
depletion in the N− medium. The mutant lines were grown uninter-
ruptedly for 14 d on medium containing 0.1 mM KNO3+9.9 mM KCl, 
1 mM KNO3+9 mM KCl, or 10 mM KNO3. In total, four plates con-
taining five seedlings per accession and per N condition were prepared. 
One Petri plate is shown in Supplementary Fig. S1. The root systems 
were scanned with an EPSON Scan Perfection V30, at a resolution of 400 
dpi for root morphology analysis and 1700 dpi for root hair quantifica-
tion. Eventually, the root and shoot were separated, and the pooled organs 
of five plants were weighed.

Time-based root image acquisition
The growth dynamics of the primary root and of the first emerged lateral 
root were monitored with an automated system for image acquisition 
(Wells et al., 2012). For robot imaging, seeds were plated following the 
procedure as described above. Seedlings grew at a temperature of 23 °C 
and daylight regime of 12 h light (150 µmol photons m–2 s–1)/12 h dark-
ness. Upon transfer to N+ or N− media, seedlings were placed in the 
controlled environment housing the measuring equipment. Plates were 
imaged every 30 min for 120 h. The system used a belt-driven linear 

actuator to position two cameras with a capacity of 20 plates. A near-
infrared light source allowed roots to be imaged in darkness.

Quantitative analysis of the root morphology
Root morphological traits (Table 1) were quantified from low-resolution 
scanner and automated system images using RootNav software, and trait 
measurement computations were then performed with the RootNav 
Viewer (Pound et al., 2013).

Root hair quantification
Root hairs were quantified using high-resolution scanner images ac-
cording to Vincent et al. (2016). Briefly, the method required root hairs of 
small samples to be manually traced. Using the manual tracing, a logistic 
model was fit to predict which image pixels showed or did not show root 
hairs. This model was then applied to all root hair areas in the image, from 
which root hair traits (Table 1) were calculated.

15N tracer assays
The HATS/LATS-mediated nitrate influxes were determined by 15N 
labeling. The protocol of root influx by short-term 15N labelling is 
commonly used to characterize the nitrate uptake rate of Arabidopsis ac-
cessions cultivated in vitro (Remans et al., 2006b; Laugier et al., 2012; Ota 
et al., 2020). Briefly, seedlings grown with 0.01 mM or 10 mM KNO3 
were carefully detached from the agar surface. Dispersed roots were se-
quentially bathed in a round Petri dish (5 cm diameter) filled with (i) 
10 ml of 0.1 mM CaSO4 solution for 1 min; (ii) 10 ml of N-free basal 
liquid medium supplemented with 0.1 mM (HATS) or 10 mM (LATS) 

Table 1. Abbreviations of the measured traits

Biomass production traits

 R Root biomass 
 S Shoot biomass
 R+S Total biomass
 R:S Root to shoot biomass ratio
Root morphological traits
 LPR Length of primary root
 NLR Number of lateral roots >1 mm

 ΣLLR Sum of lateral root lengths

 DLR Density of lateral roots in the zone between the 
first and last lateral roots

 SRL Specific root length =(LPR+ΣLLR)/R
 PRGRdark/light Primary root growth rate measured in the dark/ 

light period
 LRGRdark/light Lateral root growth rate measured in the dark/ 

light period
Root hairs traits
 ARH Total projected two-dimensional area of root 

hairs
 MLRH Mean length of root hairs
 RLRH Root hair-forming root length
 15N uptake studies
 15N QR

15N quantity in root
 15N QS

15N quantity in shoot
 15N QR:S Root to shoot 15N amount
 15N HATS/LATS 15N influx rate mediated by HATS or LATS per 

hour and per plant = (15N Q)R+(15N Q)S/5×60
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K15NO3 (Sigma-Aldrich) for 5 min; and (iii) 10 ml of 0.1 mM CaSO4 
solution for 1 min. Roots were able to disperse in the different incuba-
tion solutions. They were separated from shoots immediately after the 
last transfer to CaSO4 and placed in tin capsules (Santis Analytical). Plant 
organs were dried for 48 h at 70 °C, and dry biomass was weighed. The 
15N abundance in plant tissues was measured with an integrated system 
for continuous flow isotope ratio mass spectrometry (Euro-EA elementar 
Analyzer, EuroVector SPA; IRMS Isoprime, Elementar). The calculation 
of the instantaneous [15N]HATS/LATS-mediated influx is included in 
Table 1.

