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Nitrogen fertilization has been reported to influence the development of clubroot, a root 
disease of Brassicaceae species, caused by the obligate protist Plasmodiophora brassicae. 
Our previous works highlighted that low-nitrogen fertilization induced a strong reduction 
of clubroot symptoms in some oilseed rape genotypes. To further understand the 
underlying mechanisms, the response to P. brassicae infection was investigated in two 
genotypes “Yudal” and HD018 harboring sharply contrasted nitrogen-driven modulation 
of resistance toward P. brassicae. Targeted hormone and metabolic profiling, as well as 
RNA-seq analysis, were performed in inoculated and non-inoculated roots at 14 and 
27 days post-inoculation, under high and low-nitrogen conditions. Clubroot infection 
triggered a large increase of SA concentration and an induction of the SA gene markers 
expression whatever the genotype and nitrogen conditions. Overall, metabolic profiles 
suggested that N-driven induction of resistance was independent of SA signaling, soluble 
carbohydrate and amino acid concentrations. Low-nitrogen-driven resistance in “Yudal” 
was associated with the transcriptional regulation of a small set of genes, among which 
the induction of NRT2- and NR-encoding genes. Altogether, our results indicate a possible 
role of nitrate transporters and auxin signaling in the crosstalk between plant nutrition and 
partial resistance to pathogens.

Keywords: oilseed rape, Plasmodiophora, transcriptome, fertilization, disease resistance, NRT2, salicylic acid

INTRODUCTION

Nitrogen fertilization has been studied for a long time in relation with its impact on plant 
diseases (reviewed in Huber and Watson, 1974; Walters and Bingham, 2007; Dordas, 2008; 
Fagard et  al., 2014; Mur et  al., 2017; Sun et  al., 2020). Although it has been early recognized 
that the chemical form of nitrogen fertilizer matters, there are also important quantitative 
concerns. It was indeed often expected—a priori—that excessive nitrogen levels tend to promote 
the severity of plant diseases (Chen et  al., 2007; Devadas et  al., 2014; Huang et  al., 2017). 
However, the reverse has been also reported, then no general pattern applies to all pathosystems 
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(Brennan, 1993; Krupinsky et  al., 2007; Lecompte et  al., 2010; 
Fagard et  al., 2014; Précigout et  al., 2017). Among the reasons 
most frequently given, the levels of organic or inorganic nitrogen 
in plant tissues can directly affect the development of pathogen 
for basic nutritional reasons (Talbot et al., 1997; Snoeijers et al., 
2000). Fertilization can also indirectly influence plant-signaling 
pathways, promoting or depreciating plant ability to trigger 
relevant defense responses (Ding et  al., 2021). Finally, plant 
nitrogen status exerts sometimes a critical influence on the 
cellular physiology of pathogen itself, modulating part of 
virulence functions (Pérez-García et  al., 2001; Donofrio et  al., 
2006; Bolton and Thomma, 2008; López-Berges et  al., 2010; 
Huang et  al., 2017; Soulie et  al., 2020; Gazengel et  al., 2021). 
The varying nitrogen supply can damper or enhance the 
resistance level for specific genotypes and for specific nitrogen 
conditional resistance loci (Ballini et  al., 2013; Thalineau et  al., 
2017). However, for many diseases, such as clubroot, the nitrogen 
effect is not well characterized.

Clubroot is a worldwide root disease affecting all Brassicaceae 
species, caused by the obligate biotrophic parasite Plasmodiophora 
brassicae. The life cycle of P. brassicae starts with a primary 
infection phase in the root hairs, followed by a secondary 
infection inside cortical and stele cells, triggering cell proliferation, 
and leading to the development of root galls (Tommerup and 
Ingram, 1971; Kageyama and Asano, 2009). Genetic resistance 
plays a pivotal role in the management of clubroot disease in 
Brassica crop productions (reviewed in Piao et  al., 2009; 
Hatakeyama et al., 2017; Dakouri et al., 2021). However, efforts 
are faced to a steady rise of resistance breaking, and a better 
understanding of clubroot resistance (including partial 
quantitative resistance) is needed to support knowledge-based 
breeding and management of resistant varieties. In parallel, 
increasing omics-based efforts have been carried out to address 
the molecular and biochemical basis of clubroot responses. 
Those works have highlighted the importance of a series of 
regulatory processes associated with plant primary and secondary 
metabolism (Pedras et  al., 2008; Siemens et  al., 2011; Wagner 
et  al., 2012), the role of jasmonic acid (JA) and salicylic acid 
(SA)-driven defense responses in the inhibition of symptom 
development (Agarwal et al., 2011; Jubault et al., 2013; Lemarié 
et  al., 2015) and the central role of auxin, cytokinin, and 
brassinosteroid-driven regulations (Devos et  al., 2006; Siemens 
et  al., 2006; Agarwal et  al., 2011; Schuller et  al., 2014).

We recently identified (Laperche et  al., 2017; Aigu et  al., 
2018) a series of B. napus genotypes, of which the genotype 
“Yudal,” displaying partial resistance to clubroot when cultivated 
under low nitrate supply, but for which partial resistance was 
almost lost when switching to high nitrate input. Low-nitrogen-
triggered resistance was not systematically observed in the 
progeny of “Yudal,” and a linkage genetic analysis identified 
a couple of resistance QTL for which the relative effect of 
resistance alleles from “Yudal” was conditional to nitrogen 
fertilization level (Laperche et  al., 2017; Aigu et  al., 2018). 
However, cellular and molecular elements underlying such 
genotype x environment crosstalk remain yet largely unknown.

The aim of the present study was to understand the plant 
molecular processes associated with the modulation of clubroot 

response under low-nitrogen conditions in the B. napus 
genotype “Yudal.” Nitrogen-dependent cellular responses to 
infection were analyzed in “Yudal” and in the genotype HD018 
used as control. HD018 was chosen among a double haploid 
progeny from the cross between “Darmor-bzh” and “Yudal” 
(Foisset et al., 1996; Laperche et al., 2017) among the genotype 
subset displaying stable high susceptibility level whatever the 
amount of nitrate supplied (Laperche et  al., 2017). 
Transcriptional and metabolic responses, particularly those 
associated with primary and defense metabolism, were 
investigated in inoculated and non-inoculated roots of both 
“Yudal” and HD018 at 14 and 27 days post-inoculation (dpi). 
Results were analyzed with the double prospect of: 1/identifying 
genotype responses to low-nitrogen supply and P. brassicae 
inoculation, by focusing on transcriptional and biochemical 
responses associated with primary metabolism and plant 
defense and 2/identifying contrasted genotype-dependent 
responses to the specific combination of abiotic (nitrogen) 
and biotic (P. brassicae infection) constraints potentially 
explaining the low-nitrogen conditional resistance.

MATERIALS AND METHODS

Plasmodiophora brassicae and Plant 
Material
The P. brassicae selection isolate eH (Fähling et  al., 2003), 
belonging to pathotype 1, as defined by (Somé et  al., 1996), 
was propagated on Chinese cabbage (B. rapa spp. pekinensis 
cv. Granaat). B. napus cv. “Yudal,” a spring oilseed rape, and 
HD018, a doubled haploid (DH) from the “Darmor-bzh” x 
“Yudal” progeny (Foisset et al., 1996), were used for the RNA-seq 
and metabolic analyses.

Clubroot Assay Under Low-(N1) and High 
(N8)-Nitrogen Condition
Seeds of “Yudal” and HD018 were sown in 4-cm-diameter 
pots (1 seed per pot) filled with “Falienor 922016F3” potting 
medium (Falienor, Vivy, France), which consists of 65% Irish 
peat, 20% black peat, 15% perlite, and 2% clay. The pots 
were transferred to a phytotron maintained at temperatures 
ranging from 19 to 22°C under a 16/8 h day/night cycle. Two 
Hoagland-based nutrient solutions containing 1 mM (thereafter 
called N1 condition) or 8 mM (N8 condition) of nitrate, were 
supplied to the plants by watering at the bottom of the pots 
(sub-irrigation) according to Laperche et  al. (2017). Plants 
were sub-irrigated with the appropriate nutrient solution twice 
a week from sowing to 21 days after sowing and then three 
times per week until the end of the assays. Inoculations were 
performed 1  week after sowing by applying 1 ml of resting 
spores solution (1 × 107 spores/ml) as previously described by 
Manzanares-Dauleux et al. (2000). Experiments were conducted 
in four replicates. Macroscopic root symptoms were observed, 
and a disease index was determined at 27 and 42 days post-
inoculation (dpi) according to the method of Buczacki et  al. 
(1975) as modified by Manzanares-Dauleux et  al. (2003). 
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Root  samples were collected 14, 27, and 42 dpi. Root samples 
were from 24 plants at 14 dpi, 12 plants at 27 dpi, and 6 
plants at 42 dpi, for each combination of nitrogen level, 
genotype, inoculation and for each of the four replicates 
(total = 32 samples per time-course point). Samples were quickly 
frozen in liquid nitrogen, then freeze-dried, and grounded 
with a FastPrep-24 (MP biomedicals).

Metabolic Profiling
Non-structural Carbohydrates, Polyols, Organic 
Acids, and Amino Acids Quantification
For non-structural carbohydrates, polyols, organic acids, and 
amino acids profiling, 10 mg of the freeze-dried root powder 
per sample was used. A methanol–chloroform–water-based 
extraction was performed according to the following procedure: 
ground samples were suspended in 500 μl of methanol 
containing two internal standards: 200 μM 3-aminobutyric 
acid (BABA; for amino acid quantification) and 400 μM adonitol 
(GC analysis). Suspensions were agitated for 15 min at room 
temperature. Then, 250 μl of chloroform was added, followed 
by a 10 min agitation step. Finally, 500 μl of water were added, 
and samples were vortexed and centrifuged at 12,000 g for 
5 min to induce phase separation. The upper phase, which 
contained non-structural carbohydrates, polyols, organic acids 
and amino acids, was transferred to a clean microtube and 
used for subsequent analysis.

