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Local Duplication of TIR-NBS-LRR
Gene Marks Clubroot Resistance in
Brassica napus cv. Tosca
Piotr M. Kopec1, Katarzyna Mikolajczyk2, Ewa Jajor3, Agnieszka Perek3,
Joanna Nowakowska2, Christian Obermeier4, Harmeet Singh Chawla4,5, Marek Korbas3,
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Institute, Poznan, Poland, 4 Department of Plant Breeding, Justus-Liebig-Universitaet Giessen, Giessen, Germany,
5 Helmholtz Zentrum München, German Research Center for Environmental Health, Neuherberg, Germany

Clubroot, caused by Plasmodiophora brassicae infection, is a disease of growing
importance in cruciferous crops, including oilseed rape (Brassica napus). The affected
plants exhibit prominent galling of the roots that impairs their capacity for water and
nutrient uptake, which leads to growth retardation, wilting, premature ripening, or death.
Due to the scarcity of effective means of protection against the pathogen, breeding of
resistant varieties remains a crucial component of disease control measures. The key
aspect of the breeding process is the identification of genetic factors associated with
variable response to the pathogen exposure. Although numerous clubroot resistance
loci have been described in Brassica crops, continuous updates on the sources
of resistance are necessary. Many of the resistance genes are pathotype-specific,
moreover, resistance breakdowns have been reported. In this study, we characterize
the clubroot resistance locus in the winter oilseed rape cultivar “Tosca.” In a series of
greenhouse experiments, we evaluate the disease severity of P. brassicae-challenged
“Tosca”-derived population of doubled haploids, which we genotype with Brassica 60 K
array and a selection of SSR/SCAR markers. We then construct a genetic map and
narrow down the resistance locus to the 0.4 cM fragment on the A03 chromosome,
corresponding to the region previously described as Crr3. Using Oxford Nanopore long-
read genome resequencing and RNA-seq we review the composition of the locus and
describe a duplication of TIR-NBS-LRR gene. Further, we explore the transcriptomic
differences of the local genes between the clubroot resistant and susceptible, inoculated
and control DH lines. We conclude that the duplicated TNL gene is a promising
candidate for the resistance factor. This study provides valuable resources for clubroot
resistance breeding programs and lays a foundation for further functional studies on
clubroot resistance.

Keywords: Brassica napus, Plasmodiophora brassicae, Oxford Nanopore, TNL, RNA-Seq, QTL, resistance,
duplication
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INTRODUCTION

Plasmodiophora brassicae Wor., an obligate, soil-borne parasite
of crucifers (Brassicaceae), is an agent responsible for clubroot
disease. During the two-stage infection (Kageyama and Asano,
2009; Liu et al., 2020), the pathogen hijacks multiple nodes of
host metabolism and induces hyperplasia and hypertrophy of the
underground organs leading to a prominent galling. The galls
act as a major physiological sink that supports the proliferation
and development of the pathogen while reducing the fitness of
the host (Malinowski et al., 2019). Deformations of the root
system impair the plant’s capacity for water and nutrient uptake,
leading to growth retardation, wilting, and premature, non-
optimal flowering (Korbas et al., 2009). Many important crops
cultivated worldwide, including oilseed rape (Brassica napus),
belong to the Brassicaceae (Dixon, 2007). Clubroot disease has
been becoming a global problem of increasing economic impact
in cruciferous crops and has been ranked under the top 10
most significant worldwide threats to oilseed rape production
(Dixon, 2009; Zheng et al., 2020). An infection of oilseed rape
was shown to cause up to 60% loss of yield at relatively low spore
densities, and total yield failure at a higher pathogen pressure
(Strehlow et al., 2015). Once introduced, P. brassicae is hard to
eradicate. Resting spores can live in the soil for up to 20 years
(Wallenhammar, 1996), and spread easily via, for example, dirt
on farm equipment (Cao et al., 2009). Many protective measures
against the pathogen, e.g., crop rotation or chemical control,
are of limited efficiency (Hwang et al., 2014). Therefore, the
breeding of resistant plant varieties remains a crucial component
of clubroot control efforts.

The key aspect of the breeding process is the identification
of genetic features associated with plant response to pathogen
exposure. Numerous clubroot resistance loci were described in
Brassica crops (Landry et al., 1992; Figdore et al., 1993; Voorrips
and Visser, 1993; Grandclément and Thomas, 1996; Voorrips
et al., 1997; Matsumoto et al., 1998; Moriguchi et al., 1999; Suwabe
et al., 2003, 2006; Hirai et al., 2004; Laurens and Thomas, 2004;
Piao et al., 2004; Rocherieux et al., 2004; Nomura et al., 2005; Saito
et al., 2006; Sakamoto et al., 2008; Nagaoka et al., 2010; Kato et al.,
2012; Chen et al., 2013; Chu et al., 2013, 2014; Hatakeyama et al.,
2013, 2017; Pang et al., 2014, 2018; Zhang et al., 2014; Fredua-
Agyeman and Rahman, 2016; Lee et al., 2016; Huang et al., 2017;
Yu et al., 2017; Dakouri et al., 2018; Hirani et al., 2018; Nguyen
et al., 2018; Peng et al., 2018; Laila et al., 2019; Choi et al., 2020;
Farid et al., 2020; Karim et al., 2020) and are reviewed in (Neik
et al., 2017; Lv et al., 2020).

Several genetic studies were performed in B. napus.
Manzanares-Dauleux et al. (2000) described a major resistance
gene Pb-Bn1 on the A04 chromosome and two quantitative
loci on A04 and C05 chromosomes. The resistance derived
from the DH ECD-04 line (selected from Brassica rapa subsp.
rapifera), which was utilized in many breeding programs for the
development of clubroot-resistant cultivars, including winter
oilseed rape “Mendel,” was mapped to the CRa/CRb region
on the A03 chromosome (Diederichsen and Sacristan, 1996;
Diederichsen et al., 2006; Fredua-Agyeman and Rahman, 2016;
Zhang et al., 2016). Werner et al. (2008) mapped 19 QTLs spread

across 8 chromosomes. In addition, a couple of association
studies were conducted on the B. napus/P. brassicae pathogenic
model. Li et al. (2016) identified 9 loci, 7 of which were not
described previously. Hejna et al. (2019) identified 2 major and 7
minor loci, with the most prominent peak overlapping the CRa
region. Fredua-Agyeman et al. (2020) identified three genomic
hotspots corresponding to Crr3/CRk/CRd and CRa/CRb/CRbKato

regions on A03 and Crr1 region on A08 in a GWAS study of 124
rutabaga accessions from Nordic countries.

Additionally, two resistance genes were cloned thus far: CRa
(Ueno et al., 2012) and Crr1 (Hatakeyama et al., 2013). Both genes
belong to the TIR-NBS-LRR (TNL; Toll/interleukin-1 receptor-
like – nucleotide-binding site – leucine-rich repeat) protein
domain family, reported as a key component of effector-triggered
immunity (DeYoung and Innes, 2006; McHale et al., 2006).

Despite a seemingly ample collection of resistance loci,
continuous updates on the sources of resistance are necessary.
P. brassicae shows pathogenic specialization, and the host’s
resistance genes often confer immunity to only subsets of
pathotypes. Moreover, the breakdown of clubroot resistance in
the case of some P. brassicae pathotypes has been repeatedly
reported (Diederichsen et al., 2014; Strelkov et al., 2016).

In this study, we map the resistance locus of the Swedish
resynthesis-derived winter-type oilseed rape cultivar “Tosca”
(Happstadius et al., 2003; Diederichsen et al., 2009) to a
small region on the A03 chromosome. Using the long-read
Oxford Nanopore (ON) sequencing technology, we review
the genomic structure of the locus in “Tosca” as well as in
susceptible “BRH-1” breeding line. In addition, we perform an
RNA-seq experiment to identify infection-induced differentially
expressed genes. These data are subsequently linked to the
genic composition of the resistance locus. Based on the results,
we attribute the “Tosca” resistance phenotype to a locus
constitutively expressing a duplicated TNL gene, located within
the Crr3 (Hirai et al., 2004) region, directly upstream of
the region homologous to the CRd (Pang et al., 2018). This
study provides valuable resources for clubroot-resistant rapeseed
breeding programs and lays a foundation for further functional
studies on clubroot resistance.

MATERIALS AND METHODS

Plant Material
A doubled haploid (DH) segregating population of 250 DH
lines was developed by Plant Breeding Strzelce Ltd. (IHAR-
PIB Group; division in Borowo) from a cross of a winter
oilseed rape (B. napus) clubroot resistant cultivar “Tosca” and
a susceptible BRH-1 breeding line, using isolated microspore
culture technique as described in (Cegielska-Taras et al., 2002;
Szała et al., 2020).

Pathogen Source, Preparation, and Plant
Inoculation
Samples of B. napus root galls induced by P. brassicae
were collected from infested oilseed rape fields in Lower
Silesian Province in Poland. The inoculum for the greenhouse
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experiments was prepared by isolating resting spores from the
galls. The galls were blended, and the homogenate was filtered
through a layer of gauze and centrifuged for 5 min at 3,500 rpm
to obtain a clear suspension. Spore density was measured
using a 0.1 mm deep, improved Neubauer counting chamber
(Marienfeld-Superior) and a bright field microscope (Olympus
BX 50). The density was adjusted to 1 × 108 spores/ml. For
inoculation, each experimental pot containing five 1-week-old
seedlings was watered with the spore suspension. The same batch
of inoculum was used in all experiments. Additionally, to assess
the P. brassicae pathotype, galls from 25 DH lines were collected
and individually processed into a set of spore suspensions.
P. brassicae pathotype of every suspension was classified using the
Somé system (Some et al., 1996).

Experimental Design and Conditions
The greenhouse experiments were performed between April
2018 and August 2019 in the Research Centre of Quarantine,
Invasive and Genetically Modified Organisms – Institute of
Plant Protection National Research Institute. The experiment
followed the principle of augmented design. The plants were
grown in a series of 6 temporally successive blocks (batches).
Each of the batches included around 60 test DH lines, augmented
with 8 reference lines (“checks”) – 6 phenotypically extreme
DH genotypes that were selected from the first experiment and
parental lines.

For every line, 15 plants were grown in 3 pots: 2 pots for
treated (inoculated) and 1 pot for untreated control, 5 plants
each. Pots were randomly distributed in 4 trays for treated and
2 trays for untreated control plants. Separate, fixed trays were
used for treated and untreated plants to avoid water or soil-
borne contamination. The soil pH value was 6.0. The temperature
(±0.5◦C) was set to 18◦C/16◦C day/night regime for the first
2 weeks of cultivation, and then elevated to 20◦C/18◦C. The
photoperiod was set to a 14 h/10 h light/darkness scheme. The
air humidity (±3%) was 60%. Soil humidity was kept in the range
between 60 and 70%.

Despite the controlled experimental conditions, we observed
a significant batch effect – seasonal phenotypic variability among
the analyzed DH lines. Therefore, an additional experiment was
carried out including more lines in one, common batch (242,
including the checks) at the expense of the number of tested
plants per line (5 instead of 10). Additionally, to promote the
infection by P. brassicae, the temperature was elevated to 20◦C
for the first 2 weeks and 24◦C/20◦C for the next five.

Phenotyping and Phenotypic Data
Analysis
After 7 weeks of growth (42 days after inoculation), the
plants were phenotyped for classical underground morphological
symptoms of clubroot disease. Each plant was removed from the
ground and washed with water. The degree of infection (DOI)
was evaluated on a 4-degree scale (Vigier et al., 1989), where 0
indicates a healthy root system, 1 refers to 1–10% of root system
altered (small galls on lateral roots), 2 denotes 11–50% root
system altered, and 3 describes 51–100% root system altered. The

disease index (DI) for each genotype by batch was then calculated
by obtaining the arithmetic mean of the DOI and rescaling it to
the percent scale.

To obtain the DI over the entire experiment, adjusted for
the batch effect (phenotypic variability between the greenhouse
runs), the DOI data were fit into a linear mixed model using the
lme4 library (Bates et al., 2015) for R (R Core Team, 2020):

Pij = µ+ gi + Bj +
(
gb

)
ij + eij (1)

where Pij stands for the phenotype of the ith genotype in the
jth batch, µ is the general mean of the experiment, gi is the
random effect of the ith genotype, Bj is the fixed effect of the
jth batch, (gb)ij is the random effect of the interaction between
the ith genotype and jth batch, and eij is the error term. Next,
the conditional mode (Best Linear Unbiased Prediction; BLUP)
of the genotype was obtained. The BLUP-DI values were used in
a subsequent QTL mapping.

Heritability Estimation
Broad sense heritability (H2) of the DOI was estimated after
(Stahl et al., 2019) following the concept of (Piepho and Möhring,
2007), with the equation:

H2
=

σ2
G

σ2
G + SE2 (2)

where σ2
G is the genetic variance, derived from a full random

model (Eq. 3) and SE2 is the squared standard error of the
difference between the means, derived from a mixed model
(Eq. 4). The analysis was conducted using the R packages
lmerTest (Kuznetsova et al., 2016), lsmeans (Lenth, 2016), and
lme4 (Bates et al., 2015).

Pij = µ+ gi + bj +
(
gb

)
ij + eij (3)

where Pij stands for the phenotype of the ith genotype in the jth
batch, µ is the general mean of the experiment, gi is the random
effect of the ith genotype, bj is the random effect of the jth batch,
(gb)ij is the random effect of the interaction between the ith
genotype and jth batch, and eij is the error term.

Pij = µ+ Gi + Bj +
(
gb

)
ij + eij (4)

where Pij stands for the phenotype of the ith genotype in the
jth batch, µ is the general mean of the experiment, Gi is the
fixed effect of the ith genotype, Bj is the fixed effect of the jth
batch, (gb)ij is the random effect of the interaction between the
ith genotype and jth batch, and eij is the error term.

To investigate the reliability of each of the batches, their
influence on the H2 was assessed by recalculating the H2 with a
leave-one-out approach.

Genotyping
The plants were genotyped using The Brassica 60 K Illumina
InfiniumTM SNP array (Clarke et al., 2016) and a set of
SSR and SCAR markers of known clubroot resistance loci
(Supplementary Table 1). For Brassica 60 K genotyping, the plant
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material collected from young leaves was sent to the commercial
service provider TraitGenetics in Gatersleben (Germany) for
DNA isolation and further processing. For SSR/SCAR analysis,
the DNA was extracted from young leaves using a modified CTAB
method (Doyle and Doyle, 1990). PCR amplification products
were visualized on a 1.5% agarose gel (SCAR) and using the ABI
PRISM 3130 OXL capillary electrophoresis (SSR).

Filtering of Genotyping Data
To check for duplicates, the lines were clustered with complete
linkage based on Jaccard’s distance. Lines with <0.05 distance
were regarded as duplicates, and only one of them (randomly
selected) was used in further analyses. Lines with more than
0.02% of heterozygous calls were discarded. Homomorphic
(>95%) markers and markers with distorted segregation patterns
(1:3) were also removed from further analyses. Redundant
markers were binned.

Genetic Map Construction and QTL
Mapping
A genetic map was constructed using the R/qtl package (Broman
et al., 2003). For ordering the markers, the R/TSPmap program
was used (Monroe et al., 2017). QTL Mapping was conducted
with Haley-Knott regression implemented in the scan1 function
of the R/qtl2 (Broman et al., 2019) package. log10(p) significance
cutoff was determined using a permutation test with n = 1,000.

Genome Sequencing of Parental Lines
Genomic DNA from parental lines was sequenced using
ON technology. DNA from young leaves was extracted
following a protocol described by Chawla et al. (2020).
The libraries were prepared using the SQK-LSK109 kit,
following the manufacturer’s recommendations, and sequenced
on R9.4.1 Flow Cells.

Genome Sequencing Data Analysis
The B. napus reference genomes used for the study were: Darmor-
bzh v4.1 (Chalhoub et al., 2014), deposited on EnsemblPlants as
AST_PRJEB5043_v1; Express 617 assembly v1 (Lee et al., 2020);
reference pan-genome v0 (Song et al., 2020). Darmor-bzh genes
within the mapped resistance locus were functionally classified
using Pannzer2 (Törönen et al., 2018).

Base calling from ON signals was performed using Guppy,
and raw reads were mapped to the reference genomes with
minimap2 (Li, 2018) with -x map-ont parameters, and filtered
for uniquely mapping reads with samtools (Li et al., 2009)
using -q 60 option. Local SNV calling was performed using
longshot (Edge and Bansal, 2019), with default parameters.
SV calling was executed using sniffles (Sedlazeck et al., 2017),
with –min_support 5 option. The potential effect of the variants
differing parental accessions was determined with the SnpEff
(Cingolani et al., 2012).

The reads overlapping the TNL gene on the Express 617
B. napus genome assembly were extracted from the raw sequence
file, assembled using Redbean (wtdbg2; Ruan and Li, 2020), and
polished once using the wtpoa-cns tool.

Transcriptome Sequencing
For transcriptomic experiments, one resistant and one
susceptible DH line were selected. The roots of two biological
replicates per line of infected and control plants were harvested
on the day of phenotyping (7 weeks after inoculation),
immediately frozen in liquid nitrogen, and stored at −80◦C. The
tissue was blended in liquid nitrogen using a mortar and pestle.
The total RNA was extracted with the Qiagen Plant RNeasy
kit. TruSeq mRNA strand-specific libraries were prepared
and sequenced on Illumina NovaSeq600 in a 2 × 150 bp
paired-end layout. Library preparation and sequencing were
conducted by Macrogen.

Reconstruction of the TNL
Genes-Encoded Transcripts Using
RNA-Seq Reads
RNA-seq reads were pooled by DH line and mapped to
the Express 617 genomic sequence assembly supplemented
with the fragment containing the duplication as a
pseudochromosome using STAR (Dobin et al., 2013) with
the following parameters: –outFilterMismatchNoverLmax
0.1 –outFilterMismatchNoverReadLmax 0.1 –alignIntronMax
2000 –alignIntronMin 15 –outSAMprimaryFlag AllBestScore.
Reads mapping to the pseudochromosome were then
assembled using Trinity (Grabherr et al., 2011) with -
genome_guided_bam –genome_guided_max_intron 2000
options. Assembled transcripts were re-mapped to the Express
617 reference sequence supplemented with a pseudochromosome
with a minimap2 -x splice for validation. ORFs were predicted
and translated using NCBI’s ORFfinder1. For sequence
comparison, the CDS and protein sequences were aligned
with EMBL-EBI’s Clustal Omega and EMBOSS Needle (Madeira
et al., 2019). The sequence-based prediction of protein domains
was carried out with InterProScan (Jones et al., 2014).

Analysis of Differential Gene Expression
Raw RNA-seq reads were trimmed using Trimmomatic
(Bolger et al., 2014) with default options and mapped
to the reference genome using STAR with the following
parameters: –outFilterMismatchNoverLmax 0.1 –
outFilterMismatchNoverReadLmax 0.1 –alignIntronMax
2000 –alignIntronMin 15. The fragments were counted using
the featureCounts (Liao et al., 2014) program with -s 2 -p -M
flags. The differential expression analysis was performed using
limma (Ritchie et al., 2015; Law et al., 2016)/edgeR (Robinson
et al., 2010) R packages, following the procedure described by
Law et al. (2016). Raw counts were normalized via TMM, and
log-CPM values were used for the DE analysis. The fit was
processed with limma’s treat() with lfc = 1 parameter, thus genes
with fold-change significantly larger than 2 were deemed as
differentially expressed. Gene Ontology enrichment analysis was
conducted with g:Profiler (Raudvere et al., 2019). To assess the
expression of the “Tosca” TNL copies, the reads were mapped
to the reference with the fragment containing the duplication

1 https://www.ncbi.nlm.nih.gov/orffinder/
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attached as a pseudochromosome, and TPM values of TMM
normalized counts were calculated.

Creation of Figures
All plots were generated with r/ggplot2 (Wickham, 2009). Figures
were assembled with Inkscape2.

RESULTS

Phenotyping of “Tosca” × “BRH-1” DH
Population
To identify the locus harboring resistance to clubroot disease in
the “Tosca” winter oilseed rape cultivar, a mapping population
of 250 DH lines was developed in a cross with a susceptible,
double-low line BRH-1. For phenotyping experiments, the
lines were divided into 7 groups and tested separately in
controlled environmental conditions. In addition to the tested
DH lines, each experimental batch contained a set of referential
“checks” – both parents and 6 DH lines used in all experiments
(Figure 1, colored lines). These 6 lines were identified in the
first experiment as showing contrasting phenotypes (resistant
or susceptible) and no visible developmental abnormalities. In
each of the experiments, 1-week-old seedlings were inoculated
with a suspension of P. brassicae spores prepared from the
pathotype-P3-dominant environmental sample. After a total of
7 weeks of growth, the plants were examined for infection-
induced morphological pathologies of roots and evaluated on a
4-step severity-dependent scale. For every line, a percent scale
DI was calculated.

Analysis of the first 6 batches clearly demonstrated that despite
random grouping of the lines the DI distribution was not equal
between the batches (Kruskal–Wallis test, p < 10–6), with mean
DI ranging from 13.13 to 46.86% (Figure 1A and Table 1).
Phenotypes of the 8 checks were shifting according to the batches’
trend, showing that the observed differences were independent

2Harrington et al. http://www.inkscape.org/

TABLE 1 | Summary statistics of the DI of the seven batches and BLUP-DI.

Batch Min Max Mean Median Q1 Q3 SD H2
LOO 1H2

1 0.00 90.48 30.77 36.67 0.00 55.56 28.87 0.70 0.03

2 0.00 100.00 46.84 57.143 0.00 83.33 40.02 0.65 0.08

3 0.00 50.00 13.11 6.70 0.00 26.70 15.29 0.79 −0.03

4 0.00 62.96 18.89 16.67 5.36 30.56 14.79 0.77 −0.04

5 0.00 92.59 44.23 58.33 0.00 66.67 32.29 0.73 0.00

6 0.00 100.00 38.59 40.00 0.00 73.30 36.02 0.77 −0.02

7 0.00 100.00 63.84 100.00 13.30 100.00 43.97 0.52 0.21

BLUP-DI −6.45 77.22 37.15 46.87 11.71 56.92 24.32

H2
LOO is the H2 without given batch; 1H2

= H2
− H2

LOO .

of the selection of the lines in each of the subsets (Figure 1A).
The differences are well explained by seasonal changes, with a
higher incidence observed in batches carried out during spring
and summer, despite that the plants were grown in controlled
greenhouse conditions.

Since the main goal of this experiment was to identify DH
lines with the strongest resistant phenotype, we decided to repeat
the tests using growing conditions that promote P. brassicae
infection. Therefore, in the last 7th batch (Figure 1B), we have
included most (240 out of 250) of the DH lines and increased
the temperature by 2◦C (for details see section “Materials and
Methods”). In all 7 batches, the DI values followed a clear bimodal
distribution, suggesting that the majority of the phenotypic effect
is linked to a single locus. To adjust the DI for the batch effect for
QTL mapping, the phenotyping data were fit to a linear mixed
model and the BLUP of the genotypic effect (BLUP-DI) was
obtained (Figure 1C). The estimated broad-sense heritability of
the disease severity for the entire experiment was H2 = 0.729.

Identification of the Resistance Locus by
Genetic Mapping
The mapping population was genotyped using the Brassica 60 k
SNP array (Clarke et al., 2016) and a set of SSR and SCAR

FIGURE 1 | Distribution of the Disease Index (DI) in (A) a series of phenotyping experiments, (B) joint phenotyping of 240 lines in conditions promoting pathogenesis,
and (C) a cumulative estimation of the DI-BLUP. The color lines connect DI’s of 8 checks tested in each experiment.
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markers linked to various clubroot resistance loci. Markers
showing segregation distortion or high heterozygosity were
discarded from further analysis. Segregating “Failed” SNP calls
were regarded as potential presence-absence variants (Gabur
et al., 2018) and kept in the analysis. The constructed genetic
map consisted of 1,406 bins of cosegregating markers distributed
among 19 linkage groups corresponding to the 19 chromosomes
of B. napus. The total length of the map was 1866.1 cM with
an average spacing of 1.3 cM and a max spacing of 37.2 cM
(Supplementary Table 4).

QTL mapping on BLUP-DI data revealed a single locus
on the A03 chromosome (Supplementary Table 5). Bayes
Credible Interval (BCI) for the QTL spanned 0.4 cM between
11.980 and 12.378 cM on the genetic map (Figure 2A and
Supplementary Table 5). The same region, although with a
larger BCI span, was detected in individual QTL mappings for
every phenotyping batch (Supplementary Table 6). No evidence
suggested the involvement of other loci affecting the trait. The
locus exhibited a large effect, with a 45.65 difference between
mean values of BLUP-DI for the bin of markers exhibiting the
strongest correlation with the phenotype (Figures 2B,C and

Supplementary Table 5). Recombination events in the proximity
of the QTL were identified and compared with the phenotypes.
This analysis revealed that the state of a single bin of markers,
cosegregating with the representative Bn-A03-p15102212 marker
at 11.980 cM was sufficient to explain the phenotype (Figure 2D).

To physically anchor the resistance locus, either probe or
primer sequences (depending on the marker type) from within
the bin with the strongest correlation with the trait were aligned
to the Darmor-bzh 4.1 reference genome. The closest markers
flanking the bin spanned a region of 91,088 bp on supercontig
LK031800. However, three of the markers cosegregating with the
peak marker mapped to a supercontig LK033659, suggesting that
the reference genome has been misassembled.

To resolve this discrepancy, we have mapped both contigs
(LK031800 and LK033659) to the recently published B. napus
reference pangenome (Song et al., 2020) and Express 617
assemblies (Lee et al., 2020). As shown in Figure 3, both contigs
map to the same region in the newer long-read-based genomic
sequences. The LK031800 (2,713,116 bp) contig maps to two
distinct distant parts of the reference sequence that are separated
by region corresponding to LK033659 (51,625 bp) and a small

FIGURE 2 | Results of genetic mapping. (A) LOD score for QTL presence along the A03 chromosome genetic map. Red lines span Bayes Credible Intervals.
(B) Effect of “BRH-1” (yellow) and “Tosca” (green) alleles along the A03 chromosome genetic map. (C) Phenotype (BLUP-DI) distribution of DH lines carrying
“BRH-1” yellow and “Tosca” green alleles at the peak marker. (D) Analysis of recombinants. The plot shows a genotype (white: “BRH-1”-inherited, gray:
“Tosca”-inherited) at markers surrounding the mapped locus. The phenotype for 18 DH lines recombining in the proximity of the locus is shown as a DI from one of
the 1–6 batches, and, if available, 7th, common batch, as well as BLUP-DI. A marker solely explaining the phenotype is highlighted in teal.
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FIGURE 3 | Physical localization of the resistance locus (black line) in different assemblies of the Brassica napus genome defined by the bin of cosegregating
markers at 11.98 cM. Colored bars represent Darmor-bzh 4.1 contigs. Gray color depicts sequences in the pangenome and Express 617 not covered by the
Darmor-bzh 4.1 contigs.

contig LK038676 of 4,535 bp in size. For further verification of the
Darmor-bzh being misassembled, a new set of 6 SCAR markers
was designed upstream, within, and downstream of the LK033659
(Tsc, Supplementary Table 2). The PCR results confirmed the
observed segregation pattern and were in perfect agreement with
the primers’ physical location. Summarizing, the locus defined
by the bin of markers (with the representative marker Bn-A03-
p15102212) is covered by both new reference B. napus assemblies
as well as two contigs from Darmor-bzh 4.1, but in the latter case,
one of the contigs (LK031800) is misassembled (Figure 3).

Concluding, the genetic factor of resistance to P. brassicae
infection is located in the region covering 124,463 bp on the
reference pangenome, 97,783 bp on the Express 617 assembly,
and 118,111 bp on the Darmor-bzh 4.1 assembly. Genetic and
physical evidence suggests that the mapped resistance locus
falls within the region homologous to the Crr3 locus (Hirai
et al., 2004), directly upstream of the region homologous
to the CRd (Pang et al., 2018; Figure 4). Accordingly, the
resistance locus identified in this study is hereafter referred to
as Crr3Tsc. The Crr3Tsc contains 25 annotated protein-coding
genes. The full list with functional descriptions is included in
Supplementary Table 7.

Structural Variation Within the
Resistance Locus Between “Tosca” and
“BRH-1”
To explore in detail the properties of the region covering
resistance in the “Tosca” genetic background, we have sequenced

the genomes of the parental lines with ON technology. The
reads mapped to the Express 617 reference genomic sequence
consistently overlapped the resistance locus genomic region
(97,783 bp) with an average read coverage of 16.24 for “Tosca”
and 28.50 for “BRH-1,” with 93.6 and 91.9% of positions
covered with at least 5 reads, respectively (Figure 5A and
Supplementary Figure 1).

The long-read mapping results showed differences between
the “Tosca” and reference genome assembly. Interestingly, the
read coverage depth of the fragment overlapping a TNL gene
(BnaA03g29300D) was approximately doubled in comparison
to the surrounding sequences in “Tosca,” but not in “BRH-1”
(Figure 5A and Supplementary Figure 1). Moreover, neither
of the reads spanned the entire gene and both of its flanking
regions, and many of them mapped twice to the gene. To further
investigate these observations, we have de novo reassembled
this fragment using exclusively long reads mapping to the gene.
The new assembly, supported by 20× average coverage and
multiple span-through reads, revealed a 7 kb duplication in the
“Tosca”, but not “BRH-1” genome (including a full copy of
the TNL gene – described below; yellow box in Figure 5B and
Supplementary Figure 2).

The duplication identified in “Tosca” was further confirmed
using a pair of primers flanking the polymorphic site
(TD1_F1/TD1_R, Supplementary Table 2) that generate
different product lengths for “BRH-1,” both duplicated “Tosca”
TNL paralogs and their homeolog from the C genome in “Tosca”
and “BRH-1” (C genome homeologs are nearly identical in
both lines; Supplementary Figure 3). PCR reactions performed
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FIGURE 4 | Schematic location of the Crr3Tsc region in the context of other resistance loci and markers located on Express 617 chromosome A03. (A) A general
overview of the location of Rcr1/Cra/Crb/CrbKato and Crr3/CRd/Crk regions on the A03 chromosome. (B) Zoomed region from the Crr3/CRd/Crk fragment (marked
with a black box on A). Markers labeled with the same color cosegregate in the mapping DH population. No genetic data were obtained for markers indicated with
black. The precise start of the CRd locus could not be physically mapped onto Express 617 assembly.

on the parents and 11 DH lines with varying degrees of
infection resistance revealed the expected pattern of bands,
with both “Tosca”-specific alleles segregating with the resistance
phenotype (Figure 6).

The duplicated region covers the entire TNL gene and a
fragment homologous to STP6 Figure 5B and Supplementary
Figure 2. In Darmor-bzh, the STP6 fragment is annotated
as a distinct gene (BnaA03g29290D), while in Express 617
assembly, the TNL and STP genes are merged into a single
entity (A03p030030.1_BnaEXP). Neither the TNL nor the STP
fragment is annotated in the scaffoldA03 of the pangenome.

Our RNA-seq data analysis suggests that in both copies the
TNL and STP fragment form a single transcription unit; however,
the CDS terminates before reaching the STP fragment. The
duplicates are separated by a 12 kbp spacer, containing two
∼1.2 kbp transcribed, spliced regions. Blast search of genomic
and transcriptomic sequences of both transcribed fragments did
not provide any conclusive results. Transcript variants of the

transcribed regions contained fragmented ORFs (up to 117 aa in
length) with limited similarity to known proteins.

Additionally, the duplicated genes (including the STP
fragment) differ in their splicing structure, producing transcripts
with 8 and 9 exons, respectively. They share more than 90%
identity on the genomic sequence level, with most differences
situated downstream of the TNL encoding ORF. On the
transcript level, the similarity is 90.9% (4529/4982). The protein
sequences are identical in 94.9% (1051/1108) and similar in 96.3
(1067/1108). The alignment has 13 gaps (1.2%), with 10 located
at the very end.

Sequence Variation Within Resistance
Locus
The location and molecular effect of variants differing between
“Tosca” and “BRH-1” were assessed using SNPeff with reference
to the Express 617 assembly. The region covering resistance
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FIGURE 5 | (A) Simplified plot showing resistance locus coverage of ONT long reads aligned to the Express 617 reference genome. A sharp, flat peak (indicated by
an arrow) in “Tosca” genomic data marks the location of the fragment containing the TNL gene (yellow). Darker colors on the coverage plot represent insertions
larger than 10 bp. (B) Schematic overview of (i) depth of coverage of ON reads (DoC) and (ii) within the duplicated “Tosca” region. Yellow – a fragment corresponding
to the BnaA03g29300D gene; green – homologous fragments of STP6 gene. (C) Pairwise alignment-based comparison of CDS sequence variability between TNL
homologs in “Tosca” (T1,T2) and “BRH-1.” Synonymous substitutions are marked as empty circles below the axis, non-synonymous are indicated by filled circles
above.

to P. brassicae infection contains 1521 polymorphic sites: 1327
SNPs, 61 indels, 1 small duplication, and 132 mixed-type variants.
The large, duplicated region, covering the TNL gene found in
the “Tosca” genome, was omitted from the SNPeff analysis and
evaluated separately.

Most of the detected variants are located within intergenic
regions. Exonic and intronic polymorphisms account for
6.15 and 7% of the total sequence variability, respectively.
The non-synonymous/synonymous substitution ratio is 0.51.
The molecular effect, as defined by SNPeff, was high for
0.25%, moderate for 2.07%, and low for 4.62% of the variants.
The remaining differences were classified as modifiers. Both
genotypes showed the presence of insertions and deletions,
located mainly in introns and intergenic regions. Sequences
of insertions larger than 500 bp did not show similarity to
any annotated genes. A more detailed, gene-oriented analysis
of the SNP effect revealed that among protein-coding genes
with detectable expression in at least one of the studied lines,

only two genes, namely A03p030010.1_BnaEXP (Darmor-bzh
BnaA03g29270D) and A03p030120.1_BnaEXP/A03p030120.2_
BnaEXP (Darmor-bzh BnaA03g57410D), contain high-
effect variants. A03p030120.1_BnaEXP/A03p030120.2_BnaEXP
encodes a metallochaperone and carries a splice donor
variant in the “Tosca” cultivar. Besides, this gene harbors
the highest variability, with 29 missense and 18 synonymous
differences between the lines. A03p030010.1_BnaEXP encodes a
chaperonin and contains a premature stop codon in the “BRH-1”
(Supplementary Table 8).

To reduce the effect of potential ambiguous mapping, the
coding sequences of the duplicated “Tosca” TNL genes were
compared based on a transcript assembly. The predicted CDS
contained a large number of variants between the “BRH-1”
gene and both copies from “Tosca” (Figure 5C). Interestingly,
as noted before, the “Tosca” paralogs differ considerably at
the sequence and gene structure levels (Figure 5C, T1-T2;
Supplementary Figure 2).
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FIGURE 6 | Allele-discriminating PCR. The gel electropherogram (B) shows a result of PCR reaction designed as depicted on the schematic (A). B, T1, and T2
stand for BnaA03g29300D copies from “BRH-1” and “Tosca,” respectively. C03 represents a homoeologous region on the C03 chromosome, identical between the
parental lines. Expected products are color-coded according to the schematic, and juxtaposed with the gel. Gel lanes: M – size marker, T – “Tosca,” B – “BRH-1,”
W – water-containing control reaction, 266-56 – selected lines, recombining in the proximity of the resistance locus. Susceptible lines are underlined with red,
resistant with teal. Both “Tosca” alleles (fragments 224 bp and 577 bp) segregated with the resistance.

The C-terminal coding fragments have different lengths (60 bp
and 30 bp). The lack of 30 bp in the T1 gene results in
a frameshift(s) and, consequently, in a different amino acid
sequence at the C-end of the encoded protein. Apart from
the C-terminal variance, the sequences differ with regard to 6
synonymous, 36 non-synonymous substitutions, and 9 in-frame
deletions (6 and 3 bp long). 35 of the missense variants cluster
within and in close vicinity to the LRR domain coding sequence,
with the rest of the protein sequence differing only at one position
near the N-terminus (Figure 5C).

The “BRH-1” TNL homologous gene has the same C-terminal
composition as the “Tosca” paralog T2 (Figure 5C, T2-BRH). The
BRH and T2 genes differ with regard to 1 in-frame deletion (3 bp),
12 synonymous, and 63 non-synonymous substitutions. On the
other hand, the BRH and T1 genes, besides the C-terminus
variance, differ with regard to 15 synonymous and 59 non-
synonymous substitutions (Figure 5C, T1-BRH). Similar to the
T1–T2 comparison, nearly all differences between “BRH-1” and
“Tosca” gene copies are localized near the C-terminus and in
the LRR domain coding sequence. The cDNA, CDS, and protein
sequences of the “Tosca” and “BRH-1” genes are available in the
Supplementary Material.

Differential Gene Expression Analysis of
Resistant and Susceptible DH Lines
To further characterize the 25 genes located within the locus
harboring resistance to clubroot disease, we have examined the

differences in transcript levels between inoculated and non-
inoculated control roots from resistant and susceptible DH
lines in the context of the global pattern of differentially
expressed genes.

RNA-seq comparison of transcript accumulation between
non-inoculated control resistant versus susceptible plants showed
a differential signal for 1,247 genes, with only one located within
the resistance locus – the BnaA03g29270 gene (Supplementary
Tables 9,10). This gene shows a significantly higher (logFC = 1.9,
adjusted p-value ≤ 0.0017) expression level in the resistant line.
The gene encodes for a homolog of an Arabidopsis thaliana
chaperone protein (CCT3).

Subsequently, we have explored differentially expressed genes
in roots 46 days after inoculation (DAI) with P. brassicae, using a
resistant and susceptible line from the mapping population.

In the case of the resistant line, we have identified
111 genes that showed differential transcript accumulation
after inoculation (91 up- and 20 down-regulated genes;
Supplementary Tables 9, 10). 53 of these genes were differentially
expressed only in the resistant line. Most of them fall into three
general Gene Ontology classes: chitin metabolism, regulation of
growth, and defense response (Supplementary Table 11). None
of the differentially expressed genes identified in the resistant
line was located within the resistance locus. The nearest gene
showing a differential expression pattern – BnaA03g28780D
(encoding Hevein-like preprotein, reported to be involved in the
defense response against fungi and bacteria) – is located 200 kbp
upstream from the locus.
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Analysis of the inoculated susceptible line revealed a
much high number (6821) of differentially expressed genes
(Supplementary Tables 9, 10). Among them, 2,778 were
up- and 4,043 were down-regulated. The Gene Ontology-
based assignment showed a much more diverse spectrum of
molecular functions, among others: oxidative stress response,
carbohydrate metabolism, lignin metabolism, chitin metabolism,
defense response, auxin signaling (Supplementary Table 12).
The KEGG pathway enrichment analysis yielded significant hits
for phenylpropanoid biosynthesis, biosynthesis of secondary
metabolites, glutathione metabolism, stilbenoid, diarylheptanoid
and gingerol biosynthesis, and flavonoid biosynthesis.

Four of the differentially expressed genes were located
within the resistance locus: down-regulated germin-like protein
(BnaA03g29240D – ortholog of AtGLP8, AT3G05930), up-
regulated Sugar Transporter Protein (BnaA03g29310D –
ortholog of AtSTP6, AT3G05960), down-regulated Fantastic
Four protein (BnaA03g57340D – ortholog of AtFAF4,
AT3G06020), up-regulated protein trichome birefringence-
like (BnaA03g57390D – ortholog of AtTBL10, AT3G06080).
None of them, however, were differentially expressed in the
resistant line. Moreover, their expression levels were similar in
resistant and susceptible control, non-inoculated plants.

The transcript levels of the TNL gene BnaA03g29300D
remained unchanged for “BRH-1” and both “Tosca” copies in
both lines after inoculation; however, the “BRH-1” and “Tosca”
copies were expressed at relatively high levels in the control and
the inoculated plants. The transcript levels of the two “Tosca”
copies detected in the resistant line added up to twice the amount
of the transcript level of one copy expressed in the susceptible line
(Supplementary Table 13).

DISCUSSION

Based on genetic mapping of a population of 250 DH plants,
we were able to identify a single locus conferring resistance
to clubroot disease in the winter oilseed rape cultivar “Tosca.”
The “Tosca” resistance has a different background than the
widely utilized “ECD-04,” introgressed into the “Mendel” cultivar
(Diederichsen and Sacristan, 1996; Diederichsen et al., 2006;
Fredua-Agyeman and Rahman, 2016), which makes the source
relevant in the B. napus breeding efforts.

The identified “Tosca” resistance locus, designated as Crr3Tsc,
in B. napus is located on the A03 chromosome within a
previously described Crr3 locus described in B. rapa (Hirai
et al., 2004; Saito et al., 2006), which together with CRk
(Sakamoto et al., 2008; Matsumoto et al., 2012), and CRd
(Pang et al., 2018) forms a larger cluster of clubroot resistance
genetic factors. This cluster has been recently spotted in a
GWA study in a panel of B. napus ssp. napobrassica (rutabaga),
which, like “Tosca”, are of Nordic origin (Fredua-Agyeman
et al., 2020). The region of ∼750 kbp identified in this
GWA study was associated with resistance to P. brassicae
pathotypes 2B and 8P (classified according to Canadian Clubroot
Differential Set), which are subsets of Some’s P2 pathotype
(Strelkov et al., 2018). Here, we show that a region of

∼120 kbp of the Crr3Tsc locus explains the resistance to field
isolates consisting of a mixture of pathotypes with the highest
prevalence of P3.

The locus was anchored based on a single bin of 11
marker sequences to a region of 97,783 bp of the B. napus
Express 617 genome assembly. Within the locus, we have
identified 25 protein-coding genes. 13 of them were found to
be constitutively expressed at the late stage of infection and 4
were found to be differentially expressed between contrasting
susceptible and resistant lines of the mapping population.
Some of these genes show a functional annotation that makes
them interesting candidates to be involved in various stages of
P. brassicae infection.

Resistance might be expressed constitutively or induced after
the initial infection with the pathogen. The non-inoculated
control plants showed significant differences in constitutive gene
expression patterns, but only 1 out of 1247 was located within
the mapped resistance locus. The differentially expressed gene
BnaA03g29270D, a homolog of Arabidopsis thaliana chaperone
protein CCT3, does not offer a direct and evident connection
to the mechanism of plant resistance and is unlikely to be
involved in resistance expression. The analysis of gene expression
affected by the interaction with the pathogen at the later stage
of infection provided more interesting candidates. For example,
BnaA03g29310D gene which is a homolog of AtSTP6. STPs
are monosaccharide/H + symporters that mediate the transport
of monosaccharides from the apoplast into the cells (Büttner,
2010). We have observed a significant upregulation of STP6
in infected roots of susceptible, but not of resistant plants.
STP family genes, namely STP8 and STP13, have previously
been reported to be up-regulated upon clubroot infection in
A. thaliana (Walerowski et al., 2018), while STP4, STP12, STP1
showed a differential expression pattern in an infected, clubroot-
susceptible Brassica oleracea cultivar CS-JF1 (Zhang et al., 2019).
However, as the expression was affected only in the susceptible
line, this gene might have been up-regulated in response to a
successful transformation of plant metabolism by the clubroot
pathogen during the invasion of the roots. Thus, a potential
resistance effect would have to be driven by the inhibition
of the expression induction. A similar phenomenon might be
responsible for the expression of the gene BnaA03g57390D,
harbored within the resistance locus, encoding a homolog of
Trichome Birefringence Like 10 (TBL10) protein. This gene
was up-regulated in the roots of susceptible, infected plants,
but remained constant in the resistant line. TBL proteins are
modifiers of the cell wall (Bischoff et al., 2010; Yuan et al.,
2016; Gao et al., 2017) and AtTBL10 was found to be involved
in O-acetylation of pectin (Stranne et al., 2018). In many
reports, pectin hypoacetylation has been linked to increased
disease resistance (reviewed in Pauly and Ramírez, 2018), which
may explain the lack of TBL10 induction in clubroot defense
reaction. Another down-regulated gene from the resistance
locus, BnaA03g57340D, is a member of the FANTASTIC FOUR
(FAF) protein family. Its expression was down-regulated in
susceptible, but not in resistant plants. Overexpression of FAF
members was shown to inhibit root growth, which could
be rescued by exogenous sucrose (Wahl et al., 2010). Thus,
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FAF might perform a role in integrating auxin and sugar
signaling during infection progression, allowing the pathogen
to manipulate the physiological processes of susceptible plants
for more efficient infection progression. Another differentially
expressed gene from the resistance locus which has been
described to be involved in disease resistance expression is
BnaA03g29240D – a homolog of Germin-like protein 8 (GLP8).
GLPs are well established as an important component of the
biotic stress response (Dunwell et al., 2008; Ilyas et al., 2016).
In B. napus, GLPs are involved in oxidative burst initiation
during Sclerotinia sclerotiorum infection (Rietz et al., 2012).
GLP5 was also found to have higher expression in a line of
B. rapa carrying the Rcr1 clubroot resistance gene (Song et al.,
2016). In our study, GLP8 expression was highly reduced in the
roots of susceptible plants, though it remained constant in the
resistant plants.

Because the expression analysis did not reveal a clear,
dominant candidate gene located in the resistance locus that
could be responsible for the resistance in “Tosca” we have
further explored the properties of the mapped genomic fragment
by sequencing the parental cultivars with Oxford Nanopore
technology. Detailed analysis of the sequencing data showed a
high level of polymorphism on a single nucleotide as well as
a larger scale. Despite a large number of differences between
the parental lines, most of them were located within the
non-coding (genic and non-genic) regions. Additionally, the
biological impact of the majority of the polymorphisms was
predicted to be low in most of the 25 genes. However, the
mapping of the ON reads revealed one striking difference –
a large duplication in “Tosca” that covered a full copy of the
BnaA03g29300D gene. The duplicated gene contains TIR, NB-
ARC, and LRR domains, thus belonging to the TNL subclass of
NLR genes. Many of these genes are known to be involved directly
or indirectly in the recognition of pathogen effector molecules
and initiation of downstream defense responses (reviewed in:
Dubey and Singh, 2018; de Araújo et al., 2019). As these
genes are known to be involved in the very early stages
of signaling cascades, they potentially could be differentially
expressed in the early stages of the infection process. The
identification of a recent copy of the TNL genes to some
extent conforms with this presumption. Assuming that recently
duplicated genes retain their original function, we may speculate
that the effect of enhanced resistance to pathogen infection
in “Tosca” is linked with cumulatively elevated expression (2
times) of two copies of the TNL genes. We cannot, however,
exclude an alternative possibility that the new copy of the
gene acquired new specificity toward the particular P. brassicae
pathotypes or that both copies are involved in a more complex
resistance initiation (see later). So far, two clubroot resistance
genes have been cloned, Crr1a (Hatakeyama et al., 2013) and
Cra/CRb (Ueno et al., 2012; Hatakeyama et al., 2017), both
encoding TNL proteins.

The identification of the genomic fragment corresponding
to the region defined by the peak marker for the resistance
locus was not straightforward using the Darmor-bzh 4.1 genome
assembly. The coverage of the region was not complete and one
of the three contigs mapping to this fragment was misassembled.

The locus, however, was correctly placed on the long-read-
based reference pangenome and Express 617 assemblies. The
Darmor-bzh 4.1 reference assembly was constructed prior to the
advance of long-read sequencing technologies mainly based on
Illumina short-read sequencing and is thus highly fragmented
(Lee et al., 2020). We have to note that between the submission
and publication of this article, an upgraded, Oxford Nanopore-
based version of Darmor-bzh genome (v10) was published, in
which the region in question is assembled in agreement with the
results of our study and other long-read assemblies (Rousseau-
Gueutin et al., 2020). Moreover, it has been shown that in
B. napus more than 50% of known RGA copies do not occur
in a single reference genotype assembly but require analysis
of pangenome assemblies for detection (Dolatabadian et al.,
2020). Thus, our analysis represents a typical example of how
the use of long-read sequencing technology and pangenome
sequence assemblies allows more efficient dissection of plant
disease resistance loci.

Frequent duplications and clusterization of resistance-related
NLR genes are a well-established phenomenon (reviewed in de
Araújo et al., 2019; van Wersch and Li, 2019). BnaA03g29300D is
flanked by homologous STP6 sequences. This configuration may
have served as a foundation for homology-dependent duplication
events, for example, by unequal crossing-over. Remarkably,
both TNL gene copies seem to be functional, i.e., neither
underwent pseudogenization. Both are constitutively expressed
in 7-week-old plants and the transcripts contain full-length
ORF’s. Importantly, the copies harbor a large proportion of
polymorphic, non-synonymous sites observed between “Tosca”
and “BRH-1,” nearly all of which lay within the pattern-
recognizing LRR domain, implicating a strong positive selection
acting on this domain. Positive selection promoting rapid
sequence changes in the NLR genes, especially within LRR
domains has already been frequently reported (Bergelson et al.,
2001; Mondragón-Palomino et al., 2002; Yang et al., 2013;
Karasov et al., 2014; Gao et al., 2018; Han, 2019). LRR
domains are reported to be the major factors determining
recognition specificity (reviewed in Padmanabhan et al., 2009);
therefore, the apparent differences in the amino acid sequence
domain may be responsible for the capability of the “Tosca”
to sense the P. brassicae elicitors and induce the downstream
defense response. Remarkably, the two tandem paralogs in the
“Tosca” genome themselves differ significantly in the amino acid
sequence of their LRR domains. The differences may allow for
a broader range of elicitor recognition or the coordination of
a more complex response to infection. The TNL proteins are
known to engage in functional homo- and heterodimerization
(Williams et al., 2014) and various modes of entanglement in
the defense response initiation, which often involves clustered
genes (reviewed in de Araújo et al., 2019; van Wersch and Li,
2019). Nonetheless, in the case of previously described clubroot
resistance locus Cra/Crb/CRbkato, which consists of at least six
tandemly repeated NLR genes, a majority of the resistance effect
is attributed to a single gene, with residual, unexplained effect
(Hatakeyama et al., 2017).

Furthermore, the BnaA03g29300D gene is a homolog of
B. rapa Bra001175, which has been shown to have a higher
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level of expression in the clubroot-resistant, compared to
the susceptible genotype of the CRd-carrying line during
the early stages of the infection process, at day 13 after
inoculation (Pang et al., 2018). In our study, using RNA-seq
data, when each of the duplicated genes was tested separately,
we could not find statistical differences in BnaA03g29300D
expression between resistant and non-resistant inoculated lines
and no evidence of induction after inoculation. However,
both duplicated genes are expressed at a similar, relatively
high level in the roots of “Tosca”-background plants,
showing a cumulative 2-times higher transcript accumulation
before infection compared to the “BRH-1”-derived, single
copy line.

In summary, the search for the genetic background of
resistance to P. brassicae infection in B. napus cv. Tosca revealed
a complex picture of genomic and transcriptomic changes. Based
on genetic mapping, structural genomics, expression analyses,
and functional annotation, we conclude that the TNL gene
(BnaA03g29300D) duplication is most likely to be involved in the
resistance. Certainly, further experimental tests, including a gene
knockout and functional complementation must be conducted
to confirm the role of this gene, and/or its duplication, in the
resistance against P. brassicae.
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(2002). Direct plant development from microspore-derived embryos of winter
oilseed rape Brassica napus L. ssp. Oleifera (DC.) Metzger. Euphytica 124,
341–347.

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.