RNA extraction and qPCR assays
Total RNA was extracted from whole root organs (Aurum Total RNA 
Mini Kit, Biorad, USA) and submitted to a second purification step 
(RNA Clean and Concentrator-5, Zymo Research). Reverse transcrip-
tion was done with the GoScript Reverse cDNA Synthesis kit (Promega). 
The Janus Automated Workstation (PerkinElmer) handled all pipetting 
for PCRs in a final volume of 5 µl using LightCycler 480 SYBR Green I 
Master mix (Roche). Quantitative PCRs (qPCRs) were performed with 
the LightCycler 480 (Roche): pre-incubation at 95 °C for 10 min, 45 
cycles of 95 °C for 30  s, 60 °C for 60  s followed by melting curves. 
Primers are listed in Supplementary Table S1. Levels of ACTIN 2 (ACT2) 
and UBIQUITIN 10 (UBQ10) were used as normalization factors.

Statistical treatment
ANOVA was performed using a linear model implemented with the 
lmer() command in the {lme4} package (Bates et al., 2015) in R statis-
tical language (R Core Team, 2019). The model consisted of fixed effects 
for accession (G), nitrate treatment (N), and their interactions (G×N) 
with individual plant observations nested within plate as the experi-
mental unit. To estimate the variance components for each trait, the same 
model was fit as fully random using standard least squares (restricted max-
imum likelihood method) in JMP version 15.0 (SAS Institute Inc.). Best 
linear unbiased predictions (BLUPs) of G, N, and G×N interactions were 
estimated.

To determine relationships between phenotypic traits, a principal com-
ponent analysis (PCA) was conducted with XLSTAT. To determine the 
effects of phenotypic traits on total biomass production, a linear regres-
sion model was fit using JMP and variance components were extracted.

Pearson correlations were calculated for all combinations of pheno-
typic traits at each N condition using R and XLSTAT (http://www.
xlstat.com). Hierarchical classification of accessions was carried out using 
MatLab software according to Ward’s method. The PCA was also per-
formed using XLSTAT software.

Hierarchical clustering analysis of the accessions was done using the 
Average method in R with all measured traits.

Results

Accessions exhibit variation in root morphological traits 
and root growth rates in response to nitrate supply

Following previous phenotyping screens carried out by De 
Pessemier et al. (2013), Gifford et al. (2013), and Jia et al. 
(2020), a panel of 10 Arabidopsis accessions with contrasting 
root morphologies was assembled. In the first experiment, 
seedlings grew on agar medium supplemented with 10 mM 
nitrate (N+) or 0.01  mM nitrate (N−). The morphological 

variation of whole root systems is presented in Fig. 1 and de-
tails of root hairs in Supplementary Fig. S2. All measured traits 
listed in Table 1 are presented in Fig. 2, and statistical treatment 
is summarized in Supplementary Table S2. First, the global re-
sponse to the N supply was evaluated for the diverse set of 
accessions. The overall trend showed no significant (P>0.05) 
impact, either on the root fresh biomass (R) or on the specific 
root length (SRL) under N− compared with N+ conditions. 
The shoot fresh biomass (S) (−61%), the total biomass (R+S) 
(−46%), and the length of the primary root (LPR) (−6%) de-
creased significantly (P<0.01) in N− compared with N+ con-
ditions. The root to shoot (R:S) biomass ratio (+151%), the 
number of lateral roots that visibly (>1 mm) emerged from 
the primary root (NLR) (+39%), the sum of lateral root length 
(ΣLLR) (+30%), the lateral root density (DLR) (+48%), the 
total projected two-dimensional area (ARH) (+85%), the mean 
length of root hairs (MLRH) (+56%), and the root hair-forming 
root length (RLRH) (+110%) increased significantly (P<0.01) 
in N− compared with N+ conditions.