For amino acid profiling, 50 μl of each methanol–water 
extract was dried under vacuum. Dry residues were suspended 
in 50 μl of ultrapure water, and 10 μl was used for the derivatization 
employing the AccQ-Tag Ultra derivatization kit (Waters, Milford, 
MA, United  States). Derivatized amino acids were analyzed 
using an Acquity UPLC-DAD system (Waters) according to 
Albert et  al. (2012). BABA was used as internal standard.

For non-structural carbohydrates, polyols, and organic acids 
profiling, 50 μl of polar extract were dried under vacuum. The 
dry residue was dissolved in 50 μl of 20 mg ml−1 methoxyamine 
hydrochloride in pyridine at 30°C for 90 min under orbital 
shaking. Then, 50 μl of N,O-bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) were added and samples were incubated at 37°C for 
30 min and then at room temperature overnight before injection 
in GC-flame ionization detection (FID) according to Lugan 
et  al. (2009). Ribitol was used as internal standard.

Salicylic Acid and Jasmonic Acid Quantification
SA and JA were quantified starting from 20 mg of the freeze-
dried root powder per sample. After addition of 1 ml of a 
methanol: water: formic acid (80:19:1 by vol.) mixture solvent, 
tubes were ultrasonicated and agitated at room temperature 
for 30 min. The tubes were then centrifuged at 12,000 g for 
10 min, and the supernatants were removed into new 1.5 ml 
tubes. The pellets were re-extracted with 1 ml of the extraction 
solvent, and the supernatants were pooled and dried in a 
speed vacuum centrifuge. Dried residues were then 
resuspended in 100 μl of acidified methanol. Phytohormones 
were analyzed by injecting 5 μl of resuspended samples in 
an Acquity UPLC system (Waters) coupled to a triple 

quadrupole detector equipped with an electrospray ionization 
(ESI) source according to Fan et  al. (2011). Authentic SA 
and JA (Sigma-Aldrich and Olchemim Ltd.) were used as 
external standards.

RNA-Seq Analyses
RNA Isolation, cDNA Library Construction, and 
Sequencing
RNA was extracted from 20 mg of freeze-dried roots powder 
using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) 
according to the manufacturer’s instruction. RNA purity was 
determined using a 2,100 bioanalyzer (Agilent, Santa Clara, 
CA, United States). cDNA library preparation and sequencing 
were conducted by GenoScreen in Lille, France. mRNA was 
isolated and fragmented. These short fragments of mRNA 
were used as templates to synthesize cDNA with random 
primer. cDNA end was repaired to permit Illumina sequencing 
adaptor. DNA libraries were generated by PCR amplification 
and controlled by fragment analyzer kit “DNF 474 High 
Sensitivity NGS Fragment.” A total of 64 libraries were created, 
based on all the samples from 14- and 27-dpi. These libraries 
were paired-end sequenced (2×150 bp) using an Illumina 
HiSeq™ 4,000.

Read Mapping and Counting
High-quality paired reads were mapped against the B. napus 
genome cv. “Darmor-bzh” (Version 4.1; Chalhoub et al., 2014), 
using STAR, version 2.5.2a (Dobin et  al., 2013). The mapping 
parameters were adjusted according to the properties of the 
polyploid B. napus genome, maximum 6 multimapping, and 
the divergence between genotypes used for RNA-seq and 
reference genome, maximum 6 mismatch for 300 pb. The 
reads aligned to B. napus genome were used to generate 
gene read counts based on B. napus annotation (Version 5) 
with FeatureCounts, version 1.5.0 (Liao et  al., 2014). For the 
counting, read equally best mapped to more than one location 
in the reference genome, but below seven, were count  
fractionally.

Differential Expression
The R package EdgeR (Robinson et  al., 2010) was used to 
identify differential gene expression. The raw read counts, 
calculated with FeatureCount, were used as the input of EdgeR. 
Genes with expression level below 0 log2 CPM (Count Per 
Million) were removed. The signal for each gene was normalized 
using TMM (Trimmed Mean of M values) and CPM normalization. 
Differential expression analyses were performed with EdgeR 
exact test, according to the evidence of Schurch et  al. (2016).

Gene Ontology Term Enrichment
GO term enrichment analysis was performed with agriGO 
v2.0 (Tian et  al., 2017), using Fisher’s exact statistic test and 
Yekutieli multi-test adjustment method (value of p < 0.05). GO 
term analysis was based on Arabidopsis thaliana database, using 
gene homology with B. napus.
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RESULTS

Gall Development Was Inhibited Since 
27 dpi Under Low-Nitrogen in “Yudal”
Clubroot symptoms were not apparent at the first time-
course point 14 dpi, then increased between 27 and 42 dpi 
(Figure  1A). Under high-nitrogen supply (N8 condition), 
“Yudal” and HD018 displayed similar levels and kinetics of 
clubroot symptom development, reaching DI = 73 and DI = 77 

at 42 dpi, respectively. Under low-nitrogen supply (N1 
condition), significantly fewer macroscopic symptoms on 
“Yudal” roots (DI = 19 at 27 dpi, then DI = 30 at 42 dpi), 
were observed relatively to N8 condition. By contrast, in 
the HD018 genotype clubroot symptoms were identical 
whatever fertilization treatment. Forty-nine dpi, very small 
galls were observed in “Yudal” roots under N1, while in 
the other 3 conditions (“Yudal” under N8, and HD018 under 
N1 and N8), large galls developed on the roots (Figure  1B).

A

B

FIGURE 1 | Root symptoms development induced by inoculation with eH isolate of Plasmodiophora brassicae in the two Brassica napus genotypes, “Yudal” and 
HD018, under two nitrogen supplies, 1 and 8 mM. (A) Disease index at 14, 27, and 42 days post-inoculation (dpi). Standard error are represented. *Represent 
statistical significant difference according to Duncan’s multiple range test, p < 0.05 (B) Root symptoms at 49 dpi.
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Plant Genotype Is the Major Driver of 
Transcriptome Differences Between 
Samples, Followed by Inoculation, Then to 
a Minor Extent by Nitrogen
The transcriptional regulations patterns of “Yudal” and HD018 
were analyzed by RNA-seq at 14 and 27 dpi according to 
inoculation factor (non-inoculation and inoculation) and 
fertilization factor (N1 and N8; Supplementary Table S1). A 
total of 3,025,412,897 reads generated by 150-bp paired-end 
sequencing from the 64 samples (average of 47,272,076 reads 
per sample) were conserved after the quality control process 
(Q > 30% and read length > 50 bp). Approximately 83% of these 
reads (2.5 billion mapped reads) were aligned on the genome 
of B. napus. Similar distribution of the B. napus genes expression 
level was observed for the 64 samples, suggesting that no bias 
was introduced during the construction of cDNA libraries 
(Supplementary Figure S1). A total of 56,754 genes of B. 
napus were considered as expressed (Log2CPM > 0  in at least 
4 samples). For information purposes, using separately HD018 
and “Yudal” samples, a total of 55,198 and 53,933 genes were, 
respectively, considered as expressed, including 52,910 genes 
common to both genotypes.

The similarities and differences between RNA-seq samples 
were represented using MultiDimensional Scaling plot 
(Supplementary Figure S2). In our dataset, samples were clearly 
clustered according to the genotype along the first dimension 
of MDS (49% of total variance) and according to the inoculation 
factor (inoculated vs. non-inoculated) along the second one 
(11% of total variance’ Supplementary Figure S2A). Sample 
clustering along the third MDS axis was reflecting combinations 
of nitrate fertilization and time-course points (7% of total 
variance’ Supplementary Figure S2B). Summary of Differentially 
Expressed Genes (DEGs) between genotypes, inoculation, and 
nitrogen factors was indicated in Supplementary Table S2, 
for 14 and 27 dpi.

Pathogen Inoculation Induced Similar 
SA-Related Defense Response Patterns 
in Both Genotypes, Whatever Nitrogen 
Supply
Under N8, clubroot infection in HD018 resulted in the 
transcriptional regulation of 4,917 genes at 14 dpi and 18,055 
genes at 27 dpi (Figure 2). Under the same nitrogen supply, 2,142 
genes at 14 dpi and 10,085 genes at 27 dpi were transcriptionally 
regulated by clubroot infection in “Yudal.” An important proportion 
of these DEGs was common to both genotypes (39% of DEGs 
by infection were induced or repressed in both genotypes at 14 
and 27 dpi). More importantly, the “Yudal” DEGs set was largely 
included in HD018 DEGs set (81% at 14 dpi and 78% at 27 dpi).

Under N1, clubroot infection in HD018 resulted in the 
transcriptional regulation of 6,794 genes at 14 dpi and 17,734 
genes at 27 dpi (Figure  2). Under the same condition, 1,862 
genes at 14 dpi and 15,192 genes at 27 dpi were transcriptionally 
regulated by clubroot infection in “Yudal.” An important 
proportion of these DEGs was common to both genotypes 
(22 and 36% of DEGs by infection were induced or repressed 

in both genotypes at 14 and 27 dpi, respectively), and as in 
N8 condition, the “Yudal” DEGs set was largely included in 
HD018 DEGs set (85% at 14 dpi and 57% at 27 dpi).