Chawla, H. S., Lee, H., Gabur, I., Vollrath, P., Tamilselvan-Nattar-Amutha,
S., Obermeier, C., et al. (2020). Long-read sequencing reveals widespread
intragenic structural variants in a recent allopolyploid crop plant. Plant
Biotechnol. J. 19, 240–250. doi: 10.1111/pbi.13456

Chen, J., Jing, J., Zhan, Z., Zhang, T., Zhang, C., and Piao, Z. (2013). Identification
of novel QTLs for isolate-specific partial resistance to Plasmodiophora
brassicae in Brassica rapa. PLoS One 8:e85307. doi: 10.1371/journal.pone.008
5307

Choi, S. R., Oh, S. H., Chhapekar, S. S., Dhandapani, V., Lee, C. Y., Rameneni,
J. J., et al. (2020). Quantitative trait locus mapping of clubroot resistance and
Plasmodiophora brassicae pathotype banglim-specific marker development in
Brassica rapa. Int. J. Mol. Sci. 21:4157. doi: 10.3390/ijms21114157

Chu, M., Song, T., Falk, K. C., Zhang, X., Liu, X., Chang, A., et al. (2014). Fine
mapping of Rcr1 and analyses of its effect on transcriptome patterns during
infection by Plasmodiophora brassicae. BMC Genomics 15:1166. doi: 10.1186/
1471-2164-15-1166

Chu, M., Yu, F., Falk, K. C., Liu, X., Zhang, X., Chang, A., et al. (2013).
Identification of the Clubroot Resistance Gene Rpb1 and introgression of the
resistance into canola breeding lines using a marker-assisted approach. Acta
Hortic. 2013, 599–605. doi: 10.17660/actahortic.2013.1005.74

Cingolani, P., Platts, A., Wang, L. L., Coon, M., Nguyen, T., Wang, L., et al.
(2012). A program for annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly 6, 80–92. doi: 10.4161/fly.19695

Clarke, W. E., Higgins, E. E., Plieske, J., Wieseke, R., Sidebottom, C., Khedikar,
Y., et al. (2016). A high-density SNP genotyping array for Brassica napus
and its ancestral diploid species based on optimised selection of single-locus

Frontiers in Plant Science | www.frontiersin.org 13 April 2021 | Volume 12 | Article 63963117

https://www.frontiersin.org/articles/10.3389/fpls.2021.639631/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.639631/full#supplementary-material
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1126/science.1061337
https://doi.org/10.1126/science.1061337
https://doi.org/10.1104/pp.110.153320
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1534/genetics.118.301595
https://doi.org/10.1534/genetics.118.301595
https://doi.org/10.1093/bioinformatics/btg112
https://doi.org/10.1093/bioinformatics/btg112
https://doi.org/10.1111/j.1438-8677.2010.00383.x
https://doi.org/10.1080/07060660909507606
https://doi.org/10.1111/pbi.13456
https://doi.org/10.1371/journal.pone.0085307
https://doi.org/10.1371/journal.pone.0085307
https://doi.org/10.3390/ijms21114157
https://doi.org/10.1186/1471-2164-15-1166
https://doi.org/10.1186/1471-2164-15-1166
https://doi.org/10.17660/actahortic.2013.1005.74
https://doi.org/10.4161/fly.19695
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-639631 April 8, 2021 Time: 12:2 # 14

Kopec et al. Clubroot Resistance in “Tosca”

markers in the allotetraploid genome. Theor. Appl. Genet. 129, 1887–1899.
doi: 10.1007/s00122-016-2746-7

Dakouri, A., Zhang, X., Peng, G., Falk, K. C., Gossen, B. D., Strelkov, S. E.,
et al. (2018). Analysis of genome-wide variants through bulked segregant
RNA sequencing reveals a major gene for resistance to Plasmodiophora
brassicae in Brassica oleracea. Sci. Rep. 8:17657. doi: 10.1038/s41598-018-36
187-5

de Araújo, A. C., Fonseca, F. C. A., Cotta, M. G., Alves, G. S. C., and Miller, R. N. G.
(2019). Plant NLR receptor proteins and their potential in the development
of durable genetic resistance to biotic stresses. Biotechnol. Res. Innov. 3,
80–94.

DeYoung, B. J., and Innes, R. W. (2006). Plant NBS-LRR proteins in pathogen
sensing and host defense. Nat. Immunol. 7, 1243–1249. doi: 10.1038/ni1410

Diederichsen, E., Beckmann, J., Schondelmeier, J., and Dreyer, F. (2006). Genetics
of clubroot resistance in Brassica napus ‘Mendel’. Acta Hortic. 706, 307–312.
doi: 10.17660/actahortic.2006.706.35

Diederichsen, E., Frauen, M., Linders, E. G. A., Hatakeyama, K., and Hirai, M.
(2009). Status and perspectives of clubroot resistance breeding in crucifer crops.
J. Plant Growth Regul. 28, 265–281. doi: 10.1007/s00344-009-9100-0

Diederichsen, E., Frauen, M., and Ludwig-Müller, J. (2014). Clubroot disease
management challenges from a German perspective. Can. J. Plant Pathol. 36,
85–98. doi: 10.1080/07060661.2013.861871

Diederichsen, E., and Sacristan, M. D. (1996). Disease response of resynthesized
Brassica napus L. lines carrying different combinations of resistance to
Plasmodiophora brassicae Wor. Plant Breed. 115, 5–10. doi: 10.1111/j.1439-
0523.1996.tb00862.x

Dixon, G. R. (2007). Vegetable Brassicas and Related Crucifers. Wallingford: CABI.
Dixon, G. R. (2009). The occurrence and economic impact of Plasmodiophora

brassicae and clubroot disease. J. Plant Growth Regul. 28, 194–202. doi: 10.1007/
s00344-009-9090-y

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

Dolatabadian, A., Bayer, P. E., Tirnaz, S., Hurgobin, B., Edwards, D., and Batley,
J. (2020). Characterization of disease resistance genes in the Brassica napus
pangenome reveals significant structural variation. Plant Biotechnol. J. 18,
969–982. doi: 10.1111/pbi.13262

Doyle, J. J., and Doyle, J. L. (1990). Isolation of plant DNA from fesh tissue. Focus
12:1053.

Dubey, N., and Singh, K. (2018). “Role of NBS-LRR proteins in plant defense,”
in Molecular Aspects of Plant-Pathogen Interaction, eds A. Singh and I. Singh
(Singapore: Springer), 115–138. doi: 10.1007/978-981-10-7371-7_5

Dunwell, J. M., George Gibbings, J., Mahmood, T., and Saqlan Naqvi, S. M. (2008).
Germin and germin-like proteins: evolution, structure, and function. Crit. Rev.
Plant Sci. 27, 342–375. doi: 10.1080/07352680802333938

Edge, P., and Bansal, V. (2019). Longshot enables accurate variant calling in diploid
genomes from single-molecule long read sequencing. Nat. Commun. 10:4660.

Farid, M., Yang, R.-C., Kebede, B., and Rahman, H. (2020). Evaluation of Brassica
oleracea accessions for resistance to Plasmodiophora brassicae and identification
of genomic regions associated with resistance. Genome 63, 91–101. doi: 10.1139/
gen-2019-0098

Figdore, S. S., Ferreira, M. E., Slocum, M. K., and Williams, P. H. (1993).
Association of RFLP markers with trait loci affecting clubroot resistance and
morphological characters in Brassica oleracea L. Euphytica 69, 33–44. doi: 10.
1007/bf00021723

Fredua-Agyeman, R., and Rahman, H. (2016). Mapping of the clubroot disease
resistance in spring Brassica napus canola introgressed from European winter
canola cv. “Mendel.”. Euphytica 211, 201–213. doi: 10.1007/s10681-016-1730-2

Fredua-Agyeman, R., Yu, Z., Hwang, S.-F., and Strelkov, S. E. (2020). Genome-
wide mapping of loci associated with resistance to clubroot in Brassica napus
ssp. napobrassica (Rutabaga) Accessions From Nordic Countries. Front. Plant
Sci. 11:742. doi: 10.3389/fpls.2020.00742

Gabur, I., Chawla, H. S., Liu, X., Kumar, V., Faure, S., von Tiedemann, A.,
et al. (2018). Finding invisible quantitative trait loci with missing data. Plant
Biotechnol. J. 16, 2102–2112. doi: 10.1111/pbi.12942

Gao, Y., He, C., Zhang, D., Liu, X., Xu, Z., Tian, Y., et al. (2017). Two trichome
birefringence-like proteins mediate xylan acetylation, which is essential for leaf
blight resistance in rice. Plant Physiol. 173, 470–481. doi: 10.1104/pp.16.01618

Gao, Y., Wang, W., Zhang, T., Gong, Z., Zhao, H., and Han, G.-Z. (2018). Out of
water: the origin and early diversification of plant R-genes. Plant Physiol. 177,
82–89. doi: 10.1104/pp.18.00185

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I.,
et al. (2011). Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nat. Biotechnol. 29, 644–652. doi: 10.1038/nbt.1883

Grandclément, C., and Thomas, G. (1996). Detection and analysis of QTLs
based on RAPD markers for polygenic resistance to Plasmodiophora brassicae
woron in Brassica oleracea L. Theor. Appl. Genet. 93, 86–90. doi: 10.1007/
s001220050251

Han, G.-Z. (2019). Origin and evolution of the plant immune system. New Phytol.
222, 70–83. doi: 10.1111/nph.15596

Happstadius, I., Ljungberg, A., Kristiansson, B., and Dixelius, C. (2003).
Identification of Brassica oleracea germplasm with improved resistance to
Verticillium wilt. Plant Breed. 122, 30–34. doi: 10.1046/j.1439-0523.2003.00
774.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. Genet. Genomics 292, 397–405.
doi: 10.1007/s00438-016-1281-1

Hatakeyama, K., Suwabe, K., Tomita, R. N., Kato, T., Nunome, T., Fukuoka, H.,
et al. (2013). Identification and characterization of Crr1a, a gene for resistance to
clubroot disease (Plasmodiophora brassicae Woronin) in Brassica rapa L. PLoS
One 8:e54745. doi: 10.1371/journal.pone.0054745

Hejna, O., Havlickova, L., He, Z., Bancroft, I., and Curn, V. (2019). Analysing
the genetic architecture of clubroot resistance variation in Brassica napus by
associative transcriptomics. Mol. Breed. 39:112.

Hirai, M., Harada, T., Kubo, N., Tsukada, M., Suwabe, K., and Matsumoto, S.
(2004). A novel locus for clubroot resistance in Brassica rapa and its linkage
markers. Theor. Appl. Genet. 108, 639–643. doi: 10.1007/s00122-003-1475-x

Hirani, A. H., Gao, F., Liu, J., Fu, G., Wu, C., McVetty, P. B. E., et al. (2018).
Combinations of independent dominant loci conferring clubroot resistance in
all four turnip accessions (Brassica rapa) from the european clubroot differential
set. Front. Plant Sci. 9:1628. doi: 10.3389/fpls.2018.01628

Huang, Z., Peng, G., Liu, X., Deora, A., Falk, K. C., Gossen, B. D., et al. (2017). Fine
mapping of a clubroot resistance gene in chinese cabbage using SNP markers
identified from bulked segregant RNA sequencing. Front. Plant Sci. 8:1448.
doi: 10.3389/fpls.2017.01448

Hwang, S.-F., Howard, R. J., Strelkov, S. E., Gossen, B. D., and Peng, G. (2014).
Management of clubroot (Plasmodiophora brassicae) on canola (Brassica napus)
in western Canada. Can. J. Plant Pathol. 36, 49–65. doi: 10.1080/07060661.2013.
863806

Ilyas, M., Rasheed, A., and Mahmood, T. (2016). Functional characterization of
germin and germin-like protein genes in various plant species using transgenic
approaches. Biotechnol. Lett. 38, 1405–1421. doi: 10.1007/s10529-016-2129-9

Jones, P., Binns, D., Chang, H.-Y., Fraser, M., Li, W., McAnulla, C., et al. (2014).
InterProScan 5: genome-scale protein function classification. Bioinformatics 30,
1236–1240. doi: 10.1093/bioinformatics/btu031

Kageyama, K., and Asano, T. (2009). Life Cycle of Plasmodiophora brassicae.
J. Plant Growth Regul. 28, 203–211. doi: 10.1007/s00344-009-9101-z

Karasov, T. L., Horton, M. W., and Bergelson, J. (2014). Genomic variability as
a driver of plant–pathogen coevolution? Curr. Opin. Plant Biol. 18, 24–30.
doi: 10.1016/j.pbi.2013.12.003

Karim, M. M., Dakouri, A., Zhang, Y., Chen, Q., Peng, G., Strelkov, S. E., et al.
(2020). Two clubroot-resistance genes, Rcr3 and Rcr9wa, mapped in Brassica
rapa using bulk segregant RNA sequencing. Int. J. Mol. Sci. 21:5033. doi: 10.
3390/ijms21145033

Kato, T., Hatakeyama, K., Fukino, N., and Matsumoto, S. (2012). Identificaiton of
a clubroot resistance locus conferring resistance to a Plasmodiophora brassicae
classified into pathotype group 3 in Chinese cabbage (Brassica rapa L.). Breed.
Sci. 62, 282–287. doi: 10.1270/jsbbs.62.282

Korbas, M., Jajor, E., and Budka, A. (2009). Clubroot (Plasmodiophora brassicae) -
a threat for oilseed rape. J. Plant Protect. Res. 49, 446–451. doi: 10.2478/v10045-
009-0071-78

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2016). lmerTest: Tests
in Linear Mixed Effects Models. R Package version 2.0–30.

Laila, R., Park, J.-I., Robin, A. H. K., Natarajan, S., Vijayakumar, H., Shirasawa, K.,
et al. (2019). Mapping of a novel clubroot resistance QTL using ddRAD-seq in

Frontiers in Plant Science | www.frontiersin.org 14 April 2021 | Volume 12 | Article 63963118

https://doi.org/10.1007/s00122-016-2746-7
https://doi.org/10.1038/s41598-018-36187-5
https://doi.org/10.1038/s41598-018-36187-5
https://doi.org/10.1038/ni1410
https://doi.org/10.17660/actahortic.2006.706.35
https://doi.org/10.1007/s00344-009-9100-0
https://doi.org/10.1080/07060661.2013.861871
https://doi.org/10.1111/j.1439-0523.1996.tb00862.x
https://doi.org/10.1111/j.1439-0523.1996.tb00862.x
https://doi.org/10.1007/s00344-009-9090-y
https://doi.org/10.1007/s00344-009-9090-y
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1111/pbi.13262
https://doi.org/10.1007/978-981-10-7371-7_5
https://doi.org/10.1080/07352680802333938
https://doi.org/10.1139/gen-2019-0098
https://doi.org/10.1139/gen-2019-0098
https://doi.org/10.1007/bf00021723
https://doi.org/10.1007/bf00021723
https://doi.org/10.1007/s10681-016-1730-2
https://doi.org/10.3389/fpls.2020.00742
https://doi.org/10.1111/pbi.12942
https://doi.org/10.1104/pp.16.01618
https://doi.org/10.1104/pp.18.00185
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1007/s001220050251
https://doi.org/10.1007/s001220050251
https://doi.org/10.1111/nph.15596
https://doi.org/10.1046/j.1439-0523.2003.00774.x
https://doi.org/10.1046/j.1439-0523.2003.00774.x
https://doi.org/10.1007/s00438-016-1281-1
https://doi.org/10.1371/journal.pone.0054745
https://doi.org/10.1007/s00122-003-1475-x
https://doi.org/10.3389/fpls.2018.01628
https://doi.org/10.3389/fpls.2017.01448
https://doi.org/10.1080/07060661.2013.863806
https://doi.org/10.1080/07060661.2013.863806
https://doi.org/10.1007/s10529-016-2129-9
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1007/s00344-009-9101-z
https://doi.org/10.1016/j.pbi.2013.12.003
https://doi.org/10.3390/ijms21145033
https://doi.org/10.3390/ijms21145033
https://doi.org/10.1270/jsbbs.62.282
https://doi.org/10.2478/v10045-009-0071-78
https://doi.org/10.2478/v10045-009-0071-78
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-639631 April 8, 2021 Time: 12:2 # 15

Kopec et al. Clubroot Resistance in “Tosca”

Chinese cabbage (Brassica rapa L.). BMC Plant Biol. 19:13. doi: 10.1186/s12870-
018-1615-8

Landry, B. S., Hubert, N., Crete, R., Chang, M. S., Lincoln, S. E., and Etoh, T.
(1992). A genetic map for Brassica oleracea based on RFLP markers detected
with expressed DNA sequences and mapping of resistance genes to race 2 of
Plasmodiophora brassicae (Woronin). Genome 35, 409–420. doi: 10.1139/g92-
061

Laurens, F., and Thomas, G. (2004). Inheritance of resistance to clubroot
(Plasmodiophora brassicae Wor.) in Kale (Brassica oleracea ssp. Acephala).
Hereditas 119, 253–262. doi: 10.1111/j.1601-5223.1993.00253.x

Law, C. W., Alhamdoosh, M., Su, S., Dong, X., Tian, L., Smyth, G. K., et al.
(2016). RNA-seq analysis is easy as 1-2-3 with limma, Glimma and edgeR.
F1000Research 5:ISCB Comm J-1408. doi: 10.12688/f1000research.9005.3

Lee, H., Chawla, H. S., Obermeier, C., Dreyer, F., Abbadi, A., and Snowdon, R.
(2020). Chromosome-scale assembly of winter oilseed rape Brassica napus.
Front. Plant Sci. 11:496. doi: 10.3389/fpls.2020.00496

Lee, J., Izzah, N. K., Choi, B.-S., Joh, H. J., Lee, S.-C., Perumal, S., et al. (2016).
Genotyping-by-sequencing map permits identification of clubroot resistance
QTLs and revision of the reference genome assembly in cabbage (Brassica
oleracea L.). DNA Res. 23, 29–41.

Lenth, V. R. (2016). Least-squares means: the R package lsmeans. J. Statist. Softw.
69, 1–33.

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34, 3094–3100. doi: 10.1093/bioinformatics/bty191

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al.
(2009). 1000 genome project data processing subgroup. The sequence
alignment/map format and SAMtools. Bioinformatics 25, 2078–2079. doi: 10.
1093/bioinformatics/btp352

Li, L., Luo, Y., Chen, B., Xu, K., Zhang, F., Li, H., et al. (2016). A genome-wide
association study reveals new loci for resistance to clubroot disease in Brassica
napus. Front. Plant Sci. 7:1483. doi: 10.3389/fpls.2016.01483

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

Liu, L., Qin, L., Zhou, Z., Wilhelmina, G. H., Liu, S., and Wei, Y. D. (2020). Refining
the life cycle of Plasmodiophora brassicae. Phytopathology 110, 1704–1712. doi:
10.1094/phyto-02-20-0029-r

Lv, H., Fang, Z., Yang, L., Zhang, Y., and Wang, Y. (2020). An update on the
arsenal: mining resistance genes for disease management of Brassica crops in
the genomic era. Hortic. Res. 7:34. doi: 10.1038/s41438-020-0257-9

Madeira, F., Park, Y. M., Lee, J., Buso, N., Gur, T., Madhusoodanan, N., et al. (2019).
The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids
Res. 47, W636–W641.

Malinowski, R., Truman, W., and Blicharz, S. (2019). Genius architect or clever
thief—how Plasmodiophora brassicae reprograms host development to establish
a pathogen-oriented physiological sink. Mol. Plant Microbe Interact. 32, 1259–
1266. doi: 10.1094/mpmi-03-19-0069-cr

Manzanares-Dauleux, M. J., Delourme, R., Baron, F., and Thomas, G. (2000).
Mapping of one major gene and of QTLs involved in resistance to clubroot in
Brassica napus. Theor. Appl. Genet. 101, 885–891. doi: 10.1007/s001220051557

Matsumoto, E., Ueno, H., Aruga, D., Sakamoto, K., and Hayashida, N. (2012).
Accumulation of three clubroot resistance genes through marker-assisted
selection in chinese cabbage (Brassica rapa ssp. pekinensis). J. Jpn. Soc. Hortic.
Sci. 81, 184–190. doi: 10.2503/jjshs1.81.184

Matsumoto, E., Yasui, C., Ohi, M., and Tsukada, M. (1998). Linkage analysis
of RFLP markers for clubroot resistance and pigmentation in Chinese
cabbage (Brassica rapa ssp. pekinensis). Euphytica 104:79. doi: 10.1023/A:
1018370418201

McHale, L., Tan, X., Koehl, P., and Michelmore, R. W. (2006). Plant NBS-LRR
proteins: adaptable guards. Genome Biol. 7:212.

Mondragón-Palomino, M., Meyers, B. C., Michelmore, R. W., and Gaut, B. S.
(2002). Patterns of positive selection in the complete NBS-LRR gene family
of Arabidopsis thaliana. Genome Res. 12, 1305–1315. doi: 10.1101/gr.15
9402

Monroe, J. G., Grey Monroe, J., Allen, Z. A., Tanger, P., Mullen, J. L., Lovell,
J. T., et al. (2017). TSPmap, a tool making use of traveling salesperson problem
solvers in the efficient and accurate construction of high-density genetic linkage
maps. BioData Mining 10:38. doi: 10.1186/s13040-017-0158-0

Moriguchi, K., Kimizuka-Takagi, C., Ishii, K., and Nomura, K. (1999). A genetic
map based on RAPD, RFLP, isozyme, morphological markers and QTL analysis
for clubroot resistance in Brassica oleracea. Breed. Sci. 49, 257–265. doi: 10.1270/
jsbbs.49.257

Nagaoka, T., Doullah, M. A. U., Matsumoto, S., Kawasaki, S., Ishikawa, T., Hori, H.,
et al. (2010). Identification of QTLs that control clubroot resistance in Brassica
oleracea and comparative analysis of clubroot resistance genes between B. rapa
and B. oleracea. Theor. Appl. Genet. 120, 1335–1346. doi: 10.1007/s00122-010-
1259-z

Neik, T. X., Barbetti, M. J., and Batley, J. (2017). Current status and challenges in
identifying disease resistance genes in Brassica napus. Front. Plant Sci. 8:1788.
doi: 10.3389/fpls.2017.01788

Nguyen, M. L., Monakhos, G. F., Komakhin, R. A., and Monakhos, S. G.
(2018). The new clubroot resistance locus is located on chromosome A05 in
Chinese Cabbage (Brassica rapa L.). Russ. J. Genet. 54, 296–304. doi: 10.1134/
s1022795418030080

Nomura, K., Minegishi, Y., Kimizuka-Takagi, C., Fujioka, T., Moriguchi, K.,
Shishido, R., et al. (2005). Evaluation of F2 and F3 plants introgressed with
QTLs for clubroot resistance in cabbage developed by using SCAR markers.
Plant Breed. 124, 371–375. doi: 10.1111/j.1439-0523.2005.01105.x

Padmanabhan, M., Cournoyer, P., and Dinesh-Kumar, S. P. (2009). The leucine-
rich repeat domain in plant innate immunity: a wealth of possibilities. Cell.
Microbiol. 11, 191–198. doi: 10.1111/j.1462-5822.2008.01260.x

Pang, W., Fu, P., Li, X., Zhan, Z., Yu, S., and Piao, Z. (2018). Identification and
mapping of the clubroot resistance gene CRd in chinese cabbage (Brassica rapa
ssp. pekinensis). Front. Plant Sci. 9:653. doi: 10.3389/fpls.2018.00653

Pang, W., Liang, S., Li, X., Li, P., Yu, S., Lim, Y. P., et al. (2014). Genetic detection
of clubroot resistance loci in a new population of Brassica rapa. Hortic. Environ.
Biotechnol. 55, 540–547. doi: 10.1007/s13580-014-0079-5

Pauly, M., and Ramírez, V. (2018). New insights into wall polysaccharide
O-Acetylation. Front. Plant Sci. 9:1210. doi: 10.3389/fpls.2018.01210

Peng, L., Zhou, L., Li, Q., Wei, D., Ren, X., Song, H., et al. (2018). Identification of
quantitative trait loci for clubroot resistance in Brassica oleracea with the use of
Brassica SNP microarray. Front. Plant Sci. 9:822. doi: 10.3389/fpls.2018.00822

Piao, Z. Y., Deng, Y. Q., Choi, S. R., Park, Y. J., and Lim, Y. P. (2004). SCAR
and CAPS mapping of CRb, a gene conferring resistance to Plasmodiophora
brassicae in Chinese cabbage (Brassica rapa ssp. pekinensis). Theor. Appl. Genet.
108, 1458–1465. doi: 10.1007/s00122-003-1577-5

Piepho, H. P., and Möhring, J. (2007). Computing heritability and selection
response from unbalanced plant breeding trials. Genetics 177, 1881–1888. doi:
10.1534/genetics.107.074229

R Core Team (2020). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T., Adler, P., Peterson, H., et al. (2019).
g:Profiler: a web server for functional enrichment analysis and conversions of
gene lists (2019 update). Nucleic Acids Res. 47, W191–W198.

Rietz, S., Bernsdorff, F. E. M., and Cai, D. (2012). Members of the germin-like
protein family in Brassica napus are candidates for the initiation of an oxidative
burst that impedes pathogenesis of Sclerotinia sclerotiorum. J. Exp. Bot. 63,
5507–5519. doi: 10.1093/jxb/ers203

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). limma
powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res. 43:e47. doi: 10.1093/nar/gkv007

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

Rocherieux, J., Glory, P., Giboulot, A., Boury, S., Barbeyron, G., Thomas, G.,
et al. (2004). Isolate-specific and broad-spectrum QTLs are involved in the
control of clubroot in Brassica oleracea. Theor. Appl. Genet. 108, 1555–1563.
doi: 10.1007/s00122-003-1580-x

Rousseau-Gueutin, M., Belser, C., Da Silva, C., Richard, G., Istace, B., Cruaud,
C., et al. (2020). Long-read assembly of the Brassica napus reference genome
Darmor-bzh. GigaScience 9:giaa137. doi: 10.1093/gigascience/giaa137

Ruan, J., and Li, H. (2020). Fast and accurate long-read assembly with wtdbg2. Nat.
Methods 17, 155–158. doi: 10.1038/s41592-019-0669-3

Saito, M., Kubo, N., Matsumoto, S., Suwabe, K., Tsukada, M., and Hirai, M. (2006).
Fine mapping of the clubroot resistance gene, Crr3, in Brassica rapa. Theor.
Appl. Genet. 114, 81–91. doi: 10.1007/s00122-006-0412-1

Frontiers in Plant Science | www.frontiersin.org 15 April 2021 | Volume 12 | Article 63963119

https://doi.org/10.1186/s12870-018-1615-8
https://doi.org/10.1186/s12870-018-1615-8
https://doi.org/10.1139/g92-061
https://doi.org/10.1139/g92-061
https://doi.org/10.1111/j.1601-5223.1993.00253.x
https://doi.org/10.12688/f1000research.9005.3
https://doi.org/10.3389/fpls.2020.00496
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.3389/fpls.2016.01483
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1094/phyto-02-20-0029-r
https://doi.org/10.1094/phyto-02-20-0029-r
https://doi.org/10.1038/s41438-020-0257-9
https://doi.org/10.1094/mpmi-03-19-0069-cr
https://doi.org/10.1007/s001220051557
https://doi.org/10.2503/jjshs1.81.184
https://doi.org/10.1023/A:1018370418201
https://doi.org/10.1023/A:1018370418201
https://doi.org/10.1101/gr.159402
https://doi.org/10.1101/gr.159402
https://doi.org/10.1186/s13040-017-0158-0
https://doi.org/10.1270/jsbbs.49.257
https://doi.org/10.1270/jsbbs.49.257
https://doi.org/10.1007/s00122-010-1259-z
https://doi.org/10.1007/s00122-010-1259-z
https://doi.org/10.3389/fpls.2017.01788
https://doi.org/10.1134/s1022795418030080
https://doi.org/10.1134/s1022795418030080
https://doi.org/10.1111/j.1439-0523.2005.01105.x
https://doi.org/10.1111/j.1462-5822.2008.01260.x
https://doi.org/10.3389/fpls.2018.00653
https://doi.org/10.1007/s13580-014-0079-5
https://doi.org/10.3389/fpls.2018.01210
https://doi.org/10.3389/fpls.2018.00822
https://doi.org/10.1007/s00122-003-1577-5
https://doi.org/10.1534/genetics.107.074229
https://doi.org/10.1534/genetics.107.074229
https://doi.org/10.1093/jxb/ers203
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1007/s00122-003-1580-x
https://doi.org/10.1093/gigascience/giaa137
https://doi.org/10.1038/s41592-019-0669-3
https://doi.org/10.1007/s00122-006-0412-1
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-639631 April 8, 2021 Time: 12:2 # 16

Kopec et al. Clubroot Resistance in “Tosca”

Sakamoto, K., Saito, A., Hayashida, N., Taguchi, G., and Matsumoto, E. (2008).
Mapping of isolate-specific QTLs for clubroot resistance in Chinese cabbage
(Brassica rapa L. ssp. pekinensis). Theor. Appl. Genet. 117, 759–767. doi: 10.
1007/s00122-008-0817-0

Sedlazeck, F. J., Rescheneder, P., Smolka, M., Fang, H., Nattestad, M., von Haeseler,
A., et al. (2017). Accurate detection of complex structural variations using single
molecule sequencing. Biorxiv [Preprint]. doi: 10.1101/169557

Some, 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. doi: 10.1046/j.1365-3059.1996.d01-155.x

Song, J.-M., Guan, Z., Hu, J., Guo, C., Yang, Z., Wang, S., et al. (2020). Eight high-
quality genomes reveal pan-genome architecture and ecotype differentiation of
Brassica napus. Nat. Plants 6, 34–45. doi: 10.1038/s41477-019-0577-7

Song, T., Chu, M., Lahlali, R., Yu, F., and Peng, G. (2016). Shotgun label-free
proteomic analysis of clubroot (Plasmodiophora brassicae) resistance conferred
by the gene Rcr1 in Brassica rapa. Front. Plant Sci. 7:1013. doi: 10.3389/fpls.
2016.01013

Stahl, A., Vollrath, P., Samans, B., Frisch, M., Wittkop, B., and Snowdon, R. J.
(2019). Effect of breeding on nitrogen use efficiency-associated traits in oilseed
rape. J. Exp. Bot. 70, 1969–1986. doi: 10.1093/jxb/erz044

Stranne, M., Ren, Y., Fimognari, L., Birdseye, D., Yan, J., Bardor, M., et al.
(2018). TBL10 is required for O -acetylation of pectic rhamnogalacturonan-I
in Arabidopsis thaliana. Plant J. 96, 772–785. doi: 10.1111/tpj.14067

Strehlow, B., de Mol, F., and Struck, C. (2015). Risk potential of clubroot disease on
winter oilseed rape. Plant Dis. 99, 667–675. doi: 10.1094/pdis-05-14-0482-re

Strelkov, S. E., Hwang, S.-F., Manolii, V. P., Cao, T., and Feindel, D. (2016).
Emergence of new virulence phenotypes of Plasmodiophora brassicae on canola
(Brassica napus) in Alberta, Canada. Eur. J. Plant Pathol. 145, 517–529. doi:
10.1007/s10658-016-0888-8

Strelkov, S. E., Hwang, S.-F., Manolii, V. P., Cao, T., Fredua-Agyeman, R., Harding,
M. W., et al. (2018). Virulence and pathotype classification of Plasmodiophora
brassicae populations collected from clubroot resistant canola (Brassica napus)
in Canada. Can. J. Plant Pathol. 40, 284–298. doi: 10.1080/07060661.2018.
1459851

Suwabe, K., Tsukazaki, H., Iketani, H., Hatakeyama, K., Fujimura, M., Nunome,
T., et al. (2003). Identification of two loci for resistance to clubroot
(Plasmodiophora brassicae Woronin) in Brassica rapa L. Theor. Appl. Genet. 107,
997–1002. doi: 10.1007/s00122-003-1309-x

Suwabe, K., Tsukazaki, H., Iketani, H., Hatakeyama, K., Kondo, M., Fujimura,
M., et al. (2006). Simple sequence repeat-based comparative genomics between
Brassica rapa and Arabidopsis thaliana: the genetic origin of clubroot resistance.
Genetics 173, 309–319. doi: 10.1534/genetics.104.038968

Szała, L., Sosnowska, K., and Cegielska-Taras, T. (2020). Induced chromosome
doubling in microspores and regenerated haploid plants of Brassica napus. Acta
Biol. Cracoviensia Ser. Bot. 62, 23–31.

Törönen, P., Medlar, A., and Holm, L. (2018). PANNZER2: a rapid functional
annotation web server. Nucleic Acids Res. 46, W84–W88. doi: 10.1093/nar/
gky350

Ueno, H., Matsumoto, E., Aruga, D., Kitagawa, S., Matsumura, H., and Hayashida,
N. (2012). Molecular characterization of the CRa gene conferring clubroot
resistance in Brassica rapa. Plant Mol. Biol. 80, 621–629. doi: 10.1007/s11103-
012-9971-5

van Wersch, S., and Li, X. (2019). Stronger when together: clustering of Plant NLR
Disease resistance Genes. Trends Plant Sci. 24, 688–699. doi: 10.1016/j.tplants.
2019.05.005

Vigier, B., Chiang, M. S., and Hume, D. J. (1989). Source of resistance to clubroot
(Plasmodiophora brassicae Wor.) in triazine-resistant spring canola (rapeseed).
Can. Plant Dis. Surv. 69, 113–115.

Voorrips, R. E., Jongerius, M. C., and Kanne, H. J. (1997). Mapping of two genes
for resistance to clubroot (Plasmodiophora brassicae) in a population of doubled

haploid lines of Brassica oleracea by means of RFLP and AFLP markers. Theor.
Appl. Genet. 94, 75–82. doi: 10.1007/s001220050384

Voorrips, R. E., and Visser, D. L. (1993). Examination of resistance to clubroot in
accessions of Brassica oleracea using a glasshouse seedling test. Netherlands J.
Plant Pathol. 99, 269–276. doi: 10.1007/bf01974308

Wahl, V., Brand, L. H., Guo, Y.-L., and Schmid, M. (2010). The FANTASTIC FOUR
proteins influence shoot meristem size in Arabidopsis thaliana. BMC Plant Biol.
10:285. doi: 10.1186/1471-2229-10-285

Walerowski, P., Gündel, A., Yahaya, N., Truman, W., Sobczak, M., Olszak, M.,
et al. (2018). Clubroot disease stimulates early steps of phloem differentiation
and recruits sweet sucrose transporters within developing galls. Plant Cell 30,
3058–3073. doi: 10.1105/tpc.18.00283

Wallenhammar, A. C. (1996). Prevalence of Plasmodiophora brassicae in a spring
oilseed rape growing area in central Sweden and factors influencing soil
infestation levels. Plant Pathol. 45, 710–719. doi: 10.1046/j.1365-3059.1996.
d01-173.x

Werner, S., Diederichsen, E., Frauen, M., Schondelmaier, J., and Jung, C. (2008).
Genetic mapping of clubroot resistance genes in oilseed rape. Theor. Appl.
Genet. 116, 363–372. doi: 10.1007/s00122-007-0674-2

Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. Berlin: Springer
Science & Business Media.

Williams, S. J., Sohn, K. H., Wan, L., Bernoux, M., Sarris, P. F., Segonzac, C.,
et al. (2014). Structural basis for assembly and function of a heterodimeric plant
immune receptor. Science 344, 299–303. doi: 10.1126/science.1247357

Yang, S., Li, J., Zhang, X., Zhang, Q., Huang, J., Chen, J.-Q., et al. (2013). Rapidly
evolving R genes in diverse grass species confer resistance to rice blast disease.
Proc. Natl. Acad. Sci. U.S.A. 110, 18572–18577. doi: 10.1073/pnas.1318211110

Yu, F., Zhang, X., Peng, G., Falk, K. C., Strelkov, S. E., and Gossen, B. D. (2017).
Genotyping-by-sequencing reveals three QTL for clubroot resistance to six
pathotypes of Plasmodiophora brassicae in Brassica rapa. Sci. Rep. 7:4516.

Yuan, Y., Teng, Q., Zhong, R., Haghighat, M., Richardson, E. A., and Ye, Z.-H.
(2016). Mutations of Arabidopsis TBL32 and TBL33 affect xylan acetylation and
secondary wall deposition. PLoS One 11:e0146460. doi: 10.1371/journal.pone.
0146460

Zhang, H., Feng, J., Hwang, S.-F., Strelkov, S. E., Falak, I., Huang, X., et al. (2016).
Mapping of clubroot (Plasmodiophora brassicae) resistance in canola (Brassica
napus). Plant Pathol. 65, 435–440. doi: 10.1111/ppa.12422

Zhang, T., Zhao, Z., Zhang, C., Pang, W., Choi, S. R., Lim, Y. P., et al. (2014). Fine
genetic and physical mapping of the CRb gene conferring resistance to clubroot
disease in Brassica rapa. Mol. Breed. 34, 1173–1183. doi: 10.1007/s11032-014-
0108-1

Zhang, W., Wang, S., Yu, F., Tang, J., Yu, L., Wang, H., et al. (2019). Genome-wide
identification and expression profiling of sugar transporter protein (STP) family
genes in cabbage (Brassica oleracea var. capitata L.) reveals their involvement in
clubroot disease responses. Genes 10:71. doi: 10.3390/genes10010071

Zheng, X., Koopmann, B., Ulber, B., and von Tiedemann, A. (2020). A
global survey on diseases and pests in oilseed rape—current challenges and
innovative strategies of control. Front. Agron. 2:908. doi: 10.3389/fagro.2020.59
0908

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.

Copyright © 2021 Kopec, Mikolajczyk, Jajor, Perek, Nowakowska, Obermeier,
Chawla, Korbas, Bartkowiak-Broda and Karlowski. 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.

Frontiers in Plant Science | www.frontiersin.org 16 April 2021 | Volume 12 | Article 63963120

https://doi.org/10.1007/s00122-008-0817-0
https://doi.org/10.1007/s00122-008-0817-0
https://doi.org/10.1101/169557
https://doi.org/10.1046/j.1365-3059.1996.d01-155.x
https://doi.org/10.1038/s41477-019-0577-7
https://doi.org/10.3389/fpls.2016.01013
https://doi.org/10.3389/fpls.2016.01013
https://doi.org/10.1093/jxb/erz044
https://doi.org/10.1111/tpj.14067
https://doi.org/10.1094/pdis-05-14-0482-re
https://doi.org/10.1007/s10658-016-0888-8
https://doi.org/10.1007/s10658-016-0888-8
https://doi.org/10.1080/07060661.2018.1459851
https://doi.org/10.1080/07060661.2018.1459851
https://doi.org/10.1007/s00122-003-1309-x
https://doi.org/10.1534/genetics.104.038968
https://doi.org/10.1093/nar/gky350
https://doi.org/10.1093/nar/gky350
https://doi.org/10.1007/s11103-012-9971-5
https://doi.org/10.1007/s11103-012-9971-5
https://doi.org/10.1016/j.tplants.2019.05.005
https://doi.org/10.1016/j.tplants.2019.05.005
https://doi.org/10.1007/s001220050384
https://doi.org/10.1007/bf01974308
https://doi.org/10.1186/1471-2229-10-285
https://doi.org/10.1105/tpc.18.00283
https://doi.org/10.1046/j.1365-3059.1996.d01-173.x
https://doi.org/10.1046/j.1365-3059.1996.d01-173.x
https://doi.org/10.1007/s00122-007-0674-2
https://doi.org/10.1126/science.1247357
https://doi.org/10.1073/pnas.1318211110
https://doi.org/10.1371/journal.pone.0146460
https://doi.org/10.1371/journal.pone.0146460
https://doi.org/10.1111/ppa.12422
https://doi.org/10.1007/s11032-014-0108-1
https://doi.org/10.1007/s11032-014-0108-1
https://doi.org/10.3390/genes10010071
https://doi.org/10.3389/fagro.2020.590908
https://doi.org/10.3389/fagro.2020.590908
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-663868 May 25, 2021 Time: 11:56 # 1

ORIGINAL RESEARCH
published: 25 May 2021

doi: 10.3389/fpls.2021.663868

Edited by:
Jacqueline Batley,

University of Western Australia,
Australia

Reviewed by:
Alexander Idnurm,

The University of Melbourne, Australia
Xiaodong Wang,

Jiangsu Academy of Agricultural
Sciences (JAAS), China

*Correspondence:
Genyi Li

genyi.li@ad.umanitoba.ca

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Plant Breeding,
a section of the journal

Frontiers in Plant Science

Received: 03 February 2021
Accepted: 12 April 2021
Published: 25 May 2021

Citation:
Zhang Q, Dandena H,

McCausland M, Liu H, Liu Z, Xu W
and Li G (2021) Genetic Analysis of a
Horizontal Resistance Locus BLMR2

in Brassica napus.
Front. Plant Sci. 12:663868.

doi: 10.3389/fpls.2021.663868

Genetic Analysis of a Horizontal
Resistance Locus BLMR2 in Brassica
napus
Qiang Zhang†, Hanna Dandena†, Madison McCausland, Huizhi Liu, Zheng Liu, Wen Xu
and Genyi Li*

Department of Plant Science, University of Manitoba, Winnipeg, MB, Canada

Leptosphaeria maculans causes blackleg disease in Brassica napus. The blackleg
disease is mainly controlled by resistance genes in B. napus. Previous studies have
shown that the blackleg resistant BLMR2 locus that conferred horizontal resistance
under field conditions, is located on chromosome A10 of B. napus. The purpose of this
study is to fine map this locus and hence identify a candidate gene underlying horizontal
resistance. The spectrum of resistance to L. maculans isolates of the resistance locus
BLMR2 was analyzed using near isogenic lines, resistant, and susceptible cultivars. The
results showed that this locus was horizontally resistant to all isolates tested. Sequence
characterized amplified regions (SCAR), simple sequence repeats (SSR), and single
nucleotide polymorphism (SNP) markers were developed in the chromosome region
of BLMR2 and a fine genetic map was constructed. Two molecular markers narrowed
BLMR2 in a 53.37 kb region where six genes were annotated. Among the six annotated
genes, BnaA10g11280D/BnaA10g11290D encoding a cytochrome P450 protein were
predicted as the candidate of BLMR2. Based on the profiling of pathogen induced
transcriptome, three expressed genes in the six annotated genes were identified while
only cytochrome P450 showed upregulation. The candidate corresponds to the gene
involved in the indole glucosinolate biosynthesis pathway and plant basal defense in
Arabidopsis thaliana. The molecular markers identified in this study will allow the quick
incorporation of the BLMR2 allele in rapeseed cultivars to enhance blackleg resistance.

Keywords: Brassica napus, Leptosphaeria maculans, BLMR2, cytochrome p450, fine mapping

INTRODUCTION

Brassica napus (oilseed rape/canola) is an important crop used for edible oil production worldwide.
Blackleg, caused by Leptosphaeria maculans, is one of the most devastating diseases in B. napus
(canola, oilseed, and rapeseed) production. There are both qualitative and quantitative types of
resistance to fungal pathogens like L. maculans (Rouxel et al., 2003; Raman et al., 2012, 2013).
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Qualitative resistance is race-specific and depends on the
presence of a single resistance (R) gene in plant and
corresponding avirulence (Avr) genes in pathogen (Ansan-
Melayah et al., 1998). In contrast, quantitative resistance
or horizontal resistance is race non-specific, which may be
mediated by several genes and expressed from the seedling
to adult plant stages, conferring only partial resistance to all
races of the pathogen (Delourme et al., 2006; Rimmer, 2006).
Identification and incorporation of resistance genes in Brassica
species to produce resistant cultivars is an efficient approach to
combat blackleg disease in B. napus (Hayward et al., 2012).

To date, over a dozen loci including Rlm1-10, LepR1 to LepR4,
BLMR1, and BLMR2 conferring resistance to L. maculans have
been mapped in the cultivated Brassica species (Yu et al., 2005,
2008, 2013; Delourme et al., 2006; Rimmer, 2006; Long et al.,
2011; Larkan et al., 2013). However, the effectiveness of these
resistance genes is decreased after they are used in production
for a few years, and the genes need to be replaced with other
novel genes (Li et al., 2003; Rouxel et al., 2003; Kutcher et al.,
2007). For example, LepR3 in Surpass 400 that provides race-
specific resistance to the fungal pathogen L. maculans suffered
a major defeat in Australia in 2004 (Li et al., 2003; Sprague
et al., 2006). On the other hand, studies on rice (Maeda et al.,
2006) and barley (Van Berloo et al., 2001) have confirmed that
quantitative genes conferred effective resistance. Quantitative
resistance likely remains effective over time than qualitative
resistance (Kaur et al., 2009; Brun et al., 2010; Zhang et al.,
2016). Therefore, it is important and necessary to identify
and combine qualitative and quantitative genes for durable
blackleg resistance.

It is very difficult to identify the genes for quantitative
trait loci in the complex genome of B. napus because little
information is available on the genetic control of quantitative
resistance to L. maculans. In previous study, the blackleg
quantitative resistance gene BLMR2 identified in Surpass 400
showed horizontal resistance under field conditions (Dandena
et al., 2019). A few blackleg resistance genes including Rlm2,
LepR3, BLMR2, and LepR2 have been mapped on B. napus
chromosome A10. Among these the highly resistant Rlm2 and
LepR3 are allelic and function as receptors (Larkan et al., 2013,
2014, 2015). Characterization of the BLMR2 and LepR2 need
further studies although these genes are likely different from the
other R genes based on the map position and phenotype (Long
et al., 2011; Larkan et al., 2016). BLMR2 segregated as a single
dominant allele and has a distinctly intermediate phenotype
when cotyledon inoculated with the L. maculans isolate 87-
41 (Long et al., 2011). This allowed the development of NILs
(W + BLMR2) using molecular marker assisted backcrossing
along with progeny testing of recombinants.

In this report, BLMR2 was fine mapped in B. napus with
the use of sequence characterized amplified regions (SCAR)
and simple sequence repeats (SSR) markers. Furthermore,
inoculation assay with individual isolates showed that BLMR2 has
race non-specific resistance to all the isolates tested. These results
lay a foundation for utilizing the blackleg resistance BLMR2 allele
in developing resistant B. napus cultivars that effectively control
L. maculans.

MATERIALS AND METHODS

Materials for Testing Horizontal
Resistance
Three near isogenic lines containing resistance BLMR1, BLMR2,
and Rlm2 alleles were developed using the two resistant cultivars
Surpass 400 and Glacier, and a susceptible cultivar Westar.
BLMR1 and BLMR2 were derived from the cross between
Surpass 400 and Westar (Long et al., 2011) while Rlm2 was
derived from the cross between Glacier and Westar. BLMR1
and BLMR2 were separated at BC1F3 based on differential
phenotypic interaction with the L. maculans isolate 87-41
and molecular marker data (Long et al., 2011). From crosses
of Surpass 400 × Westar and Glacier × Westar, F3 and
F1 progeny, respectively, were backcrossed to Westar four
to five times and molecular marker assisted selection (MAS)
was implemented during backcrossing (Dandena et al., 2019).
Individuals containing homozygous BLMR1, BLMR2, or Rlm2
alleles were selected based on molecular markers and inoculation
assays to obtain three isogenic lines in Westar background,
named as W + BLMR1 (BC4F4), W + BLMR2 (BC4F4), and
W + Rlm2 (BC4F2), respectively. The near isogenic lines,
together with two resistant cultivars Glacier and Quinta, and the
susceptible Westar were used to perform interaction analysis.

Mapping Populations
The BC1F3 plants carrying BLMR2/blmr2 alleles from the cross
of B. napus cultivar Surpass 400 and Westar were backcrossed
to Westar (blmr2/blmr2) to produce BC2, BC3, and BC4
populations, and the BC4 was selfed to obtain BC4F4. All plants
used in backcrossing and selfing were phenotyped through
inoculation and genotyped using the flanking molecular markers.
The BC4 F3 and BC4F4 were inoculated with L. maculans isolate
87-41 to test cotyledon resistance. Segregation ratios of resistant
to susceptible individuals in the F4 and BC4 were analyzed with
χ2 test of goodness of fit. A total of 5,952 BC3 individuals were
used to fine map the resistance locus.

Preparation of L. maculans Inoculum
To test the horizontal and race-non-specific resistance of
BLMR2, 24 L. maculans isolates were used in cotyledon assay.
These pathogen isolates were selected from the collection at
the University of Manitoba. The inoculum of all isolates was
prepared, and cotyledons were wounded and inoculated as
described previously (Long et al., 2011). Disease reactions
were rated in 12–16 days after inoculation according to the
classification of 0–9 (Chen and Fernando, 2006).

DNA Extraction and Development of SSR
and SCAR
A modified CTAB extraction procedure as described by Li and
Quiros (2001) was used to extract DNA. The Brassica rapa
genomic sequence1 was used to identify SSR loci and primers
covering SSR were designed to amplify the specific loci in

1http://brassicadb.cn
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B. napus. SCAR loci were developed using a similar procedure
as SSR markers except sequencing the targets from Surpass 400
and Westar. The A genome-specific primers were used to amplify
Surpass 400 and Westar to identify insertions/deletions of the
targets which were used to develop SCAR markers.

Detection of SCAR and SSR
A five fluorescent dye color set 6-FAM, VIC, NED, PET and
LIZ was used for signal detection with an ABI 3100xl Genetic
Analyzer (Thermo Fisher Scientific, Toronto, ON, Canada). The
LIZ color was the standard and other four were used to label
primers of SSR and SCAR. For SSR and SCAR detection, the
genome-specific primers were used to obtain PCR products
containing SSR or deletion/insertion positions. A 10 µl PCR
mixture contained two genome-specific primers and one labeled
M13 primer, 50 ng of genomic DNA, 0.375 mM dNTP, 1X
PCR buffer, 1.5 mM MgCl2 and 1 U of Taq polymerase. The
PCR running program was 94◦C, 3 min; 94◦C, 1 min; 58◦C
with −0.8◦C each cycle 1 min and 72◦C, 1 min for 5 cycles;
94◦C, 1 min; 57◦C, 1 min and 72◦C, 1 min for 25 cycles.
The PCR products were separated in the ABI 3100 Genetic
analyzer. The data were collected and analyzed with ABI GenScan

TABLE 1 | Primers for all applications.

Primer names Sequence (5′-3′) Applications

N10-56 TAATACTGGTTAATTATGCT Mapping

RN10-56 ACAGTACATTCACGTTCTAG Mapping

N10-47 ACTGGCCTATGGATGACGTT Mapping

RN10-47 AATCCAGCAGTAGACCCCAT Mapping

N10BA CGAAAGTAAGAAGAGCAAGA Mapping

N10BB GATACTCTAGTTGTTGACAA Mapping

N10-45 CAGAAGAAGAAGGATATGGT Mapping

RN10-45 TCCAGTTAACCAATGCTGGT Mapping

N10-43 CTAAGAAATTTCCTATGACAC Mapping

RN10-43 TTGTCAATGTCTCATGCTAA Mapping

N10-39 GGCTGCGTTGTTTCATACCT Mapping

N10-39 ATGTGGGAGCTGAGGTTGTC Mapping

RN10-39 GTCCTTAGTTGGTCCACTGT Mapping

N10-34 CGAGCAGCAAATCCATATCC Mapping

RN10-34 CAATTTTGTATTTTCTTATGGAAACTG Mapping

N10-38 TTCAACATTTCTCCGCGATA Mapping

RN10-38 TTTCCATCTGCTTCCACCTAA Mapping

N10-37 CAGTCCTGACTTTGCCATCA Mapping

N10-37 ACAGGCGAGAGGTTTGAAGA Mapping

N10-40 CACAATTTCTGGTATACAGATTG Mapping

RN10-40 CTTTGGAGCGAATTGTTGAAG Mapping

10BM1 TGCAGGCAATTATTTCAGTGG MAS

10BM2 AGCTTATGTTAGGTGGAAG MAS

HN62F ATGGATTACATTTTGCTCTTATTG TA cloning

HN65R TTAAGCCAAAAGATTAGTCATA TA cloning

ACTIN-1F CGATGGTGAGGACATTCAGC RT-PCR

ACTIN-1R AGAGAGAAAGAACAGCCTGGAT RT-PCR

MM1F ACAAGTAGACCAACCCAA RT-PCR

MM1R CCACAAACTCGCCATCGC RT-PCR

software and further transferred into images for scoring using
Genographer software.