The extent to which variations in biomass production, root 
morphology, and root hair traits (Fig. 2) were due to genetic 
differences between accessions (G), nitrate treatment differ-
ences (N), genetic differences in the level of response to ni-
trate treatment (G×N), and unexplained experimental errors 
(residuals) was assessed (Fig. 3; Supplementary Table S3). Most 
of the variation for root biomass (R) and root morphological 
traits (LPR, NLR, ΣLLR, and DLR) was due to G (in the range of 
68–77%), while the variation for other biomass (S, R+S, R:S) 
and root hair (ARH, MLRH, RLRH) traits was mainly attrib-
utable to N (in the range of 42–84%). The G×N interaction 
effect was negligible for most traits, except for ARH (17%) and 
MLRH (33%). Therefore, the root biomass or root morpho-
logical traits were largely unresponsive to N treatment under 
these culture conditions. In contrast, shoot biomass and RLRH 
showed large genotype-independent plasticity to N treatment. 
Only two root hair traits (ARH and MLRH) showed moderate 
genotype-dependent plasticity to N treatment.

Next, the phenotypic variation between accessions was in-
spected (Fig. 2). The traits were significantly (P<0.01) different 
between accessions in both N treatments (Supplementary Table 
S2). The accessions Pyla-1 (Pyl-1) and Noordwijk-1 (Nok-1) 
produced low R biomass and very few NLR under both N 
treatments. In contrast, Borky-1 (Bor-1) and Petergof main-
tained important R biomass together with abundant and long 
lateral roots regardless of the N treatment. The accession C24 
had the shortest LPR but elevated DLR. Cape Verde Islands-0 
(Cvi-0) produced the greatest S biomass and MLRH of all ac-
cessions in the N− condition (Supplementary Fig. S2). The 
reference Col-0 produced the lowest shoot biomass but had 
the greatest SRL in N− conditions. Other accessions, such as 
Llagostera-0 (Ll-0), Oystese-0 (Oy-0), and Tsushima-0 (Tsu-
0) displayed characteristics similar to the average of the panel. 
We examined which accessions expressed noticeable G×N on 
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root hair traits (Supplementary Table S3). The largest individual 
accession G×N observed was Cvi-0 for MLRH. The Bor-1 and 
Pyl-1 accessions expressed noticeable G×N for ARH. Pyl-1 also 
increased G×N for RLRH. These G×N effects for root hair 
traits were unique, showing the major G×N across all of the 
traits in this study.

In the second experiment, the growth dynamics of the pri-
mary root and of the first emerged lateral root were monitored 
(Fig. 4). The primary root length increase was nearly constant 
from day to day, but the primary root growth rate (PRGR) 
fluctuated during 24 h. For most accessions, PRGR showed 
an abrupt decrease at the beginning of the light period, and 
a progressive increase during the dark period with a max-
imum at dawn (Fig. 4A, B). The average primary root growth 
rate was calculated during the light period (PRGRlight) and 
the dark period (PRGRdark) over four monitoring cycles (Fig. 
4C, D). The accession C24 had the slowest rates, with minimal 
variations between light and dark, while Tsu-0 had the fastest 
rates at both N concentrations. The growth rate of the first 
emerged lateral root followed the same oscillatory pattern, but 

oscillations were much less synchronized than those of the pri-
mary root in most accessions (Fig. 4E, F).

Relationships between biomass production, root 
morphology, and root hair traits

Using the measures of the first and second experiments, a PCA 
captured the variation of biomass production, root morph-
ology, root hairs, and root growth rate traits in response to 
the N treatment and between the accessions. The two first 
principal components (PC1 and PC2), respectively, explained 
40.1% and 26.1% of the observed variance (Fig. 5A). The traits 
RLRH, R:S, DLR, ARH, NLR, and ΣLLR (ranked by strength) 
showed the largest loadings on PC1, whereas R, PRGRdark, 
LPR, PRGRlight, and R+S had the greatest positive contribu-
tion to PC2. The traits ARH, RLRH, and MLRH all had similar 
loadings in PC1 and PC2, suggesting possible covariance. The 
S biomass had equal loading on PC1 and PC2. With respect 
to the two first PCs, the N‒ and N+ treatments were easily 
distinguished, and groups of accessions with common features 