A GO term-based analysis with AgriGo revealed that the 
sets of clubroot-triggered and clubroot-repressed genes in both 
genotypes were enriched in similar biological process, 
independently of time-course point and nitrogen fertilization. 
The set of clubroot-triggered genes was enriched in biological 
processes including protein amino acid phosphorylation, defense 
response to fungus and bacterium, systemic acquired resistance 
(SAR), and response to SA stimulus. The set of clubroot-repressed 
genes was enriched in biological process that included glucosinolate 
biosynthetic process and lipid localization. A detailed list of the 
genes associated with those GO terms and that were differentially 
expressed in our dataset are given in the Supplementary Table S3A.

To get a further validation about the importance of SA-related 
responses during plant responses to clubroot infection, SA was 
quantified and the expression of a selection of classical SA-related 
marker genes was studied more specifically. SA concentration 
was increased in the inoculated roots in response to infection 
by P. brassicae compared to non-inoculated roots (Figure  3A). 
This accumulation was observed in both genotypes, and 
furthermore, no significant difference was observed between 
inoculated “Yudal” and HD018 under N1 condition at the two 
time-course points. The expression of SA-related marker genes 
was also induced by inoculation in all the samples (Figure  3B). 
Four copies of NIMIN1, a NPR1-interacting protein involved in 
immune responses, were induced by pathogen infection (with a 
mean log2FC of 3.5). Six B. napus orthologues of the A. thaliana 
ISOCHORISMATE SYNTHASE (ICS), coding a key enzyme of 
SA biosynthesis, were induced by pathogen infection (with a 
log2FC of 0.82). Two orthologous of the ENHANCED DISEASE 
SUSCEPTIBILITY 5 (EDS5) gene of A. thaliana, implicated in 
SA transport from chloroplast to cytoplasm, were significantly 
upregulated in inoculated roots (with a mean log2FC of 1.4). 
Accordingly, expression of typical SA-responsive gene markers 
was significantly higher in the inoculated root samples under 
high-nitrogen, compared to non-inoculated root samples. Pathogen-
related (PR) genes, implicated in SA response, particularly two 
gene copies of PR1 and one ofPR5 were induced by the infection 
under N8 condition with a mean Log2FC of 10.4 and 5.54, 
respectively. The same analysis was carried out on JA-related 
response. However, P. brassicae inoculation was not inducing any 
JA-related response in any genotype (Supplementary Figure S3).

SA response level was not higher in “Yudal” under 
low-nitrogen condition compared to the other inoculated samples. 
Thus, hormone profiling and transcriptomic data gave no 
support to the hypothesis that resistance to clubroot of “Yudal” 
under N1 could be  related to the extent of SA responses.

Variations of Nitrate Supply Did Not 
Trigger Defense and Induced Similar 
Responses in Non-inoculated “Yudal” and 
HD018
When the plants have not been inoculated, N1 fertilization 
in HD018 resulted in the transcriptional regulation of 3,443 
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genes at 14 dpi and 4,246 genes at 27 dpi (Figure  4). Under 
the same condition, 3,537 genes at 14 dpi and 7,907 genes at 
27 dpi were transcriptionally regulated in “Yudal.” Among the 
sets of DEGs, 34 and 27% were common to both genotypes, 
at 14 and 27 dpi, respectively.

Under inoculated condition, N1 fertilization in HD018 
resulted in the transcriptional regulation of 3,217 genes at 
14 dpi and 5,288 genes at 27 dpi (Figure  4). Under N1, 4,806 
genes at 14 dpi and 5,870 genes at 27 dpi were transcriptionally 
regulated in “Yudal.” Among the sets of DEGs, 29 and 16% 
were common to both genotypes, at 14 and 27 dpi, respectively.

A singular enrichment analysis using AgriGo highlighted 
an enrichment of N1-upregulated genes for GO categories 
associated with ion transport and regulation of nitrogen 
metabolism. N1-downregulated genes were enriched for GO 
categories associated with a wider range of processes related 
to primary metabolism and ion transport. A detailed list of 
the genes associated with those GO terms and that were 
differentially expressed in our dataset are given in the 
Supplementary Table S3B.

A surprising low number of genes connected to nitrogen 
homeostasis were induced under N1, most significant being: 
BnaC07g36810D and BnaA03g44820D (encoding NRT1-8), 
BnaC03g56990D (encoding NRT1-5), and BnaC02g06830D 
(encoding an amino transporter homologue to At5G16740). 
N1 treatment also resulted in the expression of three cytosolic 
copper/zinc-SUPEROXIDE DISMUTASE 1 encoding genes 
(BnaA09g48720D, BnaC08g42970D, and BnaC05g06430D), and 
two cupredoxin encoding genes (BnaA06g32330D and 
BnaC07g24070D). Besides, a remarkably high number of genes 
unambiguously related to photosynthetic processes were induced 
under low-nitrogen condition in both genotypes. This included 
>100 genes encoding for a variety of photosystem I  subunits, 
light harvesting complex proteins, small subunit 1 from 
RUBISCO, PSII oxygen evolving complex. However, even if 
the induction of these genes under N1 being statistically 
significant, their absolute transcription levels remained low 
(cpm < 6).

Among the most noticeable N1-repressed genes in the two 
genotypes were the four B. napus copies encoding FSD1 

FIGURE 2 | Venn diagrams of differentially expressed genes under inoculation condition compared to non-inoculated condition in the two Brassica napus 
genotypes, “Yudal” and HD018, under two nitrogen supplies, 1 and 8 mM. Pink and blue circles represented genes differentially expressed in HD018 and “Yudal,” 
respectively. Green part obtained by the superposition of pink and blue circles represents the differentially expressed genes common to both genotypes. In green 
part, only the genes with same type of regulation are considering. For each Venn diagram, the genotype with the higher amount of DEGs is represented by a circle 
of the same size (maximum size, independently of the number of gene). Then, the sizes of the two other color (other genotype and common part) are proportional to 
the biggest circle based on their amounts of genes included into. The numbers show exactly how many genes are upregulated or downregulated for each of the 
three colored parts.
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(a chloroplastic Fe-superoxide dismutase), two out of the four 
copies encoding the iron-metalloreductase FRO5, and the two 
copies encoding the nicotianamine-metal transporter YSL2. 
Two from the three B. napus genes encoding the glucosidase 
BGL1, involved in ABA remobilization were repressed. N1 
also led to the repression of the two LOX2 encoding genes 
BnaA07g38550D and BnaCnng38630D, the JAR1 encoding gene 
BnaA03g21360D (involved in the synthesis of Jasmonoyl-
isoleucine bioactive conjugate hormone), and two of the three 
11/12-hydroxyjasmonate sulfotransferase 2A (ST2A) encoding 
genes, thus highlighting a possible regulation of some aspects 
of jasmonate signaling in long-term N1-deprived roots.

To further investigate the response of the two genotypes to 
variations in nitrogen supply, primary metabolite profiling was 
analyzed in root samples. From the concentration of these primary 

metabolites, we  calculated the organic nitrogen concentration. 
Organic nitrogen in primary metabolite concentration was higher 
in the N8 condition compared to N1 condition (Figure  5A) 
both in the two genotypes and in the inoculated and non-inoculated 
plants. Moreover, no significant difference was detected between 
inoculated “Yudal” and HD018 under N1 at the two time-course 
points. In more details, very few metabolic differences were 
identified between the two non-inoculated genotypes (Figure 5B). 
In both “Yudal” and HD018, high-nitrogen supply was associated 
with elevated root concentrations of a series of 12 amino acids 
(β-alanine, asparagine, tryptophan, methionine, leucine, 
phenylalanine, glutamine, threonine, valine, isoleucine, lysine, 
tyrosine) and four other primary metabolites (glyceric acid, 
quinic acid, succinic acid, and ammonium). Low-nitrogen supply 
was associated with the accumulation of galactose, galactinol, 
raffinose, and myo-inositol. Thus, from a metabolic point of 
view, both genotypes displayed very similar responses to nitrogen 
deficiency in absence of pathogen infection.

Metabolic profiling also highlighted in both inoculated 
genotypes a clubroot-triggered accumulation of trehalose and 
S-methyl-cysteine, two marker metabolites of clubroot infection. 
Both metabolites were accumulated at a lower extent in “Yudal” 
under N1, compared to the three other inoculated modalities. 
However, we did not identify any pathogen-triggered modification 
of primary metabolite concentration related to low-nitrogen 
induced resistance response in “Yudal.”

A Set of Genes Associated With Nitrate 
Assimilation Processes Was Specifically 
Induced in “Yudal” by the Dual Constraint 
Low-Nitrogen Supply × P. brassicae 
Inoculation
A set of DEGs associated with the resistance-induced in “Yudal” 
under low-nitrogen supply was selected according to three 
differential comparisons, two by two: “Yudal” N1 inoculated versus 
(i) “Yudal” N8 inoculated, (ii) HD018 N1 inoculated, and (iii) 
HD018 N8 inoculated. To be selected, genes had to show significant 
differential expression and a log2FC lower than −1 or higher 
than 1 and the same regulation pattern in the three comparisons.

At 14 dpi, 259 DEGs were selected: 88 were expressed at 
a higher level and 171 were expressed at lower level in “Yudal” 
N1 inoculated compared to the other inoculated samples. At 
14 dpi, no biological process was enriched in the set of genes 
specifically induced by infection in “Yudal” N1. At this time 
point, genes specifically repressed by infection in “Yudal” N1 
were enriched in functions associated with defense and responses 
to pathogens.