Sequencing of the Candidate Gene
Fully expanded cotyledons were inoculated using L. maculans
isolate 87-41 (isolate-inoculated) or water (mock-inoculation).
Four days after inoculation, cotyledon samples from eight
individual plants per sample were pooled and ground in liquid
nitrogen. Total RNA was extracted using Trizol reagent (Thermo
Fisher Scientific, Toronto, ON, Canada). RNA quality was
determined using 1% agarose gel and Nanodrop. cDNA was
synthesized using total RNA and the SuperScriptTM III kit
following manufacturer’s protocol (Thermo Fisher Scientific,
Toronto, ON, Canada). Then, primers (Table 1) were used to
amply the full-length cDNA of the candidate gene of BLMR2
and cloned into the TA cloning vector with the TOPO R© TA
Cloning R© Kit (Thermo Fisher Scientific, Toronto, ON, Canada).
Positive clones were selected to extract plasmid DNA using
the standard mini preparation protocol. The plasmid DNA was
sequenced using the BigDyeTM terminator v3.1 cycle sequencing
kit (Thermo Fisher Scientific, Toronto, ON, Canada). Full length
cDNA sequence was assembled using SeqMan software.

TABLE 2 | Testing of resistance spectra of three near isogenic lines and three
cultivars in Brassica napus using 24 isolates of Leptosphaeria maculans*.

Isolates W +

BLMR2
W +

BLMR1
W +

Rlm2
Glacier Quinta Westar

87-1 R S S S S S

M4-1 R S S S S S

M4-2 R S S S S S

10Aridries-dk R S S S R S

3-12-01 R S R S R S

08-01-05 R S R S R S

9STONEWALL R S R S R S

3-15-03 R S R R R S

6NBW-01 R S R R R S

89-3 R S R R R S

ND04-05-01 R S R R R S

86-12 R S R R R S

4-09-109 R R S R S S

7-02-01 R R S R S S

53-31 R R S R S S

Lifolle R R S R S S

PL03-02-01 R R S R S S

PL03-42-06 R R S R S S

3-54-01 R R S R R S

4-09-01 R R S R R S

3-01-Roland R R S R R S

4-09-107 R R R R R S

87-41 R R R R R S

Lifolle 5 R R R S R S

*All isolates from the collection of University of Manitoba. Three near isogenic lines
W + BLMR1, W + BLMR2, W + Rlm2, two resistant cultivars Glacier and Quinta,
and susceptible cultivar Westar; R representing 0–4 ratings, S representing 5–
9 ratings.
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FIGURE 1 | Cotyledons of Surpass 400, near isogenic line W + BLMR2 and Westar, 14 days after inoculation (dai) of the pycnidiospore suspension
(2 × 107 spores/mL) of Leptosphaeria maculans isolate 87-41. Surpass 400 showing high resistance (A); W + BLMR2 showing intermedium resistance (B); and
Westar with the susceptible phenotype (C).

FIGURE 2 | Genetic and physical map of BLMR2 locus on Chromosome A10 of Brassica napus. Genetic map showing BLMR1 and BLMR2 (Long et al., 2011; A).
The flanking SSR and SCAR markers used in the fine mapping of BLMR2 (B). Molecular marker data of the recombinants with resistant phenotype showing
overlapping BLMR2 region corresponding to 57.3 kb physical interval. The candidate BLMR2 gene is indicated (C).

Quantitative Analysis of Candidate Gene
Expression
Total RNA was extracted from cotyledon samples of NIL,
W+ BLMR2 and Westar inoculated with L. maculans isolate 87-
41 at 4 days after inoculation (dai). cDNA was synthesized using
the SuperScript IV First-Strand Synthesis kit (Thermo Fisher
Scientific, Toronto, ON, Canada). Quantitative real-time PCR
(qRT-PCR) was conducted using SYBR Green Master Mix (Bio-
Rad) according to manufacturer’s recommendation (Bio-Rad).
The P450 gene specific primers were used to amplify the gene
(Table 1). The actin gene (BnaA01g19850D) was used as a control
for normalization. Relative gene expression was calculated by the
2−11CT method.

RESULTS

Resistance to L. maculans Isolates
Three near isogenic lines W + BLMR1, W + BLMR2, and
W + Rlm2, along with Wester, Glacier, and Quinta were
inoculated with 24 isolates. The results showed that only

W + BLMR2 was resistant to all tested isolates, indicating that
the resistance of BLMR2 was horizontal and race non-specific.
BLMR1 and Rlm2 showed differential interactions with the tested
isolates and the two resistant cultivars Glacier and Quinta also
showed different resistant spectra while Westar was susceptible
to all isolates as expected (Table 2).

Segregation of BLMR2 in the Mapping
Populations
In the mapping populations of BLMR2, 656 F4 individuals were
used to confirm the segregation ratio of BLMR2. There were
513 resistant plants and 143 susceptible plants showing a 3:1
segregation ratio (χ2 test, p > 0.05). In the BC4 mapping
population of 831 individuals, there were 438 resistant plants
and 393 susceptible plants showing a 1:1 segregation ratio (χ2

test, p > 0.05), suggesting that one dominant resistance allele is
responsible for the BLMR2 resistance to blackleg (Figure 1).

Fine Mapping of the Resistance Gene
Sequence characterized amplified region (SCAR) and SSR
markers were used to map BLMR2 on chromosome A10. Using
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1,632 BC4 plants, six recombinant individuals were obtained.
Their selfed progeny was inoculated with L. maculans isolate
87-41 to confirm recombinants. Then, more sequence-based
SCAR and SSR were developed to fine map the BLMR2
locus. Another 4,320 BC4 individuals were inoculated with
L. maculans isolate 87-41 to identify another 14 recombinants.
Using all 20 recombinants, BLMR2 was narrowed in a small
region between molecular markers N10-47 and N10-43 after
their phenotypes and genotypes were analyzed (Table 3 and
Figure 2). Selfed progeny of all recombinants was also tested
to confirm the recombination in the BC4F4. The chromosome
region of molecular markers N10-47 and N10-43 was located
from 9494993 to 9548367 in the reference genome sequence
of chromosome A102, spanning a 53.37 kb region. In the
reference sequence, seven genes are annotated while two genes
BnaA10g11280D and BnaA10g11290D were re-annotated into
one gene based on the full length of cDNA.

Full length cDNA of the candidate gene was sequenced from
both the near isogenic line W + BLMR2 with BLMR2 in Westar
background and Westar. Comparison of the cDNA sequences
showed that there are six polymorphisms in W + BLMR2
compared to the background genotype Westar while only one
of these six nucleotide changes results in one difference of
amino acid (AA) (Supplementary Data 1). RNA-seq data in the
previous report (NCBI Archive under the BioProject accession
number PRJNA378851, Zhou et al., 2019) were analyzed to
compare the expression of the six genes in the fine mapped region
of BLMR2 and the results showed that three of the six genes were
expressed while only the candidate gene was upregulated after
inoculation (Supplementary Data 2).

Analysis of Expression of the Candidate
Gene by qPCR
In addition, qRT-PCR was used to determine the relative gene
expression of the candidate gene in the resistant W+ BLMR2 and
Westar. The relative fold change in the accumulation of B. napus
CYP450 transcript was significantly higher in the pathogen
(L. maculans isolate 87-41) inoculated resistant W + BLMR2 at
4 dai compared to pathogen inoculated Westar or mock checks
(Figure 3). Our results suggest that CYP450 possibly plays a role
in L. maculans induced defense response in B. napus.

DISCUSSION

It is hypothesized that quantitative resistance genes work by a
complex interaction of many response genes to pathogens, and
any individual gene does not show strong effect, therefore there
is less selective pressure on the fungus (Zhu et al., 1993; Delourme
et al., 2008). Mapping and eventually cloning these genes will
facilitate the transfer and pyramiding of multiple resistance genes
with different resistance spectra through molecular marker-
assisted selection in B. napus (Long et al., 2011). In this
paper, the disease reactions of BLMR2 to a range of isolates of
L. maculans were analyzed. The results showed that BLMR2 is

2www.genoscope.cns.fr

FIGURE 3 | Validation of the expression of Brassica napus CYP81F2 gene in
the resistant near isogenic line (NIL) W + BLMR2 and susceptible Westar
using qRT-PCR at 4 days after inoculation (dai) with Leptosphaeria maculans
isolate 87-41. Samples d-Wes is water check of Westar; Wes, inoculated
Westar; d-NIL, water check of NIL; NIL, inoculated NIL. The relative gene
expression value is normalized using the Actin gene (BnaA01g19850D). Error
bar shows standard deviation of the mean based on three biological
replicates. The asterisk (∗) represents significant difference from all the other
samples based on Tukey test, p < 0.05.

a horizontal resistance locus to all the isolates of the blackleg
pathogen, compared to typical R genes and resistant cultivars.
In the previous study, the results in field testing showed that
BLMR2 conferred resistance to blackleg under field conditions,
suggesting that this resistance gene is very useful to the breeding
of resistant cultivars in B. napus (Dandena et al., 2019).

In this study, BLMR2 was fine mapped in a 53.37 kb region
where six genes were annotated. Of these six genes, one was
identified as the candidate gene of BLMR2 based on the analysis
of gene expression. The candidate is homologous to CYP81F2
in Arabidopsis thaliana. Several studies showed that CYP81F2
catalyzes the modification of indole glucosinolate (IGS) which
involves the accumulation of defensive secondary metabolites
(Abdel-farid et al., 2010; Wiesner et al., 2013). In Arabidopsis, its
hydrolytic products produced by myrosinases (PEN2 and PEN3)
are involved in innate immune response to pathogens (Bednarek
et al., 2009; Clay et al., 2009). The CYP81F2 and PEN2 dependent
hydrolytic products are also associated with callose deposition
in FLG22-triggered basal immunity (Bednarek et al., 2009; Clay
et al., 2009). While it remains elusive whether genes involving
the glucosinolate biosynthesis are linked to defense response
induced by L. maculans in B. napus, a complex pattern of IGS
accumulation in B. rapa – L. maculans interaction was observed
(Abdel-farid et al., 2010). Furthermore, Robin et al. (2017)
associated upregulation of CYP81F2 (Bol026044) gene in the
moderate blackleg resistant cabbage cultivar with increased IGS
accumulation at the seedling stage. Recent global transcriptomic
studies identified multiple genes involved in the IGS biosynthesis
in B. napus – L. maculans incompatible interaction (Becker et al.,
2017; Zhou et al., 2019). However, the mechanisms underlying
horizontal resistance are rarely reported, and hence the findings
in this study suggest that secondary metabolic pathways such as
the biosynthetic pathways of glucosinolates may play a role in
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TABLE 3 | Phenotypesand genotypes of 20 recombinants in the BC3 population of Brassica napus*.

Recombinant Phenotype N10a N10-56 N10-47 N10b N10-45 N10-43 N10-39 N10-34 N10-37 N10-38 N10-40

RC01 R A A AB AB AB AB AB AB AB AB AB

RC02 R A A AB AB AB AB AB AB AB AB AB

RC03 R A A AB AB AB AB AB AB AB AB AB

RC04 R AB AB AB AB AB AB AB AB AB AB AB

RC05 R AB AB AB AB AB AB AB AB A A A

RC06 R AB AB AB AB AB AB AB AB A A A

RC07 R AB AB AB AB AB AB AB AB A A A

RC08 R AB AB AB AB AB AB AB AB A A A

RC09 S A A A A A AB AB AB AB AB AB

RC10 S A A A A A A AB AB AB AB AB

RC11 S A A A A A A A AB AB AB AB

RC12 S A A A A A A A AB AB AB AB

RC13 S A A A A A A A AB AB AB AB

RC14 S A A A A A A A A AB AB AB

RC15 S A A A A A A A A AB AB AB

RC16 S A A A A A A A A AB AB AB

RC17 S A A A A A A A A AB AB AB

RC18 S A A A A A A A A A AB AB

RC19 S AB AB AB A A A A A A A A

RC20 S AB AB AB A A A A A A A A

*R, resistance; S, susceptible phenotype; A, genotype of Westar; AB, heterozygous genotypes (B, genotype of BLMR2 in Surpass 400).

plant resistance to various diseases. However, how the change of
AA in the DNA sequence confers the horizontal resistance in this
study need to be investigated in the future.

Plant disease resistance is classified in many ways, vertical
vs horizontal, qualitative vs quantitative, race-specific vs race-
non-specific, a high vs an intermediate level of resistance.
Typical R genes such as NBS-LRR, receptor like proteins (RLP)
and receptor like kinases (RLK) have been cloned since their
phenotypes can be easily observed (Dangl and Jones, 2001). For
some diseases such as sclerotinia diseases in rapeseed, sunflower
and soybean and fusarium head blight in cereal crops, no vertical,
qualitative or race-specific resistance has been identified so no
typical R genes for these diseases has been cloned (Behla et al.,
2017; Mesterhazy, 2020). In this study, the horizontal resistance
of BLMR2 has been stressed since it conferred intermediate
resistance under field conditions (Dandena et al., 2019) and
showed intermediate resistance to all isolated tested under
controlled environmental conditions. Several characteristics of
the resistance of the BLMR2 locus need to be addressed. First,
its resistance is race-non-specific and intermediate while the
resistance is dominant and resistant in all heterozygous genotypes
tested. Second, single allele of this locus confers relatively strong
resistance, so the phenotypes of this locus were relatively easy to
be scored (Figure 1). The accurate scores of phenotypes made
it possible to perform fine mapping and narrow the gene into
a small chromosome region. Third, this kind of resistance is
assumed to be controlled by polygenes and very difficult to
be transferred from cultivar to cultivar while the BLMR2 locus
can be easily transferred using molecular markers targeting the
six mutations in the DNA sequence (Supplementary Data 1).
Finally, unlike all previous reports where horizontal resistance

is hypothesized to have a minor effect of one locus in resistance
controlled by multiple loci (Tian et al., 2006; Skowrońska et al.,
2020), the resistance locus BLMR2 confers a relative strong effect
so the near isogenic lines showed the level of resistance which
can meet the standard of blackleg resistance in Canada field trials
(Canola Council of Canada).

CONCLUSION

The availability of accurate phenotypes and a large population
aided in the precise mapping of the BLMR2 locus. With a
combination of BLMR2 fine-mapping, molecular marker assisted
development of NILs and comparative physical mapping, the
candidate gene for BLMR2 as a homolog of CYP81F2 (At5g57220)
in Arabidopsis was identified. Markers identified in this study
can be used to transfer this horizontal resistance from cultivar to
cultivar using MAS or gene pyramiding for resistance durability.
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Cauliflower (Brassica oleracea var. botrytis L.) is one of the important, nutritious
and healthy vegetable crops grown and consumed worldwide. But its production
is constrained by several destructive fungal diseases and most importantly, downy
mildew leading to severe yield and quality losses. For sustainable cauliflower production,
developing resistant varieties/hybrids with durable resistance against broad-spectrum
of pathogens is the best strategy for a long term and reliable solution. Identification of
novel resistant resources, knowledge of the genetics of resistance, mapping and cloning
of resistance QTLs and identification of candidate genes would facilitate molecular
breeding for disease resistance in cauliflower. Advent of next-generation sequencing
technologies (NGS) and publishing of draft genome sequence of cauliflower has opened
the flood gate for new possibilities to develop enormous amount of genomic resources
leading to mapping and cloning of resistance QTLs. In cauliflower, several molecular
breeding approaches such as QTL mapping, marker-assisted backcrossing, gene
pyramiding have been carried out to develop new resistant cultivars. Marker-assisted
selection (MAS) would be beneficial in improving the precision in the selection of
improved cultivars against multiple pathogens. This comprehensive review emphasizes
the fascinating recent advances made in the application of molecular breeding approach
for resistance against an important pathogen; Downy Mildew (Hyaloperonospora
parasitica) affecting cauliflower and Brassica oleracea crops and highlights the QTLs
identified imparting resistance against this pathogen. We have also emphasized the
critical research areas as future perspectives to bridge the gap between availability
of genomic resources and its utility in identifying resistance genes/QTLs to breed
downy mildew resistant cultivars. Additionally, we have also discussed the challenges
and the way forward to realize the full potential of molecular breeding for downy
mildew resistance by integrating marker technology with conventional breeding in
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the post-genomics era. All this information will undoubtedly provide new insights to
the researchers in formulating future breeding strategies in cauliflower to develop
durable resistant cultivars against the major pathogens in general and downy mildew
in particular.

Keywords: cauliflower, downy mildew, molecular breeding, QTL mapping, resistance gene

INTRODUCTION

Cauliflower (Brassica oleracea var. botrytis L.) is one of the most
important vegetables of Brassica oleracea grown and consumed
worldwide. Cauliflower belongs to the family Brassicaceae and
is one of the three diploid species of Brassica in the triangle
of U (Nagaharu, 1935). It contains ‘CC’ genome and has nine
pairs of chromosomes (2n = 2x = 18). Brassica oleracea and
its C-genome wild relatives were diversified in the northeast
Mediterranean region (Arias et al., 2014), brought to the
east Mediterranean region and eventually spread throughout
Europe and became fully domesticated. World’s total production
of cauliflower and broccoli was 2.65 million tones with a
yield of 186,937 hg/ha and the total harvested area was 1.4
million hectares in 2018 (FAOSTAT, 2018). Due to its nutrient
rich quality and medicinal value, production of cauliflower
is increasing in each passing year throughout the world. But
its production is severely constrained by biotic stresses and
is prone to attack by a range of fungal, bacterial and viral
diseases causing considerable damages at different phenological
stages of the crop. Among several pathogens, downy mildew
is one of the most harmful and devastating disease posing a
serious threat to cauliflower productivity since many years. The
disease attack reduces the quantity and quality of the produce
imposing a great limitation in realizing the yield potential
of the crop. So, an effective strategy is required for better
management of downy mildew disease in cauliflower. Cultural,
chemical and biological control of down mildew may not be
very effective, economical and durable. ‘Host-plant resistance’ is
widely recognized as the least expensive, easiest, safest and the
most effective method of disease control (Agrios, 2005). Breeding
for disease resistance helps to assemble desirable combinations of
resistance genes in the new or existing varieties. But conventional
plant breeding takes considerable time (5–10 years) to develop
resistant varieties making the process expensive, time intensive
and requires artificial screening facilities to grow the pathogens.
In this scenario, molecular markers offer an opportunity
to overcome the problems associated with the conventional
breeding methodologies by reducing the reliance on laborious
large-scale screening procedures. Molecular marker technology
is integrated into the existing plant breeding programs (called
molecular breeding) allowing the researchers to access, transfer
and combine disease resistance genes faster and precisely which
was otherwise not possible previously. Molecular breeding
approach helps in early generation detection of resistance
alleles at any prevailing environment well before the trait is
expressed phenotypically imparting high confidence in selection.
The selected genotypes can be used for hybridization in the
same season speeding up the varietal development for disease

resistance by a factor of 2–3 times. If disease resistance is
governed by recessive genes, MAS allows the breeders to identify
heterozygous plants carrying a recessive resistance allele which
is difficult to detect phenotypically. MAS offers potential savings
when there is a need to select for multiple resistance genes
simultaneously whereas in conventional methods, it is often
necessary to conduct separate trials to screen for each disease.
Since years, classical breeders have developed many disease
resistant varieties; however, the time-consuming process of
making crosses, backcrosses and the selection of the desired
resistant phenotypes makes it difficult to react adequately to
the evolution of new virulent pathogens making these varieties
ineffective to the new virulent strains. As cauliflower is attacked
by a wide range of diseases, demand for developing multiple
disease-resistant varieties is growing. The evolution of new
virulent races of pathogens requires a persistent and continuous
effort in disease management. Molecular breeding offers rapid
and targeted selection in enhancing varietal development for
disease resistance. So, the focus has shifted towards molecular
breeding which could facilitates the combination of multiple
resistant genes in the elite parental background of cauliflower.

Identification of markers in close proximity with the desired
trait can be accomplished through bi-parental QTL mapping
using pedigree-based populations or by association mapping
approach using natural population (Figure 1). In bi-parental
population, QTL mapping is restricted to loci segregating
between the two parents (Buckler and Thornsberry, 2002)
where as in association mapping, the marker–trait association
is established as a result of non-random segregation between
the alleles. Another approach, nested association mapping
population (NAM) holds the promise of combining the
advantages of two methods (bi-parental linkage mapping and
association mapping) in identifying quantitative loci (Yu and
Buckler, 2006). Recently, a multi-parent advanced generation
intercross (MAGIC) population strategy has gained momentum
as it helps in interrogating multiple alleles with better mapping
resolution (Cavanagh et al., 2008). Another strategy; ‘QTL-
seq’ rapidly identifies the QTLs compared to conventional
QTL analysis as this approach uses next-generation sequencing
technologies to carry out whole genome resequencing of two
DNA bulks of progeny (20–50 individuals) from a segregating
population showing contrasting phenotypes (Takagi et al., 2013;
Figure 1).

In this review, we are going to summarize the latest
advancements and progresses made in cauliflower and Brassica
oleracea crops against downy mildew disease by molecular
breeding approach. We will also discuss the challenges, future
strategy and the way forward to breed resistant cultivars
supported by genomic approaches that can be implemented in
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the future for developing downy mildew resistant cultivars. The
information and knowledge gained from the previous research
will undoubtedly provide a comprehensive set of information for
geneticists and plant breeders to better understand and chalk
out the strategies to develop varieties with durable resistance
against downy mildew.

DOWNY MILDEW

Pathogen and Symptoms
Downy mildew is one of the most destructive and commonly
occurring diseases of cauliflower caused by Hyaloperonospora
parasitica Constant (Pers.:Fr) Fr. (formerly Peronospora
parasitica), an obligate parasite. It is a soil-borne disease and can
infect at any growth stage of the crop starting from cotyledon
to curd stage (Crute and Gordon, 1987). Downy mildew is
prevalent in many cruciferous crop growing countries (Farinhó
et al., 2007; Carlier et al., 2012) and causes 50–60% loss in seed
production of cole crops (Saha et al., 2020). The characteristics
symptoms of downy mildew appear as angular translucid spots
in the intervenial spaces of the leaves showing purplish brown
on underside and the upper surface looks tan to yellow color
(Figure 2). Under favorable conditions, approximately 75–90%
of seedling mortality has been reported (Gaikwad et al., 2004).
The disease is severe in rainy and cool climates and damages
the curds (Bains et al., 1981). The affected curds look brownish
at the top, turn dark brown to black later. Cauliflower curd
becomes discolored and deformed due to whitish mycelial
growth (Dickson and Petzoldt, 1993). In B. oleracea, downy
mildew infection at the cotyledon stage could cause stunting
or death of the seedling (Silue et al., 1996) and also affects the
adult plants by reducing yield and head quality (Niu et al.,
1983). Various downy mildew symptoms at the seedlings stage,
mature leaves during curding stage, whole plant during bolting
stage and in the stalk of the curd of cauliflower are depicted
in Figures 2A–D, respectively. Due to its systemic nature of
infection, several cultural and chemical methods are found to
be ineffective to control downy mildew. Using of fungicides also
failed to control downy mildew (Vicente et al., 2012) and has led
to the evolution of more virulent pathogens (Brophy and Laing,
1992; Singh et al., 2013). Therefore, development of cultivars
with inherent resistance to downy mildew could be the viable
option for sustainable production of cauliflower.

Resistance Sources and Genetics of
Resistance
Identification of new resistance sources and knowledge of
genetics of resistance are prerequisite to develop downy mildew
resistant varieties. Two types of resistance; seedling and adult-
plant resistance are expressed by downy mildew resistance loci
in B. oleracea. Several resistance sources were identified in
cauliflower and different varieties of B. oleracea at the cotyledon
and adult-plant stage (Natti et al., 1967; Kontaxis et al., 1979;
Singh et al., 1987; Monteirio and Williams, 1989; Thomas and
Jourdain, 1990, 1992; Mahajan et al., 1991; Chatterjee, 1993;
Sharma et al., 1995; Silue et al., 1995; Jensen et al., 1999a;

Pandey et al., 2001; Coelho and Monteiro, 2003b; Carlsson
et al., 2004; Branca et al., 2005; Vicente et al., 2012; Singh et al.,
2013). Identification of new resistance source should be a
continuous process as pathogens evolve and varieties carrying
single resistance genes failed to provide resistance against the
virulent pathogens. The resistance sources could be used to
identify QTLs/genes linked to downy mildew resistance through
linkage analysis in cauliflower. Recently, Mohammed et al.
(2018) screened some 154 genotypes of Brassicaceae family
consisting of a wide range of Brassica species including B. oleracea
against a mixture of seven isolates of Hyaloperonospora brassicae
and identified many highly resistant genotypes. This study
highlighted the ready availability of high levels of pathotype-
independent resistance across diverse species of Brassicaceae
against downy mildew paving the way to utilize these resistance
sources in vegetable Brassicaceae breeding programs where
downy mildew is prevalent.

Genetics of resistance to downy mildew was found to be
complicated and different mode of inheritance was reported in
cauliflower for both seedling and adult-plant resistance. The
genetics of seedling resistance varies with resistance source in
cauliflower, e.g., single dominant gene (Jensen et al., 1999a),
single gene with recessive effect (Hoser-Krauze et al., 1984)
and multiple (additive) genes (Hoser-Krauze et al., 1995; Jensen
et al., 1999b). Types of genetic control for seedling resistance
also varies in other B. oleracea varieties; e.g., single dominant
gene in B. oleracea and broccoli (Natti et al., 1967; Farnham
et al., 2002; Vicente et al., 2012), recessive gene(s) in kale,
savoy cabbage and brussels sprouts (Carlsson et al., 2004),
two dominant independent genes in cabbage (Caravalho and
Monteiro, 1996), multiple (additive) genes in broccoli (Jensen
et al., 1999b), two duplicate dominant genes in B. oleracea var.
tronchuda (Monteirio et al., 2005) and three to four dominant
complementary genes in broccoli (Hoser-Krauze et al., 1995).
Resistance at adult-plant stage in cauliflower is governed by single
dominant gene (Mahajan et al., 1995; Verma and Singh, 2018;
Saha et al., 2020) and recessive epistatic gene (Mahajan et al.,
1995). In other varieties of B. oleracea also, the genetic control
of adult-plant resistance was found to be controlled by a single
dominant gene in broccoli (Natti and Atkin, 1960; Barnes, 1968;
Coelho and Monteiro, 2003b), cabbage (Barnes, 1968) and in
B. oleracea var. tronchuda (Monteirio et al., 2005).

So, basically the inheritance of resistance to downy mildew
at cotyledon and adult-plant stage was found to be under
the control of different genetic systems. The resistance loci
expressed in the cotyledon stage doesn’t always translate into
adult-plant resistance in B. oleracea (Dickson and Petzoldt,
1993; Coelho et al., 1998; Coelho and Monteiro, 2003a) as the
outcome of resistance could be different in different growth
stages. Few accessions of B. oleracea were resistant at the
cotyledon stage but found as susceptible at adult-plant stage
or vice versa (Coelho and Monteiro, 2003a,b). Monteirio et al.
(2005) didn’t find any correlation and rejected the hypothesis
of ‘the genes conferring cotyledon resistance also confer adult-
plant resistance’ while determining the mode of inheritance
of cotyledon and adult-plant resistance in B. oleracea var.
tronchuda. The authors reported that cotyledon resistance was
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FIGURE 1 | Schematic diagram representing different approaches to develop improved lines for disease resistance.

controlled by two duplicate dominant genes while adult-plant
resistance was governed by a single dominant gene. This makes it
difficult to predict the field resistance from cotyledon resistance.
Similarly, Coelho and Monteiro (2003a) also observed very poor
correlation between the cotyledon and adult-plant resistance
in B. oleracea and predicted four possible combinations of
resistance/susceptibility at cotyledon and adult-plant stages.
This could be possible as the two types of resistances are
controlled by independent loci. Field adult-plant resistance has
high horticultural value compared with the cotyledon resistance
(Monteirio et al., 2005). Likewise, the inheritance of downy
mildew resistance at four developmental stages was demonstrated
to vary slightly during plant development in Chinese cabbage
(Zhang et al., 2012). From breeding perspective, seedling
resistance being a reliable indicator of adult-plant resistance
is more desirable. Genotypes showing resistance at cotyledon
stage and not showing resistance at adult-plant stage in the
field possess challenge for resistance breeding as adult-plant
resistance is logistically more demanding. So, the breeders prefer
genotypes having resistance at both the stages of development
against downy mildew as this saves considerable amount of
time. But in few instances, resistance at the cotyledon stage
has been found to be associated with the resistance expressed
at the adult stage (Jensen et al., 1999a; Wang et al., 2000).
Wang et al. (2000) opined that the selection of resistant broccoli
plants at cotyledon stage will also identify plants with high
levels of resistance at subsequent developmental stages. Similarly,
in B. napus, the screening of the cotyledons at the seedling
stage provided an accurate estimation of expression of field
susceptibilities/resistance for downy mildew (Ge et al., 2008).

Often genetic resistance causes reduction in other components
of fitness due to the pleiotropic effect causing genetic fitness

cost to Hyaloperonospora resistance. This is indicated by a
negative correlation between growth/fitness in a disease-free
environment and resistance measured under pathogen attack as
was observed in B. rapa, where 6% slower growth was reported
in Hyaloperonospora-resistant genotypes than Hyaloperonospora-
susceptible genotypes in pathogen-free environments (Mitchell-
Olds and Bradley, 1996). The authors observed that the resistance
genes can have pleiotropic effects on other aspects of plant
performance (Simms, 1992).

Molecular Basis of Downy Mildew
Resistance
Among all the Brassica species, in Arabidopsis, several downy
mildew resistance genes have been characterized. In Arabidopsis,
20 wild-type specificities of resistance to H. parasitica (RPP)
genes have been identified which are distributed in five
chromosomes (Holub, 1997). The RPP genes are NB-LRR
type and encode receptor-like proteins containing a conserved
nucleotide-binding motif and a leucine-rich repeat domain
(Parker et al., 1997; Botella et al., 1998; McDowell et al., 1998;
Bittner-Eddy et al., 2000). These RPP genes are the molecular
components of the host that are required for genotype-specific
recognition of the pathogen during the interaction between
Arabidopsis and H. parasitica.

The RPP genes include single locus downy mildew resistance
gene RPP13 and a complex locus RPP1. The simple locus
RPP8/HRT1 is also another example in which different functional
alleles were found conferring resistance to widely divergent
pathogens (McDowell et al., 1998; Cooley et al., 2000). The
resistance gene RPP5 was characterized and found to be
inherited as a single locus by Parker et al. (1993). Positional
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FIGURE 2 | Symptoms of downy mildew infection in cauliflower [(A) seedling stage, (B) mature leaves during curding stage, (C) whole plant during bolting stage,
(D) stalk of the curd].

cloning of the RPP5 locus (Parker et al., 1997) was the first
step in understanding the recognition specificity of plant-
pathogen interactions at the molecular level. Downy mildew
resistance genes vary in the process of conferring defense via
different regulatory proteins (Aarts et al., 1998; Eulgem et al.,
2004). For e.g., a single downy mildew resistance gene RPP7
could confer accumulative; both salicylic acid dependent and
independent defense responses (McDowell et al., 2000; Tor
et al., 2002; Eulgem et al., 2007). ‘Gene-for-gene’ hypothesis
was established in the At-HpA pathosystem. This became
evident when an outcross of HpA enables five independent At-
recognized effectors (ATR1, ATR4, ATR5, ATR8, and ATR13)

corresponding to different cloned downy mildew resistance genes
(Gunn et al., 2002).

Mutational approach was adopted to identify the genes that
are necessary for downy mildew resistance mediated by RPP
genes. In Arabidopsis, several wild-type genes were identified
by mutational analysis which is required for R gene-mediated
resistance (Glazebrook et al., 1997). An RPP-non-specific locus
called EDS1 (for enhanced disease susceptibility) was revealed by
mutational approach and was found to be a necessary component
of the resistance response for several RPP genes which function
in the upstream from the convergence of disease resistance
pathways in Arabidopsis (Parker et al., 1996). Aarts et al. (1998)
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TABLE 1 | List of genes/QTLs associated with Downy mildew resistance in Brassica oleracea L.

Disease Species Mapping population Gene locus/QTL Chr/LG Linked Marker References

Downy mildew
(Hyaloperonospora
parasitica)
Constant (Pers.:Fr)
Fr.

Brassica oleracea var. italica F2 C05 UBC359620 and OPM16750 Giovannelli et al. (2002)

Brassica oleracea var. italica F2 Pp523 C08 OPK17_980 and
ATCTA_133/134

Farinhó et al. (2004)

Brassica oleracea F2 Pp523 C08 SCR15 and SCAFB1/BfuI Farinhó et al. (2007)

Brassica oleracea F2 BoDM1 C05 DM1-F and DM1-R Gao et al. (2007)

Brassica oleracea Pp523 C08 CB10139 and CB10028 Carlier et al. (2012)

Brassica oleracea var. botrytis F2 Ppa3 − OPC141186, OPE141881,
ISSR-231103

Singh et al. (2012)

Brassica oleracea var. botrytis F2 − − OPC141186, OPE141881,
ISSR-231103

Singh et al. (2015)

Brassica oleracea var. botrytis RIL Ppa207 C02 BoGMS0486 and BoGMS0900 Saha et al. (2020)

revealed a strong requirement of EDS1 by several R gene loci
(RPP2, RPP4, RPP5, RPP21, and RPS4) conferring resistance
to H. parasitica in Arabidopsis and the mutation in EDS1
abolished resistance conferred by several RPP loci (Parker et al.,
1996). However, another RPP locus, RPP8 doesn’t exhibit any
strong requirement for EDS1 for isolate-specific resistance to
H. parasitica.

Cloning of Major Downy Mildew
Resistance Genes
Isolation and cloning of resistance gene, called map-based or
positional cloning is an important strategy for the isolation of ‘R’
gene which started in early 1990 (Parker et al., 1993). Majority
of ‘R’ genes are present in larger or smaller clusters instead
of randomly distributed in the chromosomes. These are called
major recognition gene complexes (MRC) loci. About 19 downy
mildew resistance RPP genes are grouped in to three MRCs and
four others are scattered on chromosomes 1 and 2 of Arabidopsis
thaliana. Though so many RPP genes have been postulated, a few
have been cloned. RPP5 was the first downy mildew resistance
gene to be cloned on chromosome 4 of Arabidopsis thaliana
(Parker et al., 1997) which encoded TIR-NBS-LRR receptor-
like proteins. This was followed by the cloning of RPP1 and
RPP8 genes (Botella et al., 1998; McDowell et al., 1998). The
multicopy locus RPP1 found to contain several downy mildew
resistance genes of TIR-NBS-LRR subclass type which differ in
specificity (Botella et al., 1998). RPP8 locus could be studied for
how recombination slippage and domain shuffling had led to
new recognition specificities (McDowell et al., 1998; Cooley et al.,
2000). RPP13 gene was cloned (Bittner-Eddy et al., 1999) and it
turned out that RPP13 and RPP11 were allelic and mapped to
the same locus on chromosome 3 of Arabidopsis thaliana (Joos
et al., 1996). But both the genes recognized different pathogen
avirulence determinants (Bittner-Eddy et al., 2000). Several
other downy mildew resistance genes namely, RPP2A/RPP2B
(Sinapidou et al., 2004), RPP4 (Van der Biezen et al., 2002) were
also cloned. Additionally, another adult-plant resistance gene,

RPP31 was mapped on chromosome 5 in Arabidopsis thaliana
(McDowell et al., 2005). But till date, limited attempts were made
in cauliflower and B. oleracea to isolate and clone the downy
mildew resistance genes.

Advances in Molecular Breeding
Research for Downy Mildew Resistance
The resistance to downy mildew is most likely to be QTL-specific
and the QTLs are primarily associated with the developmental
stages of the plant. So, for downy mildew resistance breeding,
identification of QTLs at both the developmental stages will be
much useful. Though in the recent years, advances were made
in genetic studies for downy mildew resistance, only few major
‘R’ genes and QTLs have been identified in cauliflower and
B. oleracea (Table 1 and Figure 3A).

In cauliflower, a single dominant R gene, Ppa3 was mapped
for adult-plant resistance against downy mildew (Singh et al.,
2012). Two RAPD (OPC141186 and OPE141881) and one ISSR
(ISSR-231103) marker were found in linkage with the resistance
gene, Ppa3 by bulk-segregant analysis. But the markers identified
were located far apart (22.3, 10.6, and 26.4 cM) from the
Ppa3 gene raising the doubt about its utility in marker-assisted
selection for downy mildew resistance. Singh et al. (2015) again
reported the same RAPD (OPC141186 and OPE141881) and
ISSR (ISSR231103) markers to be linked to downy mildew
resistance in cauliflower. Very recently, Saha et al. (2020)
identified a new monogenic dominant downy mildew resistance
gene Ppa207 on chromosome 2 of cauliflower. The new resistance
gene was mapped at 4.8 cM interval on linkage group 2 (C02) of
cauliflower and was flanked by two SSR markers, BoGMS0486
and BoGMS0900 at a distance of 3.6 and 1.2 cM, respectively,
from Ppa207. The 4.8 cM marker interval corresponds to a
physical distance of 20.3 Mb and the two markers BoGMS0486
and BoGMS0900 were located at 2.9 and 23.2 Mb positions,
respectively, on chromosome C02. The identification of this new
gene and the linked markers will be very useful in molecular
breeding research to develop downy mildew resistant varieties. In
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FIGURE 3 | Chromosomal locations of downy mildew resistance loci mapped on (A) B. oleracea and (B) B. rapa.

other B. oleracea crops, few QTLs and linked markers were also
reported for downy mildew resistance. In broccoli, the disease
resistance genes have been tagged by different authors previously
(Agnola et al., 2000; Farinho et al., 2000). One locus conferring
resistance at cotyledon-stage in broccoli was mapped and two
SCAR markers derived from two RAPD fragments (UBC359620
and OPM16750) were found linked in coupling to the resistance
locus at 6.7 and 3.3 cM from the resistance locus (Giovannelli
et al., 2002) and this finding has led to the identification of some
putative resistance gene homologues by Gao et al. (2003). This
mapped locus conferring downy mildew resistance in broccoli
was located in close linkage to the glucosinolate pathway gene
BoGsl-elong on a high-density map of B. oleracea (Gao et al.,
2007). A dominant and monogenically inherited resistance locus
was identified in broccoli responsible for adult-plant resistance
(Coelho and Monteiro, 2003b) which was later named as Pp523.
Bulk-segregant analysis mapped this resistance locus Pp523 to

linkage group 3 (LG3) in broccoli and two markers (OPK17_980
and ATCTA_133/134) were found linked in coupling to the
resistance gene and located at a distance of 3.1 and 3.6 cM,
respectively, at each side of the resistance gene (Farinhó et al.,
2004). This resistance locus located in LG3 was later assigned to
the chromosome C8 of B. oleracea by Carlier et al. (2012) and
in addition to the previously mapped markers, two additional
SSR markers; CB10139 and CB10028 were found flanking the
locus at a distance of 2.4 and 6.8 cM, respectively. So, enrichment
of the chromosome C8 can be used as a tool for the map-
based cloning of Pp523. SCAR and CAPS markers flanking this
resistance locus, Pp523 were identified by Farinhó et al. (2007).
Due to the widespread colinearity and presence of conserved
genomic sequences between B. oleracea and Arabidopsis thaliana
(Lan et al., 2000; Babula et al., 2003), markers surrounding the
Pp523 locus were searched against the Arabidopsis genome and
were found in synteny with the top arm end of chromosome 1 of
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Arabidopsis thaliana (Farinhó et al., 2007). This information may
help in the construction of a fine-scale map of the corresponding
genomic region in B. oleracea. When the genome of B. oleracea
was not sequenced, physical mapping of the gene of interest was
being carried out via construction of a contig of large insert
DNA clones, usually BACs. The conserved synteny between
B. oleracea and Arabidopsis thaliana was exploited to carry out the
physical mapping of the resistance locus Pp523 via construction
of BAC libraries as physical identification of the genomic region
is prerequisite to map-based cloning (Carlier et al., 2011). After
screening of the BAC libraries, the selected BAC clones were
mapped to three different genomic regions of B. oleracea. 83
BAC clones were accurately mapped within a 4.6 cM region
surrounding the downy mildew resistance locus Pp523, but a
subset of 33 BAC clones were mapped to aprrox. 60 cM away
from the resistance gene on chromosome C8 and a subset
of 63 BAC clones were mapped to chromosome C5 reflecting
triplication of the Brassica genomes since their divergence from
a common ancestor.

Though in Arabidopsis thaliana, map-based or positional
cloning strategy was used to isolate several downy mildew
resistance genes (discussed earlier), enough attention was not
paid to isolate the downy mildew ‘R’ genes in B. oleracea. As there
is a prevalence of conserved genomic regions between B. oleracea
and Arabidopsis thaliana, comparative genome analysis (Yu et al.,
2014) and pan-genome analysis (Golicz et al., 2016) may lead to
the identification of orthologous genes in Brassica species which
may be useful for breeding of downy mildew resistance.

In B. rapa, a closely related species of B. oleracea, several
major downy mildew resistance QTLs and candidate genes
are reported (Yu et al., 2009, 2011, 2016; Kim et al., 2011;
Li et al., 2011; Zhi et al., 2016; Zhang B. et al., 2018) for
downy mildew disease (Table 2 and Figure 3B). Four major
QTLs (sBrDM8, yBrDM8, rBrDM8, and hBrDM8) for downy
mildew resistance at the seedling, young plant, rosette, and

heading stages were mapped on A08 chromosome of Chinese
cabbage (Yu et al., 2016) which were identical to another major
QTL, BraDM, identified previously at the seedling stage by
Yu et al. (2009). Also, two minor QTLs, rBrDM6 (A06) and
hBrDM4 (A04), were found active at the rosette and heading
stages. Interestingly, the outcome of this research indicated
that the major QTLs on A08 provide effective downy mildew
resistance at every developmental stage and also confirmed that
the genetic resistance to downy mildew in seedlings and adult
plant is somewhat different. Additionally, a serine/threonine
kinase family gene was identified as the possible candidate gene
(Bra016457) and importantly, the diagnostic SNP markers (A08-
709, A08-028, and A08-018) identification was found to be
effective when used in MAS to breed for downy mildew resistance
in B. rapa. A downy mildew resistance QTL, Br-DM04 was
mapped in a region of 2.7 Mb on chromosome A04 of B. rapa and
was fine mapped to a 160-kb region, between the SNP markers
A04_5235282 and A04_5398232 containing 17 genes encoding
proteins (Zhang B. et al., 2018). Based on sequence annotations
for these genes, four candidate genes, BrLRR1, BrLRR2, BrRLP47,
and BrRLP48 related to disease resistance were identified. RT-
PCR analysis showed the up-regulated expression of BrRLP48
in response to downy mildew inoculation or salicylic acid (SA)
treatment in the resistant line MM. These findings led the authors
to conclude that the disease-inducible expression of the resistance
gene, BrRLP48, contributed to downy mildew resistance.

Also, in radish, an edible root vegetable of the family
Brassicaceae, a single dominant locus; RsDmR was identified
and mapped at the seedling stage (Xu et al., 2014). One SRAP
marker Em9/ga24370 was the most tightly linked one with a
distance of 2.3 cM to RsDmR. In cucurbits especially cucumber,
several downy mildew resistance genes have been mapped. In
one of the important studies, Berg et al. (2020) analyzed one
QTL, DM4.1 on chromosome 4 for downy mildew resistance
in cucumber which consisted of three subQTLs (DM4.1.1,

TABLE 2 | List of genes/QTLs associated with Downy mildew resistance in related Brassica species.

Disease Species Mapping population Gene locus/QTL Chr/LG Linked marker References

Downy mildew
(Hyaloperonospora
parasitica)
Constant (Pers.:Fr)
Fr.

Brassica rapa ssp. pekinensis DH BraDM A08 K14-1030, PGM, Ol12G04 Yu et al. (2009)

Brassica rapa ssp. pekinensis F2 BrRPHP1 A01 OPA08650 and BrPEK15B Kim et al. (2011)

Brassica rapa ssp. pekinensis DH BrDW A08 Brb062-Indel230,
Brb094-DraI787,
Brb094-AatII666,
Brb043-Bg1II715,
Brh019-SNP137, bru1209

Li et al. (2011)

Brassica rapa ssp. pekinensis DH BrDW A08 SCK14-825, kbrb058m10-1,
kbrb006c05-2

Yu et al. (2011)

Brassica rapa ssp. pekinensis DH sBrDM8, yBrDM8,
rBrDM8, hBrDM8,
rBrDM6, hBrDM4

A08, A06, A04 A08-709, A08-028, A08-018 Yu et al. (2016)

Brassica rapa ssp. pekinensis Inbred lines QTL A01 A0124655323 Zhi et al. (2016)

Brassica rapa ssp. pekinensis DH, F2 Br-DM04 A04 A04_5235282 and
A04_5398232

Zhang B. et al. (2018)
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DM4.1.2, and DM4.1.3). Transcriptome analysis revealed that
many defense pathway genes were differentially expressed in NIL
DM4.1.1/.2. Fine mapping revealed the RLK gene CsLRK10L2
as a likely candidate for subQTL DM4.1.2 causing a loss-of-
function mutation in the susceptible parent HS279. Two major
QTLs and two QTL hotspots were identified for downy mildew
resistance in cucumber using an F2 population (Innark et al.,
2020). In another study, QTL mapping in a RIL population
of cucumber identified 11 QTLs for downy mildew resistance
accounting for more than 73.5% of total phenotypic variance
(Wang et al., 2018). Among 11 QTLs, dm5.1, dm5.2, and dm5.3
were the major-effect contributing QTLs, whereas dm1.1, dm2.1,
and dm6.2 conferred susceptibility. Additionally, three powdery
mildew resistance QTLs, pm2.1, pm5.1, and pm6.1 were found
co-localized with downy mildew resistance QTLs, dm2.1, dm5.2,
and dm6.1, respectively. Through BSA-seq approach, Win et al.
(2017) mapped five QTLs (dm2.2, dm4.1, dm5.1, dm5.2, and
dm6.1) in cucumber and dm2.2 showed the largest effect on
downy mildew resistance. Yoshioka et al. (2014) revealed that
high resistance of a cucumber progeny line CS-PMR1 was
associated with many QTLs with relatively small effects, whereas
the moderate resistance of Santou, an old Japanese cultivar was
associated with one major QTL. The authors opined that the
identified QTLs may assist in the selection to breed new cultivars
efficiently carrying adequate levels of downy mildew resistance.
Zhang et al. (2013) observed the quantitative resistance to downy
mildew in cucumber inbred line, K8 and detected five resistance
QTLs (dm1.1, dm5.1, dm5.2, dm5.3, and dm6) on chromosome 1,
6 and 5. Interestingly, six and four nucleotide binding site (NBS)-
type resistance gene analogs (RGAs) were predicted in the region
of dm5.2 and dm5.3, respectively.

Mechanism of Downy Mildew Resistance
The plants have evolved different mechanisms to counteract
the pathogen attack and different defense-related gene families
such as nucleotide-binding site (NBS), receptor-like kinase (RLK)
protein, receptor-like protein (RLP), mitogen-activated protein
kinase (MAPK) and phytohormones such as salicylic acid (SA),
jasmonic acid (JA), ethylene (ET), abscisic acid (ABA) are
involved in the innate immunity system (Boller and Felix, 2009;
de Jonge et al., 2012; Yang et al., 2013; Liu W. et al., 2014;
Jiang et al., 2018). Though some downy mildew resistance loci
have been identified, the molecular mechanism of downy mildew
resistance remains poorly understood in B. oleracea though
few reports are available in B. rapa (Yu et al., 2016; Zhang
et al., 2018). In Arabidopsis, attempts were made to understand
the mechanism of downy mildew resistance. Powdery Mildew
Resistant 4 (PMR4) and Rab GTPase homolog 4c (RabA4c)
were involved in the callose deposition in Arabidopsis leading
to downy mildew resistance, and also some genes of SA and
JA signaling pathways such as PRs, NPRs, and WRKYs were
reported to play roles in downy mildew resistance (Caillaud et al.,
2013; Coker et al., 2015). Again, the expression patterns of the
major genes of SA and JA signaling pathway confirmed SA as
the major plant hormone involved in downy mildew resistance
in B. rapa (Gao et al., 2014; Chen et al., 2015). A comparative
transcriptome analysis of downy mildew infected Chinese

cabbage lines identified differentially expressed candidate genes
involved in the plant-pathogen interaction pathway (Zheng H.
et al., 2020) and the proteins encoded by these genes were
reported to play an important role in the pattern-triggered
immunity (PTI) and effector triggered immunity (ETI) processes
of some model plants such as Arabidopsis, rice, tobacco, and
tomato. The authors demonstrated the involvement of proteins
processing in endoplasmic reticulum and circadian rhythm
pathways in the resistance mechanisms against downy mildew.
Furthermore, the down-regulation of photosynthetic genes was
reported during H. brassicae infection which was in line with the
results of Xiao et al. (2016) who reported the down-regulation
of energy metabolism genes, particularly those involved in the
photosynthetic carbon cycle (PCC), providing protection to
Chinese cabbage against H. parasitica. So, this indicated that
energy metabolism is playing a role in the resistance against
downy mildew during pathogen invasion in Brassica crops.

Whole genome-wide gene expression profiles may help gain
insight in to the resistance mechanism against downy mildew. Li
et al. (2018) studied the genome-wide gene expression profiles
in Chinese cabbage and listed the immunity-related genes. To
further improve the understanding of the resistance mechanism
against downy mildew at the transcriptional level, the role of
long non-coding RNAs were explored in B. rapa. Long non-
coding RNAs (lncRNAs) are types of ncRNAs with a length of
more than 200 nucleotides (Cabili et al., 2011). Some defense
related lnc RNAs have been identified which are found to be
regulating the expression of many resistance genes in several
crop such as powdery mildew in melon (Gao et al., 2020),
turnip crinkle virus infection in Arabidopsis (Gao et al., 2016),
Phytophthora infestans in tomato (Cui et al., 2017, 2019; Hou
et al., 2020) and Verticillium dahliae and Botrytis cinerea in
cotton (Zhang L. et al., 2018). For the first time, Zhang et al.
(2021) carried out the high-throughput RNA sequencing and
analyzed the disease responding mRNAs and long non-coding
RNAs in two resistant (T12–19 and 12–85) and one susceptible
line (91–112). Different expression pattern and the proposed
functions of the differentially expressed non-coding RNAs among
the resistant and susceptible lines indicated that each has
a distinct disease response mechanism. More cis and trans-
functional long non-coding RNAs were found in the resistant
lines than the susceptible line which regulates the genes involved
in disease defense response. A candidate related long non-
coding RNA, STRG.19915 was identified which is a long non-
coding natural antisense transcript of a MAPK gene, BrMAPK15.
MSTRG.19915-silenced seedlings showed enhanced resistance to
downy mildew which could be attributed to the up-regulated
expression of BrMAPK15. This important research laid the
foundation for future studies to decipher the mechanism of
downy mildew resistance in Brassica crops.