N−

N+

Ll-0Cvi-0Nok-1Pyl-1 C24 Tsu-0 Oy-0 Col-0 PetergofBor-1

Fig. 1. Root phenotypes of Arabidopsis accessions in response to nitrate supply. Seedlings were germinated on a medium containing 10 mM nitrate 
(N+) and transferred 6 d after germination to a medium of the same concentration or 0.01 mM (N−). Pictures were taken 6 d after transfer. Scale bar: 
1 cm.
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could be identified (Fig. 5B). The N− treatment had a weak 
influence on R biomass, but a severe decrease of S biomass 
production, stimulation of lateral root outgrowth, and prolif-
eration of root hairs. The majority of accessions followed the 
same trajectory in response to N supply (Fig. 5B), with the 
exception of Col-0 and Ll-0. These two accessions stood apart 
because they responded the most to N− by increasing R bio-
mass, NLR, ΣLLR, and RLRH. Therefore, the N supply response 
of the reference accession Col-0 is probably not representative 
of the whole Arabidopsis species.

To support the results of the PCA, a regression model was 
adapted to evaluate which traits drove total biomass production 
(Supplementary Table S4). Combining both N treatments, the 
largest drivers were LPR (7.8% of total experimental variance), 
ΣLLR (0.3%), and ARH (0.2%). If accounting for N treatment, 
either as an interaction or in analyzing N treatment separately, 
MLRH explained ~99% of experimental variance for R+S bio-
mass in both N+ and N– conditions (Supplementary Table 
S4), probably related to reduced variation between Petri dishes 
(Supplementary Fig. S1) that came from taking the mean of 
root hair length.

Natural variability of nitrate uptake and expression 
levels of nitrate transporters

The stable isotope 15N was used to determine the short-term 
root nitrate influx and the allocation between root and shoot 
organs. In the third experiment, high (HATS) or low (LATS) 
nitrate affinity transport system activities were measured with 
seedlings grown on N− or N+ media (Fig. 6A). The LATS 
values in seedlings cultivated at N+ were more dispersed than 
the HATS values in those at N‒. The Tsu-0 and Pyl-1 ac-
cessions showed the lowest HATS and LATS values, while 
Petergof and Col-0 showed the greatest ones (Fig. 6A). The 
short-term translocation of 15N between organs (15N QR:S) 
was calculated as the 15N ratio of the root to the shoot (Fig. 
6B). Accessions translocated proportionally less 15N tracer to-
ward aerial parts in N− than in N+ conditions. The Bor-1 and 
C24 accessions had the least and the greatest 15N QR:S in N−, 
respectively, while C24 and Pyl-1 had those in N+.

In the fourth experiment, the expression of genes encoding 
nitrate transporters was monitored in whole root and shoot 
tissues (Fig. 6C–J). Levels of NRT2.1 transcripts in roots were 

Fig. 2. Biomass production, root morphology, and root hair traits of Arabidopsis accessions in response to nitrate supply. Plants were cultivated with 
0.01 mM (N−) or 10 mM nitrate (N+) supplies, as described in Fig. 1. Biomass production (A–D), root morphology (E–I), and root hair (J–L) traits. (A) Root 
fresh biomass (R); (B) shoot fresh biomass (S); (C) total fresh biomass (R+S); (D) root to shoot biomass ratio (R:S); n=4 × 5 pooled organs ±SD; (E) length 
of the primary root (LPR); (F) number of lateral roots longer than 1 mm length (NLR); (G) sum of the length of lateral roots (∑LLR); (H) lateral root density (DLR); 
(I) specific root length (SRL); (J) area of root hair (ARH); (K) mean root hair length (MLRH), and (L) root hair-forming root length (RLRH); n=15–20 root organs 
±SD. Fixed effects models are shown in Supplementary Table S2.
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greater than those of any other measured transporter. Levels of 
NRT1.7/NPF2.13, NRT1.8/NPF7.2, and NRT2.2 transcripts 
were greater in N− than in N+ conditions for all accessions. 
Globally, NRT1.2/NPF4.6 and NRT1.5/NPF7.3 were more 
highly expressed at N− than at N+, while NRT1.7/NPF2.13, 
NRT1.8/NPF7.2, and NRT1.1/NPF6.3 tended to show the 
opposite pattern. The Pyl-1 accession was characterized by 
the lowest NRT1.2, 1.4, 1.5, and 1.8 expression levels at N‒ 
and of the greatest at N+, and among the highest NRT2.1 
and NRT2.2 expression levels at N‒. Petergof had the lowest 
NRT2.1 and 2.2 levels at N‒.