At 27 dpi, 945 DEGs were selected: 451 were expressed at 
higher level, and 494 at lower level in “Yudal” N1 inoculated 
compared to all other conditions. Among these genes, 24 were 
upregulated and 42 were downregulated at both time-course points 
in “Yudal” N1. The specific inhibition of defense-related function 
in “Yudal” N1 observed at 14 dpi was not any more observed 
at 27 dpi. At this time point, the set of 451 genes specifically 
induced in “Yudal” was enriched in functions related to nitrate 
response and nitrate transport. This included a series of genes 

A

B

FIGURE 3 | Salicylic acid (SA) response induced by P. brassicae inoculation. 
(A) SA content in root samples. Standard error are represented. Values 
followed by the same letter (a, b, c, d, e, f ) are not significantly different 
(p<0.05) by Duncan’s multiple range test. (B) Expression of genes related to 
SA biosynthesis and SA resistance. The gene expression data were centered 
and reduced. ICS: Isochorismate synthase, EDS5: Enhanced disease 
susceptibility 5, NIMIN1: Non-inducible immunity interacting 1, PR: 
Pathogenesis-related gene.
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homologous to the “classical series” of Arabidopsis nitrate-related 
genes: inducible high-affinity nitrate transporters NRT2.1, NRT2.2, 
and NRT2.3 (9 copies), an interaction partner of NRT2, NAR2.1 
(5 copies), nitrate transporters NRT1.1 and NRT1.7 (2 copies), 
ammonium transporters AMT1 (2 copies), nitrate reductase 
encoding genes NR (2 copies), and nitrite reductases NIR (3 copies).

Among these 451 genes, the regulation pattern of NRT2 
copies was atypical (Figure  6). These genes were specifically 
induced in “Yudal” N1 inoculated condition at 27 dpi compared 
to all the other conditions. A similar pattern of regulation 
was also detected for a set of genes, including genes related 
to auxin response, among which an auxin efflux carrier family 
protein, PILS7 (5 copies), and two genes encoding auxin response 
proteins, SAUR30 (1 copy) and SAUR59 (1 copy).

DISCUSSION

Based on the strong link between the pathogen nutritional 
requirements of an obligate parasite and the plant host metabolism, 

plant genetic variation influencing nitrogen use efficiency could 
theoretically influence the level of susceptibility/resistance of 
plants cultivated under low-nitrogen input (Ballini et  al., 2013). 
In this perspective, experimental attempts to decipher the 
molecular basis of nitrogen-driven resistance may meet molecular 
processes involved in basic plant nitrogen assimilation. In 
non-inoculated plants under low-nitrogen condition we observed 
an important modulation of the primary metabolism. The 
reduction of many amino acids and few other primary metabolites 
(glyceric acid, quinic acid, succinic acid, and ammonium) content 
under low-nitrogen was previously described in non-inoculated 
B. napus leaves and roots (Gerendas and Sattelmacher, 1999; 
Tilsner et  al., 2005). However, in our study, we  observed only 
minor differences between the two B. napus genotypes, which 
cannot explain the large difference in term of symptoms level. 
The transcriptional response to nitrate, observed in the present 
work, was difficult to compare with other works since most 
of the available studies concern early responses (few minutes 
to hours after treatment) of A. thaliana to nitrate (reviewed 
in Canales et al., 2014). None out of the top 50 most consistent 

FIGURE 4 | Venn diagrams of differentially expressed genes under 1 mM condition compared to 8 mM condition in the two Brassica napus genotypes, “Yudal” and 
HD018, under two inoculation condition, non-inoculated and inoculated. Pink and blue circles represented genes differentially expressed in HD018 and “Yudal,” 
respectively. Green part obtained by the superposition of pink and blue circles represents the differentially expressed genes common to both genotypes. In green 
part, only the genes with same type of regulation are considering. For each Venn diagram, the genotype with the higher amount of DEGs is represented by a circle 
of the same size (maximum size, independently of the number of gene). Then, the sizes of the two other color (other genotype and common part) are proportional to 
the biggest circle based on their amounts of genes included into. The numbers show exactly how many genes are upregulated or downregulated for each of the 
three colored parts.
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genes regulated in early response to nitrate highlighted by 
Canales et  al. (2014), based on 11 A. thaliana studies, were 
observed in our study. By contrast, several genes identified as 
induced or repressed at a later stage after 10 days of nitrate 
deficiency (Krapp et  al., 2011), were similarly regulated in our 
dataset. Most strikingly was the large repression of Fe-Superoxide 
Dismutase encoding genes (At4g25100 in Arabidopsis and its 
four homologous in B. napus), and the induction of NRT2.5 
encoding genes (At1g12940 and B. napus homologous genes) 

and genes encoding a nodulin MtN21-EamA_like protein 
(At1g21890 and B. napus homologous genes). The similarities 
between Arabidopsis and oilseed rape for long-term responses 
to nitrogen deficiency are particularly interesting for future 
functional studies. In addition to the global effect of nitrogen 
supply on the primary metabolite concentration, we  observed 
two different patterns in non-inoculated and inoculated samples 
under high nitrogen. In fact, the global concentration of primary 
metabolites was highest in non-inoculated samples at 14 dpi, 
while it was highest in inoculated roots samples at 27 dpi. A 
higher concentration of primary metabolites, especially the amino 
acid, was previously observed in the genotype inoculated by 
P. brassicae at 42 dpi with the highest DI (Wagner et  al., 2012). 
The increase of primary metabolites concentration in roots 
according to the susceptibility level was attributed to P. brassicae 
biotrophic life style. However, in our study, “Yudal” resistance 
cannot be  explained by differences in both organic nitrogen 
and/or primary metabolite concentrations because they are 
similar between susceptible and resistant samples under 
low-nitrogen condition.

Plant hormones, such as jasmonate or salicylate, play a 
major role in plant defense mechanism against clubroot. 
Jasmonate responses have been previously identified in basal 
defense to clubroot in the Arabidopsis accession Col-0 (Gravot 
et  al., 2012; Lemarié et  al., 2015). The role of SA responses 
in partial resistance to clubroot have been previously reported 
in Arabidopsis accession Bur-0 (Jubault et  al., 2013; Lemarié 
et  al., 2015). Moreover, several works have reported that 
exogenous SA and methyl jasmonate (MeJA) treatment induces 
a significant reduction of clubroot symptoms in various Brassica 
(Agarwal et  al., 2011; Lovelock et  al., 2013; Lemarié et  al., 
2015; Xi et al., 2021). In the present study, P. brassicae inoculation 
led to an induction of SA-related markers and an accumulation 
of SA in both genotypes. This SA response was combined 
with the absence of JA response, as expected due to the 
antagonism between these two hormonal pathway. Nevertheless, 
no significant difference was observed in terms of SA 
accumulation between susceptible and resistant genotypes under 
low-nitrogen condition. According to the previous results and 
due to similar level of PR genes upregulation in the inoculated 
samples, SA response appears to be  associated with the basal 
resistance in both “Yudal” and HD018. Although, we  finally 
conclude that SA response level was not responsible of the 
low-nitrogen conditional resistance of “Yudal.” The present work 
however still offers a comprehensive view on the B. napus 
repertoire of SA-driven genes involved during clubroot infection.

Our work led to the identification of a set of genes, whose 
regulation pattern was linked to the resistance-triggered by 
low-nitrogen condition in “Yudal.” This set of genes comprised 
nitrate transporters (NRT2.1, NRT2.2, and NRT3.1), nitrate 
reductase (NR1), and auxin-related genes (PILS7, an auxin 
efflux carrier family protein, and SAUR30 and SAUR59, two 
small auxin upregulated RNA). NRT2 proteins were firstly 
described for their implication in the nitrate influx in low N 
concentration condition. In A. thaliana, NRT2.1 appears to 
be  by far the main component of the high-affinity transport 
systems (HATS) for nitrate root uptake under most conditions, 

A

B

FIGURE 5 | Primary metabolites (amino acids, non-structural carbohydrates, 
polyols, and organic acids) regulation in response to nitrogen supply and 
Plasmodiophora brassicae infection. (A) Organic nitrogen content in primary 
metabolites. Standard error are represented. Values followed by the same 
letter (a, b, c, d, e, f) are not significantly different (p<0.05) by Duncan’s 
multiple range test. (B) Primary metabolites content. Data of metabolites 
content were centered and reduced.
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with exception of severe N starvation (Cerezo et  al., 2001; 
Filleur et  al., 2001). NRT2 proteins are generally unable to 
transport nitrate on their own, but need to interact with the 
partner protein NRT3.1 (Kotur et  al., 2012; O’Brien et  al., 
2016). In addition to the nitrate transport function, nitrate 
transporters have been evidenced to be  involved in nitrate 

sensing (Ho et  al., 2009; Gojon et  al., 2011). NRT2.1 has been 
shown to modify lateral root development independent of 
nitrate transport and thus act as a transceptor (Little et  al., 
2005). Two NRT2 genes have been also identified as players 
in plant defense responses, NRT2.1 and NRT2.6. A deletion 
in the high-affinity nitrate transporter NRT2.1 in Arabidopsis 
resulted in a reduced susceptibility to Pseudomonas syringae 
by two different mechanisms, SA priming and interference 
with effector-triggered susceptibility (Camañes et  al., 2012). In 
Arabidopsis also, NRT2.6 was found induced by the 
phytopathogenic bacterium Erwinia amylovora (Dechorgnat 
et  al., 2012). Interestingly, plants with a decreased NRT2.6 
expression showed a lower tolerance to pathogen attack. A 
correlation was found between NRT2.6 expression and ROS 
species accumulation in response to infection by E. amylovora 
and treatment with the redox-active herbicide methyl viologen, 
suggesting a probable link between NRT2.6 activity and the 
production of ROS in response to biotic and abiotic stress. 
No study has yet highlighted the roles of NRT2 genes in 
clubroot resistance.