Multi-Loci Molecular Polymerization
Breeding
Polymerization breeding is a technique used in plant breeding
in which favorable genes from different lines are integrated into
a cultivated variety through genetic engineering, hybridization,
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backcrossing, and multiple cross (Yadav et al., 1990; Servin
et al., 2004). Mostly, the crop-breeding strategies for resistance
to biotic and abiotic stresses are based on deploying only single
resistance gene into the plants which is not durable and short-
lived (McDonald and Linde, 2002; Steiner et al., 2019). Therefore,
combining multiple R genes from different sources into a single
plant by gene pyramiding would increase the durability of
disease resistance and will help in building an ideal genotype.
Furthermore, combining genes with different but complementary
resistance spectra could provide gene pyramids against a broad-
spectrum of pathogenic races (Sanchez-Martin and Keller, 2019).
Combining resistance genes based on marker-assisted selection
could accelerate gene pyramiding by identifying and selecting
plants with desirable allele at a very early stage and was found
to be proficient and economical and is a simple technique to
build multiple stress tolerance in crops (Chukwu et al., 2019;
Angeles-Shim et al., 2020).

Marker-assisted gene pyramiding of resistance QTLs
have been successfully applied in several crops consequently
producing a number of varieties and lines with improved
resistances against biotic stresses, such as late blight, bacterial
blight, gall midge, mosaic viruses, powdery mildew and many
abiotic stresses, such as salinity, drought, heat, and cold with
a higher yield and desired nutritional quality (reviewed by
Dormatey et al., 2020). Especially, the multi-loci polymerization
resistance breeding is a success story in rice where plant scientists
successfully utilized this technique to accomplish durable
resistance against various diseases such as gall midge (Das and
Rao, 2015), blast (Jamaloddin et al., 2020), brown planthopper
(Liu et al., 2016), bacterial blight (Singh et al., 2001; Joseph
et al., 2004; Jamaloddin et al., 2020; Ramalingam et al., 2020),
sheath blight (Ramalingam et al., 2020), blast and bacterial
blight (Narayanan et al., 2002), bacterial, sheath blight and
stem borer (Datta et al., 2002) etc. Wu et al. (2019) identified
37 SNP polymerization regions for 36 agronomic traits in
287 pepper accessions which could be the focus of molecular
marker development to improve the efficiency of multi-trait
pyramid breeding. Though, the multi-loci gene pyramiding has
been fully utilized in several crops, the technique has not been
fully utilized in B. oleracea for biotic stress resistance. But in
B. rapa and B. napus, several authors have attempted to pyramid
multiple resistance loci for clubroot (Matsumoto et al., 2012;
Shah et al., 2019) and nematode resistance (Zhong et al., 2019)
by polymerization of several identified resistance loci/genes by
marker-assisted selection. Shah et al. (2019) pyramided two
clubroot resistance genes (CRb and PbBa8.1) through marker-
assisted selection and developed homozygous lines which showed
strong resistance against a number of P. brassicae field isolates
compared with the heterozygous pyramided and single resistant
homozygous lines of B. napus. But no polymerization breeding
strategy has been adopted for resistance against downy mildew
resistance. As discussed, several downy mildew resistance QTLs
specific to seedling and adult plant stage have already been
identified by different researchers in B. oleracea which could
be pyramided to confer durable resistance. The pyramiding of
seedling and adult-plant resistance QTLs will provide durable
resistance since the QTLs will act against downy mildew at

different developmental stages of the plant as was done for leaf
rust resistance in wheat (Samsampour et al., 2010) wherein both
seedling resistance gene Lr25 and adult-plant resistance gene
Lr48 were pyramided together through marker-assisted selection.
Similarly, in apple, pyramiding of three resistance QTLs to scab
resulted in durable resistance which acted at different stages of
fungal infection cycle (Laloi et al., 2017). Marker-assisted gene
pyramiding by combining two or more downy mildew resistance
genes was performed in several crops such as in grape vine
(Schwander et al., 2012; Nascimento-Gavioli et al., 2017; Saifert
et al., 2018) and sunflower (Qi et al., 2017; Qi and Ma, 2019).
Pyramiding of QTLs with different specificities/broad-spectrum
QTLs, and QTLs associated with different resistance mechanism
are expected to increase the durability by showing stable levels
of resistance in multiple environments. Breeders also have to
reflect the number of resistance loci to be pyramided based
on the degree of resistance contributed by different loci. As in
B. oleracea and B. rapa, most of the QTLs reported for downy
mildew resistance are of major effects, combining these QTLs
in the background of susceptible elite variety is expected to
increase the durability which could be accomplished via a
breeding strategy through the polymerization of multiple loci by
marker-assisted gene pyramiding.

Gene-Editing in Resistance Breeding
Susceptibility of crops to a multitude of pathogens and pests
including viruses, bacteria, oomycetes, fungi, insects, nematodes,
etc., poses a major challenge to the plant researchers to
enhance the resistance and improve the productivity as well.
Several innovative gene-editing techniques such as engineered
endonucleases/meganucleases (EMNs), zinc-finger nucleases
(ZFNs), TAL effector nucleases (TALENs), and CRISPR-
associated protein 9 (CRISPR/Cas9) have emerged as important
tools to engineer disease resistant crops (Borrelli et al., 2018;
Langner et al., 2018; Dong and Ronald, 2019; Mushtaq et al.,
2019). But the main concern for deploying any gene-editing
approach for broad-spectrum and durable resistance are; (i)
the fundamental knowledge about which gene(s) to modify
and (ii) which type of modification to perform in these genes
(Miladinovic et al., 2021). Though targeting a single resistance
gene for inactivation is technically less challenging (Borrelli et al.,
2018), durable resistance could be achieved by targeting several
resistance genes, multiple metabolic and immune pathways
induced downstream of NLRs whose resistance are more difficult
to break down (Miladinovic et al., 2021). The steadily growing
knowledge about the molecular mechanism of plant-pathogen
interactions may facilitate the deployment of gene-editing
technologies to manipulate the disease resistance genes. Among
all the gene-editing techniques, the application of CRISPR/Cas9
technology for disease resistance is the most sought approach to
improve crop resistance to pathogens (Borrelli et al., 2018). Now
that draft genome sequences of most of the crops are available,
gene-editing could be applied to all the target genes to mutate
it to get the desired phenotype even in a complex genome like
allotetraploid B. napus (Braatz et al., 2017). CRISPR/Cas9 is a
highly promising system for gene-editing and gained popularity
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due to its precise specificity, multigene-editing, minimal off-
target effects, higher efficiency and simplicity (Kumar and Jain,
2015). CRISPR/Cas9 has been proved as a fascinating tool in plant
breeding technique and has revolutionized the development of
various disease resistance cultivars against a broad-spectrum
of pathogens by precise modification of the genes that confer
susceptibility to a given pathogen. Importantly, the mutation
generated from CRISPR/Cas9 system is stable and heritable
which could be segregated from Cas9/sgRNA helping in the
development of transgene-free progeny in only one generation
(Zhang and Zhou, 2014; Zhang et al., 2014). After this significant
breakthrough of the 20th century, the technique has been used
for alteration of plant immunity at several stages of different
crops. Additionally, many administrative agencies including
the USDA (United States) and the Canadian Food Inspection
Agency (Canada) don’t consider the genome-edited crops as
GMOs, thus providing a greater opportunity for them to enter
the market in much lower regulatory costs (Callaway, 2018;
Schmidt et al., 2020).

Recent advances have been made in the area of CRISPR
technique in different crops to generate varieties that are resistant
against several pathogens. For example, the technique has been
used successfully for powdery mildew resistance in wheat (Wang
et al., 2014) and tomato (Nekrasov et al., 2017), against bacterial
blight in rice (Oliva et al., 2019), geminivirus infection in
Arabidopsis and N. benthamiana (Ji et al., 2015), for citrus canker
resistance in citrus (Peng et al., 2017), Phytophthora infestans
resistance in potato (Andersson et al., 2017), and Verticillium
dahliae resistance in upland cotton (Zhang Z. et al., 2018) etc.
The readers are referred to the excellent reviews written by several
authors mentioning about the application of CRISPR technology
to improve resistance to biotic stresses in different crops (Borrelli
et al., 2018; Langner et al., 2018; Yin and Qiu, 2019; Ahmar et al.,
2020; Schenke and Cai, 2020).

In recent years, the application of different gene-
editing techniques in several horticultural crops has
substantially increased to enhance crop production and
quality (Xu et al., 2019). Among the horticultural crops, most
of the gene-editing studies (72%) have been conducted in
vegetables (Xu et al., 2019) and among the vegetables, tomato
has gained more attention for gene-editing studies (Wang et al.,
2019; Salava et al., 2021) which have been performed most
frequently up to 42% (Xu et al., 2019). Recently, the mutation of
a single gene, DMR6 (downy mildew resistance 6) in Arabidopsis
generated plants with increased salicylic acid levels and showed
resistance to the bacterium Pseudomonas syringae and oomycete
Phytophthora capsici (Zeilmaker et al., 2015). Interestingly, the
tomato ortholog of SlDMR6-1 was targeted using CRISPR/Cas9
system and the mutants showed resistance to Pseudomonas
syringae pv. tomato, Phytophthora capsica and Xanthomonas spp.
without any significant detrimental effects on tomato growth
and development (de Toledo Thomazella et al., 2016). Knocking
out of DMR6 was found to be a promising strategy in conferring
broad-spectrum resistance to plants.

The first gene-editing in a horticultural crop was reported
in B. oleracea which was achieved via a TALEN (Sun et al.,
2013). After this first report, in the following years, significant

progress has been made in Brassica crops, especially in B. napus
(Chang et al., 2021) targeting several genes such as yield related
genes (Braatz et al., 2017; Yang et al., 2017; Zhai et al., 2019),
quality related genes (Okuzaki et al., 2018; Zhang et al., 2019),
genes related to plant architecture (Zheng M. et al., 2020),
seed coat color related genes (Zhai et al., 2020) and disease
resistance genes (Sun et al., 2018). But the function of the genes
targeted by gene-editing in Brassica crops have mostly focused
on the genes affecting development, metabolism and not much
attention has been paid to target biotic stress-response genes
except a few. In Arabidopsis, AtWRKY11 and AtWRKY70 genes
were involved in JA and SA induced resistance to pathogens
whereas in B. napus, BnaWRKKY11 and BnaWRKKY70 genes
were found to be differentially expressed after inoculated with
Sclerotinia sclerotiorum. Two Cas9/sgRNA constructs targeting
both the genes generated mutants and it was found that
the BnaWRKKY11 mutant showed no significant difference
to Sclerotinia resistance compared to the wildtype whereas
BnWRKY70 mutants demonstrated better resistance (Sun et al.,
2018). The results indicated that BnWRKY70 could act as
a regulating factor in negatively controlling the Sclerotinia
resistance. In B. oleracea, RNA-guided Cas9 system was used
to generate targeted and heritable mutations showing enough
potential for rapid characterization of gene function (Lawrenson
et al., 2015). CRISPR/Cas9 was used to target BoPDS gene in
cabbage and 37.5% of the transgenic cabbage shoots carried
BoPDS gene mutations as a result of nucleotide deletions at
the expected position demonstrating CRISPR/Cas9 system as a
powerful tool for cabbage variety improvement (Ma et al., 2019).
Very recently, Cao et al. (2021) edited the BoCER1 gene related
to glossy phenotype in cabbage by CRISPR/Cas9 and three plants
with edited genomes exhibited reduced wax content compared
with the wildtype. Except these few, there are no reports on
gene-editing thus far in B. oleracea varieties especially targeting
biotic stress-response genes in spite of having high frequency
of regeneration. Nevertheless, gene-editing by CRISPR/Cas9 is
going to address the challenges arising due to the evolving nature
of pathogens. So, in near future, we can expect that targeted
gene-editing through CRISPR-Cas9 will become increasingly
indispensable to develop plant varieties that are resilient to a wide
range of biotic stresses.

CHALLENGES

Although it is easier to deploy race-specific ‘R’ genes compared
to polygenic resistance in resistance breeding, identification of
‘R’ genes remains a challenge due to the genome complexity of
Brassica species. The triplication of the Brassica genome (Cavell
et al., 1998; Lagercrantz, 1998; Lan et al., 2000; O’Neill and
Bancroft, 2000; Parkin et al., 2005) revealed the complexity of
Brassica genome organization. Triplication of Brassica genome
has led to the clustering and duplication of ‘R’ genes making
its identification a challenging task as these genes tend to
collapse in genome sequence assemblies. The ‘R’ gene clustering
against downy mildew disease in B. oleracea (Carlier et al.,
2011) is the consequence of Brassica genome complexity. In
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B. oleracea, a single dominant resistance gene locus, Pp523
conferring resistance to downy mildew was mapped to two
regions of chromosome C8 and C5 reflecting the triplication
of chromosome regions (Carlier et al., 2011). Apart from
downy mildew, the evidence of complexity of Brassica genome
organization has been confirmed in the case of other resistance
genes such as clubroot resistance. In B. napus, same genomic
region was acting both as a race-specific major gene and as a QTL
region with quantitative resistance against different pathotypes of
clubroot disease (Manzanares-Dauleux et al., 2000; Rocherieux
et al., 2004). The genome complexity of Brassica genome is
one of major bottleneck in ‘R’ gene identification. So it is not
reliable to depend on the single reference genome for resistance
gene identification, instead need to explore the pan-genomes to
identify the novel ‘R’ genes.

In addition to genome complexity, B. oleracea lacks sufficient
resistance sources for downy mildew and the resistance level vary
with different varieties of B. oleracea. Moreover, in B. oleracea,
especially cauliflower has a narrow genetic diversity (Tonguç and
Griffiths, 2004; Zhao et al., 2015; Zhu et al., 2018); necessitating
greater exploration of the related wild species to introgress novel
resistance genes. Instead of breeding materials and cultivars,
diverse genetic resources should be used in the genetic mapping
studies to broaden the genetic base for resistance breeding.

The presence of high genetic variation in different
isolates/pathotypes of downy mildew (Choi et al., 2003) in
Brassica poses substantial problem in identifying resistance
against the pathotypes showing different pathogenecity. This
leads to the difficulties in identifying broad-spectrum resistance
QTLs against downy mildew. Both the host-specificity and
non-host specificity exhibited by different genotypes of the same
host causing varied resistance ranging from intermediate to
complete resistance could be the strategy to control the diverse
pathotypes. The detailed study of the genetic basis of several
resistance levels present in the pathosystem and host-pathogen
interaction would also throw some limelight in this direction.
Often, cultivating one kind of genotypes containing a particular
resistance gene may impact the stability of ‘R’ genes due to the
selection pressure on a particular pathogen. So, the breeders
should avoid growing a single type of cultivar containing a single
dominant resistance gene for years together.

Inappropriate pathotype/race classification of pathogen
isolates also promotes improper ‘R’ gene identification while
classifying qualitative or quantitative resistance. Though the
pathotype classification had been carried out in downy mildew
(Natti, 1958), the application of host differentials became
obscured as different host differentials are not available across
countries leading to its limited use and is confined to a particular
locality. Moreover, as a consequence of pathogen evolutionary
process, pathogens evolve and over time, the breakdown of
resistance occurs. So, new set of host differentials need to
be updated and validated for proper classification of future
pathotypes which should be a continuous process. Efforts were
made for an additional host differential for downy mildew in
B. oleracea (Coelho et al., 2012) using the European isolates.
A world database for each pathogen need to be created through
international collaboration like the initiative was taken to resolve

the blackleg nomenclature issue (Plissonneau et al., 2017) at
the Brassica 2016 conference. Application of different scoring
methods may also complicate the process of proper identification
of R genes. In downy mildew, at least three different scoring
systems have been applied by several researchers (Dickson
and Petzoldt, 1993; Wang et al., 2000). Additionally, a robust
race/pathotype differentiation system should be in place to
separate different and similar races/pathotypes. Though for
downy mildew, there is a lack of proper race differentiation
system, Goodwin et al. (1990) had applied a pathogen isolate
differentiation system to H. parasitica isolates to confirm
host differentials which would be highly beneficial for race
differentiation.

FUTURE PERSPECTIVE AND
STRATEGIES

For a successful molecular breeding program, diverse resistance
sources should be available for the introgression of resistance
genes. So, the wild relatives of cultivated B. oleracea need to
be tapped for better resistance against downy mildew. The
screening of related Brassica species and land races should be
performed extensively to identify novel and superior resistance
alleles. Introgression of R genes can be accomplished by wide-
hybridization between divergent groups in the Brassicaceae via
interspecific or intergeneric hybridization.

To predict the durability of resistance genes, we must
understand the evolutionary dynamics between the host and the
pathogen (McDonald and Linde, 2002) as pathogen isolates do
overcome host resistance. Additionally, we need to study about
the pathogen avirulence genes to determine the gene mutation it
causes in the pathotypes resulting in the fitness loss (Vera Cruz
et al., 2000) in the host. To confer durable resistance, the decision
about the deployment of race-specific and/or race-non-specific
resistance genes should be taken timely in order to maximize the
effectiveness of resistance. Another important aspect of successful
resistance against pathogen is to understand the mechanism of
pathogen attack at different developmental stages (seedling vs.
adult) of the host, the infection and colonization process and the
host-pathogen interaction which may open up new possibilities
for better understanding of the mechanism of downy mildew
infection in Brassica species.

The ‘R’ genes of plant species mostly contain NBS-LRR
domains but apart from classical NBS-LRR types of ‘R’ genes, few
other genes encoding receptor like proteins (RLP) responsible
for blackleg resistance (LepR3/Rlm2) were reported in B. napus
(Larkan et al., 2015) which recognizes the effectors outside the
host cell cytoplasm. This new defense of resistance triggered by
apoplastic fungal pathogens was proposed as “effector-triggered
defense” (ETD) (Stotz et al., 2014). So, the future studies of
resistance genes in Brassica species should focus on RLPs and
RLKs type resistance genes which may help in the cloning of
new ‘R’ genes. In addition to the HR related genes, several other
regulatory genes such as transcription factors WRKY (Zhou
et al., 1997) and calmodulin-binding transcription activator
(CAMTA) (Rahman et al., 2016) were reported to be involved in
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defense related mechanism in the pathosystems of Brassica (Zhou
et al., 1997). The WRKY transcription factor gene BoWRKY6
was found to be responsible for enhancing resistance against
downy mildew in transgenic broccoli plants (Jiang et al., 2016).
Besides the WRKY gene, a pathogenecity-related defensin gene
BoDFN encoding defense-related cysteine-rich protein was over
expressed in H. parasitica infected leaves of Brassica oleracea var.
italia improving resistance against downy mildew (Jiang et al.,
2012). Fine mapping of the clubroot resistance gene CRb and
identification of candidate genes revealed the involvement of
Rho-binding proteins for clubroot resistance in B. rapa (Kato
et al., 2013). Likewise, another regulator protein ZmWAK was
identified conferring resistance to head smut disease in maize
(Zuo et al., 2015). All these defense-related regulatory genes need
to be characterized in Brassica species to decipher their possible
role in downy mildew resistance.

The advent of next-generation sequencing technologies has
led to the whole genome sequencing of rich genetic resources
from different crop species and their wild relatives (reviewed by
Bevan et al., 2017). The sequencing of several Brassica genomes
may allow the understanding of the genetic relationship between
various ‘R’ genes discovered between and within different species
of Brassicaceae family. Till date, the draft genome sequences
of almost all the species of Brassica; B. rapa (Wang et al.,
2011), B. oleracea (Liu S. et al., 2014; Parkin et al., 2014;
Belser et al., 2018), B. nigra (Yang et al., 2016), B. napus
(Chalhoub et al., 2014), B. juncea (Yang et al., 2016) have
been published. Importantly, the recent publishing of high-
quality draft genome of cauliflower (Sun et al., 2019) could
serve as a valuable reference to molecular breeding for downy
mildew resistance in cauliflower. Additionally, for better access,
search, visualization, annotation, structure, and to understand
the evolution of the Brassica genome, Belser et al. (2018)
developed a freely available web-based database1, which includes
high-quality genome sequences of B. oleracea and B. napus.
The user-friendly database will serve the research community
to study the molecular function of genes, evolution of Brassica
genomes as well as promote molecular breeding research for
disease resistance in B. oleracea.

As discussed earlier, the triplication of ancestral genomes of
Brassica has complicated the gene rearrangements leading to
the clustering and duplication of ‘R’ genes. So, the reliance on
a single reference genome of Brassica species may jeopardize
‘R’ gene identification and characterization which may occur
as a result of structural variation. Therefore, the variable genes
present in other cultivars of the same species need to be
searched along with the reference genome for resistance gene
identification. Recently, advances were made in pan-genome
sequencing representing the diversity of more than one cultivar of
the same species. The pan-genome analysis of B. oleracea where
genomes of nine diverse lines were assembled and compared
for structural variation, 81.3% of genes found were core genes
and 18.7% were variable genes (Golicz et al., 2016). Importantly,
functional analysis of the variable genes suggested the role of
the genes and gene families in disease resistance and defense

1http://www.genoscope.cns.fr/plants

response. The pan-genome approach involving whole-genome
gene expression and methylation studies has been used to
uncover the structure, function and evolutionary origin of ‘R’
genes (Golicz et al., 2016). So, whole-genome resequencing and
pan-genomics studies look promising and could be utilized for
identification, characterization and cloning of candidate ‘R’ genes
governing downy mildew resistance in Brassica species.

Comparative mapping may be used as a tool to study
the similarities and differences of resistance genes among
closely or distantly related species of Brassica to analyze
the extent of conservation of ‘synteny’ between genetic
maps. All Brassica species are closely related to Arabidopsis
thaliana and structural similarities are found between
B. oleracea and Arabidopsis thaliana genomes. Based on
gene homology, the synteny between Arabidopsis thaliana and
B. oleracea genomes has been analyzed (Kowalski et al., 1994;
Bohuon et al., 1998; Babula et al., 2003; Lukens et al., 2003;
Kaczmarek et al., 2009). Widespread colinearity and conserved
genomic sequences between B. oleracea and Arabidopsis
thaliana (Lan et al., 2000; Babula et al., 2003) may assist in
the QTL localization in different mapping populations of
B. oleracea.

Though several QTLs for downy mildew resistance have been
identified, most of the causal ‘R’ genes remain unknown till
date. The cloning of ‘R’ genes in Brassica species may tell us
more about the defense mechanism of the plants against the
pathogens. Recent advancements in genomics have enabled the
researchers to use a pan-transcriptome approach which could
reveal the presence and absence of expressed genes in the
Brassica ‘A’ and ‘C’ genomes (He et al., 2015). A new tool,
‘MutRenSeq’ technology has been used to carry out rapid and
precise cloning of ‘R’ genes (Bent, 2016). MutRenSeq technology
has been used in cloning the stem rust resistance genes (Sr22
and Sr45) of bread wheat (Steuernagel et al., 2016) and late
blight resistance genes (Rpi) of potato (Witek et al., 2016).
In a complex genome like Brassica, methodologies like pan-
genome, pan-transcriptome and MutRenSeq technology will lead
to the exploitation of novel ‘R’ genes against several important
pathogens including downy mildew.

Very recently, genomic selection has been utilized as a
powerful approach for crop improvement by identifying minor
loci influencing a trait of interest. Genomic selection increases the
rate of genetic gain by using the whole genome data to predict the
breeding values of the offspring. For durable resistance, the focus
of the breeders has now shifted more towards minor quantitative
genes rather than single major genes. Different genomic selection
models have been successfully captured and genetic variance
for disease resistance has been predicted. The recent works
demonstrating the application of genomic selection in disease
resistance breeding has been reviewed by Poland and Rutkoski
(2016) and Bekele et al. (2019). The best studied pathosystem for
application of genomic selection models are against different rust
pathogens in wheat such as stem rust (Rutkoski et al., 2011, 2014,
2015; Ornella et al., 2012) and yellow/stripe rust (Ornella et al.,
2012). In this context, a powerful approach like genomic selection
can be implemented in Brassica species for disease resistance
especially for quantitative resistance.
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Functional genomics and metabolomics studies in both the
resistant and susceptible cultivars of cauliflower will divulge
the key information on host-pathogen interaction. Mining of
allelic diversity by EcoTilling or sequence-based allele mining will
lead to haplotype identification, diversity analysis of haplotyes,
similarity analysis and marker development to differentiate the
alleles. Allele mining of genes from wild relatives and land races
of cauliflower may detect superior and novel alleles for downy
mildew resistance.

CONCLUSION

In cauliflower, with the current advances made in the
identification of QTLs for downy mildew resistance, there is
a long way to go in mapping and cloning of QTLs and
its deployment in developing resistant cultivars. With the
rapid progress of next-generation sequencing technologies and
after publishing of the draft genome sequence of cauliflower
and related Brassica species, new knowledge of resistance
genes/QTLs against important pathogens are becoming available.
Furthermore, in near future, several advancements in genomics
tools can be expected which will provide new exciting avenues
of research in cauliflower and also assist in further improvement

of downy mildew resistance. These advancements will bring us
closer in developing disease resistant cauliflower and we hope
that the limitations can be addressed in the years to come.
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Clubroot, caused by the soil-borne protist Plasmodiophora brassicae, is one of the most
destructive diseases of Chinese cabbage worldwide. However, the clubroot resistance
mechanisms remain unclear. In this study, in both clubroot-resistant (DH40R) and
clubroot-susceptible (DH199S) Chinese cabbage lines, the primary (root hair infection)
and secondary (cortical infection) infection stages started 2 and 5 days after inoculation
(dai), respectively. With the extension of the infection time, cortical infection was blocked
and complete P. brassica resistance was observed in DH40R, while disease scales of
1, 2, and 3 were observed at 8, 13, and 22 dai in DH199S. Transcriptome analysis
at 0, 2, 5, 8, 13, and 22 dai identified 5,750 relative DEGs (rDEGs) between DH40R
and DH199S. The results indicated that genes associated with auxin, PR, disease
resistance proteins, oxidative stress, and WRKY and MYB transcription factors were
involved in clubroot resistance regulation. In addition, weighted gene coexpression
network analysis (WGCNA) identified three of the modules whose functions were
highly associated with clubroot-resistant, including ten hub genes related to clubroot
resistance (ARF2, EDR1, LOX4, NHL3, NHL13, NAC29, two AOP1, EARLI 1, and
POD56). These results provide valuable information for better understanding the
molecular regulatory mechanism of Chinese cabbage clubroot resistance.

Keywords: Chinese cabbage, Plasmodiophora brassicae, clubroot, hub genes, transcriptome, coexpression
network analysis

INTRODUCTION

Chinese cabbage (Brassica rapa L. ssp. pekinensis) is an economically important cruciferous
vegetable worldwide (Jia et al., 2017). Clubroot, caused by the soil-borne protist plant pathogen
Plasmodiophora brassicae, is considered a destructive disease of Brassica crops. In recent years, the
incidence rate and severity of clubroot have increased with intensified Chinese cabbage breeding
and cultivation, resulting in great losses in Chinese cabbage quality and yields in China and
worldwide (Irani et al., 2018).
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The life cycle of P. brassicae consists of primary infection
(root hair infection) and secondary infection (cortical infection)
stages. During root hair infection, primary zoospores are released
from the resting spores to infect the root hairs and then divide
to form the secondary sporangium. During cortical infection,
the released secondary zoospores directly infect cortical cells,
where the secondary plasma mass forms. Finally, secondary
plasmodia divide to form numerous resting spores, which are
released into the soil and become the initial infection source
in the future (McDonald et al., 2014). Once contaminated,
these P. brassicae spores are long lived and resistant to severe
environmental conditions, making the disease difficult to control
in the field (Kageyama and Asano, 2009). Therefore, studies on
the molecular basis of clubroot contamination in cruciferous
plants are urgently needed.

Many disease resistance genes, including CRa or CRb, CRc,
CRd, CRk, CRs, Crr1, Crr2, Crr3, Crr4, PbBa3.1, and PbBa3.3
have been identified from different genetic resources and are
associated with distinct P. brassicae pathotypes (Hirai et al.,
2003; Suwabe et al., 2003; Piao et al., 2004; Suwabe et al., 2006;
Sakamoto et al., 2008; Schönbach et al., 2013; Pang et al., 2018;
Laila et al., 2019). Despite the discovery of so many resistance
sites, only three CR genes, including CRa (Ueno et al., 2012),
Crr1a (Hatakeyama et al., 2013) and CRb (Hatakeyama et al.,
2016), have been cloned. CRa and Crr1a are known to encode
Toll-interleukin receptor (TIR)-nucleotide binding site (NBS)-
leucine-rich repeat (LRR) proteins, and it has been reported
that CRb and CRa are the same gene (Hatakeyama et al., 2016).
Although clubroot resistance (CR) genes have been identified,
mainly in Brassica rapa, the detailed defense response mechanism
of CR genes remains unclear.

The analysis of dynamic changes in gene expression is a
useful way to explore the molecular basis of clubroot resistance
in Brassica species. Many studies conducted to date have
focused on molecular mechanisms aided by “-omics” approaches,
such as RNA-seq. Mei et al. (2019) reported great differences
between two rapeseed genotypes, especially in the activation of
signaling networks, the production of reactive oxygen species
(ROS) and the programmed cell death (PCD) response to
P. brassicae (Mei et al., 2019). Chu et al. (2014) found that
the genes involved in the jasmonate (JA) and ethylene (ET)
signaling and metabolic pathways and the defensive deposition
of callose were significantly upregulated in clubroot-resistant
plants compared to their levels in susceptible lines at 15 days
after infection (Chu et al., 2014). Additionally, based on a
transcriptome analysis of B. rapa during the early stages of
infection by P. brassicae, Chen et al. (2016) confirmed that
genes associated with pathogen-associated molecular patterns,
calcium ion influx, hormone signaling, pathogenesis-related
(PR) pathways, transcription factors, effector receptors and cell
wall modification played important roles during early infection
stages (Chen et al., 2016). Above all, the identified differentially
expressed genes (DEGs) are related to hormone signaling, cell
wall modification, NBS-LRR proteins, Ca2+ signaling, defense-
related callose deposition, chitin metabolism, and the PR in
response to P. brassicae (Jubault et al., 2008; Schuller et al., 2014;
Zhang et al., 2016).

These previous studies mostly focused on understanding
the defense mechanisms involved in resistance to clubroot
during the primary or secondary stages of infection, and
differences have been identified between genotypes and sampling
time points during the pathogen response after P. brassicae
infection. However, few transcriptomic studies have focused on
the regulatory interaction network involved in resistance to
clubroot during all stages of infection by P. brassicae in Chinese
cabbage. In this study, comparative cytological observations and
transcriptome analysis were applied to the roots of two genotypes
(the clubroot-resistant line DH40R and the susceptible line
DH199S) after P. brassicae infection during both the primary
and secondary stages to identify the key pathways and genes that
could be involved in clubroot resistance.

MATERIALS AND METHODS

Plant Materials and P. brassicae
Inoculation
Two Chinese cabbage DH lines (DH40R: resistant, R-line,
B. rapa, 2n = 2x = 20; and DH199S: susceptible, S-line, B. rapa,
2n = 2x = 20) that show contrasting performance regarding
resistance to P. brassicae and have been subjected to resistance
identification in different years were used in the present study.
These two lines were developed by isolated microspore culture
at the Institute of Horticulture, Henan Academy of Agricultural
Sciences. The seeds of the R- and S-lines were germinated on wet
filter paper for 3 days, transferred to plastic trays with a nutrient
substrate and grown under controlled conditions at 20–25◦C
with a photoperiod of 16 h of light and 8 h of darkness.

The pathogen used in this study was collected from an infected
field (IF) at Xinye, Henan, China, where the pathogen was
reported to be pathotype 4 based on Williams classification (Wei
et al., 2016). The methods for obtaining P. brassicae suspensions
were as described in a previous study (Galindo-Gonzalez et al.,
2020), and the resting spore concentration in the suspension
was adjusted to a density of 107 spores/mL with sterile distilled
(SD) water according to measurement using a haemocytometer.
After being transferred to plastic trays, 20-days-old seedlings
were individually injected at the stem bottom with 4 mL of the
spore suspension (1.0 × 107 spores/mL), and the soil was kept
moist throughout the treatment period.

Cytological Observation of the Infection
Process
Every 24 h after inoculation, a microscope (Leica Microsystems
CMS GmbH Ernst-Leitz-Str, Germany) was used to monitor
the dynamic P. brassicae infection process in the roots of the
two Chinese cabbage genotypes until secondary infection
was confirmed (Mei et al., 2019). One or two plants
were removed from the soil every 2 days to observe the
development of the disease.

At 0, 2, 5, and 8 dai, the occurrence and development of
root hair infection by P. brassicae in Chinese cabbage were
observed, and the detailed steps are described below. The roots
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were washed with flowing water, and a segment was cut from
the lateral roots under each treatment at each time point. The
segments were stained with FAA for a minimum of 24 h and
with 0.5% phloxine B for 3 h at room temperature, after which
they were covered with a coverslip and viewed with a microscope
(Xu et al., 2018).

The development of cortex infection by P. brassicae was
examined at 13 and 22 dai. The roots were washed with
flowing water, and a segment was cut and fixed in FAA for
24 h. After routine dehydration and wax leaching, the samples
were embedded in paraffin and sliced into 4-µm-thick sections.
Finally, the sections were observed and imaged under an optical
microscope (Xu et al., 2018).

In addition, the ratio of infected root hairs was investigated
in 100 root hairs per plant between 2 and 13 dai, and the
average number of infected cortices in the roots was counted
from three microscopic fields per plant at 5 (the beginning
of infection in the cortical cells), 8 (serious infection in the
cortical cells, disease scale of 1 in DH199S), 13 (disease scale
of 2 in DH199S) and 22 dai (disease scale of 3 in DH199S).
Plants of the disease-resistant (DH40R) and disease-susceptible
(DH199S) lines were selected to analyze transcriptional changes
after inoculation at each time point (0, 2, 5, 8, 13, and 22
dai). Under each treatment, sampled roots were pooled from
at least three individual plants, and three biological replicates
were performed at each time point. The roots were cleaned
with distilled water, wrapped in tin foil, quickly frozen in
liquid nitrogen and stored at –80◦C. To verify successful
infection after the inoculation of P. brassicae, 40 plants of each
genotype were evaluated for resistance identification until 35 days
after inoculation.

RNA Extraction and Construction of
cDNA Sequencing Library
Total RNA from 36 samples was extracted using the RNAprep
Pure Plant Kit (Tiangen, Beijing, China) following the
manufacturer’s instructions. RNA purity was checked using
a KaiaoK5500 R© Spectrophotometer (Kaiao, Beijing, China).
RNA integrity and concentrations were assessed using the
RNA Nano 6000 Assay Kit and a Bioanalyzer 2,100 system
(Agilent Technologies, CA, United States). A total of 2 µg
of RNA per sample was used as the input material for RNA
sample preparation. First-strand cDNA was synthesized using
random hexamer primers and RNase H. Second-strand cDNA
synthesis was subsequently performed using buffer, dNTPs,
DNA polymerase I and RNase H. The library fragments were
purified with QiaQuick PCR kits and eluted with EB buffer.
Then, terminal repair was performed, the desired products were
retrieved, PCR was performed, and the library was completed.

RNA Sequencing and Data
Preprocessing
All 36 libraries were sequenced on the Illumina HiSeq platform,
and 150 bp paired-end raw reads were generated. Before
assembly, various quality control measures were applied to the
raw data. High-quality sequences (clean data) were obtained from

the original offline data sequences by removing reads containing
adapters and low-quality reads. All subsequent analyses are based
on the filtered clean data. Bowtie2 v2.2.3 was used to build
the genome index, and clean data were then aligned to the
reference genome using HISAT2 v2.1.0 (Langmead et al., 2009;
Kim et al., 2015). The sequencing reads were mapped to the
B. rapa genome1, and all of the raw reads were deposited in
the NCBI Short Read Archive (SRA) database under accession
number PRJNA692311.

Analysis of Differential Gene Expression
and Gene Annotation
DESeq2 software was employed to calculate the expression
of three biological replicates between two samples (Wang
et al., 2010). Linear regression was used to estimate the gene
expression intensity in each sample, and the Wald test was
used to calculate non-differential gene expression in the two
sets of samples. The genes with a | log2 fold change| ≥ 1
and FDR-adjusted p-value (q-value) < 0.05 were selected
as DEGs. All expressed genes were functionally annotated
by using the NCBI non-redundant protein database (NR)
protein database, UniProt database, Cluster of Orthologous
Groups (COG) database, Gene Ontology (GO) database
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. The FPKM of all expressed genes are listed in
Supplementary Table 1.

In this study, to better distinguish DEGs, the concept
of relative period differentially expressed genes (rDEGs) was
proposed; that is, when a gene was identified as a DEG between
the R- and S-lines, but also identified as a DEG in the R-line
compared with the R-previous period line at the corresponding
time points, the gene was defined as a rDEG (Li et al., 2020).
GO enrichment analysis, KEGG pathway analysis and heatmap
generation were performed using TBtools (Chen C. et al., 2018).

Construction of Gene Coexpression
Networks and Prediction of Hub Genes
To comprehensively and systematically investigate the gene
regulatory network and identify the specific genes that are
highly associated with clubroot resistance, a WGCNA was
performed. Coexpression networks were constructed on the
basis of pairwise correlations of gene expression across all
samples. The coexpression modules were defined as clusters
of highly interconnected genes, and these genes within the
same cluster exhibited high correlation coefficients. A module
consisted of a cluster of highly interconnected genes showing
similar expression changes related to a certain physiological
process (Du et al., 2017). The coexpression network analysis was
conducted using the WGCNA version package in R software
(Langfelder and Horvath, 2008). Module identification was
implemented after merging modules whose expression profiles
were similar with a merge cutHeight of 0.5. The interaction
network of hub genes in a module was visualized using
Cytoscape 3.8.0.

1http://brassicadb.org/brad/datasets/pub/Genomes/Brassica_rapa/V3.0/
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Validation of RNA-Seq Data by
Quantitative Real-Time-Polymerase
Chain Reaction
The transcript levels of DEGs were identified using quantitative
real-time polymerase chain reaction (qRT-PCR). A TaKaRa
MiniBEST Plant RNA Extraction Kit (TaKaRa, Dalian, Liaoning,
China) was used to extract the total RNA following the
manufacturer’s protocol.2 A RevertAid First Strand cDNA
Synthesis Kit (TaKaRa) was used to reverse transcribe RNA to
obtain cDNA. qRT-PCR was conducted as previously described
(Yang et al., 2021). GAPDH was used as an internal reference
gene for Chinese cabbage (Su et al., 2015). The amplification
efficiency of the primers were detected by qRT-PCR, all primers
used for qRT-PCR are listed in Supplementary Table 2. Each
qRT-PCR experiment was performed in three replicates and the
resultant mean value was used for qRT-PCR analysis. The relative
expression levels of the target genes were calculated by using the
2−MMCt method (Schmittgen and Livak, 2008).

RESULTS

Identification of Disease Resistance and
Morphological Changes After Inoculation
in DH40R and DH199S
The disease index (DI) was investigated 35 days after inoculation
(dai) with P. brassicae in the two Chinese cabbage DH lines.
DH40R plants infected with P. brassicae showed no gall
formation (Figure 1B) with a mean DI of 0, while DH199S plants
were susceptible with a mean DI of 95 (Supplementary Table 3),
and they showed severe galls on both the lateral roots and main
roots (Figure 1A).

Phloxine B-stained root hairs were microscopically examined
to follow the P. brassicae infection process at 0, 2, 5, and 8
dai in DH40R and DH199S. At 0 dai (before infection), the
root hairs of DH40R and DH199S were empty and showed
no signs of infection (Supplementary Figure 1); at 2 dai, the
root hairs of DH199S and DH40R were filled with primary
plasmodia (Figure 1C); at 5 dai, a small amount of P. brassicae
secondary plasmodia was observed in the cortical cells of DH40R
(Supplementary Figure 1), while abundant secondary plasmodia
appeared in the cortical cells of DH199S (Figure 1C); at 8
dai, the number of secondary plasmodia in cortical cells was
higher in DH199S than in DH40R; at 13 dai, there were filled
with young secondary plasmodia in DH199S (Figure 1C); and
at 22 dai, different stages of plasmodia development could be
observed inside the cortical cells of DH199S, including secondary
plasmodia and resting spores, with secondary plasmodia causing
cell hypertrophy, expansion and gall formation in the root tissues
of DH199S (Figure 1C), while in contrast, the resistant roots of
DH40R grew normally during this stage (Figure 1B).

In summary, root hair infection and cortical infection started
in both DH40R and DH199S on 2 dai and 5 dai, respectively.
However, the root hair and cortical infection rates were higher

2https://www.takarabiomed.com.cn

in DH199S than in DH40R during the entire infection process
(Figure 1D and Supplementary Table 3). Starting on 5 dai, the
cortical infection rate of DH199S continued to increase, whereas
that of DH40R remained basically unchanged from 8 dai onward
(Figure 1E and Supplementary Table 3). In the two genotypes,
8 dai was an important time point in the gradual development
of different resistance levels. The results suggested that DH40R
and DH199S were successfully infected and could be reliably used
for further study.

The Data Analysis of RNA-Seq
To study the different molecular mechanisms underlying
resistance in the two lines after P. brassicae infection, root
samples were collected, and RNA was extracted from three
biological replicates from 6 time points (0, 2, 5, 8, 13, and 22
dai) for both DH40R and DH199S. A total of 36 cDNA libraries
were constructed, and approximately 25.6–31.9 million clean
reads were generated from the libraries through RNA-seq. The
percentage of clean read rates was higher than 92% in all cases,
and the Q30 base percentages were all above 93%, indicating that
the accuracy and quality of the data obtained were sufficient for
further analysis (Supplementary Table 4). In general, 63∼94% of
the high-quality reads in each sample could be mapped to the 3.0
version of the Chinese cabbage genome.

Identification of Differentially Expressed
Genes
According to the criteria of a | log2 fold change| ≥ 1 and
q-value < 0.05, a total of 5,268, 4,042, 5,639, 5,060, 5,095, and
8,549 DEGs in DH40R vs. DH199S were obtained at 0, 2, 5, 8,
13, and 22 dai, respectively. In addition, we obtained 5 groups
of rDEGs at 5 time points after inoculation (Figures 2A–E). In
Figure 2A, there were 645 DEGs in common between DH40R-
2dai vs. DH199S-2dai and DH40R-2dai vs. DH40R-0dai; in
Figure 2B, there were 1,533 DEGs in common between DH40R-
5dai vs. DH199S-5dai and DH40R-5dai vs. DH40R-2dai; in
Figure 2C, there were 1,568 DEGs in common between DH40R-
8dai vs. DH199S-8dai and DH40R-8dai vs. DH40R-5dai; in
Figure 2D, there were 1,588 DEGs in common between DH40R-
13dai vs. DH199S-13dai and DH40R-13dai vs. DH40R-8dai; in
Figure 2E, there were 2,274 DEGs in common between DH40R-
22dai vs. DH199S-22dai and DH40R-22dai vs. DH40R-13dai.
Above all, a total of 5,750 rDEGs (Supplementary Table 5)
were obtained after removing 1,858 duplicates in those 5
groups, and the 5,750 rDEGs were used for the next functional
enrichment analysis.

Functional Annotation of DEGs
GO term enrichment analysis was performed on the rDEGs
to classify their gene functions according to three main GO
terms: biological process (BP), cellular component (CC) and
molecular function (MF). A total of 3,911 DEGs were assigned
to these three GO categories. For the BP ontology, the
main enriched terms were “response to stimulus” (including
external, chemical, endogenous, biotic, hormone, and abiotic),
“response to stress” (including oxygen-containing compounds
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FIGURE 1 | Morphology analysis and the dynamic changes of root-hair infection and cortical infection between DH40R and DH199S infected by P. brassicae.
(A) DH40R; (B) DH199S. (A,B) 35 dai; (C) Infection dynamics in the root hairs of DH199S. (D,E) The dynamic changes of root-hair infection and cortical infection in
DH40R and DH199S. MZP, multinucleate zoosporangia plasmodium; UZ, uninucleate zoosporangia; MZ, multinucleate zoosporangia; SP, secondary plasmodium;
MSP, multinucleate secondary plasmodium; RS, resting spore.

and oxidative stress), “secondary metabolic process” and “defense
response” (Figure 3A).

To better understand the biological significance of the gene
functions of the identified rDEGs, these genes were mapped to
reference canonical pathways in the KEGG database. A total
of 33 pathways were found to be enriched, among which 24
pathways were significantly enriched (p < 0.05). Among the
top 10 significant mapped pathways, “biosynthesis of secondary

metabolites” “phenylpropanoid biosynthesis” and “metabolism”
were the most significantly enriched (Figure 3B).

Construction of Gene Coexpression
Networks
To obtain a comprehensive understanding of genes expressed
in successive developmental stages across the two genotypes
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FIGURE 2 | The differentially expressed genes (DEGs) profiles. (A) Venn diagram of DEGs between the R2 vs. R0 and R2 vs. S2. (B) Venn diagram of DEGs between
the R5 vs. R2 and R5 vs. S5. (C) Venn diagram of DEGs between the R8 vs. R5 and R8 vs. S8. (D) Venn diagram of DEGs between the R13 vs. R8 and R13 vs.
S13. (E) Venn diagram of DEGs between the R22 vs. R13 and R22 vs. S22.

FIGURE 3 | Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of rDEGs. (A) GO function classification of 5,750
rDEGs. (B) KEGG pathway of 5,750 rDEGs.

after inoculation and to identify specific genes that were highly
associated with resistance to P. brassicae, WGCNA of 5,750
rDEGs was carried out. Coexpression networks were constructed
on the basis of pairwise correlations of gene expression
across all samples. Modules were defined as clusters of highly
interconnected genes, and genes within the same cluster exhibited
high correlation coefficients. After filtering out the 677 rDEGs
with low expression (FPKM < 1), 5,073 rDEGs assigned to
seventeen distinct modules (marked in different colors) were
included in the cluster dendrogram, in which each tree branch

represented a module and each leaf in the branch represented one
gene (Figure 4A).

Notably, three of the coexpression modules were composed of
genes that were highly expressed in a specific sample, suggesting
that they play important roles in resistance to P. brassicae;
these modules are underlined in red and included the darkgray
module, the darkturquoise module and the greenyellow module
(Figure 4B). The greenyellow module identified 452 genes
that exhibited opposite expression patterns between the R
and S-lines at any sampling time point. The darkturquoise
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FIGURE 4 | Weighted gene coexpression network analysis (WGCNA) of rDEGs in DH40R and DH199S at 0, 2, 5, 8, 13, 22 dai. (A) Hierarchical cluster tree showing
coexpression modules identified by WGCNA. Each leaf in the tree represents one gene. (B) Module-sample group association analysis. Each row corresponded to a
module, labeled with a color as in (A), and each column corresponded to a sample group. The color of each cell at the row column intersection indicates the
correlation coefficient between the module and the sample group. Those numbers next to the module represent the number of genes contained in each module.

module, with 487 identified genes, was highly associated with
DH40R at 8 dai. The darkgray module (758 genes) was highly
associated with 8 dai of DH199S and 5, 8, and 13 dai of
DH40R (Supplementary Table 6). According to the results of
morphological and histological analyses, DH40R exhibited no
galls at 8 dai, while DH199S exhibited galls at that time point.
In addition, the cortical infection rate of DH40R remained
basically unchanged from 8 dai onward. Thus, the genes in
these three modules played vital roles in the transition of
Chinese cabbage from normal growth to gall appearance in the
roots and are worthy of further analysis. The results of KEGG
analysis for the greenyellow module showed that the significant
mapped pathways included “plant hormone signal transduction”
and “metabolism” (Supplementary Figure 2). The genes in the
darkturquoise module were mainly associated with the significant
mapped pathways including “environmental adaptation”
and “organismal systems” (Supplementary Figure 2). The
genes in the darkgray module were mainly associated with
significant mapped pathways included “biosynthesis of other
secondary metabolites” and “phenylpropanoid biosynthesis”
(Supplementary Figure 2). The above genes in these modules
may play important roles in Chinese cabbage seedling responses
to P. brassicae to ensure normal early growth and morphogenesis
after infection by P. brassicae.

Key Genes Involved in Resistance to
P. brassicae Screened via WGCNA
WGCNA can also be used to construct gene networks, in
which each node represents a gene and the connecting lines

(edges) between genes represent coexpression correlations
(Langfelder and Horvath, 2008). We screened the top 150
genes from different modules to establish a network according
to module membership (kME). Each node represents a gene,
and the connecting lines (edges) between genes represent
gene coexpression correlations. The significantly coexpressed
genes were selected and ranked by node size, and the three
key modules were visualized. Removing unknown genes, ten
genes were highlighted after WGCNA and interaction network
analyses, including BraA06g001780.3C (probable 2-oxoglutarate-
dependent dioxygenase AOP1, AOP1), BraA03g027950.3C (lipid
transfer protein EARLI 1-like, EARLI), BraA10g024180.3C
(Brassica rapa peroxidase 56, POD56), BraA06g001760.3C
(probable 2-oxoglutarate-dependent dioxygenase AOP1, AOP1),
BraA04g019450.3C (NDR1/HIN1-like protein 13, NHL13),
BraA02g021090.3C (lipoxygenase 4, LOX4), BraA03g002480.3C
(NDR1/HIN1-like protein 3, NHL3), BraA07g021520.3C (NAC
transcription factor 29-like, NAC29), BraA06g019050.3C
(auxin response factor 2-like, ARF2) and BraA07g023520.3C
(serine/threonine-protein kinase EDR1-like, EDR1); these genes
were considered to be the hub genes for resistance to P. brassicae
in Chinese cabbage (Figures 5A–C).

Quantitative RT-PCR Validation
To verify the quality of the RNA-seq and differential expression
level data, nine DEGs were selected from 5,750 rDEGs to
perform quantitative RT-PCR (Figure 6). These genes included
two genes encoding an auxin-repressed 12.5 kDa protein, one
gene involved in the JA signaling pathway, two genes involved
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FIGURE 5 | Coexpression network analysis of three key modules. (A) The correlation networks in the darkgray module. (B) The correlation networks in the
darkturquoise module. (C) The correlation networks in the greenyellow module. Candidate hub genes are shown in red.

in signal transduction, two genes from the darkturquoise module
and two genes from the darkgray module. The changes in the
expression of selected genes according to qRT-PCR showed a
similar expression tendency to the RNA-seq data, which indicated
that the transcriptomic profiling data were reliable.

DISCUSSION

In this work, we provide a comparative cytological transcriptome
analysis of two B. rapa lines (the clubroot-resistant line DH40R
and the clubroot-susceptible line DH199S) after P. brassicae
infection to highlight the complex regulatory network of clubroot
resistance in Chinese cabbage.