Investigation of relationships between all measured 
traits

Pearson correlation coefficients were calculated between 
measured traits across all four experiments (Fig. 7). Significant 
correlations described here were noted at (P<0.01). At N+, 
the R and S biomass measures correlated positively (r=0.90). 
The root hair traits positively correlated with various bio-
mass production and root morphological traits (0.67<r<0.80) 
during N− or N+ conditions. In N+, the strongest correlation 
with R+S biomass was with RLRH, while in N− the strongest 
correlation was with MLRH, though all three root hair vari-
ables were strongly correlated with each other. At N−, ΣLLR 
correlated positively with the HATS-mediated nitrate uptake 
rate (r=0.71). Also at N−, the R biomass and DLR correlated 
negatively with NRT1.1/NPF6.3 (r= ‒0.83) and NRT2.2 (r= 
‒0.71) expression levels, respectively. At N+, LPR correlated 
negatively with NRT2.2 expression levels (r= ‒0.78). Also at 
N+, NLR, ΣLLR, and DLR negatively correlated with NRT1.5/

NPF7.3 expression levels (‒0.81<r< ‒0.75). Because of that 
correlation, we further investigated the role of NRT1.5/
NPF7.3 in root morphology in relation to nitrate availability. 
In the fifth experiment, two nrt1.5/npf7.3 mutant lines in the 
Col-0 background were grown with 0.1, 1, or 10 mM nitrate. 
The mutants showed no noticeable root morphology difference 
compared with the wild type at 0.1 mM or 1 mM nitrate, but 
they had longer lateral roots at 10 mM nitrate (Supplementary 
Fig. S3; Supplementary Table S5). Therefore, NRT1.5/NPF7.3 
loss of function rendered lateral root outgrowth less susceptible 
to the suppression exerted by elevated nitrate supply.

Finally, a hierarchical clustering analysis of the accessions was 
performed with all phenotypic traits (Fig. 8). The dissimilarity 
cut-off defined two distinct groups and three single accessions. 
A first group containing the three accessions Ll-0, Nok-1, and 
Pyl-1 produced low biomass and was characterized by poor 
lateral root development, few root hairs, low nitrate uptake 
rates, and high expression levels of NRT2.1 or of NRT2.2 
at N‒ and of NRT1.5/NPF7.3 at N+. A second group con-
taining the four accessions C24, Cvi-0, Oy-0, and Tsu-0 pro-
duced fair biomass (except Cvi-0) and showed intermediate 
root system sizes. Three other accessions were set apart: (i) 
Bor-1 had the largest root system size and root hair-forming 
root length, together with important nitrate uptake rates; (ii) 
Col-0 produced the lowest biomass but showed large pheno-
typic plasticity to N treatment; and (iii) Petergof produced 
much lower shoot biomass at N‒ compared with N+, and 
showed the second largest root system size, the greatest HATS-
mediated nitrate uptake rate, and low NRT2.1 and 2.2 expres-
sion levels at N‒. Remarkably, Bor-1 and Cvi-0 exhibited the 
greatest total biomasses across the two N treatments. Bor-1 
achieved great biomass production through an increased root 
system size, while Cvi-0 achieved this through profuse root 
hair development. Taken together, these results highlight the 
diversity of adaptive responses to N availability and illustrate 
the importance of monitoring multiple root functional and 
morphological traits for N acquisition and plant productivity.

Discussion

Root system architecture is of prime importance for exploring 
soil and capturing resources. This study illustrated the degree 
of natural variation for root traits of Arabidopsis accessions in 
response to environmental nitrate supply and how that vari-
ability impacted the plant growth and the capacity for nitrate 
acquisition.