Auxin, one of the most investigated classes of plant hormones, 
is involved in many aspects of plant growth and development. 
Many studies suggest a pivotal role of auxin in primary root, 
lateral root, and root hair development (Osmont et  al., 2007; 
Benfey et al., 2010; Overvoorde et al., 2010). Auxin transporters, 
as PILS7, were implicated in gradient formation or local 
accumulation to induced auxin response. Moreover, the auxin 
response during clubroot infection was highlighted by 
transcriptomics (Siemens et  al., 2006; Jubault et  al., 2013; Irani 
et  al., 2018; Ciaghi et  al., 2019; Robin et  al., 2020) and 
metabolomics studies (Raa, 1971; Butcher et al., 1974; Kavanagh 
and Williams, 1981; Rausch et  al., 1983; Ludwig-Müller et  al., 
1996; Grsic et  al., 1999; Ugajin et  al., 2003). Besides, the role 
of auxin has been constantly reported as a major feature of 
clubroot disease, but only a paucity of works has reported 
that allelic variations affecting auxin signaling could influence 
clubroot development. Thus, these genes are interesting candidates 
for future functional studies.

Previous genetic linkage analysis of clubroot resistance in a 
“Darmor-bzh” × “Yudal” double haploid progeny, identified 
resistance QTL against eH isolate of P. brassicae based on disease 
index (Laperche et al., 2017). The QTL C02 may play an important 
role in the nitrogen-drive modulation of “Yudal” resistance 
compared to HD018. Indeed, among all the QTL that were 
identified as influencing resistance to eH isolate in the “Darmor-
bzh” × “Yudal” progeny, this QTL C02 was the only one for 
which there is an allelic variation between “Yudal” and the 
recombinant line HD018 (Laperche et al., 2017; Aigu et al., 2018). 
However, none of the 341 genes included in the C02 QTL 
confidence interval was common with the list of DEGs associated 
with the resistance-induced in “Yudal” under low-nitrogen supply 
(291 genes at 14 dpi and 945 genes at 27 dpi). Moreover, none 
of these 341 genes had any regulation pattern that can be related 
to “Yudal” lower symptoms (no genes specifically induced/repressed 
under low-nitrogen supply in Yudal whatever the inoculation 
condition). Further analyses would be  required to identify every 
sequences variations between the two genotypes in the C02 QTL 

FIGURE 6 | List of the 50 genes with the higher correlation value according 
to the regulation pattern of BnaAnng35750D. BnaAnng35750D was firstly 
identified for its huge induction in “Yudal” 1 mM inoculated compared to all the 
other samples. The genes expression data were centered and reduced. Gene 
function are based on Arabidopsis thaliana database, using gene homology 
with B. napus.
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interval and then explore if those variations could influence 
directly or indirectly the transcription of the selected candidate 
DEGs. Alternatively, these DEGs could be  regulated by genetic 
variations at other QTL that may have been undetected in the 
genetic analyses from Laperche et  al. (2017).

CONCLUSION

To summarize, (1) Our data suggested that low-nitrogen conditional 
resistance in “Yudal” relied at first on less symptom (root galls) 
development. (2) Low-nitrogen supply exerted a strong but similar 
effect on amino acid and soluble carbohydrate concentrations in 
both genotypes. However, this effect was relatively weak on root 
transcriptional responses on the studied time-course points, 
compared to the impact of genotype and inoculation factors. 
About half of nitrogen-driven transcriptional regulations were 
common to “Yudal” and HD018, thus suggesting that the influence 
of nitrogen was similar in both plant genotypes. (3) Nitrogen 
constraint did not seem to exert per se any evident influence on 
constitutive defenses. (4) Low-nitrogen conditional resistance in 
“Yudal” was found associated with the induction of series of 
NRT2.2 and genes related to inorganic nitrogen acquisition and 
to auxin-related genes. Additional work would be needed to further 
understand how these regulations inhibit the development of galls.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly 
available. This data can be  found at: Raw reads are available 
at the European Nucleotide Archive database system under 
the project accession number PRJEB44381 (samples ERS6263817 
to ERS6263880).

AUTHOR CONTRIBUTIONS

MM-D, AG, YA, SD, and AL designed the experiments. Metabolic 
profiling was performed by NM and YA. YA, SD, CL, KG, and 
AG contributed to clubroot assays and sampling. Sample processing 
and RNA extraction were performed by KG, CL, NM, and YA. 
RNA-seq analysis and bioinformatics were performed by YA and 

FL. YA, AG, and MM-D wrote the manuscript, with advices from 
AL, KG, and SD. All authors read and approved the final  
manuscript.

FUNDING

This study was funded by the French Association for the 
Promotion of Oilseed Crops Breeding (PROMOSOL). The 
doctoral followship of YA was funded by Université de Rennes 1.

ACKNOWLEDGMENTS

The authors are grateful to the technical team in charge of the 
experimental installation: Laurent Charlon and Patrick Rolland. 
We acknowledge the metabolomic analytical facility P2M2 (INRAE 
Rennes, France). The authors would like to thank the BrACySol 
biological resource center (INRAE Rennes, France) for providing 
the seeds used in this study. The authors thanks the Université 
de Rennes 1 for financing YA a 3-year PhD fellowship.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpls.2022.790563/
full#supplementary-material

Supplementary Table S1 | Number of paired-end reads sequenced for  
each sample.

Supplementary Table S2 | Summary of differentially expressed gene number 
according to the three main studied factors: genotype, inoculation, and 
nitrate supply.

Supplementary Table S3 | List of differentially expressed genes according to 
inoculation (S3A), and nitrate supply (S3B).

Supplementary Figure S1 | Distribution of gene expression in the 64 samples.

Supplementary Figure S2 | MultiDimensional Scaling (MDS) plot of RNA-seq  
data.

Supplementary Figure S3 | Absence of jasmonate (JA) response induced by 
Plamodiophora brassicae inoculation.

 

REFERENCES

Agarwal, A., Kaul, V., Faggian, R., Rookes, J. E., Ludwig-Müller, J., and 
Cahill, D. M. (2011). Analysis of global host gene expression during the 
primary phase of the Arabidopsis thaliana–Plasmodiophora brassicae interaction. 
Funct. Plant Biol. 38, 462–478. doi: 10.1071/FP11026

Aigu, Y., Laperche, A., Mendes, J., Lariagon, C., Guichard, S., Gravot, A., et al. 
(2018). Nitrogen supply exerts a major/minor switch between two QTLs 
controlling Plasmodiophora brassicae spore content in rapeseed. Plant Pathol. 
67, 1574–1581. doi: 10.1111/ppa.12867

Albert, B., Le Cahérec, F., Niogret, M.-F., Faes, P., Avice, J.-C., Leport, L., 
et al. (2012). Nitrogen availability impacts oilseed rape (Brassica napus L.) 
plant water status and proline production efficiency under water-limited 
conditions. Planta 236, 659–676. doi: 10.1007/s00425-012-1636-8

Ballini, E., Nguyen, T. T., and Morel, J.-B. (2013). Diversity and genetics of 
nitrogen-induced susceptibility to the blast fungus in rice and wheat. Rice 
6:32. doi: 10.1186/1939-8433-6-32

Benfey, P. N., Bennett, M., and Schiefelbein, J. (2010). Getting to the root of 
plant biology: impact of the Arabidopsis genome sequence on root research. 
Plant J. 61, 992–1000. doi: 10.1111/j.1365-313X.2010.04129.x

Bolton, M. D., and Thomma, B. P. H. J. (2008). The complexity of nitrogen 
metabolism and nitrogen-regulated gene expression in plant pathogenic 
fungi. Physiol. Mol. Plant Pathol. 72, 104–110. doi: 10.1016/j.pmpp. 
2008.07.001

Brennan, R. F. (1993). Effect of ammonium chloride, ammonium sulphate, and 
sodium nitrate on take-all and grain yield of wheat grown on soils in 
South-Western Australia. J. Plant Nutr. 16, 349–358. doi: 10.1080/ 
01904169309364536

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2022.790563/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.790563/full#supplementary-material
https://doi.org/10.1071/FP11026
https://doi.org/10.1111/ppa.12867
https://doi.org/10.1007/s00425-012-1636-8
https://doi.org/10.1186/1939-8433-6-32
https://doi.org/10.1111/j.1365-313X.2010.04129.x
https://doi.org/10.1016/j.pmpp.2008.07.001
https://doi.org/10.1016/j.pmpp.2008.07.001
https://doi.org/10.1080/01904169309364536
https://doi.org/10.1080/01904169309364536


Aigu et al. Low-Nitrogen Conditional Resistance to Clubroot

Frontiers in Plant Science | www.frontiersin.org 12 February 2022 | Volume 13 | Article 790563

Buczacki, S. T., Toxopeus, H., Mattusch, P., Johnston, T. D., Dixon, G. R., and 
Hobolth, L. A. (1975). Study of physiologic specialization in Plasmodiophora 
brassicae: proposals for attempted rationalization through an international 
approach. Trans. Br. Mycol. Soc. 65, 295–303.