Both Primary and Secondary Infection
Occurred in Clubroot-Resistant and
Clubroot-Susceptible Plants
The primary zoospores of P. brassicae are released from the
resting spores to infect root hairs and then divide to form

secondary sporangia. This complex process is the life cycle of
P. brassicae (Kageyama and Asano, 2009). However, it is not clear
at which stage and how resistance protects against P. brassicae in
Chinese cabbage. In our study, microscopy observations revealed
that root hair infection (2 dai) and cortical infection (5 dai) were
both present in DH199S and DH40R and that the infection rate
of the DH199S cortex began to increase significantly after 8 dai,
while the cortex in DH40R remained basically unchanged.

The above cytological observations showed that disease-
resistant DH40R could not completely resist P. brassicae infection
and that its root hairs and cortex could be infected; however,
P. brassicae could not grow and multiply indefinitely in its
cortex cells. The disease-susceptible line DH199S could not resist
the growth and reproduction of P. brassicae and eventually
developed galls on its roots. This finding was not in agreement
with a previous study (Chen et al., 2016), in which secondary
infection did not occur in clubroot-resistant lines. This work
was also not in agreement with a previous study in which gall
development was visible in the clubroot-resistant genotype at 21
dai (Du et al., 2017).
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FIGURE 6 | Validation of RNA-seq data by qRT-PCR.

rDEGs May Regulate Clubroot Disease in
Chinese Cabbage
In this study, there were no uninoculated controls at each
time point, therefore, we proposed the concept of rDEGs when
a gene was identified as a DEG between the R- and S-lines,
but also identified as a DEG in the R-line compared with the
R-previous period line at the corresponding time points. It was
more convinced and targeted to discover the pivotal genes that
lead to the difference between the R- and S- lines. A total of
5,750 rDEGs were detected in DH40R vs. DH199S at the primary
and secondary infection stages. Among these rDEGs, some
important genes related to plant hormone signal transduction,
plant-pathogen interactions, disease resistance proteins and
transcription factors were investigated. In addition, 10 hub genes
interacting with rDEGs were revealed by WGCNA and are
discussed below.

Auxin Gene Family Responses to
P. brassicae Infection
Plant hormones play key signaling roles in host-P. brassicae
interactions, and many auxin-activated and auxin-repressed
genes are well known for their pivotal roles in plant development
and defense responses (Lee et al., 2012). Auxin has been
associated with cell elongation/expansion and is induced at the
P. brassicae primary infection stage, and the accumulation of
auxin leads to gall formation in roots (Ludwig-Müller, 2014). Out
of 5,750 rDEGs, we screened 67 auxin-related genes, including
23 and 26 genes belonging to the Aux/IAA and small auxin up

RNA (SAUR) families, respectively. Four, eleven, and three genes
belonged to the auxin response factor (ARF), Gretchen Hagen 3
(GH3) and auxin-repressed protein (ARP) groups, respectively
(Supplementary Table 7). SAUR proteins act as key regulators of
auxin synthesis and transport, and SAUR upregulation could be
helpful to decrease the IAA content and relieve the enlargement
and expansion of root cells in clubroot-resistant plants (Ning
et al., 2019). The hormone auxin is a key signal for plant growth
and development that acts through the ARF transcription factors,
and the ARF family has thus far been shown to be involved in
plant development and responses to biotic and abiotic stresses
(Truskina et al., 2020). GH3 proteins are involved in various
responses of plants to abiotic and biotic stresses (Park et al., 2007).
One GH3 family member, GH3.11 (jasmonate resistant 1, JAR1),
catalyzes the formation of the isoleucine conjugate of JA, and the
JAR1 mutant increases susceptibility to clubroot disease (Agarwal
et al., 2011). In A. thaliana, several members of the GH3 family
are upregulated during clubroot infection (Siemens et al., 2006).

In our work, 33 auxin-related genes were found to be
upregulated in the clubroot-resistant line DH40R vs. the
clubroot-susceptible line DH199S at the primary infection stage
(2 dai), and four ARF genes were all upregulated (Supplementary
Table 7). In addition, six genes were found to be upregulated in
the clubroot-resistant line DH40R vs. DH199S throughout the
entire infection stage, such as the hub gene BraA06g019050.3C
(ARF2), which was highly expressed at 0, 2, 5, 8, 13, and 22
dai in DH40R. These genes could play roles in attempts by the
host plant to regain the regulatory control of auxin homeostasis
and in increased resistance to clubroot disease. However, three
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auxin-related genes (BraA01g042940.3C, BraA06g033000.3C and
BraA04g032040.3C) were upregulated in the susceptible line
DH199S vs. the clubroot-resistant line DH40R at 0, 2, 5, 8, 13,
and 22 dai, which may have increased the content of auxin and
led to gall formation in the developing roots.

Pathogenesis-Related Proteins
Contribute to Defense Against Clubroot
Previous studies have shown that PR genes can confer enhanced
resistance against both biotic and abiotic stresses (Gupta et al.,
2013). In B. napus, three PR genes, PR1, PR2, and PR4
were consistently upregulated in both host genotypes during
secondary infection by P. brassicae (Galindo-Gonzalez et al.,
2020).The expression of PR1 family genes has long been used
as a marker of salicylic acid (SA)-mediated disease resistance,
and the upregulation of PR1 proteins throughout the infection
stage, combined with their localization to the apoplast, which
is an important interface for plant-microbe interactions, means
that they can be regarded as a potential antimicrobial function
protein family (Breen et al., 2017).In this study, we identified
six PR1 genes, BraA06g003490.3C (PR1) was only continuously
upregulated at 2 and 5 dai and downregulated at 8, 13, and 22
dai in DH40R vs. DH199S, while BraA03g042600.3C (PR1) was
upregulated at 8 and 22 dai and downregulated at 5 dai in DH40R
(Supplementary Table 7). We speculated that the same type of
gene may play a role in disease resistance at different stages.

Chitin constitutes 25% of the cell wall of P. brassicae and is
the main component of the cell wall in P. brassicae (Moxham
and Buczacki, 1983). Chitinases are a category of pathogenesis-
related proteins that are believed to function as guardians against
chitin-containing pathogens, and chitinase genes are induced
in clubroot-susceptible genotypes during P. brassicae infection
(Chen Q. et al., 2018). There are also several reports showing that
different types of chitinase function against different pathogens
in different plant species (Chen et al., 2016). In this study, we
identified 12 chitinase genes (two CH25 and ten CHB4), among
which two CH25 were downregulated at 2 dai inDH40R and
seven CHB4 were upregulated at 2 dai in DH40R. In addition, one
chitinase gene (BraA03g018400.3C, CHB4) continuously showed
high expression in DH40R at 0, 2, 5 8, 13, and 22 dai. The results
demonstrated that different chitinases may play distinct roles at
different infection stages among different genotypes.

Antioxidant Response to P. brassicae
Infection
Various signals of higher antioxidant abilities are associated
with the activation of ROS, which contributes to suppressing
fungal growth and regulating host PCD and hypersensitive
response (HR); therefore, the resistant genotype shows a higher
antioxidant ability than susceptible rapeseed (Mei et al., 2019).
In B. napus, compared to the resistant genotype “Laurentian,”
the susceptible line “Brutor” seems to turn off genes related to
ROS metabolism earlier (Galindo-Gonzalez et al., 2020). In our
work, 49 peroxidase genes (PODs), 11 thioredoxin genes, and
two catalase (CAT) and protein kinase (Pkinase) genes were
identified (Supplementary Table 7). In Brassica napus, POD

continuously increases defense against P. brassicae throughout
the infection period in the resistant genotype ZHE-226 relative
to the susceptible line (Mei et al., 2019). Most peroxidase
genes began to be upregulated at 5 dai in DH40R vs. DH199S,
downregulated at 13 dai and then maintained for a short time.
The expression of the hub gene BraA10g024180.3C (POD56) in
DH40R was upregulated at 5, 8, and 13 dai compared to that
in DH199S. These findings are consistent with a previous report
showing that DH40R initiates antioxidant reactions earlier and
maintains them for a longer time than DH199S to maintain
normal biological activities and plant health. These results
indicated that higher antioxidant ability probably contributes to
resistance to clubroot development in B. rapa and effectively
reduces the damage to plants caused by P. brassicae.

The WRKY and MYB Transcription
Factors Regulation in P. brassicae
Infection
Transcription factors play a key role in the initiation and
regulation of gene transcription (Zhang and Feng, 2014; Irani
et al., 2018). The WRKY and MYB transcription factor families
play key roles in the defensive response against pathogen attacks
(Eulgem and Somssich, 2007). WRKY proteins are a superfamily
of transcription factors with up to 100 representatives in
Arabidopsis, and family members appear to be involved in the
regulation of various physiological programs, including pathogen
defense, senescence and trichome development (Eulgem et al.,
2000). In Brassica juncea var. tumida Tsen, WRKY22s have
been shown to act as positive regulators of the P. brassicae
resistance-enhanced genotype induced by the biocontrol strain
Zhihengliuella aestuarii (Lai et al., 2019). Previous studies in
plants have suggested that AtWRKY28 and AtWRKY75 are
transcriptional regulators of SA and JA/ET-dependent defense
signaling pathways in Arabidopsis (Chen et al., 2013).

MYB proteins function as transcription factors in regulatory
networks controlling development, metabolism and responses
to biotic and abiotic stresses (Dubos et al., 2010). MYB15 is
required for the defense-induced synthesis of G-rich lignin,
which contributes to disease resistance against a hemibiotrophic
bacterial pathogen (Chezem et al., 2017). The transcription factor
MYB44 is a member of the MYB family of transcription factors
and is better studied in Arabidopsis. AtMYB44 is a transcription
factor that functions in association with the ethylene signaling
pathway to regulate defense responses (Liu et al., 2011). MYB44 is
a negative regulator of ABA, stress, and wounding responses and
blocks senescence; it consistently functions to maintain growth
in the case of physical damage or stress (Jaradat et al., 2013). In
addition, the overexpression of SmMYB44 in eggplant increases
resistance to bacterial wilt (Qiu et al., 2019).

In our study, we identified 57 genes related to WRKY
TFs and 52 MYB genes (Supplementary Table 7), among
which 11 WRKY TFs (BraA03g028140.3C, BraA04g002600.3C,
BraA04g028830.3C, BraA04g028840.3C, BraA05g001850.3C,
BraA06g028240.3C, BraA08g012800.3C, BraA09g025880.3C,
BraA09g026560.3C, BraA09g034360.3C, and BraA09g035200.3C)
were upregulated in DH40R vs. DH199S at all-time points after
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inoculation with P. brassicae. MYB44 (BraA09g057480.3C),
MYB59 (BraA07g008760.3C), and MYB86 (BraA05g034360.3C)
were consistently highly expressed in DH40R at 0, 2, 5, 13, and
22 dai. These genes were inferred to be involved in the clubroot
resistance-regulating process throughout all infection stages.

Disease Resistance Proteins
Disease resistance proteins contain an NB-ARC
(nucleotide-binding adaptor shared by APAF-1, R proteins,
and CED-4) domain along with an LRR domain, and some
also bear a toll interleukin 1 receptor (TIR) domain (Wen
et al., 2017). In previous studies, CRa (Ueno et al., 2012), CRb
(Hatakeyama et al., 2013), Crr1a (Hatakeyama et al., 2016) and
Rcr2 have been reported to belong to the NB-TIR-LRR family
and have been considered candidate genes for several clubroot
resistance loci in B. rapa. Among the 5,750 examined rDEGs, 28
disease resistance genes (Supplementary Table 7) containing a
TIR domain showed significantly higher expression in DH40R
vs. DH199S at least in one time period; notably, most of these
genes were upregulated in DH40R vs. DH199S at 8 dai and 22
dai, while one gene (BraA01g021410.3C) was only upregulated
in DH40R vs. DH199S at 2 dai. Overall, the available results

indicate that the upregulated resistance genes in DH40R could
be induced and achieve a more robust resistance response at the
secondary infection stage than in the primary infection stage.

The Other Key Genes Involved in
Resistance to P. brassicae
In this work, the remaining eight hub genes from three modules
were obtained through WGCNA and were also considered
worthy of attention in the following analyses. ENHANCED
DISEASE RESISTANCE 1 (EDR1) encodes a CTR1-like kinase
and was previously reported to prevent the inappropriate
initiation of cell death, growth inhibition, and senescence
(Frye et al., 2001; Tang et al., 2005). The expression level of
BraA07g023520.3C(EDR1) was significantly higher in DH40R vs.
DH199S during the entire infection stage. NAC transcription
factors (TFs) play vital roles in plant development, biotic and
abiotic responses and hormone signaling, Arabidopsis ATAF1
and ATAF2 are negative regulators of defense responses against
bacterial and fungal pathogens (Delessert et al., 2005; Wang
et al., 2009). In this study, the hub gene BraA06g025120.3C
(NAC29) was upregulated in DH40R relative to DH199S
at 2, 8, 13, and 22 dai. The results demonstrated that

FIGURE 7 | A simplified schematic diagram of the components of the resistance response to clubroot at transcriptional level.
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these two hub genes may play key roles in regulating
clubroot resistance reactions at the primary and secondary
infection stages.

Fatty acid desaturation is an important part of the plant
defense reaction and LOXs encoding lipoxygenase, which
catalyze the oxygenation of fatty acids LOX4 (lipoxygenase
4) expressed in phloem-associated cells plays a key role in
controlling plant defense against nematode infection (Ozalvo
et al., 2014; Chauvin et al., 2016). The expression levels
of the hub gene BraA02g021090.3C (LOX4) at 8, 13, and
22 dai in DH40R were significantly higher than those in
DH199S. NDR1/HIN1-like (NHL) genes play crucial roles in
pathogen-induced plant responses to biotic stress (Blazquez
et al., 2016). NHL13 is required for plant immunity, as NHL13
mutant plants display enhanced disease susceptibility (Xin et al.,
2015). The expression levels of BraA03g002480.3C(NHL3) and
BraA04g019450.3 (NHL13) at 8 dai in DH40R were significantly
higher than those in DH199S. Tandem 2-oxoglutarate-dependent
dioxygenases (AOPs) control glucosinolate biosynthesis in
Arabidopsis, and glucosinolate is required for plant defense.
In our study, the expressions of BraA06g001760.3C and
BraA06g001780.3C (AOP1) at 5, 13, and 22 dai were found
to be highly upregulated in DH40R relative to DH199S. Lipid
metabolism indirectly involves or influences plant immunity,
which might affect the energy flux from pathway to pathway
or act as a physical barrier to impact the plant disease
resistance response (Li et al., 2020). The expression level
of BraA03g027950.3C(lipid transfer protein EARLI 1) was
upregulated in DH40R vs. DH199S at 5, 13, and 22 dai. The
results demonstrated that these six hub genes may play key
roles in regulating clubroot resistance reactions at the secondary
infection stage.

CONCLUSION

In this study, we analyzed cytological and transcriptome profiles
to investigate global transcriptome changes in clubroot-resistant
and clubroot-susceptible Chinese cabbage at the primary and
secondary stages of P. brassicae infection. Our results indicated
distinct complex responses to P. brassicae at different infection
stages between the different genotypes. In DH40R, the primary
and secondary infection stages started at 2 and 5 dai, respectively,
but with the extension of the infection time, cortical infection
was blocked to prevent further reproduction of P. brassicae and
disease development. Combined with transcriptome analysis,
WGCNA and network analysis were used to reveal genes
related to clubroot resistance. Specifically, genes associated with
auxin, PR proteins, disease resistance proteins, oxidative stress,
and WRKY and MYB transcription factors play important
roles in clubroot resistance. Based on the above pathways and
genes regulating clubroot resistance reactions, we proposed a
simplified schematic diagram to explore the reactions of defensive
resistance to clubroot at the transcriptional level (Figure 7). In
particular, ARF2, EDR1, LOX4, NHL3, NHL13, NAC29, AOP1,
EARLI1, and POD56 may be worthy of more attention in future
studies. In summary, our results could deepen the understanding

of the molecular basis underlying the resistance of Chinese
cabbage to clubroot.
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and Industrialization, College of Landscape Architecture and Horticulture Sciences, Southwest Forestry University, Kunming,
China, 3 Key Laboratory of Plant Functional Genomics of the Ministry of Education, Yangzhou University, Yangzhou, China,
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The plant mediator is a highly conserved protein complex that interacts with transcription
factors (TFs) and RNA polymerase II (RNAP II) to relay regulatory information during
transcription. Plant immune response is one of the biological processes that is
orchestrated by this regulatory mechanism. Brassica napus, an important oil crop, is
severely attacked by a devastating disease Sclerotinia stem rot. Here, we explored
broad-spectrum disease resistant roles of B. napus mediator subunit 16 (BnMED16)
and its host defense mechanism against fugal pathogen Sclerotinia sclerotiorum.
We found that BnMED16 expression was significantly increased by S. sclerotiorum
infection, and its homologous overexpression resulted in rapid and comprehensive
defense responses from the beginning to the end. This affected signal transduction
with multiple channels including pathogen recognition, intracellular Ca2+ concentration,
reactive oxygen species (ROS) accumulation and clearance, and activation of mitogen-
activated protein kinase (MAPK) signaling cascades initially. Subsequently, pathogen-
/defense-related genes and hormone-responsive pathways were highly activated, which
resulted in enhanced cell wall and secretion of defense proteases. Furthermore, the
biochemical analysis showed that BnMED16 interacts with BnMED25 and BnWRKY33.
Additionally, BnMED25 also interacts with TFs BnMYC2, BnCOI1, and BnEIN3 of the
JA/ET signal transduction pathway. Taken together, we proposed a hypothetical model
that BnMED16 confers S. sclerotiorum resistance by enhancing BnMED25-mediated
JA/ET defense pathways and BnWRKY33-activated defense signaling in B. napus.
The BnMED16 overexpressing lines with enhanced broad-spectrum disease resistance
could be useful for breeding Sclerotinia-resistant oilseed rape varieties, as well as serving
as basis for further strategy development in resistance breeding.

Keywords: BnMED16, BnMED25, BnWRKY33, Brassica napus, defense signaling, sclerotinia stem rot
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INTRODUCTION

Oilseed rape (Brassica napus L.) is a major oil crop in the world. It
is prone to a devastating disease sclerotinia stem rot (SSR), which
is caused by Sclerotinia sclerotiorum (Lib.) de Bary, a necrotrophic
ascomycete (Bolton et al., 2006). This fungus has a broad host
range on at least 408 known plant species of 278 genera in 75
families (Boland and Hall, 1994), causing serious crop losses
worldwide (Derbyshire and Denton-Giles, 2016). To cultivate
resistant varieties is considered to be the most economical and
effective way to control SSR, but the highly immune germplasm
resources are quite limited in B. napus and its related species. To
date, the molecular mechanism of SSR resistance, controlled by
numerous of quantitative loci, still remains elusive in rapeseed
varieties (Wu et al., 2016; Wu et al., 2019).

When plants subjected to pathogens, transcriptional
reprogramming signals were produced to shift plant normal
growth to disease resistance before basal resistance is activated,
and folds changes of the transcriptional signals would determine
the resistance to disease (Maleck et al., 2000; Katagiri, 2004;
Wu et al., 2016). In this process, the mediator complex (MED)
links TFs and RNA polymerase II (RNAP II), and helps the TFs
to target on gene promoters (Kidd et al., 2011; Moore et al.,
2011). The mediator is a conserved complex consists of four
modules, includes head, middle, tail, and cyclin dependent
kinase (CDK) (Chadick and Asturias, 2005). The head and tail
modules interact with RNAPII and specific TFs respectively, the
middle module transmits signals from tail to head, and the CDK
module usually acts as a transcriptional suppressor (Casamassimi
and Napoli, 2007; Guo et al., 2020). Since MEDs constitute the
basis of transcriptional activation or inhibition in specific signal
pathways, they are involved in various vital biology activities
includes plant growth and development, response to biotic
and abiotic stresses, and a variety of intracellular life activities
(Kidd et al., 2011).

The plant MED members were initially identified in
Arabidopsis thaliana (Bäckström et al., 2007) and subsequently
in other species (Mathur et al., 2011; Ren et al., 2020). In
Arabidopsis, the MED contains 27 conserved subunits and 6
specific subunits (Bäckström et al., 2007; Mathur et al., 2011),
many of which play pivotal roles in plant disease resistance.
For instance, Arabidopsis MED14 and MED15 mutants showed
inhibited NAD-induced PR1 expression in vitro and remarkably
reduced resistance to salicylic acid (SA)-triggered immunity
against biotrophic pathogens Pseudomonas syringae (Canet et al.,
2012; Zhang et al., 2013). The Arabidopsis MED19a were
degraded by oomycete pathogen Hyaloperonospora arabidopsidis
effector HaRxL44, and significantly reduces plants resistance
responses (Caillaud et al., 2013). AtMED8, 12, 13, 16, 21, 25, and
CDK8 have been found to regulate the disease resistance against
necrotrophic pathogens and activate the jasmonic acid/ethylene
(JA/ET) signal pathway, especially for the Atmed25 mutant, it
was susceptible to necrotrophic fungus Alternaria brassicicola
and Botrytis cinerea by significantly reduced JA/ET-mediated
immunity against necrotrophic pathogens (Dhawan et al., 2009;
Kidd et al., 2009; Zhang et al., 2012; Zhu et al., 2014; Zhai
and Li, 2019). Notably, among 14 Arabidopsis MED mutants,

med16 (sfr6) mutant was most susceptible to S. sclerotiorum,
suggests that AtMED16 is a key positive factor fight against
S. sclerotiorum (Wang et al., 2015). Besides, AtMED16 was
related to AtWRKY33 and mediated WRKY33-activated defense
signaling (Wang et al., 2015). In addition, studies have shown
that AtMED16 can interact with AtMED25 to regulate iron
homeostasis and participate in ABA response (Yang et al., 2014;
Guo et al., 2020). It has also been reported that MED16 may
be a signaling component in the gap between the transcription
coactivator NON-EXPRESSOR OF PATHOGENESIS-RELATED
GENES1 (NPR1) signaling node and the general transcription
machinery to positively regulate SA-mediated systemic acquired
resistance and JA/ET-induced defense pathways (Zhang et al.,
2012). These results have led to speculation that the plant
conservative MED16 may regulate resistance to S. sclerotiorum
by mediating signaling pathways activated by multiple TFs.
Although increasing evidence has been discovered to support
the disease resistance of MEDs in Arabidopsis, the molecular
mechanisms underlying their resistance is still in its infancy,
especially in oilseed rape.

In this study, we identified BnMED16 as a positive
central regulator of basal resistance against S. sclerotiorum
in B. napus. We demonstrated that overexpressing BnMED16
promoted the accumulation of ROS at the early stage and
maintained the balance of its accumulation and clearance at
the later stage of S. sclerotiorum infection. It also increased
the expression of pathogen-related (PR) genes, enhanced the
plant cell wall reinforcement and cell wall-mediated resistance
by lignification and pectins deposition, and induced plant
endogenous hormone synthesis and transduction. We further
discovered that BnMED16 interacted with BnMED25 and
BnWRKY33, while BnMED25 also associates with JA/ET
TFs MYC2, CORONA TINE INSENSITIVE 1 (COI1), and
ETHYLENE INSENSITIVE3 (EIN3). Taken together, our results
indicated that BnMED16 is a key regulator of both BnMED25-
mediated JA/ET defense pathways and the BnWRKY33-activated
defense signaling in B. napus.

MATERIALS AND METHODS

Generation of Transgenic B. napus
To generate BnMED16 overexpressing plants, full-length cDNA
of BnMED16 (BnaA09g20140D), an orthologous gene with the
highest homology to AtMED16 (At4g04920; Wang et al., 2015)
among the BnMED16 isoforms of B. napus, was cloned and
driven by double CaMV 35S promoter in the binary vector
pCAMIBA2301-1300 plasmid for constitutive overexpression.
The construct pCAMIBA2301-1300-D35S:BnMED16 was then
transferred into Agrobacterium tumefaciens GV3101 and was
subsequently used to transform into the susceptible B. napus
(Westar) by Agrobacterium-mediated transformation (Jonoubi
et al., 2005). Untransformed control plants and transgenic lines
were grown in growth chambers at 22± 2◦C under a photoperiod
of 16 h light/8 h dark, with a relative humidity of 60%. T0
transgenic seedlings were identified by amplifying kanamycin
gene and confirmed by qRT-PCR (Real-time quantitative reverse
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transcription polymerase chain reaction). More than three
kanamycin-resistant lines (independent transformation events)
were selected as homozygous. Phenotypic characterization and
inoculation analyses were performed using T4 homozygous
transgenic lines. The information of primers used in this study
was listed in Supplementary Table 1.

Nucleic Acid Isolation and qRT-PCR
Analysis
Total genomic DNA was extracted from fresh leaves of
wild-type (WT, Westar) and transformed plants using the
cetyltrimethylammonium bromide (CTAB) method (Arseneau
et al., 2017). Total RNA was isolated using an EastepTM

Super Total RNA Extraction Kit (Promega, Madison, WI,
United States), and the first-strand cDNA was synthesized from
1 µg of total RNA in 20 µL reactions using HiScript II Q RT
SuperMix for qPCR (Vazyme, Nanjing, China) and oligo-dT(18)-
MN primers following the manufacturer’s instructions. qRT-PCR
was performed using SYBR R© Green Realtime PCR Master Mix-
Plus (Takara, Tokyo, Japan) under the following conditions:
polymerase activation for 30 s at 95◦C, followed by 40 cycles
of 15 s at 95◦C, 15 s at 60◦C and 25 s at 72◦C. The B. napus
Actin7 (Gene ID: 106418315) gene was used as a reference for
internal control and the gene expression was normalized against
the reference gene of BnActin7. All of the primers used in these
assays are listed in Supplementary Table 1 and the assays were
carried out for three biological replicates.

Pathogen Infection
The S. sclerotiorum (Lib.) de Bary isolate SS-1 was maintained
and cultured on potato dextrose agar (PDA) medium (213400;
Becton–Dickinson) for about 36 h. The uniform agar disk with
fungal hyphae was (4 mm in diameter) placed on the detached
leaf surface of 6-week-old B. napus plants or agar disk with
fungal hyphae was (6 mm in diameter) placed on the 50 cm high
internode of live stems surface of B. napus plants at flowering
stage. One rosette leaf/stem per plant was inoculated for basal
resistance assessment and the eighth leaf of each plant was
removed for detached leaf inoculation with S. sclerotiorum in
a greenhouse. Ten biological replicates were performed for this
experiment. During inoculation, leaves were kept in a growth tray
with a transparent cover to maintain high humidity. At 0, 6, 12,
24, 36, 48, and 72 h post-inoculation (hpi), images were taken of
inoculated leaves and lesion sizes were measured using the ImageJ
1.32j software1.

RNA-Seq and Data Analysis
The fresh leaves of WT and transgenic plants were collected
before (0 hpi) and after (6 hpi) S. sclerotiorum inoculation
in vitro and the samples (three biological replications) were
subjected to RNA extraction, mRNA library construction, and
RNA sequencing (MGISEQ2000 sequencing platform, BGI Co.,
Ltd., Shenzhen, China). To identify genes corresponding to
reads from each sample library, the reads were aligned to the

1https://imagej.nih.gov/ij/

B. napus reference genome2 and the S. sclerotiorum genome3

using TopHat. Gene expression levels were estimated based on
fragments per kilobase of exon per million fragments mapped
(FPKM), which were used to draw heatmaps for the differentially
expressed genes (DEGs) identified with DEGseq based on the
criteria q-value <0.005 and | log2 (FPKM-transgenic/FPKM-
WT)| >1 between transgenic and WT lines. For gene ontology
(GO) term annotations, all B. napus genes were searched against
the National Center for Biotechnology Information (NCBI) non-
redundant (Nr) protein database using GOSeq with corrected
P-value < 0.05.

Hydrogen Peroxide Detection in
Inoculated Leaves
The accumulation of H2O2 in leaves of WT and transgenic plants
before (0 hpi) and after (6 hpi) S. sclerotiorum inoculation were
observed using 3′-3-diaminobenzidine (DAB) staining. Leaves
inoculated with S. sclerotiorum, and then the uninfected parts
around the inoculated site of the leaves were cut into the same
size and stained with DAB solution as previously described
(Wang et al., 2018). Leaves were then washed in deionized
water and treated with 95% (v/v) ethanol to remove chlorophyll.
Images were taken under a stereoscopic microscope (VT1000S,
Leica, Germany).

The fresh leaves (0.1 g) of WT and transgenic plants before
(0 hpi) and after (6 hpi) S. sclerotiorum inoculation were collected
and extraction by 80% acetone at 4◦C, then the supernatants
(hydrogen peroxide extraction) were quantitatively analyzed
by H2O2 Quantitative Assay Kit (water-compatible; Rongbai,
Shanghai, China) for the quantitative analysis of H2O2 content.

Enzyme Activity Determination of
β-1-3-Glucanase and Chitinase
The fresh leaves (0.5 g) of WT and transgenic plants before
(0 hpi) and after (6 hpi) S. sclerotiorum inoculation were collected
and extraction by phosphate buffer at 4◦C overnight, then
the supernatants were quantitatively analyzed by Plant β-1,3
glucanase ELISA Kit and Plant chitinase ELISA Kit (Rongbai,
Shanghai, China) for the enzyme activity determination of β-1-
3-glucanase and chitinase, respectively. At least three biological
replications were performed. LSD test was used for statistic
comparisons (P < 0.01).

Yeast Two-Hybrid (Point-to-Point) Assay
The full-length coding sequence of BnMED16 (BnaA09g20140D)
and BnMED25 (BnaA09g28640D) was amplified from B. napus
cDNAs and cloned into the yeast two-hybrid bait vector
pGBKT7 (with the Gal4 binding domain) and transformed
the resulting plasmid pGBKT7-BnMED16 (BnMED16-BD)
and pGBKT7-BnMED25 (BnMED25-BD) into the yeast
(Saccharomyces cerevisiae) Y2HGold strain, and then grown
on the SD-Trp plate to select positive colonies. The full-length

2http://brassicadb.org/brad/datasets/pub/BrassicaceaeGenome/Brassica_napus/
Brassica_napus.annotation_v5.gff3.gz
3http://www.broadinstitute.org/annotation/genome/sclerotinia_sclerotiorum/
MultiHome.html
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coding sequence of BnMYC2 (BnaC05g28450D), BnERF1
(BnaA01g23940D), BnORA59 (BnaC08g44670D), BnEIN3
(BnaA05g20160D), BnCOI1 (BnaA03g56600D), BnWRKY15
(BnaA04g13570D), BnWRKY75 (BnaC09g44020D), BnMED25
(BnaA09g28640D), BnMED14 (BnaAnng10600D), and
BnWRKY33 (BnaC04g06800D) was amplified from B. napus
cDNAs and cloned into the yeast two-hybrid the prey vector
pGADT7 (with the Gal4 activation domain) and transformed the
resulting plasmids into the yeast strain Y187, and then grown on
the SD-Leu plate to select positive colonies. The above two types
of positive colonies (positive colonies in Y187 and Y2HGold
strains) were co-cultured for mating in the SD-Leu-Trp liquid
medium for 22–24 h at 30◦C with 50–100 rpm. After dilution,
the co-culture suspensions were dropped (5 µL per drop) onto
the solid nutrient-deficient mediums (SD-Leu-Trp, SD-Leu-Trp-
His, and SD-Ade-His-Leu-Trp). The resulting agar plate was
incubated at 30◦C and observed for yeast growth. Alleles are
mainly selected based on the most differentially expressed genes
in RNA-seq. All of the primers used in these assays are listed in
Supplementary Table 1 and the assays were carried out for three
biological replicates.

Bimolecular Fluorescence
Complementation (BiFC) Assay
To generate the BiFC constructs, the full-length of BnMED16
(BnaA09g20140D) and BnMED25 (BnaA09g28640D) were
amplified with primer pairs BnMED16-nYFP-F/R or BnMED25-
nYFP-F/R and inserted into a linearized pS1301-35s-Myc-nYFP
vector which was digested with XbaI and KpnI using an
in-fusion enzyme to obtain the nYFP-BnMED16 and nYFP-
BnMED25. The full-length of BnMED25 (BnaA09g28640D),
BnWRKY33 (BnaC04g06800D), BnMYC2 (BnaC05g28450D),
BnCOI1 (BnaA03g56600D), and BnEIN3 (BnaA05g20160D)
were amplified with primer pairs BnMED25-cYFP-F/R,
BnMEDWRKY33-cYFP-F/R, BnMYC2-cYFP-F/R, BnCOI1-
cYFP-F/R or BnEIN3-cYFP-F/R and inserted into a linearized
pS1301-35s-HA-cYFP vector which was digested with XbaI and
KpnI using an in-fusion enzyme to obtain the cYFP-BnMED25,

cYFP-BnWRKY33, cYFP-BnMYC2, cYFP-BnCOI1, and
cYFP-BnEIN3. Then nYFP-BnMED16 and cCFP-BnMED25,
nYFP-BnMED16 and cCFP-BnWRKY33, nYFP-BnMED25
and cCFP-BnMYC2, nYFP-BnMED25 and cCFP-BnCOI1,
nYFP-BnMED25 and cCFP-BnEIN3, nYFP-MED16 and
cCFP, nYFP-MED25 and cCFP, cCFP-BnWRK33 and nYFP
company with nuclear marker (ELONGATED HYPOCOTYL 5,
AT5G11260) (Zhao et al., 2019) strain (mCherry-AtHY5,498 nm)
were co-infiltrated into the leaves of Nicotiana benthamiana via
the A. tumefaciens strain GV3101, respectively. Fluorescence
signals in leaf epidermal cells were observed using a confocal
microscope (Leica sp8). The primers used in this study are listed
in Supplementary Table 1 and the assays were performed for
three biological replicates.

RESULTS

Mediator Subunits Response to
S. sclerotiorum in B. napus
Previously, studies have shown that Arabidopsis mediator
subunits MED14, MED15, MED16, and MED19a showed
resistance against biotrophic and hemibiotrophic pathogens
(Canet et al., 2012; Zhang et al., 2012; Caillaud et al.,
2013), whereas MED8, MED12, MED13, MED14, MED16,
MED21, MED25, and CDK8 exhibited resistance to necrotrophic
pathogens (Dhawan et al., 2009; Kidd et al., 2009; Zhang
et al., 2012; Zhu et al., 2014; Wang et al., 2015). We thus
speculated that some certain BnMEDs confer the resistance to
S. sclerotiorum in B. napus. To screen out MEDs involved in
regulating the SSR defense response in B. napus, we analyzed
the expression pattern of BnMEDs, each gene with the highest
homology to the corresponding Arabidopsis AtMEDs, in response
to S. sclerotiorum at time points after inoculation of B. napus
WT leaves (Figure 1). Interestingly, we found the transcript
levels of BnMED16 were significantly increased at 12 and
24 h post-inoculation (hpi) with S. sclerotiorum by five and
twofold compared to that of 0 hpi (Figure 1A), whereas the

FIGURE 1 | Expression pattern of mediator subunits in Brassica napus leaves with the treatment of Sclerotinia sclerotiorum at different time points after inoculation.
RT-QPCR analyses of MED16 (BnaA09g20140D) (A), MED14 (BnaAnng10600D) (B), MED25 (BnaA09g28640D) (C), MED8 (BnaA09g53670D) (D), MED21
(BnaA09g20250D) (E), and MED19a (BnaC09g44480D) (F) in leaves at seedling stage of wild-type (WT, Westar) inoculated with S. sclerotiorum. BnACTIN7 was
used as the internal control; data are means ± SD of three biological replicates; hpi, hours post-inoculation.
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FIGURE 2 | Overexpression of BnMED16 conferred resistance to S. sclerotiorum in transgenic rapeseed plants. (A) T4 homozygous BnMED16(OE) lines and WT
inoculated with 6 mm diameter agar plugs of S. sclerotiorum hyphae at 22◦C. Images were taken at 0, 6, 12, 24, 36, 48, and 72 hpi. BnMED16(OE) was the
transgenic plants that overexpressed BnMED16 genes in B. napus. Bars, 1 cm. (B) Lesion areas in BnMED16(OE) and WT leaves at different time points after
inoculation as shown in (A). (C) Expression pattern of BnMED16 in BnMED16(OE) and WT leaves at different time points after inoculation as shown in (A). Data are
means (±SD) of three biological replicates. (D) Images of BnMED16(OE) and WT stem inoculated with S. sclerotiorum after 5 days. dpi, days post-inoculation. Bars,
10 cm. (E) Lesion lengths in BnMED16(OE) and WT stem after inoculation as shown in (D). (F) Expression pattern of BnPDF1.2 (BnaC02g23620D), BnPR1
(BnaC01g04530D), BnPR2 (BnaA01g17540D), and BnPR3 (BnaA05g26640D) in BnMED16(OE) and WT leaves at different time points after inoculation as shown in
(A). BnActin7 was used as the internal control. The data are the mean ± SD of three independent biological replicates; n ≥ 10 leaves (B) and n = 10 stems (E) were
measured in each replicate and the asterisks denote statistical significance at P < 0.01 (**) or P < 0.05 (*) between the WT and BnMED16(OE) lines at each time
point by Student’s t-tests. Percentage changes relative to the WT are indicated.

expression level of BnMED14 at 12 hpi was only comparable
to that of 0 hpi (Figure 1B). However, the transcript levels
of other mediator genes such as BnMED25 (Figure 1C),
BnMED8 (Figure 1D), BnMED21 (Figure 1E), and BnMED19a
(Figure 1F) at all time points were remarkably lower than that
of 0 hpi. It has been shown that AtMED16, the Abrabidopsis
ortholog of BnMED16 mediates basal resistance to S. sclerotiorum
and mutants of AtMED16 were notably more susceptible to
S. sclerotiorum than mutants of 13 other mediator subunits
in Arabidopsis (Wang et al., 2015). We thus speculate that
BnMED16 (BnaA09g20140D) is a key positive regulator factor
against S. sclerotiorum in B. napus.

Overexpression of BnMED16 Enhanced
Resistance to S. sclerotiorum in B. napus
To verify the resistance effects of BnMED16 on S. sclerotiorum,
we generated a BnMED16 constitutively overexpressing line in
a susceptible B. napus background (WT; Westar). qRT-PCR
analysis of T0 independent transgenic lines revealed that the
transcript levels of BnMED16 were significantly increased in
line 1 (1#), followed by line 18 (18#), line 3 (3#), line 10
(10#), line 22 (22#), and line 19 (19#) compared to the WT
(Supplementary Figure 1), subsequently the transgenic lines (1#,
18#, and 3#) were selected and propagated to homozygous states
individually. We found that there was no significantly difference
in plant seedling growth between homozygous transgenic lines

and WT (Supplementary Figure 2). To test the resistance to
S. sclerotiorum, detached leaves of T4 seedlings were inoculated,
pictures or samples were taken, and samples were harvested
at 0, 6, 12, 24, 36, 48, and 72 hpi time points (Figure 2A).
As compared to the WT, the BnMED16 overexpressing lines
[BnMED16(OE)] were obviously more resistant to infection
at 12 hpi, which showed a significant reduction in lesion
size (Figure 2B). Then, we analyzed the expression pattern of
BnMED16 in BnMED16(OE) and WT seedling leaves at time
points. The result showed that the transcript level of BnMED16
gene was remarkably increased at all time points compared to
inoculated untransformed control leaves with two distinct peaks
at 6 and 48 hpi (P < 0.01; Figure 2C), suggesting that BnMED16
expression pattern was positively related to the plant resistance
to S. sclerotiorum and the response to SSR was faster and
stronger in transgenic lines. At the flowering stage, the primary
stems of BnMED16(OE) lines and WT were inoculated with
isolated S. sclerotiorum using hyphal agar plugs. After 5 days, all
transgenic individuals showed smaller lesions compared to WT
(Figures 2D,E), consistent with the results of leaves inoculated
in vitro (Figures 2A,B). Together, these data indicate that
overexpressing BnMED16 enhanced rapeseed resistance of SSR
both at the seedling and flowering stages under controlled disease
stress conditions.

To further evaluate the effect of BnMED16 on basal
defense genes, we analyzed the expression patterns of PLANT
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DEFENSIN1.2 (BnPDF1.2), BnPR1, β-1-3-glucanase (BnPR2) and
chitinase (BnPR3) genes in BnMED16(OE) and WT seedling
leaves with time course. The results displayed that the transcript
level of BnPDF1.2 gene dramatically increased at all time points
in BnMED16(OE) leaves compared to WT with a distinct peak
at 24 hpi, whereas BnPR1, BnPR2, and BnPR3 genes were much
higher expressed in BnMED16(OE) leaves than that of WT after
6 hpi (P < 0.01; Figure 2F). Furthermore, the enzyme activities of
β-1-3-glucanase and chitinase in WT and BnMED16 (OE) leaves
at 0 and 6 hpi were analyzed, the results were also consistent with
the transcriptional analysis (Supplementary Figure 3). These
results suggesting that the increased expression of BnMED16
enhances the plant basal defense genes level, thus improving the
resistance of SSR in B. napus.

Overexpression of BnMED16 Activates
Basal Resistance Against S. sclerotiorum
Since the mediator complex plays an important role in
transcriptome reprogramming process to initiate the
transcription of defense-related genes (Kidd et al., 2011;
Moore et al., 2011), and our data showed that BnMED16
overexpressing plants responded to SSR resistance faster and
stronger (Figure 2), we speculate that constitutive expression

of BnMED16 might promote the activation of numerous
defense-related genes at the early stage of S. sclerotiorum
infection. To investigate how overexpression of BnMED16
influences transcriptome after infection, we performed RNA-seq
of 6 hpi (the early stage of S. sclerotiorum infection) WT and
BnMED16(OE) seedling leaves (Supplementary Figure 4). We
obtained 14182 differentially expressed genes (DEGs) in total
(Supplementary Figure 4A), and they were analyzed through
KEGG pathway classifications and gene ontology (GO) term
annotations (Supplementary Figures 4B,C) to elucidate the
possible resistance pathways. As a result, a large number of
DEGs were found related to plant immunity. Mediator subunits
MED25, MED28, MED10, and MED7 including MED16 were
highly expressed in BnMED16(OE) lines (Figure 3A and
Supplementary Dataset 1); as an early event of the innate
immune system, Ca2+-mediated signal transduction related
genes, CDPK-related kinase 6 (CDPK6), calmodulin (CAM) and
calcium-binding (CML) genes, were all significantly increased
(Figure 3B and Supplementary Dataset 1); meanwhile the ROS
related genes like H2O2 synthetases (FSD1, FSD2, FSD3, MSD1,
and CSD1), catalase (CAT3) and peroxidases (PRX34, PER54,
PER21, APX1, GPX7, and GPX8) were also induced in BnMED16
transgenic plants (Figure 3C and Supplementary Dataset 1);
others like mitogen-activated protein (MAP) kinases pathway

FIGURE 3 | Differentially expressed genes (DEGs) between B. napus transgenic and WT lines in response to S. sclerotiorum infection. Heatmap of DEGs related to
S. sclerotiorum infection B. napus seedling leaves of mediator genes (A), Ca2+-mediated signal transduction related genes (B), ROS related genes (C), plant cell
wall-related genes (D), and JA/ET synthesis and signal pathway regulated genes (E). DEGs were considered statistically significant if q-value < 0.005 and | log2-fold
change| > 1. The log2-fold change is indicated according to the scale bar. The color from cyan to magenta represents the DEGs from down-regulated to
up-regulated. The intensity of the color indicates the multiple of change for DEGs, with a darker color meaning higher fold change. The common up-regulated DEGs
are highlighted by red boxes. Details of the genes are given in Supplementary Dataset 1.
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(Supplementary Figure 5C and Supplementary Dataset 1)
and receptor-like protein kinases (RLKs) genes (Supplementary
Figure 5D and Supplementary Dataset 1) were also greatly
affected by the enhanced expression of BnMED16.

Subsequently, genes related to response event of the immune
system were also discovered to be differentially expressed
in MED16 constitutive overexpression lines. In the plant
cell wall reconstruction pathway, the prominent enhanced
expression occurs in the majority of lignin synthesis genes
(C4H, CCoAOMT, CCR1, CAD5, CAD2, CAD6, CAD1, CAD7,
CAD8, COMT1, FAH1, and PMT5), and pectin synthesis or
modification genes (GAUT7, GAUT15, PME3, PME17, PME52,
PME10, PME53, PME34, PME16, PME35, PME51, and PGIP1).
Meanwhile, the expression of oligogalacturonides (OGs) receptor
wall-associated kinase (WAK) family genes, a kind of PRRs
connects immune responses to necrotrophic pathogens by
inducing cell wall-mediated resistance (Li et al., 2009; Brutus
et al., 2010), were significantly up-regulated or down-regulated
(Figure 3D and Supplementary Dataset 1). Besides, the
genes with significantly improved expression levels in the
BnMED16(OE) line also include the JA biosynthesis genes
(LOX2, AOC4, and OPR4), ET biosynthesis genes (MTO3,
MAT3, ACO1, and ACO2), JA/ET signaling genes (MYC4,
ORA59, PDF1.2a, PDF1.2c, PDF1.3, PR3, PR4, EIN3, TIFY8,
TIFY108, JAZ9, JAZ10, and COI1), and SA signaling genes
(TGA1 and PR1). This indicates that JA/ET synthesis and
signal pathway regulated genes dominate SSR resistance in
B. napus (Figure 3E and Supplementary Dataset 1). We also
found that almost all camalexin synthesis genes like Glutathione
transferases (GST), cytochrome P450 (CYP79B2, CYP71A13,
CYP71B7, and CYP71B28) and PHYTOALEXIN DEFICIENT 4
(PAD4) were induced dramatically (Supplementary Figure 5B
and Supplementary Dataset 1). To validate the data obtained
from the RNA-seq, we analyzed the expression patterns of
nine genes (MED25, JAZ1, MYC2, COI1, EIN3, ORA59, ERF1,
CYP71B7, and PGIP1) in BnMED16(OE) and WT seedling leaves
at 0, 6, 12, 24, 36, 48, and 72 hpi. The results showed that
the expression levels of these genes were basically consistent
with that of RNA-seq at 6 hpi, and expression levels of these
genes were significantly boosted during S. sclerotiorum infection
(Supplementary Figure 6). Taken together, these data suggest
the BnMED16 was a key factor of basal resistance against the
necrotrophic fungal pathogen S. sclerotiorum.

BnMED16 Effectively Regulate the
Balance Between Production and
Scavenging of ROS With S. sclerotiorum
Infection
Reactive oxygen species, a second messenger, regulates the
innate plant immune system to enhance defense against
disease by uncertain mechanisms (Foyer and Noctor, 2011;
Baxter et al., 2014).

Our RNA-seq data revealed that numerous ROS related genes
were differently expressed in BnMED16(OE) and WT plants
after S. sclerotiorum inoculation (Figure 3C). We thus studied
the effects of BnMED16 overexpression on the accumulation of

ROS during the whole infection process. The BnMED16(OE)
seedling leaves inoculated with S. sclerotiorum after 6 h were
more strongly stained by diaminobenzene (DAB; mainly staining
for H2O2-derived production) than that of WT (Figure 4A),
and the quantitative analysis of H2O2 content showed the
similar results as DAB staining (Figure 4B), indicated that H2O2
accumulation in BnMED16-overexpressing leaves was strongly
induced at the early stage of infection. Interestingly, we found
that H2O2 synthetases genes such as BnCSD1 and BnFSD2
increased significantly at 6, 24, and 48 hpi in BnMED16(OE),
the expression pattern exhibited a wavy rise or decline with
a highest peak at 48 hpi; whereas the expression of catalytic
genes like BnCAT2 and BnCAT3, involved in the degradation
of H2O2, was much lower expressed in BnMED16(OE) leaves
at 0, 6, 12, and 24 hpi, and they increased dramatically after
36 hpi with a peak at 48 hpi. After S. sclerotiorum inoculation,
the expression of peroxidases such as BnPER21 and BnPRX34
also increased notably with a similar expression pattern in both
the transgenic and WT plants, but more significantly in the
BnMED16 transgenic plants with the peak at 36 or 48 hpi. For
more intricacy cases of other peroxidases, such as BnGPX7 and
BnAPX1, were still highly expressed in BnMED16(OE) lines
with a peak at 48 hpi (Figure 4C). Taken together, these results
indicated that overexpression of BnMED16 could enhance the
SSR resistance in B. napus by promoted faster ROS accumulation
at early stage, and controlled ROS content in plants more
effectively at late stage when subjected to S. sclerotiorum.

BnMED16 Is Physically Associated With
BnMED25
To elucidate the molecular mechanism of BnMED16 for disease
resistance, we explored its interacting proteins. Firstly, we
subcloned the coding regions of BnMED16 into the yeast
two-hybrid bait vector pGBKT7 (with the Gal4 binding
domain) and transformed the resulting plasmid pGBKT7-
BnMED16 (BnMED16-BD) into the yeast (S. cerevisiae)
Y2HGold yeast strain. Meanwhile, we selected candidate
proteins (BnMYC2, BnERF1, BnORA59, BnEIN3, BnCOI1,
BnWRKY15, BnWRKY75, BnMED25, and BnMED14) based
on previous reports and the RNA-seq results (Figure 3 and
Supplementary Figures 4, 5) and qRT-PCR (Figures 2F, 3C and
Supplementary Figure 6), subsequently subcloned their coding
regions into the yeast two-hybrid the prey vector pGADT7
(with the Gal4 activation domain) and transformed the resulting
plasmids into the yeast strain Y187. To confirm the interaction,
Yeast two-hybrid (point-to-point) assay was performed between
BnMED16-BD and the candidate proteins fused with the
Gal4 activation domain. It revealed that only BnMED25 could
interacted with BnMED16 among the candidate proteins
(Figure 5A). In biomolecular fluorescence complementation
(BiFC) assays, we found the co-transformation of MED16-nYFP
and MED25-cYFP which produced a strong YFP signal in the
nuclei of tobacco leaves (Figure 5C).

Since it has been reported that AtMED25 plays a role
in JA/ET signaling by interacting with MYC2, COI1, and
EIN3 in Arabidopsis (Çevik et al., 2012; Yang et al., 2014;
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FIGURE 4 | H2O2 accumulation and the expression levels of ROS-associated genes in response to S. sclerotiorum inoculation in BnMED16(OE) and WT of
rapeseed. (A) Detection of H2O2 accumulation by DAB staining in B. napus leaves at the seedling stage after S. sclerotiorum inoculation. The images show leaves at
6 hpi with either mock solution of S. sclerotiorum (S). Three biological replicates were used in this experiment; n ≥ 10 leaves were measured in each replicate. Bars,
0.5 mm (the first column) and 0.1 mm (the second column). (B) Determination of H2O2 content of seedling leaves after inoculation as shown in (A). The data are the
mean ± SD of three independent biological replicates. Least-significant difference (LSD) tests were used for multiple comparisons. Different letters above bars
indicate that the means differ according to ANOVA and LSD tests (P < 0.01). (C) Expression pattern of BnCSD1 (BnaA06g05150D), BnFSD2 (BnaA03g13310D),
BnCAT2 (BnaA03g53180D), BnCAT3 (BnaA08g21730D), BnPER21 (BnaC03g20530D), BnPRX34 (BnaA01g20660D), BnGPX7 (BnaA03g51760D), and BnAPX1
(BnaA09g49190D) in BnMED16(OE) and WT seedling leaves at different time points after inoculation with S. sclerotiorum. BnActin7 was used as the internal control;
Data are means ± SD of three biological replicates and the asterisks denote statistical significance at P < 0.01 (**) or P < 0.05 (*) between the WT and
BnMED16(OE) lines at each time point by Student’s t-tests.