Premises on ideal root architectural attributes to 
optimize biomass production

The root organ of Arabidopsis has been thoroughly studied and 
may serve as a resource base for crop breeders. The Arabidopsis 
model species (De Pessemier et al., 2013) and the closely 

Fig. 3. Variance components analysis for biomass production, root 
morphology, and root hair traits in Arabidopsis accessions. Histograms 
show the effects due to accession (G), nitrate treatment (N), accession by 
nitrate treatment interaction (G×N), and residual unexplained experimental 
error, as a percentage of the variation explained. Variance components are 
shown in Supplementary Table S3.
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Fig. 4. Root growth kinetics of Arabidopsis accessions in response to nitrate supply. Measurements were taken 6 d after germination every 6 h for 
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related Brassica napus L. (oilseed rape) crop (Kupcsik et al., 
2021) show similar root morphological and biomass allocation 
response to nitrate supply. For instance, low nitrate promotes 

lateral root growth while it represses shoot biomass, resulting 
in greater root to shoot biomass ratio. The natural diversity of 
Arabidopsis root phenotypes (Fig. 1) provides a framework to 
identify root characteristics of great value for biomass produc-
tion in response to nitrate supply. Some accessions demonstrate 
common root traits that enhance biomass production under 
varying nutritional conditions, particularly great root alloca-
tion patterns.

The accessions Bor-1, Oy-0, Petergof, and Tsu-0 fit the 
‘steep, cheap, and deep’ root ideotype defined by Lynch (2013, 
2019). Attributes of that ideotype limiting nitrate leaching in 
soil are a wide root surface area and long lateral roots with 
a steep angle. These accessions were among those with the 
greatest total biomass under both N conditions. Yet, Cvi-0 had 
a lower specific root length but it still managed to produce a 
similar biomass to the others. Therefore, the cost of larger root 
systems does not necessarily impact shoot biomass production, 
as root and shoot biomass were positively correlated at N+ 
(Fig. 7B).

Breeding crops that have an optimal root growth in time and 
space could improve productivity. Indeed, a timely response 
of root growth may be a major factor determining the cap-
acity to forage soil resources (Lynch, 2013). The rhythmicity 
of the primary and lateral root growth was compared between 
the Arabidopsis accessions under light/dark cycles (Fig. 4). 
Although the primary root length increase was almost con-
stant from day to day, the root growth rate varied during the 
day. For most accessions, the primary root growth rate showed 
a maximum at the end of the night, followed by a progressive 
decrease during the light phase with a minimum at the end 
of the day, and a gradual recovery throughout the dark phase. 
This was already reported in early studies with the Col-0 ac-
cession cultivated under light/dark and continuous light re-
gimes (Yazdanbakhsh and Fisahn, 2010; Yazdanbakhsh et al., 
2011). The importance of starch turnover was emphasized for 
avoiding transient periods of carbon starvation to sustain root 
growth during the night. The growth rates varied greatly be-
tween accessions (Fig. 4). The Tsu-0 accession had the fastest 
primary root growth rate during both N treatments and the 
fastest lateral root growth rate during N+. Tus-0 was previously 
identified as a high NUE genotype during sand or hydroponic 
culture at a later developmental stage (Chardon et al., 2010; 
Masclaux-Daubresse and Chardon, 2011; Menz et al., 2018). 
Hence, our observations in seedlings advocate for root growth 
optimization as a valuable screening strategy to improve NUE.

Beneficial root hair traits to enhance plant productivity

Root hairs increase the surface area of roots for nutrient ac-
quisition with a modest biomass investment. The Arabidopsis 
accessions exhibited substantial variation in root hair charac-
teristics (Supplementary Fig. S2). Low nitrate supply stimulated 
the proliferation of root hairs (Fig. 2J–L). While the RLRH cor-
related positively with total biomass in N+ conditions, MLRH 