Butcher, D. N., El-Tigani, S., and Ingram, D. S. (1974). The role of indole 
glucosinolates in the club root disease of the Cruciferae. Physiol. Plant 
Pathol. 4, 127–140. doi: 10.1016/0048-4059(74)90052-6

Camañes, G., Pastor, V., Cerezo, M., García-Agustín, P., and Flors Herrero, V. 
(2012). A deletion in the nitrate high affinity transporter NRT2.1 alters 
metabolomic and transcriptomic responses to Pseudomonas syringae. Plant 
Signal. Behav. 7, 619–622. doi: 10.4161/psb.20430

Canales, J., Moyano, T. C., Villarroel, E., and Gutiérrez, R. A. (2014). Systems 
analysis of transcriptome data provides new hypotheses about Arabidopsis 
root response to nitrate treatments. Front. Plant Sci. 5:22. doi: 10.3389/
fpls.2014.00022

Cerezo, M., Tillard, P., Filleur, S., Muños, S., Daniel-Vedele, F., and Gojon, A. 
(2001). Major alterations of the regulation of root NO3-uptake are associated 
with the mutation of Nrt2.1 and Nrt2.2 genes in Arabidopsis. Plant Physiol. 
127, 262–271. doi: 10.1104/pp.127.1.262

Chalhoub, B., Denoeud, F., Liu, S., Parkin, I. A. P., Tang, H., Wang, X., et al. 
(2014). Plant genetics. Early allopolyploid evolution in the post-neolithic 
Brassica napus oilseed genome. Science 345, 950–953. doi: 10.1126/
science.1253435

Chen, Y., Zhang, F., Tang, L., Zheng, Y., Li, Y., Christie, P., et al. (2007). 
Wheat powdery mildew and foliar N concentrations as influenced by N 
fertilization and belowground interactions with intercropped faba bean. Plant 
Soil 291, 1–13. doi: 10.1007/s11104-006-9161-9

Ciaghi, S., Schwelm, A., and Neuhauser, S. (2019). Transcriptomic response in 
symptomless roots of clubroot infected kohlrabi (Brassica oleracea var. 
gongylodes) mirrors resistant plants. BMC Plant Biol. 19:288. doi: 10.1186/
s12870-019-1902-z

Dakouri, A., Lamara, M., Karim, M. M., Wang, J., Chen, Q., Gossen, B. D., 
et al. (2021). Identification of resistance loci against new pathotypes of 
Plasmodiophora brassicae in Brassica napus based on genome-wide association 
mapping. Sci. Rep. 11:6599. doi: 10.1038/s41598-021-85836-9

Dechorgnat, J., Patrit, O., Krapp, A., Fagard, M., and Daniel-Vedele, F. (2012). 
Characterization of the Nrt2.6 gene in Arabidopsis thaliana: a link with 
plant response to biotic and abiotic stress. PLoS One 7:e42491. doi: 10.1371/
journal.pone.0042491

Devadas, R., Simpfendorfer, S., Backhouse, D., and Lamb, D. W. (2014). Effect 
of stripe rust on the yield response of wheat to nitrogen. Crop J. 2, 201–206. 
doi: 10.1016/j.cj.2014.05.002

Devos, S., Laukens, K., Deckers, P., Van Der Straeten, D., Beeckman, T., 
Inzé, D., et al. (2006). A hormone and proteome approach to picturing 
the initial metabolic events during Plasmodiophora brassicae infection on 
Arabidopsis. Mol. Plant-Microbe Interact. 19, 1431–1443. doi: 10.1094/
MPMI-19-1431

Ding, S., Shao, X., Li, J., Ahammed, G. J., Yao, Y., Ding, J., et al. (2021). 
Nitrogen forms and metabolism affect plant defence to foliar and root 
pathogens in tomato. Plant Cell Environ. 44, 1596–1610. doi: 10.1111/pce.14019

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. 
(2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21. 
doi: 10.1093/bioinformatics/bts635

Donofrio, N. M., Oh, Y., Lundy, R., Pan, H., Brown, D. E., Jeong, J. S., et al. 
(2006). Global gene expression during nitrogen starvation in the rice blast 
fungus, Magnaporthe grisea. Fungal Genet. Biol. 43, 605–617. doi: 10.1016/j.
fgb.2006.03.005

Dordas, C. (2008). “Role of nutrients in controlling plant diseases in sustainable 
agriculture: a review,” in Sustainable Agriculture. eds. E. Lichtfouse, M. 
Navarrete, P. Debaeke, S. Véronique and C. Alberola (Netherlands: Springer), 
443–460.

Fagard, M., Launay, A., Clément, G., Courtial, J., Dellagi, A., Farjad, M., et al. 
(2014). Nitrogen metabolism meets phytopathology. J. Exp. Bot. 65, 5643–5656. 
doi: 10.1093/jxb/eru323

Fähling, M., Graf, H., and Siemens, J. (2003). Pathotype separation of 
Plasmodiophora brassicae by the host plant. J. Phytopathol. 151, 425–430. 
doi: 10.1046/j.1439-0434.2003.00744.x

Fan, S., Wang, X., Li, P., Zhang, Q., and Zhang, W. (2011). Simultaneous 
determination of 13 phytohormones in oilseed rape tissues by liquid 

chromatography-electrospray tandem mass spectrometry and the evaluation 
of the matrix effect. J. Sep. Sci. 34, 640–650. doi: 10.1002/jssc.201000541

Filleur, S., Dorbe, M.-F., Cerezo, M., Orsel, M., Granier, F., Gojon, A., et al. 
(2001). An Arabidopsis T-DNA mutant affected in Nrt2 genes is impaired 
in nitrate uptake. FEBS Lett. 489, 220–224. doi: 10.1016/
S0014-5793(01)02096-8

Foisset, N., Delourme, R., Barret, P., Hubert, N., Landry, B. S., and Renard, M. 
(1996). Molecular-mapping analysis in Brassica napus using isozyme, RAPD 
and RFLP markers on a doubled-haploid progeny. Theor. Appl. Genet. 93, 
1017–1025. doi: 10.1007/BF00230119

Gazengel, K., Aigu, Y., Lariagon, C., Humeau, M., Gravot, A., 
Manzanares-Dauleux, M. J., et al. (2021). Nitrogen supply and host-plant 
genotype modulate the transcriptomic profile of Plasmodiophora brassicae. 
Front. Microbiol. 12:701067. doi: 10.3389/fmicb.2021.701067

Gerendas, J., and Sattelmacher, B. (1999). Influence of Ni supply on growth 
and nitrogen metabolism of Brassica napus L. grown with NH4 NO3 or 
urea as N source. Ann. Bot. 83, 65–71. doi: 10.1006/anbo.1998.0789

Gojon, A., Krouk, G., Perrine-Walker, F., and Laugier, E. (2011). Nitrate 
transceptor (s) in plants. J. Exp. Bot. 62, 2299–2308. doi: 10.1093/jxb/
erq419

Gravot, A., Deleu, C., Wagner, G., Lariagon, C., Lugan, R., Todd, C., et al. 
(2012). Arginase induction represses gall development during clubroot 
infection in Arabidopsis. Plant Cell Physiol. 53, 901–911. doi: 10.1093/pcp/
pcs037

Grsic, S., Kirchheim, B., Pieper, K., Fritsch, M., Hilgenberg, W., and 
Ludwig-Müller, J. (1999). Induction of auxin biosynthetic enzymes by jasmonic 
acid and in clubroot diseased Chinese cabbage plants. Physiol. Plant. 105, 
521–531. doi: 10.1034/j.1399-3054.1999.105318.x

Hatakeyama, K., Niwa, T., Kato, T., Ohara, T., Kakizaki, T., and Matsumoto, S. 
(2017). The tandem repeated organization of NB-LRR genes in the clubroot-
resistant CRb locus in Brassica rapa L. Mol. Gen. Genomics. 292, 397–405. 
doi: 10.1007/s00438-016-1281-1

Ho, C.-H., Lin, S.-H., Hu, H.-C., and Tsay, Y.-F. (2009). CHL1 functions 
as a nitrate sensor in plants. Cell 138, 1184–1194. doi: 10.1016/j.
cell.2009.07.004

Huang, H., Nguyen Thi Thu, T., He, X., Gravot, A., Bernillon, S., Ballini, E., 
et al. (2017). Increase of fungal pathogenicity and role of plant glutamine 
in nitrogen-induced susceptibility (NIS) to rice blast. Front. Plant Sci. 8:265. 
doi: 10.3389/fpls.2017.02140

Huber, D. M., and Watson, R. D. (1974). Nitrogen form and plant disease. 
Annu. Rev. Phytopathol. 12, 139–165. doi: 10.1146/annurev.py.12.090174.001035

Irani, S., Trost, B., Waldner, M., Nayidu, N., Tu, J., Kusalik, A. J., et al. (2018). 
Transcriptome analysis of response to Plasmodiophora brassicae infection in 
the Arabidopsis shoot and root. BMC Genomics 19:23. doi: 10.1186/
s12864-017-4426-7

Jubault, M., Lariagon, C., Taconnat, L., Renou, J.-P., Gravot, A., Delourme, R., 
et al. (2013). Partial resistance to clubroot in Arabidopsis is based on 
changes in the host primary metabolism and targeted cell division and 
expansion capacity. Funct. Integr. Genomics 13, 191–205. doi: 10.1007/
s10142-013-0312-9

Kageyama, K., and Asano, T. (2009). Life cycle of Plasmodiophora brassicae. 
J. Plant Growth Regul. 28:203. doi: 10.1007/s00344-009-9101-z

Kavanagh, J. A., and Williams, P. H. (1981). Indole auxins in plasmodiophora 
infected cabbage roots and hypocotyls. Trans. Br. Mycol. Soc. 77, 125–129.