An et al., 2017), we further investigated the interactions
between BnMED25 and JA/ET signal related proteins. We
observed that BnMED25 interacted with BnMYC2, BnCOI1, and
BnEIN3 in yeast (Figure 5B) and nucleus of N. benthamiana
leaves, respectively (Figure 5C). Taken together, these results
suggested that BnMED16 may indirectly regulate JA/ET signal
pathway by physically associated with BnMED25 to confer the
S. sclerotiorum resistance.

BnMED16 Is Physically Associated With
BnWRKY33
Previous work has proven the AtWRKY33 could mediate
resistance against the necrotrophic fungal pathogens in
Arabidopsis (Zheng et al., 2006; Wang et al., 2015; Zhou
et al., 2020) and BnWRKY33 may confer the response to
S. sclerotiorum by enhancing the expression of genes involved in
camalexin synthesis in B napus (Ren et al., 2008; Liu et al., 2018).
Moreover, AtMED16 was found to interact with AtWRKY33
to mediated WRKY33-activated defense signaling (Wang
et al., 2015). Here, we detected that the majority of DEGs
involving the camalexin synthesis pathway were dramatically
induced in BnMED16 overexpressing lines (Supplementary
Figure 5B). Therefore, we suspected that BnWRKY33-mediated
SSR resistance might depend depends on BnMED16. To test this,
we investigated the expression patterns of BnWRKY33 genes in

BnMED16(OE) and WT seedling leaves at 0, 6, 12, 24, 36, 48,
and 72 hpi and found that its transcript level was much higher
in BnMED16(OE) leaves after 6 hpi (Figure 6A), indicating that
overexpression of BnMED16 could also promote the expression
level of BnWRKY33. We then confirmed the interaction between
BnMED16 and BnWRKY33 by Yeast two-hybrid (point-to-
point) assay in yeast (Figure 6B) and BiFC assay in the nucleus
of N. benthamiana leaves (Figure 6C), while BnMED25 and
BnWRKY33 did not interact with each other (Figure 6B).
Overall, it is likely that BnWRKY33-mediated resistance against
S. sclerotiorum depends on BnMED16.

DISCUSSION

BnMED16 Is a Downstream Signaling
Component of Basal Resistance Against
S. sclerotiorum in B. napus
The mechanism of plant defense against the broad-host-
range necrotrophy is very complex, and the dominant form
responses to pathogens is quantitative resistance (Mengiste,
2012; Wu et al., 2019). A complex defense mechanism is
activated when infected by pathogens in plants. Recognition of
pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs) triggers the plant
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FIGURE 5 | Physical association between B. napus mediator and JA/ET-regulated proteins. (A) Yeast two-hybrid assays showing the interaction between BnMED16
and BnMED25. (B) Yeast two-hybrid assays showing the interaction between BnMED25 and BnMYC2, BnMED25 and BnCOI1, BnMED25, and BnEIN3.
Transformed yeast cells were grown on SD media, and the colonies on TDO and QDO media indicate positive interactions. The positive control was
pGADT7-RecT + pGBKT7-53 and the negative control was pGADT7-RecT + pGBKT7-lam. DDO, SD-Trp-Leu media; TDO, SD-Trp-Leu-His; QDO,
SD-Trp-Leu-His-Ade; BnMED25-AD, pGADT7-BnMED25; BnMYC2-AD, pGADT7-BnMYC2; BnCOI1-AD, pGADT7-BnCOI1; BnEIN3-AD, pGADT7-BnEIN3;
BnMED16-BD and BnMED25-BD, pGBKT7-BnMED16 and pGBKT7-BnMED25. (C) BiFC assay showing that the interaction between nYFP-BnMED16 and
cYFP-BnMED25, nYFP-BnMED25, and cYFP-BnMYC2, nYFP-BnMED25 and cYFP-BnCOI1, nYFP-BnMED25 and cYFP-BnEIN3 formed a functional YFP in the
nucleus. mCherrey served as a nucleus marker. Merge = merging of YFP and mCherrey. The interactions between nYFP-BnMED16 and cYFP, nYFP-BnMED25 and
cYFP were used as negative controls for the BiFC assay. Bars, 50 µm. All the experiments were repeated at least three times with similar results.

immune response (PTI/DTI) and results in down-stream
immune response syndrome (Mengiste, 2012; Bacete et al., 2018).
It includes synthesis of reactive oxygen species (ROS), increases
of intracellular calcium (Ca2+) concentration (Baxter et al., 2014;
Seybold et al., 2014), secretion of defense proteins (Stotz et al.,
2011), reinforcement of cell wall via polysaccharide deposition
and lignification, and changes of plant endogenous hormone
synthesis and transduction, and so on (Peltier et al., 2009; Robert-
Seilaniantz et al., 2011; Chowdhury et al., 2014). Numerous
studies have shown that PTI is the main source of quantitative
resistance of rapeseed to S. sclerotiorum (Kou and Wang, 2010;
Lai and Mengiste, 2013).

The plant mediator is a multi-subunit complex, which acts
as a transcription cofactor and participates in plant disease
resistance (Bäckström et al., 2007; Dhawan et al., 2009; Kidd
et al., 2009; Mathur et al., 2011; Canet et al., 2012; Zhang
et al., 2012, 2013; Caillaud et al., 2013; Zhu et al., 2014;
Wang et al., 2015; Zhai and Li, 2019; Ren et al., 2020).
The majority function analysis of plant mediators has been
performed in Arabidopsis, but little is known about their roles
and molecular mechanism in oil rapeseed. Our study revealed
that the Ca2+ signal pathway, ROS and MAP kinases pathway
related genes as well as RLKs and WAK genes were differentially
expressed in BnMED16 overexpressing lines at early stage of
S. sclerotiorum infection (Figure 3, Supplementary Figure 5, and
Supplementary Dataset 1), indicating the typical early reactions

of PTI/DTI were enhanced in BnMED16 overexpression plants,
such as increased expression of membrane receptors of P/DAMP,
an increase in intracellular Ca2+ concentrations, a burst of ROS,
activation of MAP signaling cascade, etc. Our results also proved
that overexpression of BnMED16 gave the plants enormous
power to activate various “soldiers” to limit further infection
of S. sclerotiorum, enhancing the lignification of the plant cell
wall to reinforce the resistance barrier (Figure 3), it includes
improving the antimicrobial enzyme activities of β-1-3-glucanase
and chitinase to degrade the cell wall of S. sclerotiorum to kill
the pathogens (Supplementary Figure 3), and promoting the
synthesize of PGIPs to inhibit the degradation of the plant cell
wall by polygalacturonase secreted by S. sclerotiorum (Figure 3
and Supplementary Figure 6). All the reactions occurred in final
stage of PTI (Williams et al., 2011), we therefore speculate that
BnMED16 is a downstream signaling component and does not
depend on PTI. However, it may augment PTI responses.

Although the roles of ROS in plants appeared to be more
complex with S. sclerotiorum infection, it remains interesting to
investigate how ROS affect plant disease resistance in BnMED16
transgenic plants in the future. Also, it is worth studying
the changes of plant cell wall composition before and after
S. sclerotiorum inoculation, thus to figure out whether the
resistance depend on DTI or not in B. napus. More importantly,
previous studies on the MED family mainly focuses on the
gene function analysis by using mutants in Arabidopsis, our
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FIGURE 6 | Physical association between BnMED16 and BnWRKY33. (A) Expression pattern of BnWRKY33 (BnaC04g06800D) in BnMED16(OE) and WT seedling
leaves at different time points after inoculation with S. sclerotiorum. BnActin7 was used as the internal control; Data are means ± SD of three biological replicates
and the asterisks denote statistical significance at P < 0.01 (**) or P < 0.05 (*) between the WT and BnMED16(OE) lines at each time point by Student’s t-tests.
(B) Yeast two-hybrid assays showing the interaction between BnWRKY33 and BnMED16. Transformed yeast cells were grown on SD media, and the colonies on
TDO and QDO media indicate positive interactions. The positive control was pGADT7-RecT + pGBKT7-53 and the negative control was
pGADT7-RecT + pGBKT7-lam. DDO, SD-Trp-Leu media; TDO, SD-Trp-Leu-His; QDO, SD-Trp-Leu-His-Ade; BnWRKY33-AD, pGADT7-BnWRKY33; BnMED16-BD
and BnMED25-BD, pGBKT7-BnMED16 and pGBKT7-BnMED25. (C) BiFC assay showing that the interaction between nYFP-BnMED16 and cYFP-BnWRKY33
formed a functional YFP in the nucleus. mCherrey served as a nucleus marker. Merge = merging of YFP and mCherrey. The interactions between nYFP and
cYFP-BnWRKY33 were used as negative controls for the BiFC assay. The other two negative controls were shown in Figure 5C as they did at the same time. Bars,
50 µm. All the experiments were repeated at least three times with similar results.

study adopted the strategy of constitutively overexpressing
BnMED16 driving by double CaMV 35S promoter in B. napus
to further explore whether its function of disease resistance is
conserved or not in crop. Here, our results showed that increased
expression of BnMED16 enhanced B. napus field resistance
to SSR (Figures 2D,E) without negative impact on plant
growth (Supplementary Figure 2), which provides high resistant
resources for SSR and benefit for breeding and cultivating of
Sclerotinia-resistant rape varieties.

BnMED16 Confers S. sclerotiorum
Resistance by Enhancing
BnMED25-Mediated JA/ET Defense
Pathways
The tail module of the MED subunits could interact
with specific TFs to regulate different biological processes

(Chadick and Asturias, 2005; Casamassimi and Napoli, 2007;
Tsai et al., 2014; Yang et al., 2016). Although topological positions
of most mediators are still unclear, studies have indicated that
the AtMED16 and AtMED25 located in the tail module since
they could interact with many TFs in Arabidopsis (Zhu et al.,
2011; Çevik et al., 2012; Yang et al., 2014; Wang et al., 2015,
2019; An et al., 2017; Guo et al., 2020). Here, it is worth noting
that the expression of BnMED25 was unchangeable in WT
(Figure 1), but significantly induced by the enhanced transcript
level of BnMED16 upon S. sclerotiorum infection (Figure 3
and Supplementary Figure 6). We additionally confirmed
that BnMED16 directly interacts with BnMED25 (Figure 5),
which is consistent with previous studies in Arabidopsis that
AtMED16 regulates iron homeostasis through AtMED25 (Yang
et al., 2014) and AtMED16 could associate with AtMED25 to
participate in the ABA response (Guo et al., 2020). Although it
remains unclear how BnMED16 induced BnMED25, it is possible
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that increase of BnMED16 subunits change the conformation
of the mediator complex so that the tail subunits including
BnMED16 and BnMED25 are exposed to recruit proteins
involved in the resistance to SSR, or perhaps that BnMED16
recruits certain specific factors, which are required for the
activation of BnMED25.

It is well known that JA/ET has a synergistic effect
against necrotrophic fungal pathogens (Kunkel and
Brooks, 2002; Glazebrook, 2005). They cooperate to induce
the pathogen-defense gene PDF1.2, which regulated by

APETALA2/ETHYLENE-RESPONSIVE FACTORs (AP2/ERFs)
domain TFs, OCTADECANOID-RESPONSIVE ARABIDOPSIS
ETHYLENE/ETHYLENE-RESPONSIVE FACTOR59 (ORA59)
and ERF1 (Pré et al., 2008). Noteworthy, genes encoding
the AP2/ERF factors are controlled by two TFs, EIN3 and
ETHYLENE INSENSITIVE3-LIKE1 (EIL1) and these two TFs
not only regulates ET response but also corporates in the signal
center of JA/ET (An et al., 2010; Zhu et al., 2011). Meanwhile,
numerous studies proved that AtMED25 plays crucial roles in
the JA/ET signaling pathway in Arabidopsis by interacting with

FIGURE 7 | Schematic model illustrating the proposed role of BnMED16 confers S. sclerotiorum resistance through increased activation of defense mechanisms in
B. napus. BnMED16 positively regulates plant defense against S. sclerotiorum probably via BnMED25-mediated JA/ET defense pathways and BnWRKY33-activated
defense signaling. Overexpression of BnMED16 results in the enhanced basal immunity in B. napus by promoting the accumulation and clearance of ROS upon
S. sclerotiorum infection, increasing the expression of PR and phytoalexins genes, enhancing the cell wall reinforcement and cell wall-mediated resistance by
lignification and pectins deposition, and inducing plant camalexin synthesis, and so on. CWDEs, cell wall-degrading enzymes; DAMPs, damage-associated
molecular patterns; PAMPs, pathogen-associated molecular patterns; PRR, pattern recognition receptors; ROS, reactive oxygen species; MAPs, mitogen-activated
proteins; MAPKKKs, MAP-kinase-kinase kinases; MKKs, MAP-kinase kinases; OGs, oligogalacturonides.

Frontiers in Plant Science | www.frontiersin.org 11 August 2021 | Volume 12 | Article 66353673

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-663536 August 16, 2021 Time: 13:17 # 12

Hu et al. BnMED16 Confers Sclerotinia sclerotiorum Resistance

some key TFs like AtMYC2, AtJAZ1, AtCOI1, AtEIN3/AtEIL1,
AtORA59, and AtERF1 (Çevik et al., 2012; Yang et al., 2014; An
et al., 2017). We thus further analyzed the correlation between
the two tail subunits (BnMED16 and BnMED25) and the JA/ET
signal pathway associated TFs. Interestingly, BnMED25 but not
BnMED16 interacts with JA/ET defense pathways-associated
TFs BnMYC2, BnCOI1, and BnEIN3 (Figure 5). Considered
previous reports have been proven JA/ET has a synergistic
effect against necrotrophic fungal pathogens (Kunkel and
Brooks, 2002; Glazebrook, 2005), and our data showed the
majority genes involved in JA/ET synthesis and transduction
pathway rather than that in SA were notably induced by the
overexpression of BnMED16 (Figure 3 and Supplementary
Figure 6). Thus, it is reasonable to assume that BnMED16
confers S. sclerotiorum resistance by enhancing BnMED25-
mediated JA/ET defense pathways. Indeed, it is worth further
study how BnMED16 associates with BnMED25 to participate
in the B. napus SSR resistance. Perhaps BnMED16 or BnMED25
knock-out lines would be more useful, but it is difficult to
obtain the homozygous and this part of the experiment is
still in progress.

BnMED16 Confers S. sclerotiorum
Resistance by Mediating
BnWRKY33-Activated Defense Signaling
The phytoalexin camalexin plays an important role in plant
responses to a variety of pathogens (Ren et al., 2008; Stotz
et al., 2011; Wang et al., 2015; Liu et al., 2018; Zhou et al.,
2020). It has been well characterized that the WRKY33
plays a pivotal role by probably binding to the promoters of
CYP71A13 and PAD3 in vivo (Zheng et al., 2006). Additionally,
WRKY33 functions as the substrate of both pathogen-responsive
CALCIUM-DEPENDENT PROTEIN KINASE5/6 (CPK5/CPK6)
and MPK3/MPK6, which cooperatively regulate camalexin
biosynthesis by differentially phosphorylating of WRKY33
in Arabidopsis (Ren et al., 2008; Zhou et al., 2020). Here,
the elevated expression of BnWRKY33 was detected in
BnMED16 overexpressing lines and the interaction between
BnWRKY33 and BnMED16 was observed in yeast and nucleus
of N. benthamiana leaves (Figure 6). Moreover, a group of
camalexin synthesis related genes like BnCPK6, BnMPK6,
GSTs, CYP79B2, CYP71A13, CYP71B7, CYP71B28, and PAD4
were differentially expressed in BnMED16 overexpressing lines
(Figure 3 and Supplementary Figure 5B). A recent study
indicated that BnWRKY33 can also affect the expression of
genes regulated by SA and JA (Liu et al., 2018). Therefore, the
resistance-inducing properties of BnWRKY33 may include
both the synthesis of camalexin and the activation of JA or SA
signal pathways. Given these findings, it may be concluded that
BnMED16 confers S. sclerotiorum resistance also by inducing
BnWRKY33-activated defense signaling.

CONCLUSION

We propose a hypothetical model for BnMED16-conferred
resistance to S. sclerotiorum in B. napus (Figure 7). BnMED16

functions as a key component of basal resistance against
S. sclerotiorum, which possibly affects the recognition of
P/DAMP, the concentrations of intracellular Ca2+, a burst
of ROS, the activation of MAP signaling cascade and
RLKs, the lignification of the plant cell, the synthesis of
phytoalexin camalexin, and so on. The most likely mechanism
is that BnMED16 positively regulates plant defense against
S. sclerotiorum via BnMED25-mediated JA/ET defense pathways
and BnWRKY33-activated defense signaling.
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Overexpression of Cinnamoyl-CoA 
Reductase 2 in Brassica napus 
Increases Resistance to Sclerotinia 
sclerotiorum by Affecting Lignin 
Biosynthesis
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Sclerotinia sclerotiorum causes severe yield and economic losses for many crop and 
vegetable species, especially Brassica napus. To date, no immune B. napus germplasm 
has been identified, giving rise to a major challenge in the breeding of Sclerotinia resistance. 
In the present study, we found that, compared with a Sclerotinia-susceptible line (J902), 
a Sclerotinia-resistant line (J964) exhibited better xylem development and a higher lignin 
content in the stems, which may limit the invasion and spread of S. sclerotiorum during 
the early infection period. In addition, genes involved in lignin biosynthesis were induced 
under S. sclerotiorum infection in both lines, indicating that lignin was deposited proactively 
in infected tissues. We then overexpressed BnaC.CCR2.b, which encodes the first rate-
limiting enzyme (cinnamoyl-CoA reductase) that catalyzes the reaction of lignin-specific 
pathways, and found that overexpression of BnaC.CCR2.b increased the lignin content 
in the stems of B. napus by 2.28–2.76% under normal growth conditions. We further 
evaluated the Sclerotinia resistance of BnaC.CCR2.b overexpression lines at the flower-
termination stage and found that the disease lesions on the stems of plants in the T2 and 
T3 generations decreased by 12.2–33.7% and 32.5–37.3% compared to non-transgenic 
control plants, respectively, at 7 days post-inoculation (dpi). The above results indicate 
that overexpression of BnaC.CCR2.b leads to an increase in lignin content in the stems, 
which subsequently leads to increased resistance to S. sclerotiorum. Our findings 
demonstrate that increasing the lignin content in the stems of B. napus is an important 
strategy for controlling Sclerotinia.

Keywords: Brassica napus, Sclerotinia sclerotiorum, cinnamoyl-CoA reductase, lignin, resistance
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INTRODUCTION

Sclerotinia sclerotiorum is a necrotrophic phytopathogenic fungus 
that obtains nutrients from plants by killing host cells and 
destroying host tissue, causing significant yield losses and 
economic damage to many crop and vegetable plants, especially 
Brassica crops (Seifbarghi et  al., 2017; Li et  al., 2018). Oilseed 
rape (Brassica napus) is one of the most important oil crop 
species, and its leaves, stems, and pods become severely rotted 
following infection with S. sclerotiorum, resulting in 10–20% 
yield losses every year in China. In addition to reducing yields, 
S. sclerotiorum also affects the oil and fatty acid contents of 
rapeseed, which leads to a decline in rapeseed products (Zhang 
et  al., 2015a). Although improvements in cultivation measures 
and the application of chemical pesticides can somewhat reduce 
the impact of S. sclerotiorum disease, the effect is limited, and 
the use of chemical pesticides can also cause severe problems 
related to the “3Rs” (residue, resistance, and resurgence). 
Therefore, breeding new rapeseed varieties to combat disease 
resistance have become one of the most economical and 
effective methods.

Plants employ a series of defense mechanisms to protect 
themselves against pathogen attack through complex perception, 
transduction, and exchange of signals (Verhage et  al., 2010). 
A commonly used model of the plant immune system is known 
as pathogen-associated molecular pattern (PAMP)-triggered 
immunity (PTI). In PTI, conserved molecules or structures of 
pathogens are perceived by plant pattern recognition receptors, 
followed by activation of defense responses. To circumvent 
PTI, pathogens deliver effector proteins inside host cells, which 
results in the initiation of a second level of defense called 
effector-triggered immunity (ETI; Jones and Dangl, 2006; Naveed 
et  al., 2020). PTI and ETI responses overlap considerably, 
including oxidative bursts, transcriptional reprogramming, and 
the deposition of phenolic compounds, such as lignin (Nicholson 
and Hammerschmidt, 1992; Lee et  al., 2019). Lignification of 
the plant cell wall has been suggested to be  a physical barrier 
against pathogens (Nicholson and Hammerschmidt, 1992; Miedes 
et  al., 2014; Liu et  al., 2018; Lee et  al., 2019). Lignin generally 
plays an important role in modifying the mechanical properties 
of cell walls by increasing cell wall rigidity to limit the diffusion 
of toxins from pathogens to hosts, nutrients from hosts to 
pathogens, and polysaccharide degradation by exogenous enzymes 
(Vorwerk et  al., 2004; Eynck et  al., 2012; Miedes et  al., 2014). 
It is an amorphous phenolic heteropolymer resulting from the 
oxidative polymerization of at least two units of cinnamyl 
alcohol (monolignol) p-coumaryl, coniferyl and sinapyl alcohol, 
forming p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) 
lignin, respectively (Ros Barceló, 1997).

Previous studies have reported that increasing plant lignin 
could protect plants from the invasion and spread of pathogens. 
Overexpression of the wheat TaRac1 (Ras-related C3 botulinum 
toxin substrate 1) gene in tobacco increases the lignin content 
and  enhances resistance to tobacco black shank and bacterial 
wilt diseases (Ma et  al., 2017). In cotton, overexpression of the 
GhDIR1 (dirigent1) gene results in an increased lignin content, 
which blocks the spread of the fungal pathogen Verticillium 

dahlia (Shi et  al., 2012). In B. napus, cell wall reinforcement 
by lignin was confirmed as a relevant factor for effective plant 
defense against attack of S. sclerotiorum (von Tiedemann et  al., 
2021). In the lignin synthesis process, phenylpropanoid metabolites 
are important secondary compounds, and some enzymes, 
including phenylalanine ammonia lyase (PAL), p-coumarate 
3-hydroxylase (C3H), cinnamate-4-hydroxylase (C4H), 
hydroxycinnamoyltransferase (HCT), 4-coumarate:CoA ligase 
(4CL), caffeic acid O-methyltransferase (COMT), caffeoyl-CoA 
O-methyltransferase (CCoOMT), cinnamyl alcohol dehydrogenase 
(CAD), and cinnamoyl-CoA reductase (CCR; Whetten and 
Sederoff, 1995; Dixon et  al., 2001; Wadenbäck et  al., 2008; Li 
et  al., 2014), have been shown to be  involved in the synthesis 
of phenylpropanoids. What’s more, most of these enzyme-encoding 
genes have been reported to influence resistance to pathogens 
by participating in lignin synthesis. In Camelina sativa, the 
expression of the CsCCR2 gene is strongly induced by S. 
sclerotiorum, which increases lignin synthesis and the resistance 
to S. sclerotiorum (Eynck et al., 2012). In maize, ZmCCoAOMT2 
might affect resistance to multiple pathogens by participating 
in lignin biosynthesis (Wang and Balint-Kurti, 2016; Yang et al., 
2017). In Arabidopsis, the CAD5 gene involved in lignin 
biosynthesis is an essential component of the defense against 
virulent and avirulent strains of the bacterial pathogen 
Pseudomonas syringae pv. tomato (Tronchet et al., 2010). Therefore, 
studying the expression and regulation of lignin-related genes 
to increase the lignin content in plants and enhance their 
resistance to pathogens have important prospective  applications 
and value.

Cinnamoyl-CoA reductase (EC 1.2.1.44) is a key enzyme 
that regulates the lignin synthesis branch of phenylpropanoid 
metabolism. The lignin precursor is reduced to a lignin monomer 
and polymerized during the key process of lignin production. 
CCR catalyzes the reduction of five cinnamoyl-CoA esters and 
generates corresponding cinnamaldehyde compounds that 
participate in the biosynthesis of lignin (Gayoso et  al., 2010). 
The synthesis of all three lignin monomers involves the 
participation of CCR. When CCR function is lost, the five 
cinnamoyl-CoA esters are synthesized into phenolic substances, 
such as flavonoids, anthocyanins, and plant antitoxins. Therefore, 
researchers have proposed that CCR is the first rate-limiting 
enzyme that catalyzes the reaction in lignin-specific pathways 
and has a potential regulatory effect on carbon flow through 
the lignin biosynthetic pathway (Menden et  al., 2007). In 
general, downregulation of CCR leads to a decreased lignin 
content and changes in the lignin composition. An analysis 
of poplar CCR2 knockout lines showed that the total lignin 
content decreased by approximately 10% compared to that of 
the wild type line (De Meester et  al., 2020). Downregulation 
of CCR1 expression in transgenic perennial ryegrass plants 
reduces the lignin composition of stems by reducing the levels 
of all three types (S, G, and H) of subunits (Tu et  al., 2010). 
The acid-insoluble lignin (AIL) content in maize is significantly 
decreased in ccr1 plants compared to wild-type plants (Smith 
et  al., 2017). Based on previous results, researchers have 
confirmed that members of the CCR gene family are key 
enzyme-encoding genes controlling lignin synthesis. In addition, 
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the expression of some CCR genes is induced by stress to 
enhance lignification, thus improving their resistance (Lauvergeat 
et  al., 2001; Eynck et  al., 2012; Srivastava et  al., 2015; Li et  al., 
2016). Therefore, it is an effective way to change the plant 
lignin content by regulating the expression of CCR genes.

In this study, we  found that a high lignin content in 
the stems of B. napus may limit the invasion and spread 
of S. sclerotiorum. We  generated transgenic B. napus plants 
that overexpressed BnaC.CCR2.b, a key gene involved in 
the lignin monomer synthesis pathway. Overexpression of 
BnaC.CCR2.b led to an increase in the lignin content in 
the stems, which subsequently increased resistance to S. 
sclerotiorum. Based on our results, increasing the lignin 
content can improve the resistance of B. napus to S. 
sclerotiorum.

MATERIALS AND METHODS

Construction of the Gene Phylogenetic Tree
The CCR genomic sequences in B. napus Arabidopsis thaliana, 
Brassica rapa, and Brassica oleracea were aligned using ClustalW 
with the default settings. Phylogenetic trees were constructed 
using the neighbor-joining method implemented in MEGA 
7.0 software. The bootstrap test was executed with 1,000 
replications (Larkin et  al., 2007).

Vector Construction and Genetic 
Transformation of B. napus
The BnaC.CCR2.b (BnaC06g40190D) gene was cloned from 
the cDNA library of B. napus cultivar J964, a Sclerotinia-resistant 
line, using BnCCR2-F/R primers (Supplementary Table S1). 
A fragment of BnaC.CCR2.b was then subcloned into PMDC83 
using SpeI + AscI double digestion, generating a 35S:BnaC.CCR2.b 
vector. The 35S:BnaC.CCR2.b vector construct was then 
introduced into Agrobacterium tumefaciens strain GV3101 for 
genetic transformation. The B. napus line J9712 (a susceptible 
line), which was kindly provided by Professor Yongming Zhou 
(National Key Laboratory of Crop Genetic Improvement, 
Huazhong Agricultural University), was used as a receptor. B. 
napus was transformed using the A. tumefaciens-mediated 
hypocotyl method. Selected plump seeds were surface sterilized 
with a 2% NaClO solution and subsequently rinsed with sterile 
distilled water. The seeds were germinated on half-strength 
Murashige and Skoog (MS) basal media supplemented with 
2% sucrose in darkness. The seedlings were subsequently grown 
at 25°C in the dark for 7 days. Afterward, the hypocotyl 
(~15 mm) was cut, and the explants were floated in infection 
media [MS media supplemented with 3% sucrose and 100 μm 
acetosyringone (AS); pH 5.8] for 20 min. The explants were 
then transferred to cocultivation media (MS media supplemented 
with 3% sucrose, 1 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), 
0.3 mg/l kinetin, 100 μm AS, and 8 g/l agar; pH 5.8) and 
incubated for 3 days. The explants were subsequently transferred 
to MS callus induction media supplemented with 3% sucrose, 
1 mg/l 2,4-D, 0.3 mg/l kinetin, 5 mg/l AgNO3, 300 mg/l timentin, 

25 mg/l hygromycin B (Hyg), and 8 g/l agar (pH 5.8) and 
incubated at 25°C for 20 days. The explants were then transferred 
to shoot differentiation media [MS media supplemented with 
1% glucose, 100 μm AgNO3, 2.0 mg/l zeatin, 0.1 mg/l indoleacetic 
acid (IAA), 300 mg/l timentin, 25 mg/l Hyg, and 8 g/l agar; 
pH 5.8] and incubated until shoot growth was initiated (fresh 
MS media was replaced every 20 days). Healthy green shoots 
were ultimately transferred to bottles containing root induction 
media (MS media supplemented with 1% sucrose and 8 g/l 
agar; pH 5.8), after which the plantlets acclimated and became 
established. Total DNA was extracted from the young leaves 
of each transgenic plant using the cetyltrimethylammonium 
bromide (CTAB) method, after which PCR was performed to 
identify positive transformants using the specific primers 35S-3 
and BnCCR2-R (Supplementary Table S1).

Histological Staining of Lignin
Histological staining of lignin was performed using Wiesner 
reagent (Li et  al., 2013). Wiesner stain is known to react with 
cinnamaldehyde residues in lignin, and the color intensity is 
consistent with the total lignin content. Whole cross-sections 
and manually cut cross-sections of stems were obtained at the 
same position (approximately 30–40 cm above the ground) at 
the initial, full, and final flowering stages. The stem sections 
were treated with a 1% phloroglucinol alcohol solution for 
2 min, followed by the application of a drop of concentrated 
hydrochloric acid (32%). The manually cut cross-sections were 
viewed and imaged (bright field) using a Zeiss AxioPlan 
2 microscope.

Determination of the Lignin Content in 
Stems
Stem tissues of B. napus lines J964 and J902 were collected 
at the final flowering stage. Stem tissues of the transgenic 
lines in the T2 generation were collected at the mature stage, 
because of the requirement for seed harvesting. Stems at a 
length of approximately 30 cm of six individuals of each accession 
in each replicate were cut at 20 cm above the ground using 
a sharp knife. The samples were then dried at 60°C, cut into 
small pieces, ground into powder with a grinder, filtered through 
an 80-mesh screen (0.15 × 0.15 mm), and then stored in a dry 
container. The total lignin content was determined by a two-step 
acid hydrolysis method, with modifications (Xu et  al., 2012). 
The lignin consisted of both acid-insoluble lignin  (AIL) and 
acid-soluble lignin (ASL).

ASL:  A 0.3 g sample was recorded as W1. The sample was 
extracted with benzene-ethanol (67/33, v/v) in a Soxhlet incubator 
for 4 h and then air dried in a fume hood. The sample was 
hydrolyzed with 10 ml of 67% H2SO4 (v/v) in a shaker at 30°C 
for 1.5 h. Afterward, 200 ml of ddH2O were added for hydrolysis, 
which was performed at 120°C for 1 h. After hydrolysis, the 
hydrolysis liquor was transferred to a 250 ml volumetric flask 
and brought up to 250 ml (V) with 2.88% sulfuric acid. The 
absorbance was between 0.2 and 0.7, and the dilution factor 
was denoted as D. The absorbance of the sample was read at 
205 nm via UV–Vis spectroscopy, and 2.88% sulfuric acid was 
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used as a blank. The amount of ASL was calculated as follows: 
ASL (%) = A × D × V/(1,000 × K × W1) × 100, where A is the 
absorption value, D is the dilution ratio of the sample, V is 
the total volume of the filtrate, and K is the absorptivity 
constant (110 l/g/cm).

ASL: The hydrolysis liquor obtained previously was filtered 
through a G3 crucible filter, and the total residue was then 
transferred to a crucible filter. The acid-insoluble residue was 
dried in an oven at 60°C until  a constant weight was achieved. 
The samples were then removed from the oven and cooled 
in a dry container. The weight of both the crucible and the 
dry residue was recorded (W2). The dried residue was ultimately 
ashed in a muffle furnace at 200°C for 30 min followed by 
575°C for 4 h. The crucibles and ash were subsequently weighed, 
and the weight (W3) was recorded. The AIL of the original 
sample was calculated as follows: AIL (%) = (W2−W3) × 100/
W1. The total lignin (%) = ASL% + AIL%. The lignin content 
was determined from 300 mg of extract-free dry stems for 
three biological replicates. The lignin content was calculated 
as the weight percent of the dry extract-free stems. All 
experiments were conducted with three replications.

Assessment of Resistance to  
S. sclerotiorum
Sclerotinia sclerotiorum isolate SS-1 was maintained and cultured 
on potato dextrose agar (PDA) media (Wu et al., 2019). Under 
natural field conditions, stems were inoculated with S. sclerotiorum 
to evaluate its resistance at the termination of flowering. 
Approximately 10 stems of each transgenic line (T2 and T3) 
in each replicate were inoculated at a height of 40–50 cm above 
the ground with mycelial agar plugs (5 mm diameter). Each 
plug was affixed with plastic wrap to ensure close contact of 
the inoculum with the stem surface and to maintain a high 
humidity. The lesion length along the stems was measured at 
7 days post-inoculation (dpi). This assessment was conducted 
for three replications.

Quantitative Real-Time PCR Analyses of 
Extracted RNA
To examine the expression level of BnaC.CCR2.b in the transgenic 
lines, the stem tissues of plants in the T0 and T1 generations 
were collected and then quickly put into liquid nitrogen for 
RNA extraction. The stem tissues of the plants in the T1 
generation were collected (three biological replicates), and each 
replicate consisted of three stem tissues from three different 
plants. qBnaC.CCR2.b-F/R primers (Supplementary Table S1) 
were used to measure the expression of BnaC.CCR2.b.

To detect whether overexpression of BnaC.CCR2.b in B. napus 
would alter the expression levels of genes related to lignin 
synthesis, J9712 plants and overexpression plants (T2 generation) 
were selected for inoculation and sampling (three biological 
replicates). When the plants were at the flower termination 
stage, three sites on the primary stem were inoculated at three 
consecutive internodes (approximately 30–60 cm above the 
ground) with 5 mm diameter mycelial agar plugs. Epidermal 
stem tissues extending 10 mm beyond the inoculation site and 

1 mm deep were sampled. Each replicate involved 12 plants 
per line at three different time points (0, 48, and 72 hpi).

Total RNA was extracted using a Plant Total RNA Extraction 
Kit (BioTeke, China) following the manufacturer’s instructions 
and then treated with RNase-free DNase I  (Thermo Scientific, 
United  States) to remove genomic DNA contaminants. The 
RNA was transcribed into cDNA using the HiScript® QRT 
Super Mix for qPCR (Vazyme, China). The expression levels 
of the key lignin synthesis pathway genes BnPAL2, BnPAL1, 
BnC4H, Bn4CL1, BnHC, BnC3H, BnCCoAOM, BnFAH1, BnCCR1, 
BnCCR2, BnCOMT, BnCAD4, and BnCAD5 were measured 
via qRT-PCR. The primers were designed such that the sequences 
of all copies of each gene were incorporated 
(Supplementary Table S1). qRT-PCR was performed for three 
technical replicates. The BnUBC9 gene was chosen as the 
reference gene. Normalization was then performed, and the 
relative expression was calculated to analyze the qRT-PCR data.

Transcriptome Sequencing of Various 
Tissue Samples of B. napus Line J9712
Expression patterns of BnCCR genes in various tissues of 
B. napus line J9712 were determined by transcriptome sequencing. 
Tissue samples were collected at different growth stages. 
Cotyledon, seedling root, stem, rosette leaf, cauline leaf, shoot 
apical meristem, flower bud, unpollinated ovary, seed, and 
silique walls at different stages (14 days, 24 days, 34 days, and 
50 days after flowering) were collected from five plants in each 
biological replicate. Three biological replicates were performed. 
All samples were sequenced using an Illumina HiSeq X Ten 
sequencer. The sequencing was performed as paired-end reads 
that were 2× 150 bp in length. The original data set was 
deposited in the NCBI Sequence Read Archive (accession no. 
PRJNA749379). RNA sequence analysis was performed as 
described in our previous study (Wu et  al., 2016).

RESULTS

A High Content of Lignin in the Stems of  
B. napus May Limit the Invasion and 
Expansion of S. sclerotiorum
In our previous study, we  performed dynamic transcriptomic 
analyses to understand the different defense responses to 
S. sclerotiorum in a resistant B. napus line (J964) and a susceptible 
B. napus line (J902) at 24, 48, and 96 h post-inoculation (hpi). 
We found that differences between J964 and J902 were associated 
with differences in the magnitude of gene expression changes, 
which were detected mainly at 48 or 96 hpi. At 24 hpi, only 
122 genes were slightly upregulated in J964, while 4,129 genes 
were upregulated in J902 (Wu et  al., 2016). GO enrichment 
analysis showed that half of the top  30 enriched GO terms 
in the biological process for the 4,129 upregulated genes in 
J902 belonged to the secondary GO category, response to 
stimulus (Supplementary Figure S1), suggesting that the defense 
response was faster in J902 than in J964. However, S. sclerotiorum 
infected and propagated more easily in J902 than in J964. 
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This finding suggests that in addition to the second line of 
defense (the plant immune system), the first line of defense 
(the passive defense line) may also differ between the two lines.

To determine whether the stem lignin differed before 
inoculation, the stem cross-sections of the two lines were 
examined carefully. Interestingly, a significant difference was 
found after the stems were stained with Wiesner reagent to 
detect lignin. Both lines presented deep magenta staining in 
the xylem, but J964 presented better xylem development and 
deeper lignin staining than J902 (Figures  1A,B). In J964, the 
vascular bundles were tightly arranged and had developed 
neatly, and the water content of the pith was high (Figure 1C). 
However, in J902, the vascular bundles were loosely arranged 
and unevenly developed. Even the xylem of some vascular 
bundles was degraded, and the pith lost a large amount of 
water and began to soften (Figure  1D). As expected, the stem 
lignin content in J964 was significantly higher than that in 
J902 (Figure  1E). Hence, the better development of xylem 
and the higher content of lignin in the stems seem to limit 
the invasion and spread of S. sclerotiorum.

In addition, according to the transcriptome data, genes 
involved in lignin biosynthesis were induced after S. sclerotiorum 
infection (Figure  1F). However, no obvious difference in gene 
expression patterns between the two lines was observed 
(Figure 1F). These results indicate that lignin synthesis pathway 
was induced in both lines under the infection of S. sclerotiorum 
and lignin was deposited proactively in infected tissues, possibly 
in an attempt to limit pathogen colonization. Therefore, 
we  overexpressed genes involved in lignin biosynthesis in B. 
napus to determine whether the lignin content in the stems 
could be  increased to improve resistance to S. sclerotiorum. 
Then, we  chose the CCR gene for overexpression in B. napus. 
This gene encodes the first rate-limiting enzyme that catalyzes 
the reaction of lignin-specific pathways (Menden et  al., 2007).

Phylogenetic and Expression Pattern 
Analyses of the BnCCR1 and BnCCR2 
Genes
To better understand the evolutionary history and functions 
of CCR in Brassicaceae, we  searched for all possible copies of 
CCR in the released reference genome sequence of Darmor-bzh 
B. napus, with Arabidopsis AtCCR1 (AT1G15950.1) and AtCCR2 
(AT1G80820.1) gene sequences used as queries. For both AtCCR1 
and AtCCR2, four close homologs were identified in B. napus 
(Figure 2A). We named these AtCCR1 homologs BnaA.CCR1.a 
(BnaA06g10620D), BnaA.CCR1.b (BnaA09g56490D), BnaC.
CCR1.a (BnaC05g12180D), and BnaC.CCR1.b (BnaC08g38580D), 
which were 98.2, 97.1, 98.0, and 96.5% similar, respectively, 
to AtCCR1 at the amino acid level. Similarly, four AtCCR2 
homologs were named BnaA.CCR2.a (BnaA02g36250D), BnaA.
CCR2.b (BnaA07g35280D), BnaC.CCR2.a (BnaC02g46610D), 
and BnaC.CCR2.b (BnaC06g40190D), whose sequences were 
97.9, 96.4, 97.6, and 95.8% homologous, respectively, to that 
of AtCCR2. Homology analysis indicated that the BnCCR1 
and BnCCR2 genes may have conserved functions similar to 
those of AtCCR1 and AtCCR2, respectively. In addition, for 

each BnCCR gene, the closest homologous gene was found in 
the corresponding progenitor genomes (B. oleracea and B. rapa; 
Figure  2A), suggesting that BnCCR genes may not have 
undergone duplication or deletion after B. napus formation 
due to recent allopolyploidy between ancestors of B. oleracea 
and B. rapa.

The transcriptome data indicated that BnCCR1 genes were 
highly expressed in all tissues of B. napus, while the BnCCR2 
genes were not expressed or expressed at low levels in most 
tissues (Figure  2B). However, all four copies of BnCCR2 were 
induced after S. sclerotiorum infection, while only two copies 
of BnCCR1 were moderately induced (Figure 1F). These results 
are consistent with those of previous studies in Arabidopsis 
showing that AtCCR1 and AtCCR2 are differentially expressed 
during development and in response to pathogen infection 
(Lauvergeat et  al., 2001). Most BnCCR2 genes were expressed 
to a much greater degree in the resistant line J964 or resistant 
bulk (mixed pools of resistant lines) group than in the susceptible 
line J902 or susceptible bulk (mixed pools of susceptible lines) 
group at 48 hpi (Figures  2C,D). The most strongly induced 
BnCCR2 gene was BnaC.CCR2.b, whose expression increased 
427.5-fold in the resistant bulk group but only 7.6-fold in the 
susceptible bulk group (Figure  2D). These findings suggest 
that BnCCR2 genes, especially BnaC.CCR2.b, are important 
for Sclerotinia resistance.

Generation of BnaC.
CCR2.b-Overexpressing B. napus Lines
To investigate whether overexpression of BnaC.CCR2.b in 
B. napus can increase resistance to S. sclerotiorum, we introduced 
the BnaC.CCR2.b gene into B. napus line J9712 (a susceptible 
line) via a pMDC83 binary expression vector containing a 
hygromycin B resistance gene and the BnaC.CCR2.b gene under 
the control of the CaMV 35S promoter (Figure  3A). The 
35S:BnaC.CCR2.b vector was subsequently transformed into 
B.  napus via Agrobacterium-mediated transformation. Seven 
independent overexpression transgenic lines of the T0 generation 
were ultimately obtained (named OE-1 to OE-7). We performed 
qRT-PCR to measure the expression of BnaC.CCR2.b in the 
transgenic lines and found that its expression in all seven 
transgenic lines was higher than that in J9712 and empty 
vector (EV)-transformed control plants (Figure  3B). The 
expression level of BnaC.CCR2.b in the OE-1/2/5/6 transgenic 
lines of the T1 generation was further measured, the results 
of which were consistent with the results in the T0 generation 
(Figure  3C). The OE-1/2/5/6 transgenic lines with high and 
stable expression of BnaC.CCR2.b were selected for 
subsequent experiments.

Overexpression of BnaC.CCR2.b Increases 
Resistance to S. sclerotiorum
To further confirm whether BnaC.CCR2.b is related to resistance 
to S. sclerotiorum, we evaluated the Sclerotinia resistance of BnaC.
CCR2.b overexpression lines in the T2 and T3 generations at the 
flower-termination stage. The stem inoculation experiment results 
showed that, compared with those of J9712 and the EV-transformed 
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plants, the stem lesions of the plants of the overexpression lines 
expanded more slowly (Figure  4A). Statistical analysis showed 
that, compared with that of the J9712 line, the stem lesion length 
of the OE-1/2/5/6 transgenic lines in the T2 and T3 generations 
was reduced by 12.2–33.7% and 32.5–37.3%, respectively, at 7 

dpi (Figures  4B,C). The lesion expanded further to a large part 
of the stem of J9712 at 20 dpi, while the lesion was restricted 
to approximately 6–8 cm on the stems of the overexpression plants 
(Figure 4D). Taken together, the above results indicate that BnaC.
CCR2.b positively regulates B. napus resistance to S. sclerotiorum.

FIGURE 1 | Lignin content and expression of genes related to lignin synthesis in the stems of a Sclerotinia-resistant line (J964) and a Sclerotinia-susceptible line 
(J902). (A–D) Phloroglucinol-HCl staining of lignin in cross-sections of J964 and J902 stems at different flowering stages. The scale bars represent 1 cm in the whole 
cross-sections in A-B and 500 μm in the manually obtained cross-sections in C,D. (E) Percentage of lignin content in the stems of J964 and J902. The values are 
presented as the means ± SDs of five biologically independent replicates. The asterisks represent statistically significant differences (**p < 0.01; Student’s t-test). 
(F) Whole-genome-wide comparison of genes involved in monolignol biosynthesis pathways in J964 and J902 after S. sclerotiorum infection. The copy numbers of 
the genes and the differentially expressed genes are listed in square brackets.
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Overexpression of Bnac.CCR2.b Increases 
Lignin Accumulation in the Stems of  
B. napus
To determine whether overexpression of BnaC.CCR2.b in 
B. napus would change the accumulation of lignin, cross-sections 
of the stems of overexpression lines (T2) and control plants 
at the flower-termination stage were strained with Wiesner 
reagent to evaluate the lignin deposition. Phloroglucinol-HCl 
staining of lignin in whole cross-sections showed that the 
staining was more intense in the overexpression transgenic 
lines than in the J9712 plants and EV-transformed lines 
(Figure 5A). Staining of the manually cut cross-sections revealed 
that, in the overexpression transgenic lines, the number of 
vascular bundles did not change significantly; however, individual 
vascular bundles became wider, the xylem layer became thicker, 
and the staining was more intense in the overexpression lines 
compared with the J9712 and EV lines (Figure  5B). Chemical 

analysis indicated that the overexpression transgenic lines had 
a higher lignin content (21.6–22.2%) than the J9712 plants 
(19.3%) and EV-transformed lines (19.2%; Figure  5C). Taken 
together, these results indicate that the overexpression of BnaC.
CCR2.b can significantly increase the lignin accumulation in 
the stems of B. napus, which might thus limit the invasion 
and spread of S. sclerotiorum.

In addition, the agronomic traits of BnaC.CCR2.b-
overexpressing plants in the T2 generation were investigated, 
and no significant differences between the transgenic plants 
and J9712 plants were detected (Supplementary Table S2).

Expression Analysis of Genes Related to 
Lignin Synthesis
To assess whether overexpression of BnaC.CCR2.b in B. napus 
alters the expression of genes in the lignin synthesis pathway, 
the expression levels of key lignin synthesis pathway genes 

A B

C D

FIGURE 2 | Phylogenetic and expression analyses of BnCCR genes. (A) Phylogenetic relationships of CCR genes from Brassica napus, Brassica rapa, Brassica 
oleracea, and A. thaliana. The red color indicates genes from B. napus. Bootstrap values (1,000 replications) are shown at each branch as percentages. A branch 
length scale bar is shown beneath the tree. (B) Expression patterns of BnCCR genes in various tissues of B. napus line J9712, as determined by transcriptome 
sequencing. FPKM, fragments per kilobase of transcript per million fragments mapped. DAF, days after flowering. (C,D) Expression patterns of BnCCR genes in the 
stems of B. napus at 48 h after Sclerotinia sclerotiorum infection. The fold changes (inoculated/mock inoculated) were calculated through transcriptomic analyses 
performed by Wu et al. (2016) and Wei et al. (2015). J964: a resistant line. J902: a susceptible line. R- and S-bulk: mixed pools of resistant and susceptible lines, 
respectively.
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BnPAL2, BnPAL1, BnC4H, Bn4CL1, BnC3H, BnCCoAOM, 
BnFAH1, BnCCR1, BnCCR2, BnCOMT, BnCAD4, and BnCAD5 
were measured via qRT-PCR analyses. The results showed that 
the expression of most of the lignin synthesis-related genes 
(BnPAL2, BnC4H, BnC3H, BnCCoAOM, BnCCR1, BnCOMT, 
and BnCAD5) was upregulated in the stems of OE-6 plants 
compared with J9712 plants under normal growth conditions 
(before inoculation, 0 hpi; Figure  6). These results suggested 
that overexpression of BnaC.CCR2.b in B. napus induced the 
lignin synthesis pathway, which altered the lignin content in 
the stems of plants under normal growth conditions.

We further examined the expression of genes related to the 
lignin synthesis pathway in plants under infection with 
S.  sclerotiorum. The results showed that the expression levels of 
genes related to lignin synthesis in the OE-6 and J9712 lines 
changed after S. sclerotiorum infection. In both lines, the differences 
in the levels of these genes were most pronounced from 48 to 
72 hpi, and the number of differentially expressed genes was 
highest at 72 hpi. However, the expression levels of the Bn4CL1 
and BnCCR1 genes appeared to be   moderately altered. Overall, 
BnCAD4 and BnFAH1 were drastically downregulated in both 
lines from 48 to 72 hpi, while BnPAL2, BnPAL1, and BnC4H 
were upregulated (Figure 6). It was also found that the expression 
changes of some lignin biosynthesis-related genes (BnPAL1, BnPAL2, 
BnC3H, BnCCoAOM, BnFAH1, BnCCR2, and BnCOMT) were 
more significant in OE-6 than in J9712 (Figure  6), suggesting 
that the lignin synthesis pathway in the BnaC.CCR2.b overexpression 
line was induced more drastically. Taken together, these results 
suggest that BnCCR2 is involved in pathogen-induced lignification, 
which is also important for increasing resistance to S. sclerotiorum.

DISCUSSION

Breeding of Sclerotinia-resistant B. napus poses a great challenge 
due to the limited availability of immune or highly resistant 
germplasms. Sclerotinia resistance is a quantitative characteristic 
controlled by large numbers of genes, although a lot of QTLs 
have been mapped, there are few major QTLs with large individual 
effects on Sclerotinia resistance (Wu et al., 2013, 2019). Additionally, 
although some resistance-related genes have been revealed by 
reverse genetics, the resistance mechanism is still confused (Ding 
et al., 2021). Despite worldwide efforts to breed Sclerotinia-resistant 
B. napus, the most effective strategy for controlling Sclerotinia rot 
currently relies on fungicide application, which is environmentally 
hazardous and costly. Hence, it is imperative to develop new feasible 
strategies to protect oilseed rape from S. sclerotiorum. Lignin 
participates in the thickening of the secondary cell wall, increases 
the stiffness and mechanical resistance of stems, prevents water 
penetration into cell walls, and protects plants from pathogen 
infection (Kesarwani et  al., 2000; Tronchet et  al., 2010; Eynck 
et  al., 2012). Many studies have confirmed that lignin has a 
significant effect on the resistance to pathogens (Eynck et al., 2012; 
Shi et  al., 2012; Ma et  al., 2017; von Tiedemann et  al., 2021). In 
the present study, we  found that the high content of lignin in 
the stems of B. napus could increase resistance to S. sclerotiorum.