Fig. 5. Principal component analysis of biomass production, root 
morphology, and root hair traits in Arabidopsis accessions. Variables were 
measured at 0.01 mM (N−) or 10 mM (N+) nitrate supplies, as described in 
Fig. 1. Definitions are given in Table 1. (A) Representation of the variables. 
Correlations between 12 traits mapped onto the first two principal 
components PC1 and PC2, with cumulative variance of 40.1% and 26.1%, 
respectively. (B) Representation of the accessions. Symbols indicate the 
position of the accessions as determined by their trait values in the two 
principal components. Triangles refer to N− and circles to N+ conditions.
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did with total biomass in N− (Fig. 7). These root hair pheno-
typic observations support earlier modeling describing diffu-
sion rates. Nye (1966) and Itoh and Barber (1983) suggested 
that when root hairs are co-located at high densities, the length 
of the root hairs is the most important factor. The diffusion into 
the root hairs would create a very low concentration of solutes 
near the base of the hairs, while diffusion would remain great 
at the tip. Thus, long root hairs would provide a soil exploration 
function. Under N−, the exploratory function of root hair 
phenotypes is observed (Supplementary Fig. S2). Under N+, 
the root length on which root hairs are formed may provide a 
low-resistance pathway, while long root hairs are not beneficial 
because of abundant nitrate near the root surface. Furthermore, 
Saengwilai et al. (2021) found that long root hairs enhanced 
growth in Zea mays L. (maize) and responded to nitrate con-
centrations. In the present study, the whole root system pheno-
type differed depending on N supply, with ARH and MLRH 
showing the strongest G×N interaction (Supplementary Table 
S3). This genotype by environment phenotypic variation may 

explain contrasting root hair results in previous studies, such 
as those noted by Keyes et al. (2013). The important G×N 
interaction suggests the possibility of selecting genotypes with 
many root hairs that only grow long under low N supply. The 
same genotype would save investment in additional root hair 
growth for conditions under which it would enhance nutrient 
uptake. For instance, Cvi-0 had a similar MLRH to other acces-
sions under N+ but grew very long root hairs under N‒ (Fig. 
2; Supplementary Fig. S2).

One potentially contrasting observation to the above argu-
ment is the positive correlation of the RLRH with the root 
biomass in both N conditions (Fig. 7). Increased root growth 
may increase the total opportunity for root hair formation. 
Additionally, the strong correlation among all root hair vari-
ables suggests a possible confounding of the three root hair 
variables. The random effects model (Supplementary Table S4) 
suggested that MLRH was the strongest predictor of total bio-
mass under both N conditions. This is likely to be largely due 
to the precision of the estimates, in which the coefficients of 
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Fig. 7. Correlations between all measured traits in Arabidopsis accessions. The following traits were measured during experiments 1–4, in seedlings 
grown with 0.01 mM (N−) (A) or 10 mM (N+) (B) nitrate supplies. Traits are defined in Table 1. The size of the circle area is proportional to the absolute 
value of the correlation coefficient. Blue or red colors indicate positive or negative correlations. Asterisks indicate a correlation coefficient significantly 
(P<0.01) different from zero.
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variation for both RLRH and ARH are greater than those for 
MLRH (Fig. 2J–L). As a methodological outcome of more ob-
servations (Lane and Murray, 2021), the MLRH averages mul-
tiple measurements per plant, while RLRH and ARH are single 
measurements per plant, and thus exhibit a more variable 
phenotype. An interpretation of the high correlation between 
total biomass and RLRH under N+ (Fig. 7B) is that RLRH may 
enhance growth only under nitrate-sufficient conditions. That 
explanation is consistent with long-standing models of solute 
fluxes in root hair complexes mentioned above. In any case, 
root hair characteristics were both highly plastic and strong 
predictors of growth under both N conditions.

Multiple factors influencing nitrate acquisition

The promotion of lateral root development together with in-
creased expression and activity of nitrate transporters are major 
adaptive responses of the root system to low nitrate conditions 
(Zhang and Forde, 2000; Remans et al., 2006b; Kiba and Krapp, 
2016). The lateral root length and HATS-mediated nitrate in-
flux positively correlated at N− (Fig. 7A). The accessions Bor-
1, Oy-0, and Petergof exhibited numerous and long lateral 
roots (Fig. 2F, G) together with important HATS-mediated ni-
trate influx (Fig. 6A). In contrast, Nok-1 and Pyl-1 produced 
very few lateral roots and presented little influx. Therefore, 

accessions with a broader root surface took up more nitrate 
under these conditions. However, the absence of such a correl-
ation at N+ (Fig. 7B) indicated that the number and/or the ac-
tivity of nitrate transporters are also of primary importance for 
determining the overall nitrate uptake rate. In a similar study 
conducted with a diversity panel comprising modern oilseed 
rape cultivars (Kupcsik et al., 2021), the nitrate influxes correl-
ated positively with the total root length.