Kotur, Z., Mackenzie, N., Ramesh, S., Tyerman, S. D., Kaiser, B. N., and 
Glass, A. D. M. (2012). Nitrate transport capacity of the Arabidopsis thaliana 
NRT2 family members and their interactions with AtNAR2.1. New Phytol. 
194, 724–731. doi: 10.1111/j.1469-8137.2012.04094.x

Krapp, A., Berthomé, R., Orsel, M., Mercey-Boutet, S., Yu, A., Castaings, L., 
et al. (2011). Arabidopsis roots and shoots show distinct temporal adaptation 
patterns toward nitrogen starvation. Plant Physiol. 157, 1255–1282. doi: 
10.1104/pp.111.179838

Krupinsky, J. M., Halvorson, A. D., Tanaka, D. L., and Merrill, S. D. (2007). 
Nitrogen and tillage effects on wheat leaf spot diseases in the northern 
great plains. Agron. J. 99, 562–569. doi: 10.2134/agronj2006.0263

Laperche, A., Aigu, Y., Jubault, M., Ollier, M., Guichard, S., Glory, P., et al. 
(2017). Clubroot resistance QTL are modulated by nitrogen input in 
Brassica napus. Theor. Appl. Genet. 130, 669–684. doi: 10.1007/s00122- 
016-2842-8

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1016/0048-4059(74)90052-6
https://doi.org/10.4161/psb.20430
https://doi.org/10.3389/fpls.2014.00022
https://doi.org/10.3389/fpls.2014.00022
https://doi.org/10.1104/pp.127.1.262
https://doi.org/10.1126/science.1253435
https://doi.org/10.1126/science.1253435
https://doi.org/10.1007/s11104-006-9161-9
https://doi.org/10.1186/s12870-019-1902-z
https://doi.org/10.1186/s12870-019-1902-z
https://doi.org/10.1038/s41598-021-85836-9
https://doi.org/10.1371/journal.pone.0042491
https://doi.org/10.1371/journal.pone.0042491
https://doi.org/10.1016/j.cj.2014.05.002
https://doi.org/10.1094/MPMI-19-1431
https://doi.org/10.1094/MPMI-19-1431
https://doi.org/10.1111/pce.14019
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1016/j.fgb.2006.03.005
https://doi.org/10.1016/j.fgb.2006.03.005
https://doi.org/10.1093/jxb/eru323
https://doi.org/10.1046/j.1439-0434.2003.00744.x
https://doi.org/10.1002/jssc.201000541
https://doi.org/10.1016/S0014-5793(01)02096-8
https://doi.org/10.1016/S0014-5793(01)02096-8
https://doi.org/10.1007/BF00230119
https://doi.org/10.3389/fmicb.2021.701067
https://doi.org/10.1006/anbo.1998.0789
https://doi.org/10.1093/jxb/erq419
https://doi.org/10.1093/jxb/erq419
https://doi.org/10.1093/pcp/pcs037
https://doi.org/10.1093/pcp/pcs037
https://doi.org/10.1034/j.1399-3054.1999.105318.x
https://doi.org/10.1007/s00438-016-1281-1
https://doi.org/10.1016/j.cell.2009.07.004
https://doi.org/10.1016/j.cell.2009.07.004
https://doi.org/10.3389/fpls.2017.02140
https://doi.org/10.1146/annurev.py.12.090174.001035
https://doi.org/10.1186/s12864-017-4426-7
https://doi.org/10.1186/s12864-017-4426-7
https://doi.org/10.1007/s10142-013-0312-9
https://doi.org/10.1007/s10142-013-0312-9
https://doi.org/10.1007/s00344-009-9101-z
https://doi.org/10.1111/j.1469-8137.2012.04094.x
https://doi.org/10.1104/pp.111.179838
https://doi.org/10.2134/agronj2006.0263
https://doi.org/10.1007/s00122-016-2842-8
https://doi.org/10.1007/s00122-016-2842-8


Aigu et al. Low-Nitrogen Conditional Resistance to Clubroot

Frontiers in Plant Science | www.frontiersin.org 13 February 2022 | Volume 13 | Article 790563

Lecompte, F., Abro, M. A., and Nicot, P. C. (2010). Contrasted responses of 
Botrytis cinerea isolates developing on tomato plants grown under different 
nitrogen nutrition regimes. Plant Pathol. 59, 891–899. doi: 10.1111/j.1365- 
3059.2010.02320.x

Lemarié, S., Robert-Seilaniantz, A., Lariagon, C., Lemoine, J., Marnet, N., 
Jubault, M., et al. (2015). Both the jasmonic acid and the salicylic acid 
pathways contribute to resistance to the biotrophic clubroot agent 
Plasmodiophora brassicae in Arabidopsis. Plant Cell Physiol. 56, 2158–2168. 
doi: 10.1093/pcp/pcv127

Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: an efficient general 
purpose program for assigning sequence reads to genomic features. 
Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

Little, D. Y., Rao, H., Oliva, S., Daniel-Vedele, F., Krapp, A., and Malamy, J. E. 
(2005). The putative high-affinity nitrate transporter NRT2.1 represses lateral 
root initiation in response to nutritional cues. Proc. Natl. Acad. Sci. U. S. A. 
102, 13693–13698. doi: 10.1073/pnas.0504219102

López-Berges, M. S., Rispail, N., Prados-Rosales, R. C., and Di Pietro, A. 
(2010). A nitrogen response pathway regulates virulence functions in Fusarium 
oxysporum via the protein kinase TOR and the bZIP protein MeaB. Plant 
Cell 22, 2459–2475. doi: 10.1105/tpc.110.075937

Lovelock, D. A., Donald, C. E., Conlan, X. A., and Cahill, D. M. (2013). 
Salicylic acid suppression of clubroot in broccoli (Brassicae oleracea var. 
italica) caused by the obligate biotroph Plasmodiophora brassicae. Australas. 
Plant Pathol. 42, 141–153. doi: 10.1007/s13313-012-0167-x

Ludwig-Müller, J., Epstein, E., and Hilgenberg, W. (1996). Auxin-conjugate 
hydrolysis in Chinese cabbage: characterization of an amidohydrolase and 
its role during infection with clubroot disease. Physiol. Plant. 97, 627–634. 
doi: 10.1111/j.1399-3054.1996.tb00525.x

Lugan, R., Niogret, M.-F., Kervazo, L., Larher, F. R., Kopka, J., and 
Bouchereau, A. (2009). Metabolome and water status phenotyping of 
Arabidopsis under abiotic stress cues reveals new insight into ESK1 
function. Plant Cell Environ. 32, 95–108. doi: 10.1111/j.1365-3040. 
2008.01898.x

Manzanares-Dauleux, M. J., Delourme, R., Glory, P., Giboulot, A., and Thomas, G. 
(2003). “Mapping QTLs and major resistance genes to clubroot (Plasmodiophora 
brassicae) in Brassica napus.” in 13th Crucifer Genetics Workshop. UC Davis, 
California, March, 23–26.

Manzanares-Dauleux, M. J., Divaret, I., Baron, F., and Thomas, G. (2000). 
Evaluation of French Brassica oleracea landraces for resistance to 
Plasmodiophora brassicae. Euphytica 113:211. doi: 10.1023/A:1003997421340

Mur, L. A. J., Simpson, C., Kumari, A., Gupta, A. K., and Gupta, K. J. (2017). 
Moving nitrogen to the centre of plant defence against pathogens. Ann. 
Bot. 119, 703–709. doi: 10.1093/aob/mcw179

O’Brien, J. A., Vega, A., Bouguyon, E., Krouk, G., Gojon, A., Coruzzi, G., 
et al. (2016). Nitrate transport, sensing, and responses in plants. Mol. Plant 
9, 837–856. doi: 10.1016/j.molp.2016.05.004

Osmont, K. S., Sibout, R., and Hardtke, C. S. (2007). Hidden branches: 
developments in root system architecture. Annu. Rev. Plant Biol. 58, 93–113. 
doi: 10.1146/annurev.arplant.58.032806.104006

Overvoorde, P., Fukaki, H., and Beeckman, T. (2010). Auxin control of root 
development. Cold Spring Harb. Perspect. Biol. 2:a001537. doi: 10.1101/
cshperspect.a001537

Pedras, M. S. C., Zheng, Q.-A., and Strelkov, S. (2008). Metabolic changes in 
roots of the oilseed canola infected with the biotroph Plasmodiophora 
brassicae: phytoalexins and phytoanticipins. J. Agric. Food Chem. 56, 9949–9961. 
doi: 10.1021/jf802192f

Pérez-García, A., Snoeijers, S. S., Joosten, M. H., Goosen, T., and De Wit, P. J. 
(2001). Expression of the Avirulence gene Avr9 of the fungal tomato pathogen 
Cladosporium fulvum is regulated by the global nitrogen response factor NRF1. 
Mol. Plant Microbe Interact. 14, 316–325. doi: 10.1094/MPMI.2001.14.3.316

Piao, Z., Ramchiary, N., and Lim, Y. P. (2009). Genetics of clubroot resistance 
in brassica species. J. Plant Growth Regul. 28, 252–264. doi: 10.1007/
s00344-009-9093-8

Précigout, P.-A., Claessen, D., and Robert, C. (2017). Crop fertilization 
impacts epidemics and optimal latent period of biotrophic fungal pathogens. 
Phytopathology 107, 1256–1267. doi: 10.1094/PHYTO-01-17-0019-R

Raa, J. (1971). Indole-3-acetic acid levels and the role of indole-3-acetic acid 
oxidase in the normal root and club-root of cabbage. Physiol. Plant. 25, 
130–134. doi: 10.1111/j.1399-3054.1971.tb01101.x

Rausch, T., Butcher, D. N., and Hilgenberg, W. (1983). Indole-3-methylglucosinolate 
biosynthesis and metabolism in clubroot diseased plants. Physiol. Plant. 58, 
93–100. doi: 10.1111/j.1399-3054.1983.tb04149.x

Robin, A. H. K., Saha, G., Laila, R., Park, J.-I., Kim, H.-T., and Nou, I.-S. 
(2020). Expression and role of biosynthetic, transporter, receptor, and responsive 
genes for auxin signaling during clubroot disease development. Int. J. Mol. 
Sci. 21:5554. doi: 10.3390/ijms21155554