The key role of the CCR gene in lignin synthesis has been 
confirmed in previous studies. Changing the expression level of 
the CCR gene might significantly affect the lignin content in 
plants (Lüderitz and Grisebach, 1981; Escamilla-Treviño et  al., 
2010; Zhou et  al., 2010; Hu et  al., 2011; Ma et  al., 2011; De 
Meester et al., 2020). These results indicated that controlling lignin 

A

B C

FIGURE 3 | Schematic of the BnaC.CCR2.b overexpression construct and expression analysis of BnaC.CCR2.b in transgenic plants. (A) Schematic diagram of the 
BnaC.CCR2.b overexpression construct. 35S: cauliflower mosaic virus 35S promoter. GFP: green fluorescent protein. NosT: nopaline synthase gene terminator. 
Hygr: hygromycin B resistance gene. RB and LB represent the right and left borders, respectively. (B) and (C) Expression of BnaC.CCR2.b in the stems of T0 and T1 
transgenic lines, respectively. J9712, transgenic receptor line. EV, pMDC83 empty vector transgenic line. OE-1 to OE-7 are BnaC.CCR2.b overexpression lines. The 
asterisks indicate significant differences between the control and transgenic lines (*p < 0.05; **p < 0.01; and Student’s t-test).
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A B

C D

FIGURE 4 | Assessment of the disease resistance of BnaC.CCR2.b overexpression lines against S. sclerotiorum by stem inoculation in the field. (A) Representative 
images of disease lesions on the stems of OE-6 lines in T2 generation at 7 dpidays post-inoculation Bar = 1 cm. (B,C) Stem lesion length in T2 (B)- and T3 (C)-
generation transgenic plants at 7 dpi. The values are presented as the means ± SDs (n = 25–30 in T2 and T3). The asterisks indicate significant differences between 
the overexpression transgenic lines and the J9712 lines (*p < 0.05; **p < 0.01; and Student’s t-test). (D) Representative images of disease lesions on the stems at 20 
days post-inoculation.

A C

B

FIGURE 5 | Detection of lignin accumulation in the BnaC.CCR2.b overexpression lines. (A) Phloroglucinol-HCl staining of lignin in whole cross-sections. The scale 
bars represent 1 cm. (B) Phloroglucinol-HCl staining of lignin in manually obtained cross-sections. The scale bars represent 100 μm. J9712, transgenic receptor line. 
EV, empty vector transgenic line. OE-1/2/5/6, BnaC.CCR2.b overexpression lines (T2 generation). (C) Percentage of lignin content in stems of BnaC.CCR2.b 
overexpression lines, J9712 lines, and EV lines. The values are presented as the means ± SDs of three biologically independent replicates. The asterisks indicate 
significant differences between the overexpression transgenic lines and the J9712 lines (*p < 0.05; **p < 0.01; and Student’s t-test).
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content by regulating the expression of the key gene involved in 
the lignin synthesis pathway is an effective way to improve plant 
disease resistance. Our study showed that overexpression of BnaC.
CCR2.b in B. napus significantly increased lignin accumulation 
in the stems and limited the expansion of S. sclerotiorum 
(Figures  4,  5). Our results further confirmed that the BnCCR 
gene plays an important role in lignin synthesis.

Two or more CCR homologous genes are present in most 
plant genomes. In Arabidopsis, two genes coding CCRs (AtCCR1 
and AtCCR2) are known to be differentially expressed. AtCCR1 
is involved in constitutive lignification, whereas AtCCR2 is 

involved in pathogen-induced lignification (Lauvergeat et  al., 
2001; Fraser and Chapple, 2011). Studies on the Chinese white 
pear PbCCR1 and PbCCR2 genes have shown that PbCCR1 
and PbCCR2 are somewhat functionally redundant, and both 
demonstrate the ability to participate in lignin biosynthesis. 
PbCCR1 may be  the major gene for lignin biosynthesis, while 
PbCCR2 has little effect on lignin biosynthesis (Su et al., 2019). 
In switchgrass, for example, PvCCR1 is involved mainly in 
lignin synthesis, and PvCCR2 may function in defense (Escamilla-
Treviño et al., 2010). In Arabidopsis, sorghum and maize, CCR2 
expression significantly increases after pathogen invasion, 

FIGURE 6 | Expression analysis of key genes involved in lignin biosynthesis under normal growth conditions (before inoculation) and S. sclerotiorum inoculation 
conditions (48 hpi and 72 hpi). The bars represent the standard deviations (n = 3). * and ** indicate significant differences between OE-6 and J9712 (*p < 0.05; 
*p < 0.01; and Student’s t-test).
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suggesting that the CCR2 gene might be  involved in the plant 
disease resistance response (Fraser and Chapple, 2011; Wang 
et  al., 2015; Li et  al., 2016). In our study, two homologous 
CCR genes, BnCCR1 and BnCCR2, were found in B. napus. 
By analyzing the organization of the expression patterns of 
these two genes, we  found that BnCCR1 was expressed in all 
the various organs of rape (Figure 2B), speculating that BnCCR1 
was involved in constitutive lignification during the growth 
and development of B. napus, while all four copies of BnCCR2 
were strongly induced under S. sclerotiorum infection 
(Figures  2C,D), suggesting that BnCCR2 genes might 
be  important for Sclerotinia resistance. Therefore, 
we overexpressed the BnaC.CCR2.b gene in B. napus to determine 
whether BnCCR2 is associated with resistance to S. sclerotiorum.

The increase or decrease in CCR gene expression can significantly 
affect the content and composition of lignin and ultimately affect 
various aspects of plant growth and development, such as plant 
height, seed quantity, stem thickness, and leaf morphology (Zhang 
et  al., 2015b). For example, compared with their wild-type 
counterparts, Arabidopsis ccr1 mutants exhibit a severe dwarf 
phenotype, and their rosettes are smaller. This phenotype can 
be  restored for ccr1 ProSNBE:CCR1 plants (De Meester et  al., 
2018). When CCR activity is reduced in tobacco, significant 
changes in plant height, leaf development, length of flowering 
period, seed quality, and other aspects occur (Prashant et  al., 
2011). In this study, we  statistically analyzed the agronomic traits 
of transgenic lines and found that overexpression of the BnaC.
CCR2.b gene did not affect the growth or development of B. 
napus (Supplementary Table S2). At the same time, the quality 
of seeds of the transgenic lines was evaluated, and the results 
showed that overexpression of the BnaC.CCR2.b gene had no 
significant effect on seed oil content or other qualities 
(Supplementary Table S2). An important practical consideration 
associated with altering specific lignin biosynthesis-related genes 
is obtaining modified-lignin properties without compromising 
growth and development. Our results showed that overexpression 
of the BnaC.CCR2.b gene in rapeseed altered the lignin content 
in the stems but had no effect on the growth and development 
of B. napus or the quality of its seeds.

In this study, we overexpressed the BnCCR2 gene in B. napus, 
which effectively increased the lignin content in the stems and 
significantly enhanced resistance to Sclerotinia. However, research 
on the role of CCR genes in disease resistance with mutants 
or RNAi lines is still lacking. Many factors, such as physiological, 
biochemical, and molecular biological factors, must be  further 
explored to fully characterize the role of the CCR gene in 
crop improvement.

CONCLUSION

We found that the lignin content in the stems of B. napus is 
critical for resistance to S. sclerotiorum. Overexpression of BnaC.
CCR2.b in B. napus significantly increased lignin accumulation 
in the stems and limited the spread of S. sclerotiorum, indicating 
an important role of BnCCR2 in lignin improvement and 
disease resistance. Our findings revealed that increasing the 
content of lignin can improve B. napus resistance to 
S.  sclerotiorum, which should facilitate the development of 
effective strategies for Sclerotinia resistance breeding.
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Sclerotinia stem rot caused by Sclerotinia sclerotiorum is a devastating disease

for many important crops worldwide, including Brassica napus. Although numerous

studies have been performed on the gene expression changes in B. napus and

S. sclerotiorum, knowledge regarding the molecular mechanisms of B. napus–S.

sclerotiorum interactions is limited. Here, we revealed the changes in the gene expression

and related pathways in both B. napus and S. sclerotiorum during the sclerotinia stem

rot (SSR) infection process using transcriptome analyses. In total, 1,986, 2,217, and

16,079 differentially expressed genes (DEGs) were identified in B. napus at 6, 24, and

48 h post-inoculation, respectively, whereas 1,511, 1,208, and 2,051 DEGs, respectively,

were identified in S. sclerotiorum. The gene ontology and Kyoto Encyclopedia of

Genes and Genomes analyses showed that most of the hormone-signaling pathways

in B. napus were enriched, and thus, the hormone contents at four stages were

measured. The DEGs and hormone contents revealed that salicylic acid was activated,

while the jasmonic acid pathway was repressed at 24 h post-inoculation. Additionally,

the expressional patterns of the cell wall-degrading enzyme-encoding genes in S.

sclerotiorum and the hydrolytic enzymes in B. napus were consistent with the SSR

infection process. The results contribute to a better understanding of the interactions

between B. napus and S. sclerotiorum and the development of future preventive

measures against SSR.

Keywords: Sclerotinia sclerotiorum, Brassica napus, interaction, transcriptome analysis, plant hormones, cell wall

enzymes

INTRODUCTION

Brassica napus (canola, rapeseed) is the second most widely produced oilseed crop worldwide
and is constantly threatened by a devastating disease caused by the fungal pathogen Sclerotinia
sclerotiorum. Sclerotinia sclerotiorum (Lib.) de Bary, the causative agent of sclerotinia stem rot
(SSR), is a plant pathogen that belongs to the Sclerotiniaceae family of Ascomycete fungi. It also
has a wide host range and can infect more than 400 plant species, including many important crop
plants (Boland and Hall, 1994; Kabbage et al., 2015). This fungus is a prototypical necrotrophic
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pathogen, and it secretes the non-selective phytotoxin oxalic
acid (OA), which aids the pathogen in multiple ways, such as
pH acidification, Ca2+ chelation, and the low-pH activation of
degradative enzymes, which augment the fungal colonization
of host plants (Xu et al., 2018). Cultivating disease-resistant
rapeseed varieties is the most cost-effective way to prevent and
control SSR. However, the lack of identified resistance genes
in cultivated rapeseed varieties and related species has limited
the molecular breeding of rapeseed. Therefore, it is imperative
to understand the molecular mechanisms of B. napus and S.
sclerotiorum interactions and to create new sources of disease-
resistant rapeseed.

Usually, plants respond through two immune pathways when
attacked by pathogens: pathogen-associated molecular patterns
(PAMP)-triggered immunity and effector-triggered immunity
(Jones and Dangl, 2006), which involve physical barriers (e.g.,
cell walls and a vast array of antimicrobial compounds). Many
of these antimicrobial compounds are part of active defense
response, and their rapid induction is contingent on the ability
of the plant to recognize and respond to invading pathogens
(Staskawicz et al., 1995; Baker et al., 1997). Phytohormones,
an antimicrobial chemical factor, play crucial roles in plant
defenses following a pathogen attack. Generally, plant defense
responses against pathogens are controlled by complex signaling
pathways that often involve the classical defense phytohormones:
salicylic acid (SA), ethylene (ET), and jasmonic acid (JA)
(Robert-Seilaniantz et al., 2011). The SA signaling triggers
resistance against biotrophic and hemibiotrophic pathogens and
the establishment of systemic acquired resistance, whereas a
combination of JA and ET signaling activates resistance against
necrotrophs (Glazebrook, 2005; Grant and Lamb, 2006).

Because of the availability and efficiency of next-generation
sequencing technology, transcriptome analyses have been used to
understand the molecular mechanisms of host plant interactions
with pathogens. Wu et al. (2016) used transcriptome analysis to
classify 13,313 genes according to their functional categories and
analyzed the expression levels of genes having hydrolase-related
functions. Seifbarghi et al. (2017) used an RNA-sequencing
(RNA-seq) analysis to comprehensively catalog genes that are
expressed and upregulated during B. napus infections, with
a particular focus on early events. By examining the global
transcriptional changes in S. sclerotiorum during the infection of
rapeseed plants having different susceptibilities to the pathogen,
the roles of peroxisome-related pathways, along with cell-
wall degradation and host metabolite detoxification, have been
identified (Chittem et al., 2020).

Here, we performed a genome-wide expression profiling of B.
napus and S. sclerotiorum to investigate the defense mechanisms
involved in both the resistance of B. napus against infections,
the S. sclerotiorum infection of B. napus, and their interactions.
For this purpose, we used the rapeseed cultivar “Ning RS-1” that
was inoculated with S. sclerotiorum isolate 1980 for differential
gene expression analyses at three different time points, namely,
an early stage of pathogen establishment and the late stages
of symptom expression and sporulation. Additionally, hormone
contents were measured and analyzed in combination with the
expressional patterns of related genes in B. napus. An in-depth

analysis of differentially expressed genes (DEGs) during infection
or in response to S. sclerotiorum may provide insights into the
molecular mechanisms of the disease resistance of B. napus.

MATERIALS AND METHODS

Plant Material, Pathogen, and Pathogen
Inoculation
The double haploid B. napus cultivar “Ning RS-1,” which shows
a partial SSR resistance (Zhang et al., 2002), was used as the
host plant. The S. sclerotiorum isolate 1980 was used because its
genome sequence was available (Derbyshire et al., 2017). The S.
sclerotiorum was washed with sterilized water and cultured on a
potato dextrose agar (PDA) medium (300 g/L of diced potato,
20 g/L of sucrose, and 15 g/L of agar in 1 L of ddH2O) for
activation at 25◦C over 4 days. Then, mycelial plugs (5mm in
diameter) excised from plates with growing fungal cultures were
collected and placed on the leaves of 3-month-old rapeseed plants
for inoculation. After inoculation, the plants were incubated in
a sealed and humidified tray at room temperature. Leaf samples
were collected using a 2-cm diameter punch at 6, 24, and 48 h
post-inoculation (hpi). The leaves without inoculation and the
mycelial plugs were mixed and used as 0 hpi (mock) samples.
Three independent biological replicates (three plants/biological
replicate/time point) were used for each inoculation experiment.
In total, 12 samples were prepared and subjected to RNA-
seq analysis.

RNA Extraction, cDNA Library
Construction, and RNA Sequencing
The total RNA was extracted using a TRIzol reagent (TIANGEN,
Beijing, China) following the procedure of the manufacturer
and checked for quantity and purity with a Bioanalyzer 2100
and RNA 6000 Nano LabChip Kit (Agilent, Santa Clara, CA,
USA). Before RNA extraction, the fungi from the culture
plates and oilseed leaves at 0 hpi were pooled as a mixed
RNA sample. In total, 12 RNA samples (three inoculated
samples at 6, 24, and 48 hpi and a mixed mock-fungal
sample for each biological replicate) were used for library
construction with an TruSeq RNA Sample Preparation kit v2
(Illumina, San Diego, CA, USA) following the instructions
of the manufacturer. All the samples were sequenced
using an Illumina HiSeq 2000 sequencer by Biomac Inc.
(Beijing, China).

Data Processing, Read Mapping, and
Differential Gene Expression Analysis
Various quality controls for raw reads were conducted using
FastQC version 0.1.9 (Brown et al., 2017) to remove the
primer/adaptor sequence-containing and low-quality [in which
the number of bases with PHRED-like scores (Q-score) of
<20 exceeded 30%] reads. Then, the first 10 bp of the reads
that showed unstable base compositions as determined by the
percentages of four different nucleotides (A, T, C, and G)

and the low-quality bases (Q-score < 20) from the 3
′

ends
of the reads were trimmed, and the reads of <50 bp were
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removed. All the high-quality reads of each sample that passed
the quality control assays were mapped independently to the B.
napus and S. sclerotiorum genomes using TopHat 2 (Trapnell
et al., 2012; Kim et al., 2013) with the default parameters.
The reference genomes of B. napus were downloaded from
http://www.genoscope.cns.fr/brassicanapus/data/, whereas those
of S. sclerotiorum were downloaded from the National Center
for Biotechnology Information search database (https://www.
ncbi.nlm.nih.gov/assembly/GCA_001857865.1/). Only uniquely
mapped reads were used for further gene expression analyses.
For all the comparisons, read counts were normalized to
the aligned fragments per kilobase of transcript per million
(FPKM) mapped reads (Mortazavi et al., 2008) to obtain
the relative expression levels. Differential expression analyses
between different developmental stages were performed using
the DESeq R packages (Wang et al., 2010). The DEGs between

different samples were identified using the restrictive conditions
of an absolute value of fold change ≥4 and a false discovery
rate ≤0.001.

Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Enrichment Analyses
For the gene functional annotation, all the genes in B. napus
and S. sclerotiorum were used as queries against the National
Center for Biotechnology Information non-redundant protein
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), Swiss-Prot (Apweiler
et al., 2004), and Pfam (Finn et al., 2014) databases. The
GO terms associated with each BLAST hit were annotated
using Blast2GO (Conesa et al., 2005). Then, all the B.
napus and S. sclerotiorum genes were used as queries against

FIGURE 1 | Differentially expressed gene (DEG) analysis in Brassica napus. (A) The growing plant of B. napus at the flowering stage. (B–E) The symptoms of

Sclerotinia sclerotiorum infection on B. napus leaves at 0, 6, 24, and 48 hpi. The circled areas in (E) were used in Figure 5. (F) Overlapping and unique DEGs at the

6-, 24-, and 48-hpi stages. (G) Heatmap illustrating the hierarchical clustering results for RNA-sequencing (RNA-seq), group 1 and group 2 represent two expressed

patterns. hpi, hours post-inoculation.
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the InterPro database (http://www.ebi.ac.uk/interpro/) using
InterProScan550 (Jones et al., 2014). Finally, the GO terms
of the B. napus and S. sclerotiorum genes were annotated
by merging the Blast2GO and InterPro annotation results.
The GO enrichment analysis provided all the GO terms that
were significantly enriched with DEGs compared with the
genome background using Blast2GO with a false discovery rate
of ≤0.01. The annotations were then refined and enriched
using the TopGo R package (http://www.bioconductor.org/
packages/release/bioc/html/topGO.html). The enrichment of
DEGs in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways was analyzed using the KOBAS software
2.0 (Xie et al., 2011). The heat maps were drawn using the
R package and TBtools (Chen et al., 2020) based on the log2
transformed FPKM values. The expression value for a given gene
was normalized.

Quantitative RT-PCR Assays
Quantitative real-time-PCR assays were performed to confirm
the RNA-seq results and analyze the expression level of

target genes. In total, 2 µg of the total RNA from each
sample (the same samples used for RNA-seq) were used to
synthesize cDNA with a TransScript One-Step gDNA Remover
and cDNA Synthesis Kit following the instructions of the
manufacturer (TaKaRa, Dalian, China). The quantitative real-
time-PCR (qRT-PCR) was performed using an SYBR premix
Ex TaqTM RT-PCR kit (TaKaRa). All the experiments were
performed following the instructions of the manufacturer.
The data were collected from three biological and three
technical replicates. The transcript level was normalized using
three reference genes, Actin 2 (BnaC03g73810D), Ubiquitin-
conjugating enzyme 10 (BnaA10g06670D), and Yellow Leaf
Specific 8 (BnaC09g47620D). The primers used in these
experiments are listed in Supplementary Table 1.

Measurement of Hormones in B. napus

Leaves
The samples infected with S. sclerotiorum were prepared and
collected in the same manner described for the RNA-seq

FIGURE 2 | Pathway analysis of DEGs in B. napus based on the gene ontology (GO) and Kyoto Encyclopedia of Genes and Genome (KEGG) databases. The GO

enrichment analysis of Group 1 (A) and Group 2 (B). The y-axis indicated the numbers of annotated genes, and the x-axis indicated the GO terms. The GO analysis

was conducted using the Blast2Go software. (C,D) The KEGG enrichment analysis of DEGs at the 6-, 24-, and 48-hpi stages. The x-axis indicated the ratio of the

enriched gene number to the total gene number at three stages, and the y-axis indicated different enriched terms.
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analysis. In addition, samples taken from uninfected areas of
the same leaves were collected. The SA, JA, gibberellic acid
(GA3), indole-3-acetic acid (IAA), and abscisic acid (ABA)
concentrations were measured using an ultraperformance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS)
method (Balcke et al., 2012) with minor modifications. The
phytochemical standards were purchased from Sigma-Aldrich
(St. Louis, MO, USA), whereas other reagents were purchased
from Solarbio (Beijing, China). Three biological replicates per
hormone were analyzed.

RESULTS

A DEG Analysis of B. napus Infected
Leaves Using RNA-seq
Sclerotinia sclerotiorum was inoculated into the B. napus leaves at
the early flowering stage (Figure 1A). The leaf necrosis symptom
was not observed at 0 and 6 hpi, but it was significant at
24 hpi, and the S. sclerotiorum rapidly infected the B. napus
leaves between 24 and 48 hpi (Figures 1B–E). The RNA-seq
data revealed that approximately 44.7 to 66.4 million paired-end

FIGURE 3 | Heatmap of DEGs related to the ET (ethylene; A), SA (salicylic acid; B), and JA (jasmonic acid; C) signaling pathways. The descriptions of DEGs in this

picture were listed in Table 1. The heatmap was drawn with TBtools (Chen et al., 2020).
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TABLE 1 | Description and expression of genes in B. napus involved in the hormone signaling pathway.

Gene ID Descriptiona Expression level (hpi)b

6- 24- 48-

BnaA04g01520D Mitogen-activated protein kinase 6 – −2.88 −6.01

BnaA09g04600D EIN3-binding F-box protein 2 – – −1.95

BnaC09g04050D EIN3-binding F-box protein 2 – – −2.29

BnaC07g29410D EIN3-binding F-box protein 2 – 1.64 2.27

BnaC06g23450D Ethylene insensitive 3 – 2.22 2.77

BnaA01g23940D Ethylene-responsive transcription factor −2.06 4.26 5.93

BnaA04g28820D Ethylene-responsive transcription factor – >100 >100

BnaA09g50010D Ethylene-responsive transcription factor – 5.62 8.16

BnaA10g04090D Ethylene-responsive transcription factor – 3.44 6.02

BnaC03g17400D Ethylene-responsive transcription factor – 1.91 2.58

BnaC04g42060D Ethylene-responsive transcription factor 1.52 2.59 4.91

BnaC05g04210D Ethylene-responsive transcription factor – 5.65 7.41

BnaC08g44670D Ethylene-responsive transcription factor – 5.47 7.65

BnaA09g11550D Regulatory protein NPR1 – – −4.05

BnaA01g15310D Regulatory protein NPR2 – 2.02 2.70

BnaAnng05410D Regulatory protein NPR3 – 3.74 4.18

BnaC07g02890D Regulatory protein NPR3 – 3.29 3.28

BnaA02g00310D Transcription factor TGA4 – – −2.91

BnaA07g33790D Transcription factor TGA7 – – −2.15

BnaC06g20630D Transcription factor TGA7 – – −3.45

BnaC09g46670D Transcription factor TGA4 – −1.40 −4.00

BnaA06g04770D TGACG-sequence-specific DNA-binding protein TGA-2.1 – – 3.42

BnaA08g20970D Transcription factor TGA3 – 4.62 3.88

BnaA09g48940D TGACG-sequence-specific DNA-binding protein TGA-2.1 – −1.44 3.42

BnaC05g06030D TGACG-sequence-specific DNA-binding protein TGA-2.1 −1.33 −0.88 2.89

BnaC08g20170D Transcription factor TGA3 1.87 4.54 3.61

BnaUnng03970D Transcription factor HBP-1b −3.82 1.52 3.40

BnaA03g38630D Pathogenesis-related protein 1 – 6.00 6.63

BnaC01g04530D Pathogenesis-related protein 1 −1.17 2.57 10.04

BnaC03g45470D Pathogenesis-related protein 1 – 3.49 4.88

BnaA05g01450D Jasmonic acid-amido synthetase JAR1 – – −2.76

BnaC04g01170D Jasmonic acid-amido synthetase JAR1 1.21 – −1.91

BnaA05g05650D Coronatine-insensitive protein 1 – – −2.40

BnaC04g05430D Coronatine-insensitive protein 1 – – −3.48

BnaA02g05120D Protein TIFY 3B – 1.84 3.31

BnaA02g15990D Protein TIFY 11B – 3.76 4.66

BnaA03g04250D Protein TIFY 9 – >100 >100

BnaA05g22360D Protein TIFY 6B – 2.66 3.32

BnaA06g13250D Protein TIFY 10A – 6.18 7.61

BnaA07g23750D Protein TIFY 7 – 4.67 4.83

BnaA07g30200D Protein TIFY 11B 2.43 4.64 4.00

BnaA07g31880D Protein TIFY 10B 1.60 1.56 2.25

BnaA08g22180D Protein TIFY 10A – 4.90 6.55

BnaA08g23150D Protein TIFY 11A – 5.16 6.28

BnaA10g20060D Protein TIFY 9 – 6.39 8.78

BnaC02g45660D Protein TIFY 11B – 3.34 4.34

BnaC03g71460D Protein TIFY 9 – 7.73 8.29

BnaC05g14810D Protein TIFY 10A – 5.92 7.66

BnaC05g35610D Protein TIFY 6B – 1.58 2.35

BnaC06g24560D Protein TIFY 7 – 5.34 6.50

(Continued)
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TABLE 1 | Continued

Gene ID Descriptiona Expression level (hpi)b

6- 24- 48-

BnaC06g33640D Protein TIFY 11B – 3.09 4.14

BnaC08g18640D Protein TIFY 10A – 3.24 3.66

BnaC08g36840D Protein TIFY 10A – 6.57 7.32

BnaC08g37780D Protein TIFY 11A – 2.47 2.38

BnaC08g48340D Protein TIFY 11A – 6.38 7.62

BnaC09g43860D Protein TIFY 9 −1.09 5.16 6.96

BnaCnng08230D Protein TIFY 10B – 1.43 2.27

BnaA01g08750D Transcription factor MYC2 −1.80 – −4.39

BnaA09g18200D Transcription factor MYC2 – – −4.26

BnaC01g10420D Transcription factor MYC2 – – −4.03

BnaC07g19530D Transcription factor MYC2 – −2.13 −5.81

BnaC09g19710D Transcription factor MYC2 – – −3.69

BnaA09g18160D Transcription factor MYC2 – – 2.28

aAnnotation based on the presence of conserved Pfam domains and the BLAST report.
bExpression change (Log2FC) relative to 0 h post-inoculation (hpi). (–) No significant change in expression.

More information about the genes can be found in Supplementary Table 3.

reads were generated in B. napus (Supplementary Table 2). After
mapping to the reference genome using TopHat2 (v2.0.12) and
merging annotations through cuffmerge, 102,216 genes were
annotated to the published reference genome and 2,112 new
genes were annotated and predicted (Supplementary Table 3).

Using the gene expression levels calculated by FPKM mapped
reads, we found a tight overlap among the three stages (6, 24,
and 48 hpi) compared with the mock stage (0 hpi; Figure 1F),
having 253 DEGs. The numbers of genes expressed in only one
stage were 791, 330, and 13,330 for 6, 24, and 48 hpi, respectively.
At the 48-hpi stage, the highest numbers of DEGs (16,079)
and stage-specific genes (13,330) were identified, indicating that
time was required to genetically respond to the S. sclerotiorum
infection of B. napus.

Functional Classification Using GO and
KEGG Pathway Analyses in B. napus
A hierarchical clustering analysis used to compare global
gene expression changes showed two significantly different
expression pattern groups (Figure 1G). Furthermore, the GO
analysis indicated that these upregulated DEGs during pathogen
infection (8,602 genes clustered in Group 1) were enriched in
20 subcategories of biological processes, including the regulation
of plant-type hypersensitive response, protein targeting to the
membrane, responses to stress processes, the negative regulation
of programmed cell death (PCD), systemic acquired resistance,
and responses to JA (Figure 2A; Supplementary Table 4),
whereas the downregulated DEGs (11,164 genes clustered in
Group 2) were enriched in both cellular components and
biological processes, including the chloroplast envelope, an
integral component of the membrane, plant-type cell wall, auxin
polar transport, and the regulation of hormone levels (Figure 2B;
Supplementary Table 4).

Using all the DEGs at the three developmental stages, 6,
24, and 48 hpi, compared with the mock stage, 389, 557, and
3,946 genes were mapped to the KEGG database, respectively.
At 24 and 48 hpi, these DEGs were classified into 50 different
terms, with the ribosome (90/557 and 485/3,946, respectively)
and the biosynthesis of amino acids pathway (59/557 and
326/3,946, respectively) accounting for large proportions of the
DEGs (Figures 2C,D; Supplementary Table 5). Most DEGs were
classified into pathways related to starch and sucrose metabolism
(34/389) and the biosynthesis of amino acids (28/389) at the
6-hpi stage (Figure 2D). During the infection, the number of
DEGs in plant-pathogen interactions and plant hormone signal
transduction pathways increased dramatically (Figure 2C). A
detailed analysis showed that the DEGs grouped into the plant
hormone signal transduction pathway category were mainly
classified as being involved in JA and ET signal transduction
and brassinosteroid biosynthesis (Supplementary Table 6). At 6
hpi, DEGs were classified into the auxin/IAA, cytokinin, ABA,
and JA pathways (Figure 3; Table 1; Supplementary Table 6),
which indicated that these hormone signals were activated at the
early stage of pathogen infection. Then, more hormone signal
pathways, including that of SA, were activated, consistent with
the pathogen invasion (Figures 3B,C).

Expression Patterns of Defense
Response-Associated Genes
The RNA-seq data were verified through a qRT-PCR analysis
of eight DEGs at four stages (Supplementary Table 1). The
expression patterns of the eight genes as determined by the
qRT-PCR were largely consistent with those obtained from
RNA-seq (Figure 4).

Additionally, to identify the expression patterns of genes
involved in defense-response pathways, which play crucial roles
in a pathogen attack, several genes were selected and analyzed by
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FIGURE 4 | Validation of the expression of 22 genes by quantitative reverse transcription PCR (qRT-PCR). (A) The expression-level changes based on qRT-PCR data.

(B) The expression-level changes based on RNA-seq data. Gene IDs are listed in Supplementary Table 1.

qRT-PCR (Figure 4A). In the JA pathway, the expression levels
of two genes involved in JA biosynthesis at four stages were
identified. The expression levels of allene oxide synthases (AOS;
BnaC02g29610D) and lipoxygenase 2 (LOX2; BnaA07g19600D),
two genes encoding the key enzymes of JA biosynthesis, increased
as the pathogen infection proceeded, while the expression levels
of JAR1, coronatine-insensitive 1 (COI1), and MYC2 were more
complicated (Figure 3C). In particular, the expression levels
of jasmonate ZIM-domain proteins (JAZs), the key proteins
involved in the JA-signaling pathway, in binding toCOI1 through
Skp1/Cullin1/F-box protein COI1 (SCFcoi1) complex-mediated
ubiquitination and in regulating ubiquitin-26S proteasome
degradation, were downregulated (Figure 3C). In rapeseed,
the mitogen-activated protein kinase cascade reaction and its
direct targets, WRKY transcription factors, play broad roles in
regulating defenses (Eulgem and Somssich, 2007). The expression
levels ofMPK4,WRKY33,WRKY29, andWRKY70were analyzed
by qPCR, and these genes were all upregulated after 6 hpi
(Figure 4). Isochorismate synthase 1 (ICS1) is an important
gene involved in SA biosynthesis (Zheng et al., 2015). In
this study, the expression level of BnICS1 (BnaC06g22820D)
showed a significant increase at 6 hpi and then decreased at 24
and 48 hpi (Figure 4A). Polygalacturonase-inhibiting proteins
(PGIPs) occur in plant cell walls and counteract the actions
of the polygalacturonase (PG) from S. sclerotiorum to prevent
the degradation of cell walls (De Lorenzo and Ferrari, 2002).
The expression levels of PGIP1 and PGIP2 were upregulated
consistently after inoculation and peaked at 48 hpi (Figure 4A).

Several Hormone Contents Changed in B.

napus Leaves After S. sclerotiorum
Infection
Considering the differential expression of genes involved in plant
hormone pathways, the contents of five hormones, ABA, IAA,

GA3, JA, and SA, were measured (Figure 5). To distinguish the
hormonal differences in infected and uninfected areas (white
circle in Figure 1E), the hormone contents at four stages were
measured. It was hypothesized that the trends in the hormone
levels in the uninfected leaves were related to plant resistance,
whereas the hormone levels in the infected leaves were related
to plant-pathogen interactions. The ABA content in the infected
leaves was reduced significantly (p < 0.01) during pathogen
infection (Figure 5A), while the GA3 content was maintained at
the same level at 0 and 48 hpi after significantly increasing at 6
and 24 hpi (Figure 5B). The IAA content at 48 hpi was greater
than in the mock stage (p < 0.05; Figure 5C). The JA and SA

contents were stable at 6 hpi, increased significantly (p < 0.01) at
24 hpi, and then decreased slightly at 48 hpi (Figures 5D,E).

The ABA and IAA contents in uninfected leaves were
consistent within the infected leaves (Figures 5A,C), whereas
the JA and SA contents in the uninfected leaves were extremely
lower compared with the infected leaves at 24 and 48 hpi
(Figures 5D,E). Interestingly, the GA3 content change trends in
the uninfected and infected leaves during pathogen infection
were opposite (Figure 5B).

Differential Gene Expression Analysis in S.

sclerotiorum
During the infection, many expressed genes of S. sclerotiorum
were induced and changed, with the peak occurring at 48
hpi (Figure 6A; Supplementary Table 7). The expression
patterns of S. sclerotiorum genes varied and clustered into
different sub-clusters (Figure 6B). Some DEGs were enriched
in cell-wall modification (GO:0005618 and GO:0042545) and
the chitin/chitinase process (GO:0006032 and GO:0004568),
which play important roles during host invasion. The KEGG
analysis showed that the DEGs of S. sclerotiorum at 6 hpi were
mainly enriched in the ribosome and its biogenesis pathway
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FIGURE 5 | Contents of abscisic acid (ABA) (A), gibberellic acid (GA3) (B), indole-3-acetic acid (IAA) (C), JA (D), and SA (E) in infected (infected area) and uninfected

leaves (uninfected area). Values are the mean ± SD of three biological replicates per treatment. Different letters above each column indicate a significant difference

(Capital letters: p < 0.01; others: p < 0.05; n = 3).

(Figure 6C). Then, at 24 hpi, the DEGs were enriched in
the valine, leucine and isoleucine degradation, pentose and
glucuronate interconversions, starch and sucrose metabolism,
and peroxisome pathways (Figures 6C,D). At 48 hpi, some
DEGs showed enrichment in the pentose and glucuronate
interconversions, starch and sucrose metabolism, and alpha-
linolenic acids pathway (Figures 6C,D; Supplementary Table 8),
in which the expression levels of shikimate dehydrogenase
(SS1G_08336; gene 7815), chorismate mutase type II
(SS1G_08569; gene 8012), and galactose oxidase (SS1G_13392;
gene10461) were upregulated. Many genes in these pathways,
including SS1G_00468, SSPG1, SS1G_07184, and SS1G_01021,
were upregulated (Supplementary Table 9).

The sclerotium is central to the life and disease cycles
of S. sclerotiorum (Bolton et al., 2006), which require the
expression of numerous associated genes. As a group, the
ATP-binding cassette and major facilitator superfamily (MFS)
transporters exhibit wide ranges of specificities (amino acids,
drugs, heavy metals, inorganic ions, peptides, polysaccharides,
and sugars); however, some have been implicated in the secretion
of fungal toxins or the efflux of host phytoalexins (Perlin et al.,
2014). Here, 8 genes encoding MFS transporters and 22 genes
encoding ATP-binding cassette transporters were detected and
showed differential expression levels during the infection stage
(Figure 7). Interestingly, almost all the differential expressed
MFS genes encoded sugar transport proteins but showed
various expression patterns (Figure 7; Supplementary Table 9).
For instance, the expression level of SS1G_05572 (gene 6935)
was upregulated at 48 hpi, while SS1G_08425 (gene 7888)

was significantly downregulated compared with 0 hpi, which
suggested unknown and diverse functions for these MFS
genes (Figure 7).

Numerous genes encoding enzymes with hydrolytic
activities were induced during infection, with the largest group
encoding carbohydrate-active enzymes. Most of the predicted
carbohydrate-active enzyme-encoding genes were from the
glycoside hydrolase (GH) and carbohydrate esterase (CE)
families, and they were upregulated during the S. sclerotiorum
infection process (Amselem et al., 2011; Seifbarghi et al., 2017).
In this research, 52 genes belonging to the GH family were
identified, and most showed increased expression levels during
the infection (Table 2). Among them, the GH28 subfamily
contains PGs, enzymes that degrade cell-wall pectin. SsPG1
(Gene11050), SsPG5 (Gene1929), and SsPG6 (Gene9072), which
encode PG and endopolygalacturonase (endo-PG), respectively,
were upregulated at 24–48 hpi (Figure 7; Table 2).

DISCUSSION

When rapeseeds are attacked by S. sclerotiorum, the response
involves a range of physiological and biochemical activities.
First, rapeseeds form protective barriers, which involve enhanced
lignin monomer production, to prevent infection and fungal
expansion (Uloth et al., 2016). Then, S. sclerotiorum may be
killed by different active antimicrobial products formed by
rapeseeds, such as indole glycosides, or by the production of
chitinase and β-1, 3-glucanase, which degrade the cell walls of
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FIGURE 6 | DEG analysis in S. sclerotiorum. (A) The number of DEGs expressed at the 6-, 24-, and 48-hpi stages and their overlapping. (B) Heatmap illustrating the

hierarchical clustering results for RNA-seq. (C,D) KEGG enrichment analysis of DEGs at the 6-, 24-, and 48-hpi stages. The x-axis indicated the ratio of the enriched

gene number to the total gene number at three stages, and the y-axis indicated different enriched terms.

S. sclerotiorum (Stotz et al., 2011; Zhang et al., 2015). Third,
enzymes or chemicals are formed to inhibit the virulence factors
of S. sclerotiorum, such as PGIP, which is produced by rapeseeds
to inhibit the plant cell wall-degrading enzyme PG secreted by
S. sclerotiorum (De Lorenzo and Ferrari, 2002). Additionally,
it is necessary for S. sclerotiorum to evolve mechanisms that
encourage infection. Usually, pathogenic factors, like OA, are
secreted to affect signal transduction in host cells (Kabbage et al.,
2015). Sclerotinia sclerotiorum promotes cell death by inducing
SA synthesis in the host, and numerous effectors secreted by S.
sclerotiorum participate in host-pathogen interactions (Amselem
et al., 2011; Derbyshire et al., 2017).

Phytohormones and Their Signaling
Pathways Play Different Roles in B. napus

Defense Responses
The role of plant hormones in plant defenses against pathogens,
especially JA, SA, and ET, has been well studied (Bari and Jones,
2009). In this research, the contents of five hormones were
detected, and the changing trends of IAA and ABA in infected

and uninfected leaves were similar (Figures 5A,C), indicating
that the two hormones were not directly involved in B. napus–
S. sclerotiorum interactions. An important plant growth and
development regulator, GA3, belongs to the gibberellins family
and is known to stimulate diverse aspects of developmental
processes (Hedden and Phillips, 2000; Yamaguchi, 2008; Sun,
2011). Previously, the role of GA in the signaling involved
in defense responses received little attention. However, GA
signaling components, especially the negative regulator DELLA,
play major roles in plant disease resistance and susceptibility
by modulating JA- and SA-dependent responses (Achard et al.,
2006, 2008; Navarro et al., 2008). Here, the GA3 content
change trends in infected and uninfected leaves were completely
contrary. The GA3 content decreased continuously in uninfected
leaves, whereas the content in infected leaves increased rapidly
after the formation of disease spots, indicating that the GA3

content was directly induced by S. sclerotiorum. The GA3

content in infected areas increased without changes in the
expression levels of GA-signaling components from 0 to 24
hpi, compared with the decreased content in uninfected areas
(Figure 5B). These results suggest that, after a pathogen attack,
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FIGURE 7 | Differential changed genes involved in the major molecular mechanisms of B. napus–S. sclerotiorum interactions. The SA signaling pathway colored in red

indicated an activation, while the JA signaling pathway colored in green indicated repression in our study. Abbreviations: CWDE, cell wall-degrading enzymes; PRs,

pathogen-related proteins; TF, transcription factor.

plants increase the GA3 content in the infected area by
transporting it from nearby areas rather than through early-
stage biosynthesis.

The JA contents were lower in uninfected leaves, but the
trend was consistent with previous reports (Pieterse et al., 2012;
Wu et al., 2016). The transcriptomic data and qPCR results
led us to speculate that the interactions between rapeseeds
and S. sclerotiorum are complex. In this research, even though
leaf necrosis was not shown, the gene encoding LOX2, which
is a key enzyme in JA synthesis, was expressed at 6 hpi
(Figures 1C, 4). Then, the upregulated expression levels of

JAR1, COI1, and MYC2 indicated that the JA-signaling pathway
was activated at 6 hpi (Figure 3C). At the early stages of S.
sclerotiorum infection, rapeseeds may induce a downstream
defense response by synthesizing JA; consequently, numerous JA
synthesis-related proteins should be expressed, and downstream
signal transmission should be induced. However, although JA
content dramatically increased at 24 hpi and 48 hpi, the
symptoms in rapeseed leaves were more severe (Figures 1,
5D). At these times, LOX2 and AOS expression levels were
still increased, but the JAR1, COI1, and MYC2 expression
levels were decreased (Figures 3C, 4). The expression of the
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TABLE 2 | Description and expression of genes in S. sclerotiorum involved in CWDEs.

ID Gene ID Descriptiona Expression level (hpi)b

6- 24- 48-

1. Glycosyl hydrolases family

1.1 Carbohydrate transport and metabolism

Gene4730 SS1G_05915 Function unknown −2.76 −3.65 −5.59

Gene6176 SS1G_11499 Function unknown −0.65 −3.32 −3.29

Gene6581 gene6581 Function unknown 1.86 0.58 −2.46

Gene10781 SS1G_09367 Alpha/beta-glucosidase 0.24 0.54 2.29

Gene1191 SS1G_01083 Alpha-glucosidase −0.89 −0.37 −0.26

Gene1956 SS1G_04148 Alpha-mannosidase −1.50 −1.14 0.21

Gene9373 SS1G_11763 Beta-galactosidase 0.27 1.62 1.65

Gene4690 SS1G_05977 Beta-mannosidase B −0.69 0.81 2.36

Gene10997 SS1G_10092 Endo-1,4-beta-xylanase 11A −1.44 1.01 3.32

Gene8949 SS1G_11212 Endochitinase 33 0.26 1.95 3.15

Gene2117 SS1G_13155 Endochitinase A 0.34 −3.92 −5.32

Gene6339 SS1G_11700 Endochitinase B1 2.07 3.46 4.69

Gene8881 SS1G_11304 Endochitinase B1 0.18 0.89 2.20

Gene11050 SS1G_10167 Endo-polygalacturonase −2.18 1.54 2.40

Gene1634 BC1G_11909 Endo-xylogalacturonan hydrolase A 0.38 4.00 7.57

Gene1908 SS1G_04207 Exopolygalacturonase X-1 – 5.52 8.34

Gene7294 SS1G_10617 Glucoamylase 1.08 −1.49 −1.32

Gene7659 SS1G_08118 Glucosidase 2 subunit alpha −0.22 1.05 2.51

Gene5233 SS1G_07184 Invertase 2 −0.73 −0.98 −0.67

Gene2572 SS1G_00677 Killer toxin subunit beta 1.94 0.90 0.45

Gene5534 SS1G_12510 Killer toxin subunit beta – 0.09 −1.09

Gene2503 SS1G_00773 Killer toxin subunit beta 4.20 2.19 2.22

Gene6840 SS1G_05454 Killer toxin subunit beta 0.49 2.53 1.58

Gene9072 SSPG6 Polygalacturonase −0.23 1.52 1.62

Gene2421 SS1G_00892 1,4-beta-D-glucancellobiohydrolase C 0.03 1.28 4.11

Gene2331 SS1G_01005 Alpha/beta-glucosidase −1.37 −0.93 −0.68

Gene9246 SS1G_11922 Arabinanendo-1,5-alpha-L-arabin- osidase A −0.40 1.71 3.32

Gene7628 SS1G_03647 Beta-galactosidase A 0.32 0.74 2.23

Gene3803 SS1G_02781 Beta-galactosidase B −0.11 1.97 4.05

Gene7112 SS1G_10842 Beta-galactosidase C 0.18 3.17 4.69

Gene806 SS1G_01572 Beta-galactosidase E −1.74 0.86 2.70

Gene7223 SS1G_10698 Endopolygalacturonase D 0.33 5.96 7.04

Gene4142 SS1G_12057 Exopolygalacturonase C 1.06 0.38 −0.26

Gene8756 SS1G_14449 Exopolygalacturonase C −1.60 1.64 2.66

Gene4790 SS1G_05832 Exopolygalacturonase X 0.96 5.39 5.64

Gene6371 SS1G_04852 Glucan endo-1,3-beta-glucosidase −0.37 −0.25 −1.90

Gene1216 SS1G_12930 Glucan endo-1,3-beta-glucosidase −0.24 1.71 2.53

Gene5343 SS1G_07039 Rhamnogalacturonase B 1.98 1.82 4.10

Gene3507 SS1G_02399 Rhamnogalacturonase B 0.92 1.62 1.38

Gene8063 SS1G_08634 Galacturan1,4-alpha-galactur- onidase C −1.21 2.06 4.44

Gene7738 SS1G_08229 Rhamnogalacturonase A −2.79 −1.85 0.77

1.2 Cell wall/membrane/envelope biogenesis

Gene1929 polygalacturonase

5

Endopolygalacturonase E – 4.96 6.20

1.3 general function prediction only

Gene5712 SS1G_03540 Alpha-L-rhamnosidase rgxb −0.04 0.89 2.94

Gene3628 gene3628 Alpha-L-rhamnosidase rgxb −0.34 2.17 4.73

Gene588 SS1G_01833 Arabinan endo-1,5-alpha-L-arabinosidase B 0.39 0.64 3.02

(Continued)
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TABLE 2 | Continued

ID Gene ID Descriptiona Expression level (hpi)b

6- 24- 48-

Gene9172 SS1G_12024 Cell surface mannoprotein 0.74 0.35 −0.91

Gene10431 SS1G_09118 Endo-1,3(4)-beta-glucanase 4.42 2.46 6.39

Gene1678 SS1G_04497 Glycosidase crf1 0.48 1.10 0.62

Gene3587 SS1G_02501 Glycosidase crf2 −0.98 −0.39 0.81

aAnnotation based on the presence of conserved Pfam domains, SWISS, and the BLAST report.
bExpression change (Log2FC) relative to mock. (–) No significant change in expression.

More information about the genes can be found in Supplementary Table 9.

JAZ protein family increased, resulting in the inhibition of
MYC2 transcription factor activity, which was consistent with
the findings of Wu et al. (2016). As the key protein of the
JA-signaling pathway, JAZ degradation controls the activation
of downstream genes (Chini et al., 2007). Bacteria and fungi
secrete effectors or enzymes that prevent JAZ degradation in
their host plants (Gimenez-Ibanez et al., 2014; Plett et al.,
2014; Patkar et al., 2015; Dallery et al., 2020). Thus, the
effectors from S. sclerotiorum may stabilize the JAZ proteins
in rapeseeds. Although the JA content in the inoculated
area was significantly increased at 24 and 48 hpi, the JA-
responsive genes were repressed and failed in pathogen defense
(Figures 1D, 5D). This study revealed that S. sclerotiorum failed
to prevent JA synthesis in rapeseeds but successfully inhibited
the JA-signaling pathway through unknown secreted proteins,
resulting in the failure of related defense responses in rapeseeds.
Future investigations will identify the related secreted proteins
and their mechanisms.

Ethylene plays a positive role in the SSR resistance in B.

napus (Yang et al., 2010; Wu et al., 2016). The ET content
was not measured in this study, but the upregulated expression

levels of EIN3 and ERF1/2 after 24 hpi indicated that the ET-

signaling pathway was activated, which suggests that this pathway
functions more in late-stage pathogen defenses (Figures 3A, 4).

Salicylic acid and its signaling pathway trigger resistance
against biotrophic and hemibiotrophic pathogens (Glazebrook,
2005). Although the pathogen S. sclerotiorum is a necrotrophic
pathogen, some reports indicate that SA positively regulates
S. sclerotiorum resistance (Novákov et al., 2014; Ding et al.,
2020). Here, the SA contents in infected leaves dramatically
increased after 24 hpi, with SA signaling-related genes having
upregulated expression levels, especially the defense-related
PR1 genes (Zhang et al., 1999; Figures 3B, 5E). The qRT-
PCR analyses of the expression levels of genes such as ICS1,
MPK4, and EDS5 at different stages after S. sclerotiorum
inoculation into rapeseed leaves confirmed that the SA synthesis
in rapeseeds did involve the branch acid pathways. The
BnICS1 expression level was regulated by plant hormone
networks and participated in the activating of the SA-
signaling pathway at the early infection stages (Peng et al.,
2016). These results suggested that the SA pathway aids the
response of rapeseeds to the infection by S. sclerotiorum at
late stages.

The Battle of Cell Walls Both in B. napus

and S. sclerotiorum
Once the fungus is established, a transition to necrotrophy
occurs and host cell death pathways are subverted, inducing
apoptotic cell death. This fungal-induced cell death provides
nutrients that exclusively benefit the fungus. In pathogenic fungi,
the cell wall plays a critical role during host invasion because
it is the first structure to physically contact plant cells. It is
then recognized by several plant components through microbe-
associated molecular patterns to activate host immune responses
(Latgé and Beauvais, 2014). During the invasion process, S.
sclerotiorum secretes cell wall-degrading enzymes (CWDEs) to
degrade the cell walls of the hosts, resulting in the death of plants
cells. Meanwhile, the rapeseed continuously secretes hydrolytic
enzymes, such as chitinases and glucanases, to degrade the cell
walls of S. sclerotiorum (Stotz et al., 2011; Zhang et al., 2015).
RNA-seq analysis of a global study on S. sclerotiorum gene
expression, especially the genes encoding hydrolytic enzymes,
transporters, and effectors as it infects B. napus from 0
to 48 hpi (Seifbarghi et al., 2017), found that many genes
involved in polysaccharide degradation show high expression
levels at 24 and 48 hpi, including SSPG1 (SS1G_10167),
SSPG3 (SS1G_10698), and exoPG1 (SS1G_04207). In our
study, most genes encoding CWDEs in S. sclerotiorum were
upregulated after 24 hpi and accompanied the appearance
of leaf necrosis (Figures 1D, 7), which was consistent with
the results of Seifbarghi et al. (2017). In our research,
however, the expression level of SSPG1 was downregulated at
6 hpi, which might be an effect of the partial resistance of
rapeseed plants. Consequently, it is hypothesized that, during
early-stage infections, S. sclerotiorum induces SA synthesis in
rapeseeds to promote infection, and after the S. sclerotiorum
infection is successful, numerous CWDEs are synthesized
to ingest nutrients (Bashi et al., 2012).

In summary, the process of reciprocal evolution occurs
as rapeseeds interact with S. sclerotiorum. Although
rapeseeds have developed a complex defense system or
acquired disease-resistance genes against diverse pathogens,
it is difficult to avoid S. sclerotiorum infections, which
can interfere with hormone synthesis and signaling
pathways. Thus, analyzing the molecular mechanisms of
the hormone-regulated metabolic networks involved in B.
napus–S. sclerotiorum interactions and excavating related
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protein-protein interactions will aid in breeding B. napus.
These results lay a foundation and provide new insights for
further research.
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Clubroot disease, which is caused by the soil-borne pathogenPlasmodiophora brassicae

War (P. brassicae), is one of the oldest and most destructive diseases of Brassica and

cruciferous crops in the world. Plant microRNAs [micro ribonucleic acids (miRNAs)]

play important regulatory roles in several developmental processes. Although the role

of plant miRNAs in plant-microbe interaction has been extensively studied, there are

only few reports on the specific functions of miRNAs in response to P. brassicae. This

study investigated the roles of miRNAs and their targets during P. brassicae infection

in a pair of Brassica napus near-isogenic lines (NILs), namely clubroot-resistant line

409R and clubroot-susceptible line 409S. Small RNA sequencing (sRNA-seq) and

degradome-seq were performed on root samples of 409R and 409S with or without

P. brassicae inoculation. sRNA-seq identified a total of 48 conserved and 72 novel

miRNAs, among which 18 had a significant differential expression in the root of 409R,

while only one miRNA was differentially expressed in the root of 409S after P. brassicae

inoculation. The degradome-seq analysis identified 938 miRNA target transcripts, which

are transcription factors, enzymes, and proteins involved in multiple biological processes

and most significantly enriched in the plant hormone signal transduction pathway.