There were also correlations among root biomass, mor-
phological traits, and the expression levels of some nitrate 
transporter-encoding genes. The expression study (Fig. 6C–J) 
was conducted on whole root tissues at different stages of lat-
eral root formation. Therefore, it provided only average gene 
expression levels on all types of root cells, while N responses are, 
to a large extent, cell type specific (Kortz and Hochholdinger, 
2019). During both N conditions, NRT1.2/NPF4.6 and 
NRT2.2 transcript levels negatively correlated with some root 
traits (Fig. 7). With N+ supply, NRT1.5/NPF7.3 transcript 
levels negatively correlated with the sum of the lengths of lat-
eral roots (Fig. 7B). NRT1.5/NPF7.3 is depicted as a low-
affinity nitrate transporter that drives xylem loading from the 
root pericycle and root to shoot translocation (Lin et al., 2008) 
and as a proton/potassium antiporter (Drechsler et al., 2015; Li 
et al., 2017a). Furthermore, NRT1.5/NPF7.3 mediates trans-
port of indole-3-butyric acid (IBA), a precursor of the en-
dogenous auxin indole-3-acetic acid (IAA) which is involved 
in root gravitropic responses (Watanabe et al., 2020). Loss of 
function causes reduced lateral root density during potassium 
(Zheng et al., 2016) and phosphorus (Cui et al., 2019) defi-
ciencies. At high nitrate supply, two nrt1.5/npf7.3 mutants ex-
hibited increased lateral root length compared with wild-type 
plants (Supplementary Fig. S3). This suggests that NRT1.5/
NPF7.3 may act as a repressor of lateral root growth during 
nitrate repletion. It then mirrors the role of NRT1.1/NPF6.3 
that represses lateral root development when nitrate is scarce 
(Remans et al., 2006a; Mounier et al., 2014; Bouguyon et al., 
2016). Taken together, these data illustrate the major role of 
NRT1/NPF genes in the control of root development in re-
sponse to nitrate availability. Finally, an ideotype that would 
have very low levels of NRT1.1/NPF6.3 in lateral root prim-
ordia during low nitrate availability, and low expression of 
NRT1.5/NPF7.3 during elevated nitrate, would maintain 
lateral root outgrowth to optimize soil foraging under both 
scenarios.

Conclusion

This study uncovered substantial root phenotypic variation 
and adaptative responses to N availability. It also illustrated 
the complexity of factors shaping root morphology and regu-
lating N uptake. Notably, a large root system can produce great 
above-ground biomass. This work clarified one performant 
ideotype that would rapidly develop a highly branched and 
deep root system, with greater root hair development and with 
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Fig. 8. Ascendant hierarchical classification of Arabidopsis accessions. 
The dendrogram was performed by computing data of the biomass 
production, root morphology, root hairs, nitrate uptake influxes, and 
expression levels of genes involved in nitrate transport obtained from 
seedling plants grown with 0.01 mM (N‒) or 10 mM (N+). Two groups and 
three individual accessions were identified.
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greater N uptake capacity. Arabidopsis is a good model to iden-
tify possible target root phenes to increase plant productivity.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. Illustration of Arabidopsis seedlings grown in vitro in 

Petri dishes.
Fig. S2. Representative root hair phenotypes of two 

Arabidopsis accessions in response to nitrate supply.
Fig. S3. T-DNA insertion sites in the mutant lines 

nrt1.5/npf7.3 and root morphology in response to nitrate 
supply.

Table S1. Primer sequences for qPCR.
Table S2. Fixed effects models from experiment 1.
Table S3. Variance components estimates of the accessions 

with all random effects for the dataset from experiment 1.
Table S4. Simple linear regression model applied to the 

dataset from experiment 1.
Table S5. Fixed effects models for the root morphology data 

set of wild-type and nrt1.5/npf7.3 mutant lines from experi-
ment 5.
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