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a bioconductor 
package for differential expression analysis of digital gene expression data. 
Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Schuller, A., Kehr, J., and Ludwig-Müller, J. (2014). Laser microdissection coupled 
to transcriptional profiling of Arabidopsis roots inoculated by Plasmodiophora 
brassicae indicates a role for brassinosteroids in clubroot formation. Plant 
Cell Physiol. 55, 392–411. doi: 10.1093/pcp/pct174

Schurch, N. J., Schofield, P., Gierliński, M., Cole, C., Sherstnev, A., Singh, V., 
et al. (2016). How many biological replicates are needed in an RNA-seq 
experiment and which differential expression tool should you  use? RNA 
22, 839–851. doi: 10.1261/rna.053959.115

Siemens, J., González, M.-C., Wolf, S., Hofmann, C., Greiner, S., Du, Y., et al. 
(2011). Extracellular invertase is involved in the regulation of clubroot disease 
in Arabidopsis thaliana. Mol. Plant Pathol. 12, 247–262. doi: 10.1111/ 
j.1364-3703.2010.00667.x

Siemens, J., Keller, I., Sarx, J., and Kunz, S. (2006). Transcriptome analysis of 
Arabidopsis clubroots indicate a key role for cytokinins in disease development. 
Mol. Plant-Microbe Interact. 19, 480–494. doi: 10.1094/MPMI-19-0480

Snoeijers, S. S., Pérez-García, A., Joosten, M. H. A. J., and De Wit, P. J. G. M. 
(2000). The effect of nitrogen on disease development and gene expression 
in bacterial and fungal plant pathogens. Eur. J. Plant Pathol. 106, 493–506. 
doi: 10.1023/A:1008720704105

Somé, A., Manzanares, M. J., Laurens, F., Baron, F., Thomas, G., and Rouxel, F. 
(1996). Variation for virulence on Brassica napus L. amongst Plasmodiophora 
brassicae collections from France and derived single-spore isolates. Plant 
Pathol. 45, 432–439.

Soulie, M.-C., Koka, S. M., Floch, K., Vancostenoble, B., Barbe, D., Daviere, A., 
et al. (2020). Plant nitrogen supply affects the Botrytis cinerea infection 
process and modulates known and novel virulence factors. Mol. Plant Pathol. 
21, 1436–1450. doi: 10.1111/mpp.12984

Sun, Y., Wang, M., Mur, L. A. J., Shen, Q., and Guo, S. (2020). Unravelling 
the roles of nitrogen nutrition in plant disease defences. Int. J. Mol. Sci. 
21:572. doi: 10.3390/ijms21249587

Talbot, N. J., McCafferty, H. R. K., Ma, M., Moore, K., and Hamer, J. E. 
(1997). Nitrogen starvation of the rice blast fungus Magnaporthe griseamay 
act as an environmental cue for disease symptom expression. Physiol. Mol. 
Plant Pathol. 50, 179–195. doi: 10.1006/pmpp.1997.0081

Thalineau, E., Fournier, C., Gravot, A., Wendehenne, D., Jeandroz, S., and 
Truong, H.-N. (2017). Nitrogen modulation of Medicago truncatula resistance 
to Aphanomyces euteiches depends on plant genotype. Mol. Plant Pathol. 
19, 664–676. doi: 10.1111/mpp.12550

Tian, T., Liu, Y., Yan, H., You, Q., Yi, X., Du, Z., et al. (2017). agriGO v2.0: 
a GO analysis toolkit for the agricultural community, 2017 update. Nucleic 
Acids Res. 45, W122–W129. doi: 10.1093/nar/gkx382

Tilsner, J., Kassner, N., Struck, C., and Lohaus, G. (2005). Amino acid contents 
and transport in oilseed rape (Brassica napus L.) under different nitrogen 
conditions. Planta 221, 328–338. doi: 10.1007/s00425-004-1446-8

Tommerup, I. C., and Ingram, D. S. (1971). The life-cycle of Plasmodiophora 
brassicae woron. In brassica tissue cultures and in intact roots. New Phytol. 
70, 327–332. doi: 10.1111/j.1469-8137.1971.tb02531.x

Ugajin, T., Takita, K., Takahashi, H., Muraoka, S., Tada, T., Mitsui, T., et al. 
(2003). Increase in Indole-3-acetic acid (IAA) level and nitrilase activity in 
turnips induced by Plasmodiophora brassicae infection. Plant Biotechnol. 20, 
215–220. doi: 10.5511/plantbiotechnology.20.215

Wagner, G., Charton, S., Lariagon, C., Laperche, A., Lugan, R., Hopkins, J., 
et al. (2012). Metabotyping: a new approach to investigate rapeseed 
(Brassica napus L.) genetic diversity in the metabolic response to clubroot 
infection. Mol. Plant-Microbe Interact. 25, 1478–1491. doi: 10.1094/
MPMI-02-12-0032-R

Walters, D. R., and Bingham, I. J. (2007). Influence of nutrition on disease 
development caused by fungal pathogens: implications for plant disease 
control. Ann. Appl. Biol. 151, 307–324. doi: 10.1111/j.1744-7348.2007.00176.x

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/j.1365-3059.2010.02320.x
https://doi.org/10.1111/j.1365-3059.2010.02320.x
https://doi.org/10.1093/pcp/pcv127
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1073/pnas.0504219102
https://doi.org/10.1105/tpc.110.075937
https://doi.org/10.1007/s13313-012-0167-x
https://doi.org/10.1111/j.1399-3054.1996.tb00525.x
https://doi.org/10.1111/j.1365-3040.2008.01898.x
https://doi.org/10.1111/j.1365-3040.2008.01898.x
https://doi.org/10.1023/A:1003997421340
https://doi.org/10.1093/aob/mcw179
https://doi.org/10.1016/j.molp.2016.05.004
https://doi.org/10.1146/annurev.arplant.58.032806.104006
https://doi.org/10.1101/cshperspect.a001537
https://doi.org/10.1101/cshperspect.a001537
https://doi.org/10.1021/jf802192f
https://doi.org/10.1094/MPMI.2001.14.3.316
https://doi.org/10.1007/s00344-009-9093-8
https://doi.org/10.1007/s00344-009-9093-8
https://doi.org/10.1094/PHYTO-01-17-0019-R
https://doi.org/10.1111/j.1399-3054.1971.tb01101.x
https://doi.org/10.1111/j.1399-3054.1983.tb04149.x
https://doi.org/10.3390/ijms21155554
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/pcp/pct174
https://doi.org/10.1261/rna.053959.115
https://doi.org/10.1111/j.1364-3703.2010.00667.x
https://doi.org/10.1111/j.1364-3703.2010.00667.x
https://doi.org/10.1094/MPMI-19-0480
https://doi.org/10.1023/A:1008720704105
https://doi.org/10.1111/mpp.12984
https://doi.org/10.3390/ijms21249587
https://doi.org/10.1006/pmpp.1997.0081
https://doi.org/10.1111/mpp.12550
https://doi.org/10.1093/nar/gkx382
https://doi.org/10.1007/s00425-004-1446-8
https://doi.org/10.1111/j.1469-8137.1971.tb02531.x
https://doi.org/10.5511/plantbiotechnology.20.215
https://doi.org/10.1094/MPMI-02-12-0032-R
https://doi.org/10.1094/MPMI-02-12-0032-R
https://doi.org/10.1111/j.1744-7348.2007.00176.x


Aigu et al. Low-Nitrogen Conditional Resistance to Clubroot

Frontiers in Plant Science | www.frontiersin.org 14 February 2022 | Volume 13 | Article 790563

Xi, D., Li, X., Gao, L., Zhang, Z., Zhu, Y., and Zhu, H. (2021). Application 
of exogenous salicylic acid reduces disease severity of Plasmodiophora brassicae 
in pakchoi (Brassica campestris ssp. chinensis Makino). PLoS One 16:e0248648. 
doi: 10.1371/journal.pone.0248648

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 

or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Aigu, Daval, Gazengel, Marnet, Lariagon, Laperche, Legeai, 
Manzanares-Dauleux and Gravot. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) and 
the copyright owner(s) are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1371/journal.pone.0248648
http://creativecommons.org/licenses/by/4.0/

	Multi-Omic Investigation of Low-Nitrogen Conditional Resistance to Clubroot Reveals Brassica napus Genes Involved in Nitrate Assimilation
	Introduction
	Materials and Methods
	Plasmodiophora brassicae and Plant Material
	Clubroot Assay Under Low-(N1) and High (N8)-Nitrogen Condition
	Metabolic Profiling
	Non-structural Carbohydrates, Polyols, Organic Acids, and Amino Acids Quantification
	Salicylic Acid and Jasmonic Acid Quantification
	RNA-Seq Analyses
	RNA Isolation, cDNA Library Construction, and Sequencing
	Read Mapping and Counting
	Differential Expression
	Gene Ontology Term Enrichment

	Results
	Gall Development Was Inhibited Since 27 dpi Under Low-Nitrogen in “Yudal”
	Plant Genotype Is the Major Driver of Transcriptome Differences Between Samples, Followed by Inoculation, Then to a Minor Extent by Nitrogen
	Pathogen Inoculation Induced Similar SA-Related Defense Response Patterns in Both Genotypes, Whatever Nitrogen Supply
	Variations of Nitrate Supply Did Not Trigger Defense and Induced Similar Responses in Non-inoculated “Yudal” and HD018
	A Set of Genes Associated With Nitrate Assimilation Processes Was Specifically Induced in “Yudal” by the Dual Constraint Low-Nitrogen Supply ×  P. brassicae Inoculation

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions

	References