Between 409R and 409S, we found eight different degradation pathways in response

to P. brassicae infection, such as those related to fatty acids. By combining published

transcriptome data, we identified a total of six antagonistic miRNA-target pairs in 409R

that are responsive to P. brassicae infection and involved in pathways associated with

root development, hypersensitive cell death, and chloroplast metabolic synthesis. Our

results reveal that P. brassicae infection leads to great changes in miRNA pool and target

transcripts. More interestingly, these changes are different between 409R and 409S.

Clarification of the crosstalk between miRNAs and their targets may shed new light on

the possible mechanisms underlying the pathogen resistance against P. brassicae.

Keywords: Plasmodiophora brassicae, clubroot resistance, miRNA, degradome, Brassica napus
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INTRODUCTION

Rapeseed (Brassica napus) is an important oilseed crop in the
temperate climate zone of the world, providing edible oil and
raw materials for the production of bioenergy (Zajac et al., 2016).
China is the second-largest producer of rapeseed, which is the
fourth leading cash crop after rice, wheat, and maize (Hu et al.,
2017). Rapeseed is also widely cultivated in the European Union,
Canada, and other parts of Asia (Zajac et al., 2016).

Clubroot is a disease caused by the soil-borne pathogen
Plasmodiophora brassicaeWar (P. brassicae) and one of the oldest
and most destructive diseases of Brassica and cruciferous crops
in the world (Dixon, 2014; Hirani et al., 2016). It spreads in
more than 60 countries and causes more than 20% yield loss
in highly infested fields (Diederichsen et al., 2009; Bhattacharya
et al., 2014; Chai et al., 2014; Rahman et al., 2014; Wallenhammar
et al., 2014). The pathogen can cause the formation of galls
or clubs on the roots of susceptible hosts, which prevents
water and nutrient uptake from the soil and finally results in
stunting, wilting, and immature death (Dixon, 2009; Hwang et al.,
2011). Besides, this obligate biotrophic pathogen can survive on
soil for more than 20 years, resulting in very difficult control
of the disease with chemicals or other mechanical methods
(Kageyama and Asano, 2009). Therefore, the development of P.
brassicae-resistant varieties is considered the most economical
and effective approach to control the clubroot disease. To date,
a number of clubroot resistant (CR) loci have been identified,
such as CRa, CRb, CRc, CRk (Matsumoto et al., 1998; Piao
et al., 2004; Sakamoto et al., 2008), Crr1, Crr2, Crr3, Crr4
(Suwabe et al., 2003, 2006; Hirai et al., 2004), CRd (Pang
et al., 2018), PbBa3.1, PbBa3.2, PbBa3.3, PbBa1.1, PbBa8.1
(Chen et al., 2013), Rcr1 (Chu et al., 2014), Rcr4, Rcr8, and
Rcr9 (Yu et al., 2017). Among these loci, CRa and Crr1 are
isolated from Chinese cabbage and encode toll-interleukin-1
receptor/nucleotide-binding site/leucine-rich-repeat (TNL/TIR-
NBS-LRR) proteins (Hatakeyama et al., 2013, 2017). These
resistance-related proteins (R proteins) are mostly intracellular
receptors that interact with pathogen “effectors” to activate
the effect or triggered immunity (ETI) of plants (Jones and
Dangl, 2006). However, the specific mechanism for resistance
to P. brassicae mediated by clubroot resistance (CR) genes
remains unclear.

Micro ribonucleic acids (miRNAs) are a class of endogenous
non-coding small RNAs usually with a length of 20–24
nucleotides (nt). miRNAs have been demonstrated to play
important regulatory roles in several plant growth and
development processes (Sunkar et al., 2012; Jin et al., 2013;
Tang and Chu, 2017; Song et al., 2019). In plants, the miRNA-
mediated regulation of gene expression occurs in three ways.
First, miRNAs can directly target the messenger RNAs based
on near-perfect sequence complementarity and lead to the
cleavage of the targets (Song et al., 2004; Baumberger and
Baulcombe, 2005; German et al., 2008; Carbonell et al., 2012;
Fei et al., 2013). Second, miRNAs can also downregulate
gene expression through translational repression that reduces
protein level (Brodersen et al., 2008; Iwakawa and Tomari,
2013; Li et al., 2013; Reis et al., 2015). Third, besides the

cleavage of target miRNAs and translational repression at the
posttranscriptional level, miRNAs can also influence the level of
transcripts through DNAmethylation (Bao et al., 2004; Wu et al.,
2010).

In the past few years, miRNAs have also been demonstrated
to play crucial roles in mediating plant immune responses (Song
et al., 2019; Kulshrestha et al., 2020). Generally, plants have two
types of immune responses upon pathogen attack, which are
known as the pathogen-associated molecular pattern (PAMP)-
triggered immunity (PTI) and effector-triggered immunity (ETI)
pathways (Jones and Dangl, 2006; Boller and Felix, 2009; Dangl,
2013; Peng et al., 2018). So far, at least 21 miRNA-target
modules have been found to be involved in plant defense against
pathogens through the regulation of PTI and ETI (Song et al.,
2019). miR393 is the firstmiRNA identified inArabidopsis for PTI
induced by bacterial flagellin peptide, which negatively regulates
auxin signaling by targeting the mRNAs of auxin receptors
(Navarro et al., 2006). miR393 and miR166 are induced in the
PTI of soybean roots upon infection by the fungus-like pathogen
Phytophthora sojae (Wong et al., 2014). Hvu-miR398 is regulated
by barley R genes Mla and Rom1 and acts as a repressor of
HvSOD1 in response to the barley powdery mildew fungus (Xu
et al., 2014). miRNA393∗ (derived from the lagging strand of pre-
miR393), which is induced by avirulent P. syringae pv. Tomato
DC3000 mediates the silencing of a Golgi-localized SNARE gene
(MEMB12) and contributes to ETI in Arabidopsis (Zhang et al.,
2011). However, R-protein-triggered ETI usually has a fitness cost
for plant growth and, thus, is tightly controlled in the absence
of pathogen attack and attenuated after defense (Tian et al.,
2003; Deng et al., 2017; Greene and Dong, 2018; Wang et al.,
2018; Liu et al., 2019; Cui et al., 2020). Recent studies have
revealed that several miRNA families target the transcripts of
R genes, which triggers the production of 21-nt phased siRNAs
(phasiRNA), and prevent R-protein-triggered autoimmunity in
the absence of pathogen infection (Zhai et al., 2011; Li et al., 2012;
Shivaprasad et al., 2012; Liu et al., 2014; Gonzalez et al., 2015;
Deng et al., 2018). Therefore, the miRNA-mediated regulation of
R gene expression may be a conserved mechanism underlying
pathogen-induced plant immunity (de Vries et al., 2015; Zhang
et al., 2016).

Numerous studies have reported the functions of miRNAs
in plant-microbe interactions. However, there have only been
relatively few studies concerning the functions of miRNAs in
response to P. brassicae infection in B. napus. Previous studies
have reported miRNA expression profiles in B. napus or Brassica
rapa under P. brassicae infection (Verma et al., 2014; Tang
et al., 2015; Wei et al., 2016). A comparison of miRNA profiles
between susceptible and resistant plants can help to dissect
the mechanism underlying clubroot resistance. In our previous
study, we introduced a dominant clubroot disease resistance
locus (CRb) into the B. napus restorer line Bing 409 and obtained
a pair of near-isogenic lines (NILs): a clubroot-resistant line
(409R) and a clubroot-susceptible line (409S) (Li et al., 2021).
In this study, sRNA-seq and degradome-seq were performed
on the roots of 409R and 409S with or without P. brassicae
infection to identify the critical miRNAs and corresponding
target transcripts for clubroot resistance, aiming to establish a

Frontiers in Plant Science | www.frontiersin.org 2 October 2021 | Volume 12 | Article 734419106

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Li et al. miRNA-Target Regulation on Clubroot Resistance

model for the miRNA-mediated regulatory network associated
with the resistance of B. napus to P. brassicae.

MATERIALS AND METHODS

Plant Materials
In our previous study, we have introduced the CRb locus from
CR Shinki (a Chinese cabbage material) to Bing409 (a Pol.
CMS restorer line of B. napus) and obtained a pair of NILs
with contrast phenotype of clubroot disease resistance through
marker-assisted foreground selection and background selection
(Li et al., 2021). The resulting lines, namely, the clubroot-resistant
line carrying CRb locus (designated as 409R) and clubroot-
susceptible line (designated as 409S), were sown and grown under
a 16-h photoperiod at 25◦C in an artificial growth chamber. The
single sequence repeat genotyping of 409R revealed that 97% of
the recurrent parent genome was recovered.

P. brassicae Inoculation
Rapeseed roots were inoculated with the P. brassicae strain
collected from Zhijiang (Hubei, China, 30◦43’00.00 N,
“111◦77’00.00” E). The P. brassicae strain we used in this
study was collected and characterized as pathotypes 4 and
Pb1 according to the Williams and sinitic clubroot differential
classification systems, respectively (Williams, 1966; Pang et al.,
2020). The homogenate of roots with galls or clubs was mixed
with dried culture soil at a mass ratio of 1: 20 and sealed at
25◦C for more than 48 h. Subsequently, 20 g of the prepared P.
brassica-containing soil was put into the culture soil in each hole
of the cavity tray, which was then filled with tap water (about
40ml for each hole) and then sown with one to two seeds.

The inoculated roots (Int409R, Int409S) were collected
20 days post-inoculation (dpi), and un-inoculated roots
(Mock409R, Mock409S) were collected as control samples.
Tissues were immediately frozen in liquid nitrogen and
stored at −80◦C. The samples were prepared with three
biological replicates.

RNA Extraction and Library Construction
for sRNA-seq and Degradome-seq
Total RNA was isolated using the TRIzol (Invitrogen, Carlsbad,
CA, United States) reagent according to the instructions of
the manufacturer. To ensure the quality of RNA for library
construction, an Agilent 2100 Bioanalyzer system was used
for RNA quality control. Small RNA (sRNA) was separated
from total RNA by NaCl-PEG8000 precipitation, as previously
described (Lu et al., 2007). sRNAs in the size range of 18–
30 nt were gel-purified and ligated to adapters. The sRNA
library was generated by reverse transcription and sequenced
using an Illumina HiSeq 2000 platform at Shanghai Personal
Biotechnology Co., Ltd in China.

Degradome libraries were generated as previously described
(Ma et al., 2010; Zhai et al., 2014). Samples from three biological
replicates were pooled for degradome library construction. In
brief, mRNA fragments with poly (A) sequences were annealed
and captured with poly (T) magnetic beads; 5′ RNA adapters
were ligated to RNAs containing 5′ monophosphates. The ligated

products were then purified and reverse-transcribed to cDNA
using biotinylated random primers. The cDNA was amplified by
PCR to construct the degradome libraries. Sequencing was also
performed using the Illumina HiSeq 2000 platform at LC-Bio
Technologies Co., Ltd (Hangzhou, China).

Quality Control and Identification of
miRNAs
For sRNA sequencing data, the raw reads were first filtered by
removal of low-quality reads to obtain clean reads (sRNAs).
The clean reads of each sample were screened within a certain
range of length, from 18 to 30, and then mapped to the B.
napus genome (https://www.ncbi.nlm.nih.gov/genome/?term=
brassica+napus) using Bowtie to obtain read counts and genomic
location information. The sRNAs were also aligned to the
GenBank (ftp://ftp.ncbi.nlm.nih.gov/genbank/) and Rfam 11.0
(http://rfam.janelia.org/) databases for functional annotation. All
sequences annotated as repeat, intron, exon, ribonucleic acid
(rRNA), transfer RNA (tRNA), small cytoplasmic RNA (scRNA),
small nuclear RNA (snRNA), or small nucleolar RNA (snoRNA)
were removed in subsequent miRNA analyses. Unannotated
sRNAs were then used to predict the secondary structure using
miReap (http://sourceforge.net/projects/mireap/) combined with
genome mapping information. sRNAs with classic miRNA
secondary structure were then aligned to miRBase 21.0 (http://
www.mirbase.org/ftp.shtml) to identify known miRNAs using
miReap. In addition, sRNAs containing classic miRNA secondary
structure but not included on miRBase were classified as “novel.”
The clean reads for each miRNA were normalized using the
following formula: normalized expression (TPM)=mapped read
count/total reads ∗ 1,000,000. Fold changes between the samples
were calculated using log2 (TPM of sample 1/TPM of sample 2).

Identification of miRNA Targets
For degradome sequencing data, the raw reads were filtered to
remove reads with adapters. Clean reads were aligned to the
GenBank and Rfam 11.0 databases to obtain the annotation
information for rRNA, tRNA, scRNA, snRNA, and snoRNA.
sRNAs not associated with these annotated reads were further
mapped to the B. napus genome (v2.0, https://www.ncbi.nlm.nih.
gov/genome/?term=brassica+napus) to obtain the cDNA sense
and antisense reads using Bowtie. The reads mapped to cDNA
or mRNA sequences were then used to predict the sites of
cleavage. Two software programs were used to predict the sites
of cleavage of the targets: psRNATarget (http://plantgrn.noble.
org/psRNATarget/) was used to predict miRNA targets; and
CleaveLand3 (http://axtell-lab-psu.weebly.com/cleaveland.html)
was used to summarize the information of cleaved sites, define
categories (containing 0–4 categories), and plot T-plot figures.

Quantitative RT-PCR and Validation of
miRNA Expression
The quantification ofmiRNAswas performed usingmiRcute Plus
miRNA First-Strand cDNA Synthesis Kit (TIANGEN, China)
according to the instructions of the manufacturer. Briefly, 2 µg
of total RNA was mixed with an RT RNA reaction buffer and an
RT Enzyme mix in a total volume of 20 µl. The reaction system
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TABLE 1 | Statistics for small ribonucleic acid (sRNA) sequencing data.

Sample Clean

reads

Mapped

reads

Unique

reads

rRNA snRNA snoRNA sRNA Known

miRNA

Novel

miRNA

Int409R1 16,859,089 12,241,995 2,758,364 1,486,968 19,291 172,035 1,653,701 82,770 21,027

Int409R2 19,437,857 13,583,672 4,032,739 1,211,671 21,381 111,524 2,383,874 113,822 25,952

Int409R3 21,045,591 14,970,123 3,579,575 1,445,208 20,273 125,781 1,935,638 97,756 21,985

Int409S1 19,151,421 12,602,830 2,799,605 1,863,049 7,194 157,600 1,350,982 23,185 5,227

Int409S2 19,510,896 13,667,504 3,262,226 1,374,644 14,476 107,191 1,917,801 81,051 19,851

Int409S3 20,746,687 11,014,507 2,798,106 1,095,158 9,442 72,987 1,391,531 48,203 10,476

Mock409R1 40,544,489 38,503,590 4,241,862 6,659,234 25,051 104,159 3,113,301 42,488 11,810

Mock409R2 19,357,053 12,378,257 3,447,958 1,540,456 14,423 113,443 1,823,459 43,758 15,757

Mock409R3 20,253,468 17,466,642 3,452,723 2,277,865 22,780 143,708 2,313,145 91,820 25,996

Mock409S1 17,482,155 13,689,066 3,305,874 2,014,105 12,946 103,905 1,904,936 47,190 10,243

Mock409S2 17,722,621 15,665,194 3,068,502 1,307,612 30,046 245,728 2,172,936 84,126 24,971

Mock409S3 19,267,299 16,255,438 3,708,198 1,260,635 27,666 115,800 2,383,375 91,333 30,239

Average 20,948,219 16,003,152 3,371,311 1,961,384 18,747 131,155 2,028,723 70,625 18,628

was incubated at 42◦C for 60min and stopped at 95◦C for 3min.
quantitative reverse transcription (qRT)-PCR was carried out
using the miRcute Plus miRNA qPCR Detection Kit (TIANGEN
Biotech Co Ltd, Beijing, China), with miRNA-specific forward
primers (Supplementary Table 9) and a universal reverse primer.
Briefly, 7.5 µl 2 × miRcute Plus miRNA Premix, 0.3 µl miRNA-
specific forward primers, 0.3 µl universal reverse primer, and
6.9 µl 20 × diluted cDNA template were mixed in a total of 15
µl reaction volume. The Bio-Rad CFX96 Realtime System (Bio-
Rad, Hercules, CA, United States) was used with the following
PCR cycling parameters: 95◦C for 15min; 45 cycles of 94◦C
for 20 s followed by 60◦C for 34 s. Reactions were performed
in triplicates, and U6 rRNA was used as the internal reference.
The relative expression of miRNAs was calculated according to a
previous study (Livak and Schmittgen, 2001). The student’s t-test
was performed for the significance test.

RESULTS

Differences in miRNA Pool Between
Resistant and Susceptible B. napus Upon
P. brassicae Infection
To identify the miRNAs involved in the response of B. napus to P.
brassicae infection in the resistant line 409R and the susceptible
line 409S, 12 sRNA libraries generated from the P. brassicae
inoculated roots at 20 dpi (Int409R and Int409S) and mock roots
(Mock409R and Mock409S) were sequenced with the Illumina
Solexa high-throughput sequencing technology. We obtained ca.
1G raw data per sample by SE50 mode (single end, read length
50 nt), with an average of 20.95 million reads (ranging from
17.5 to 40.5 million) for each library (Table 1). About 76.4%
of the reads were mapped to the B. napus genome, resulting
in an average of 16 million clean reads and million repeat
reads (Table 1). The reads matched with rRNA, tRNA, snRNA,
and snoRNA accounted for 34.25% of the sequences (Table 1).
Besides the t/r/sn/snoRNAs, 2.03 million sRNA reads on average
were identified from each library (Table 1). Reads corresponding

to 18–30 nt sRNAs were selected for further analysis, with the
majority of sRNAs exhibiting lengths of 21 and 24 nt (Figure 1A).
409R had relatively more 18-nt and 19-nt sRNAs than 409S;
similarly, the inoculated samples (Int409R and Int409S) had
more 21-nt sRNAs than the control samples (Mock409R or
Mock409S), indicating that P. brassicae infection could induce
some changes in the sRNA pool of B. napus (Figure 1A).

Based on a filtering pipeline designed to distinguish plant
miRNAs (Zhai et al., 2011), a total of 120 miRNA precursors
were identified, namely, 72 novel miRNAs and 48 known
miRNAs (Figures 1B,C, Supplementary Table 1). The lengths of
mature miRNAs ranged from 18 to 24 nt, and 21-nt miRNAs
(39 known and 34 novel) and 24-nt miRNAs (1 known and
21 novel) were the two most abundant types (Figure 1B).
An analysis of nucleotide preference revealed that “U” was
preferred by the 21-nt miRNAs, while “A” was preferred by
the majority of 24-nt miRNAs (Figure 1D). According to
the miRbase database, the 44 known miRNAs belonged to
25 conserved miRNA families across diverse plant species
(Supplementary Table 1a). Seventeen novel miRNAs were new
members of 11 known miRNA families. For example, novel_147,
novel_172, novel_202, novel_207, and novel_222 were new
members of the MIR169_2 family (Supplementary Table 1b).
A total of 55 novel miRNAs could not be associated with any
known miRNA families, and were, thus, defined as “new miRNA
candidates” (Supplementary Table 1c). Moreover, five miRNAs
(bna-miR1140, bna-miR6032, bna-miR161, bna-miR860, and
bna-miR824), which belonged to five miRNA families (MIR1140,
MIR6032, MIR161, MIR860, and MIR824), were specifically
present in Brassica (Table 2, Supplementary Table 2).

There were considerable differences in the expression
levels of miRNAs detected in this study (Figure 1E), including
highly expressed miRNAs (22.47%) with read numbers
of more than 200 across all samples and lowly expressed
miRNAs (26.59%) with read numbers below five, while the
majority of miRNAs showed read numbers between 5 and 200
(Supplementary Figure 1). Based on the normalized expression
of miRNAs, 60 highly expressed miRNAs were selected to
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FIGURE 1 | Identification and characterization of micro ribonucleic acids (miRNAs) in resistant and susceptible Brassica napus upon Plasmodiophora brassicae

infection. Distribution of (A) Small RNA (sRNA) length in 12 sRNA libraries and (B) length distribution of miRNAs, (C) Venn diagram of the number of miRNAs in 409R

and 409S with or without P. brassicae infection, (D) preference of the first nucleotide for 21 or 24-nt miRNAs, and (E) heat map of 60 highly expressed miRNAs. 1

and � mark some miRNAs with different expression patterns between 409R and 409S in response to P. brassicae infection.

construct the heat map for comparing the changes in the
miRNAs upon P. brassicae infection (Figure 1E). The data
revealed that the expression profiles of miRNAs differed greatly
between 409R and 409S upon pathogen infection (Figure 1E).
For example, bna-miR168b, bna-miR167, bna-miR166, bna-
miR824, bna-miR6030, novel_53, novel_260, and novel_246
were upregulated in 409R upon infection, while an opposite
trend was observed for 409S (Figure 1E). On the contrary,
bna-miR156, novel_261, novel_237, novel_254, novel_221,
and novel_283 were downregulated in 409R after infection,
while their expression exhibited no change in 409S after P.
brassicae infection (Figure 1E). Furthermore, 18 miRNAs were
significantly differentially expressed in 409R upon P. brassicae
infection, including nine upregulated (miR168b, miR169m,
miR169n, novel98, novel246, novel_75, novel_180, novel_106,
and novel_162) and nine downregulated (miR395d, miR6029,

novel_221, novel_147, novel_237, novel_295, novel_254,
novel_261, and novel_266) (Table 3). In 409S, only one miRNA
(novel_1) was found to be upregulated upon P. brassicae
infection (Table 3).

These results suggested that P. brassicae infection could cause
global changes in the miRNA pool of B. napus and that there
are substantial differences between the resistant (409R) and
susceptible (409S) lines. The differential expression of miRNAs
may lead to subsequent changes in target transcripts, which may
explain the phenotype differences in plant immune response to
P. brassicae infection.

Quantitative RT-PCR Validation of miRNA
Expression
To validate these results, we examined the expression dynamics
of miRNAs at different time points (15, 20, and 25 days) post
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TABLE 2 | Five micro ribonucleic acids (miRNAs) belonging to miRNA families specific for Brassica.

Mature Precursor miRNA Mature sequence Length Brassica species

ID ID Family (nt)

bna-miR1140 bna-MIR1140 MIR1140 ACAGCCUAAACCAAUCGGAGC 21 Brassica napus

Brassica rapa

bna-miR6032 bna-MIR6032 MIR6032 UGGAGCAUCAACAGAUCUCGG 21 Brassica napus

Brassica rapa

bna-miR161 bna-MIR161 MIR161 UCAAUGCACUGAAAGUGACUA 21 Brassica napus

Brassica rapa

Arabidopsis thaliana

Arabidopsis lyrata

bna-miR860 bna-MIR860 MIR860 UCAAUACAUUGGACUACAUAU 21 Brassica napus

Brassica rapa

Arabidopsis thaliana

Arabidopsis lyrata

bna-miR824 bna-MIR824 MIR824 UAGACCAUUUGUGAGAAGGGA 21 Brassica napus

Brassica oleracea

Brassica rapa

Arabidopsis thaliana

Arabidopsis lyrata

TABLE 3 | Differentially expressed miRNAs in response to P. brassicae infection (p < 0.05, |log2FC| > 1).

Index miRNA ID Length Int409R vs. Mock409R Int409S vs. Mock409S

(nt) log2FC Padj log2FC Padj

1 novel_1* 18 1.36 5.36E-03

2 novel_98 20 2.29 4.17E-03

3 novel_221 20 −2.14 6.08E-03

4 novel_246 20 1.04 3.66E-02

5 bna-miR168b 21 1.31 4.32E-02

6 bna-miR169m* 21 1.41 1.07E-02

7 bna-miR169n 21 2.37 1.53E-02

8 Bna-miR395d* 21 −1.59 8.95E-03

9 bna-miR6029 21 −1.62 1.63E-02

10 novel_75 21 1.04 1.32E-02

11 novel_147* 21 −1.97 3.25E-04

12 novel_180 21 2.08 1.64E-03

13 novel_237 21 −3.08 3.78E-03

14 novel_295 21 −1.49 2.57E-02

15 novel_106 21 1.45 9.83E-03

16 novel_162 21 2.34 3.13E-04

17 novel_254 24 −1.34 1.37E-02

18 novel_261 24 −1.39 1.77E-02

19 novel_266 24 −2.73 3.98E-04

*miRNAs in bold were experimentally verified by quantitative reverse transcription (qRT)-polymerase chain reaction (PCR).

P. brassicae infection by qRT-PCR. The expression levels of
four miRNAs were analyzed, and the results are presented in
Figure 2. Phase- and species-dependent changes were observed
for specific miRNAs. For example, although bna-miR395d was
downregulated in both 409R and 409S at 25 dpi, the tendency
was different at 20 dpi between 409R and 409S (Figure 2A).
In both 409R and 409S, the relative abundance of novel_147

decreased from 15 to 20 dpi and then increased from 20
to 25 dpi, but at each time point upon infection, novel_147
abundance decreased significantly in 409R, while the changes
in 409S were not significant (Figure 2B), which was also
consistent with the sRNA-seq data (Table 3). Overall, these
results indicated dynamic changes in miRNA expression upon P.
brassicae infection.
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FIGURE 2 | Validation of the relative expression level of (A) miRNA395d and (B) novel_147 in 409R and 409S in response to P. brassicae infection. Y-axis, relative

expression level; X-axis, days post-inoculation (dpi). Data were obtained from at least three biological replicates. Bars represent SD (STDEV). *p ≤ 0.05, **p ≤ 0.01 by

Student’s t-test. MockR, 409R without inoculation; IntR, 409R with inoculation; MockS, 409S, without inoculation; IntS, 409S with inoculation.

Identification of the Downstream Targets
of miRNAs by Degradome Sequencing
Target identification is important for understanding the
regulatory function of miRNAs. We constructed four degradome
libraries using RNAs derived from Int409R, Int409S, Mock409R,
and Mock409S roots to identify the target transcripts of
critical miRNAs involved in the progression of clubroot
disease. Sequencing of these libraries generated a total of 28
million raw reads and 9 million unique reads on average;
99.52% of the unique reads could be matched to the B. napus
genome (Supplementary Table 3). As a result, a total of 1,513
miRNA target pairs involving 83 miRNAs (47 known and
36 novel) and 938 target transcripts were identified (Table 4,
Supplementary Table 4). The number of target transcripts for a
particular miRNA ranged from 1 to 81 (Supplementary Table 5).
Interestingly, in some cases, target transcripts could be identified
for a subset of miRNAs in 409R but not in 409S and vice

versa (Supplementary Table 5). About 63.43% (595/938)
of target transcripts showed a one-to-one association with
miRNAs, while the rest had two to six matching miRNAs
(Supplementary Figure 2). The miRNAs associated with
the same transcript usually belonged to the same family
(Supplementary Table 6).

According to gene function annotation, about 45% (421/938)
of the target transcripts were related to transcription regulation
(Figure 3A), including transcription factors such as auxin

response factors (ARFs), growth-regulating factors (GRFs),

ethylene-responsive transcription factors (AP2, TOE, and

RAP), myeloblastosis (MYBs), basic helix-loop-helix, Teosinte

Branched1-Cycloidea-Pcf, nuclear transcription factor Y subunit
As (NFYAs), squamosa promoter-binding-like proteins (SPLs),
scarecrow-like proteins (SCLs), and NAC domain-containing
proteins (NACs) (Supplementary Table 6). In addition to
transcription factors, a variety of enzymes (22.5%; 211/938) and
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TABLE 4 | Numbers of target transcripts and miRNA-target pairs identified through sequencing.

Library miRNAs Transcripts miRNA-

Target

pairs

Category 0 Category 1 Category 2 Category 3 Category 4

Int409R 76 693 1,141 532 45 350 31 183

Mock409R 73 608 1,019 438 56 295 19 211

Int409S 74 613 1,054 474 31 292 25 232

Mock409S 73 619 1,012 466 22 304 24 196

All 83 938 1,513 / / / / /

FIGURE 3 | Function annotation and enrichment analysis of target transcripts. (A) Functional classification of all detected targets, (B) Venn diagram of the number of

Gene Ontology (GO) terms, (C) GO enrichment, and (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses in comparison between

susceptible material (409S) and resistant material (409R) after P. brassicae inoculation. Numbers represent the number of target transcripts significantly enriched in the

corresponding pathway. The red line means p = 0.01.

proteins (12.5%; 117/938) involved in several biological processes
were also detected by the degradome sequencing (Figure 3A,
Supplementary Table 6). These enzymes or proteins participate
in diverse cellular processes, namely, signal transduction,
lipid transport and metabolism, inorganic ion transport and
metabolism, RNA processing, and modification (Figure 3A,
Supplementary Table 6).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were performed to
clarify the functions of the targets (Figures 3B–D). In total,

147 and 170 GO terms were significantly enriched in 409R
and 409S, respectively, among which 30 and 53 GO terms
were differentially enriched upon infection (Figure 3B). The
GO enrichment analysis indicated that most of the enriched
targets participate in diverse biological processes. The GO terms
shared by 409R and 409S included DNA binding, metal ion
binding, protein binding, and abscisic acid (ABA)- and auxin-
activated signaling pathways. The GO terms specifically enriched
in 409S included long-chain fatty acid metabolic process, cell
differentiation, lateral root development, peroxidase activity,
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TABLE 5 | Micro ribonucleic acids and targets involved in differential enrichment pathways between resistant and susceptible materials.

Pathway miRNA Target Annotation

Fatty acid biosynthesis novel_51 CAC3 Brassica napus acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha, chloroplastic

novel_149 LACS6 Brassica napus long chain acyl-CoA synthetase 6, peroxisomal

Fatty acid metabolism novel_51 CAC3 Brassica napus acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha, chloroplastic

novel_149 LACS6 Brassica napus long chain acyl-CoA synthetase 6, peroxisomal

Fatty acid degradation novel_149 LACS6 Brassica napus long chain acyl-CoA synthetase 6, peroxisomal

novel_283 PP2C38 PREDICTED: Brassica napus probable protein phosphatase 2C 38

Peroxisome novel_149 LACS6 Brassica napus long chain acyl-CoA synthetase 6, peroxisomal-like

Endocytosis novel_283 DRP2A Brassica napus dynamin-2A

novel_283 DRP2B Brassica napus dynamin-2B

novel_56 HSP70-6 Brassica napus heat shock 70 kDa protein 6, chloroplastic

novel_51 RABG3B Brassica napus ras-related protein RABG3b

novel_163 RABH1B Brassica napus ras-related protein RABH1b

novel_135 TIR-NB-LRR Brassica napus putative disease resistance protein At4g11170

novel_135 SNC1 Brassica napus protein SUPPRESSOR OF npr1-1, CONSTITUTIVE 1-like

novel_221 EPSIN2 Brassica napus clathrin interactor EPSIN 2

Phenylpropanoid biosynthesis novel_280 C4H Brassica napus trans-cinnamate 4-monooxygenase-like (LOC106348398), mRNA

novel_320 BGLU15 Brassica napus beta-glucosidase 15-like

novel_51 BGLU44 Brassica napus beta-glucosidase 44-like

novel_54 CAD5 Brassica napus cinnamyl alcohol dehydrogenase 5

novel_30 PER45 Brassica napus peroxidase 45

novel_53 PER69 Brassica napus peroxidase 69-like

novel_217 PER7 Brassica napus peroxidase P7-like

Aminoacyl-tRNA biosynthesis bna-miR169 NFYAs Brassica napus nuclear transcription factor Y subunit A-1/2/3/5/6/9/10

bna-miR172 AP2 Brassica napus floral homeotic protein APETALA 2

Ribosome novel_1 RPL13B Brassica napus 60S ribosomal protein L13-1-like

novel_1 RPL13C Brassica napus 60S ribosomal protein L13-2

novel_259 RPL23A Brassica napus 60S ribosomal protein L23a-2

novel_280 RPS18A Brassica napus 40S ribosomal protein S18

and ABA signaling pathways (Figure 3C), while different sets
of GO terms were found for 409R, such as protein export
from the nucleus, nuclear pore, and innate immune response
(Figure 3C). These differences between 409R and 409S were also
revealed by the KEGG enrichment analysis (Figure 3D). The
most significantly enriched KEGG term was “plant hormone
signal transduction,” which included 130 and 134 targets in
409R and 409S, respectively (Figure 3D). Seven pathways were
uniquely identified for 409S after P. brassicae inoculation,
namely, “phenylpropanoid biosynthesis, peroxisome, aminoacyl-
tRNA biosynthesis, endocytosis, fatty acid biosynthesis, pyruvate
and sulfur metabolism, and RNA degradation,” while “ribosome”
was the only specific pathway enriched for 409R (Figure 3D,
Table 5).

miRNA-Target Pairs Involved in Resistance
to P. brassicae
To gain deeper insights into the defense mechanisms of B.
napus against P. brassicae infection, we selected the miRNA-
target pairs with degradome category values below 2 and
we constructed a miRNA-target network that included five

subclusters based on functional category annotation (Figure 4,
Supplementary Table 7).

A total of 16 kinds of miRNA-target pairs
(cluster I) were associated with plant hormone signal
transduction (ko04075, P-value: 1.48E-30; Figure 4A,
Supplementary Table 7), namely, miR393-TIR1/AFB3/GRH1
and miR160/miR167/novel_53/novel_221-ARFs for auxin
signaling, miR172-AP2/TOEs/RAP2-7 for ethylene response,
miR156-SPLs for jasmonic acid (JA) signaling, and
novel_172/novel_202-ARR11 for type-A response regulators
in response to cytokinin (CK). miR171 and novel_146 both
target SCLs required for quiescent center cell specification
and maintenance in root meristem zone, and asymmetric cell
division for radial pattern formation. Novel_180 targets GSO1
(protein brassinosteroid in sensitive 1-like), which is involved
in the regulation of root development and root morphogenesis
(Figure 4A, Supplementary Table 7). Cluster II comprised
10 pairs of miRNA-targets associated with plant-pathogen
interaction (ko04626), namely, miR159 and novel_30 targeting
both GAM1 andMYB104, miR6030, and novel_51 targeting both
RPS5 and R genes, novel_246 targeting HSP90-2, and novel_343
targeting DREB2B (Figure 4B, Supplementary Table 7). Cluster
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FIGURE 4 | Network of degradome validated miRNA-target pairs associated with P. brassicae response in B. napus. Red rectangles represent the miRNAs and blue

rectangles represent the target transcripts validated by degradome sequencing. Italics indicate miRNAs that are significantly differentially expressed after P. brassicae

infection. AFB, auxin signaling F-box; AGO1, argonaute1; AP2, apetala2; APS, ATP sulfurylase; ARF, auxin response factor; MYB, myeloblastosis; NFYA, nuclear

transcription factor Y subunit alpha; AGL, agamous-like MADS-box protein; AL7, PHD finger protein ALFIN-LIKE 7-like; BAG1. BAG family molecular chaperone

regulator 1-like; CAC3, acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha; DCL1, endoribonuclease Dicer homolog 1; DREB, dehydration-responsive

element-binding protein 2B-like; FBX6, F-box only protein 6; GRF, growth-regulating factor; HSP90, heat shock protein 90-2-like; PNSL2, photosynthetic NDH

subunit of lumenal location 2, chloroplastic-like; PPR, pentatricopeptide repeat-containing protein; SCL, scarecrow-like protein; SPL, quamosa promoter-binding-like

protein; TIR1, transport inhibitor response 1. (A) Plant hormone signal transduction, (B) Plant-Pathogen interaction, (C) Protein processing and export, (D) Metabolic

synthesis pathways, (E) Other miRNA-target pairs.

III included three miRNA-target pairs for protein processing
and export (ko04141, P-value: 9.07E-06; Figure 4C). Cluster
IV consisted of miRNA-target pairs involved in metabolic
synthesis pathways (Figure 4D): miR168 targets AGO1;
miR162 and novel_56 target DCL1; both AGO1 and DCL1 are
involved in RNA-mediated post-transcriptional gene silencing

(PTGS); miR164 and novel_147 both target NACs involved
in RNA degradation; novel_147 targets PNSL2 involved in
photosynthesis; miR395 targets APS for sulfate-deficiency

response, seleno-compound metabolism, sulfur metabolism,
and monobactam biosynthesis; novel_51 targets CAC3 for fatty
acid biosynthesis and metabolism, propanoate metabolism,

pyruvate metabolism, and tetracycline biosynthesis; miR169,
novel_163, and novel_222 target NFYAs involved in aminoacyl-
tRNA biosynthesis; and miR399 and novel_126 target UBC24

associated with ubiquitin-mediated proteolysis (Figure 4D).
miRNA-target pairs that did not fit into any of clusters I–IV are
listed in cluster V (Figure 4E, Supplementary Table 7).

Expression Profiles of miRNA-Target Pairs
Responsive to P. brassicae
Combined with the transcriptome data, the expression
profiles of both miRNAs and their targets responsive
to P. brassicae infection were integrated to infer the
regulatory role of miRNAs during P. brassicae infection.
We obtained a total of 27 differentially expressed targets
of eight miRNAs responsive to P. brassicae upon infection
in 409R and 409S, with a cutoff value of p < 0.05 and
|log2FC| of > 1 (Supplementary Table 8). To be more
specific, there were six antagonistic miRNA-target pairs in
409R upon infection, such as miR395d-NM_001315829.1
(APS4), miR395d-XM_013888737.2 (uncharacterized),
miR395d-XM_013820969.2 (uncharacterized),
novel_147-XM_013818148.2 (NAC076) and novel_147-
XM_013820748.2/XM_013857207.2 (PNSL2) (Table 6). Some
targets cleaved by miRNAs were validated by degradome
sequencing (Supplementary Figure 3).
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TABLE 6 | Differentially expressed miRNA-target pairs in response to P. brassicae (p < 0.05, |log2FC| > 1).

miRNA Log2FC Target transcript Gene ID Log2FC Symbol Annotation

A. Int409R vs Mock409R

bna-miR169m 1.41 XM_013829031.2 LOC106388859 1.52 NFYA2 PREDICTED: Brassica napus nuclear transcription factor

Y subunit A-2-like

XM_013880479.2 LOC106439112 1.65 NFYA2 PREDICTED: Brassica napus nuclear transcription factor

Y subunit A-2-like

bna-miR169n 2.37 XM_013880479.2 LOC106439112 1.65 NFYA2 PREDICTED: Brassica napus nuclear transcription factor

Y subunit A-2-like

XM_013843872.2 LOC106403032 1.16 NFYA3 PREDICTED: Brassica napus nuclear transcription factor

Y subunit A-3-like

XM_013843696.2 LOC106402883 1.36 NFYA3 PREDICTED: Brassica napus nuclear transcription factor

Y subunit A-3

XM_013846894.2 LOC106406270 1.22 NFYA3 PREDICTED: Brassica napus nuclear transcription factor

Y subunit A-3 -like

XM_013817829.2 LOC106377560 1.17 NFYA6 PREDICTED: Brassica napus nuclear transcription factor

Y subunit A-6

XM_013794135.2 LOC106354243 1.48 NFYA3 PREDICTED: Brassica napus nuclear transcription factor

Y subunit A-3-like

bna-miR395d −1.59 XM_013893754.2 LOC106451780 −1.30 APS1 PREDICTED: Brassica napus ATP sulfurylase 1,

chloroplastic-like

XM_013797400.2 LOC106357712 −1.15 APS1 PREDICTED: Brassica napus ATP sulfurylase 1,

chloroplastic-like

NM_001315829.1 LOC106410303 0.98 APS4 Brassica napus ATP sulfurylase 4, chloroplastic

XM_013888737.2 LOC106446918 1.45 / PREDICTED: Brassica napus uncharacterized

XM_013820969.2 BNAC04G40010D 1.79 / PREDICTED: Brassica napus uncharacterized

BNAC04G40010D

novel_147 −1.97 XM_013818148.2 LOC106377933 2.84 NAC076 PREDICTED: Brassica napus NAC domain-containing

protein 76-like

XM_013820748.2 LOC106380909 3.15 PNSL2 PREDICTED: Brassica napus photosynthetic NDH

subunit of lumenal location 2, chloroplastic-like

XM_013857207.2 LOC106416345 2.75 PNSL2 PREDICTED: Brassica napus photosynthetic NDH

subunit of lumenal location 2, chloroplastic-like

B. Int409S vs Mock409S

novel_1 1.36 XM_013876125.2 LOC106435262 −1.42 / PREDICTED: Brassica napus uncharacterized protein

At2g33490-like

XM_013887915.2 LOC106446212 −1.94 / PREDICTED: Brassica napus uncharacterized protein

At2g33490-like

XM_022705170.1 LOC106402738 −1.22 / PREDICTED: Brassica napus uncharacterized protein

At2g33490-like

Bold letters indicate that target transcripts are negatively regulated by corresponding miRNAs.

DISCUSSION

miRNA Participates in the Response of
B. napus to P. brassicae Infection
Numerous studies have demonstrated that miRNAs are involved

in plant-pathogen interactions. In this study, we systematically

studied the regulatory roles of miRNAs and their targets in
response to P. brassicae infection using the resistant line 409R and
the susceptible line 409S of rapeseed, which possessed the same

genetic background while exhibiting a contrasting phenotype

of clubroot resistance. The aim of the study is to identify key
candidate miRNAs and corresponding target transcripts involved
in clubroot resistance of B. napus. The findings may build up a
better understanding of the regulatory network underlying the
immune response of B. napus to clubroot pathogen infection.

We noticed some differences in the abundance of particular
miRNAs by sRNAseq compared with qRT-PCR (data not
shown). Although these results were not presented, but might
be encountered for similar studies using qRT-PCR to validate
sRNAseq results. Difference RT strategies have been used for
RNAseq and qRT of miRNAs, allowing discrimination between
pri-, pre- and mature miRNAs (Verma et al., 2014; Wei et al.,
2016). The cellular level of pri- or pre- precursors are very low
and therefore difficult to quantify, in the current study we focus
on the expression level of mature miRNAs and their regulation
on target transcripts relevant for clubroot disease progression.

Although these results were not presented, they still might be
anticipated for similar studies using both sRNAseq and qRT-PCR
to quantify the abundance of miRNAs. These differences could be
generated because of the different RT strategies used for RNAseq
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and qRT, and, indeed, might also reveal a difference in the cellular
level of pri-, pre-, and mature miRNAs. As we know, miRNAs
made from a primary transcript goes through processing to yield
stem-loop structured pre-miRNA. Mature miRNA is generated
by the Ago complex that results in 21- to 24-nt single-stranded
sRNAs. A change in the mature miRNA level could be generated
through pri- or pre- precursors; however, they are present in
low abundance, easily degraded in defined cellular compartments
and, therefore, difficult to quantify.

The sRNA-seq data revealed that 21-nt and 24-nt sRNAs
accounted for the highest proportion of the total sRNAs.
Interestingly, after P. brassicae inoculation, the relative
abundance of 21-nt sRNAs increased in both 409R and
409S (Figure 1A). The miRNAs identified in this study included
members of known miRNA families of rapeseed, as well as 17
novel members of conserved miRNA families and 55 completely
new miRNAs (Supplementary Table 1). The identification
of these new miRNAs expanded the current knowledge of
the miRNA pool in B. napus. Interestingly, there were 18
differentially expressed miRNAs (DE miRNAs) in 409R after P.
brassicae infection, while there was only one DE miRNA in 409S
(Table 3). Many of the DE miRNAs are novel candidates that
have not been reported before (Supplementary Table 1). The
fact that the resistant line (409R) had more DE miRNAs than its
isogenic counterpart (409S) upon infection highlights a possible
regulatory role of R genes in clubroot disease resistance.

Fatty Acid Metabolism Might Participate in
the Interaction Between Susceptible B.

napus and P. brassicae
The GO and KEGG enrichment analyses identified pathways
related to fatty acid metabolism in 409S (Figure 3C, Table 5).
Two miRNA-target pairs associated with lipid biosynthesis
pathways, novel_51-CAC3 and novel_149-LACS6, were
identified only in 409S upon infection (Figure 3C, Table 5).
It has been reported that resting spores of P. brassicae can
accumulate lipid droplets as an energy source for future
sporulation and that many genes related to the fatty acid
metabolism of P. brassicae have been identified (Bi et al., 2016). It
has also been shown that fatty acids, as carbon source nutrients,
play an important role in plant-powdery mildew interaction
(Jiang et al., 2017). We speculate that fatty acids also serve as a
potential determinant of the interaction between P. brassicae and
B. napus. P. brassicae might take advantage of plant fatty acid
biosynthesis for successful and systematic invasion. More studies
are needed to unravel the function of fatty acid biosynthesis in
clubroot disease progression.

Regulatory Network of miRNA-Targets on
Diverse Cellular Pathways in Resistant
B. napus Responding to P. brassicae

Infection
We found that the abundance of miRNAs changed more
dramatically in 409R than in 409S upon infection (Table 3).
Combining transcriptome and degradome data, we constructed a
miRNA-target regulatory network in clubroot-resistant B. napus

in response to P. brassicae infection (Figure 5). miRNA
biogenesis is known to be important for PTI response (Agorio
and Vera, 2007; Navarro et al., 2008), but relevant miRNAs
have not been identified in B. napus. In the novel_246-
HSP90-2 pair (Figure 5A), novel_246 was upregulated in
409R (Table 3), and HSP90-2 encoded a molecular chaperone
that regulates RPM1/RPP4-mediated defense response (Bao
et al., 2014; Huang et al., 2014). Similarly, bna-miR168b was
upregulated in 409R (Figure 5B), which targets the AGO1 and
Zinc finger transcription factor CCCH4. In Malus hupehensis,
miR168 targets AGO1 and contributes to resistance against
Botryosphaeria dothidea infection (Yu et al., 2017). Therefore,
some of these identified DE miRNAs may regulate the target
key transcripts/proteins through miRNA interference silencing
complex (miRISC) to mediate host response to clubroot disease.

nucleotide binding and leucine rich repeat (NLR) proteins
are nucleic acid-binding proteins involved in pathogen-induced
signaling (Jones and Dangl, 2006). Two NLR-type R genes for P.
brassicae have been identified (Hatakeyama et al., 2013, 2017).
Many studies have shown that NLRs are localized to both the
cytoplasm and nucleus and that their nuclear accumulation
is necessary for pathogen resistance (Shen et al., 2007; Bai
et al., 2012; Inoue et al., 2013). Importins and exportins, which
act as transport receptors, play important roles in the nuclear
pore complex (NPC)-directed partitioning of nucleocytoplasmic
NLRs (Garcia and Parker, 2009; Meier and Somers, 2011).
In this study, two novel miRNAs (novel_237 and novel_295)
that target exportins4 (Xpo4) and importin subunit alpha-9-like
(IMPA9) were found to be downregulated in 409R upon infection
(Table 3, Figure 4E). It can be inferred that the changes in these
miRNAs and further in importins and/or exportins can affect the
nucleocytoplasmic partitioning of NLRs. NLRs function together
with other cellular metabolic or signaling pathways to contribute
to the disease resistance of 409R after P. brassicae inoculation
(Figures 5C,D).

The root is the source organ for P. brassicae infection, and
its morphology and development, especially those of root hair
and root cortex, are critical for clubroot disease progression
(Kageyama and Asano, 2009). ARF8 is known as an auxin
response factor that inhibits root elongation and promotes lateral
root initiation (Wang et al., 2015). We found that novel_221,
which regulates ARF8, was downregulated in 409R after P.
brassicae infection (Table 3, Figure 5E). Similarly, the novel_180-
GSO1 pair is associated with root growth (Figure 5F). GSO1
works in coordination with GSO2 to regulate root growth
through cell division and specification (Racolta et al., 2014;
Nakayama et al., 2017). Our data suggest that the abundance of
novel_180 increased in 409R after P. brassicae infection (Table 3).
Therefore, novel_221-ARF8 and novel_180-GSO1might regulate
root growth and suppress gall formation in 409R via hormone
signaling (Figures 5E,F).

Plant secondary cell wall thickening is a powerful way
to prevent the systematic spreading of pathogens after being
attacked. NAC-containing protein is a master transcription
activator for xylem formation and SCW thickening (Zhou et al.,
2014). Another study has reported that ArabidopsismiR164a and
its target NAC4 play important roles in regulating hypersensitive
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FIGURE 5 | Diverse cellular pathways regulated by miRNA-target modules in clubroot-resistant B. napus in response to P. brassicae. (A,B) Novel_246-HSP90-2 and

bna-miRA168b-zfCCCH4/AGO1 for miRNA biogenesis; (C,D) Novel_237-Xpo4 and novel_295-IMPA9 for NLR signalling; (E,F) Novel_221-ARF8 and

Novel_180-GSO1 for root growth; (G,H) Novel_147-NAC076/PNSL2 for secondary wall biosynthesis and photosynthesis; (I) bna-miR395d-APS4 for sulphite

synthesis. Up- or Down- regulation of miRNAs or target transcripts were indicated by red or green arrows, respectively.

(HR) cell death in response to avirulent bacterial pathogens (Lee
et al., 2017). In our research, NAC076 expression was also under
the control of novel_147 andmiR164 (Figure 4D).We found that
novel_147 was downregulated in 409R after P. brassicae infection,
and NAC076 transcript level was also upregulated accordingly
(Table 6). The activation of NAC076 could lead to the induction
of SCW genes and subsequent cell wall thickening or HR cell
death, which will then block the invasion of P. brassicae and
confer disease resistance (Figure 5G).

Another target of novel_147 was PNSL2, which acts
as a chloroplast NAD(P)H dehydrogenase (NDH) complex
(Marjaana et al., 2010; Shinya et al., 2010; Figure 5H). Some
studies have suggested interplay between photosynthesis and
plant defense (Xu et al., 2011; Rodríguez-Herva et al., 2012).
In Arabidopsis, the PSII subunit PsbP interacts with the coat
protein of the Alfalfa mosaic virus to inhibit viral replication
(Balasubramaniam et al., 2014). In another case, P. syringae
effectors, HopI1 and HopN1, can remodel host chloroplasts by
interacting with PsbQ of PSII to suppress immunity response
(Jelenska et al., 2007). In this study, with the downregulation
of novel_147 in 409R upon infection, the transcripts of PNSL2
were upregulated (Table 6). We hypothesize that miRNAs
competitively target and modulate photosynthesis-related genes
in chloroplasts, thereby indirectly inhibiting proteins interacting
with P. brassicae effectors and then mediating resistance to
P. brassicae in 409R. Lastly, the miR395d-APS4 pair may
also mediate clubroot disease progression via photosynthesis

(Figure 5I). Inorganic sulfate from the soil is absorbed by root
hairs and then transported to leaves, where it is activated
into adenosine 5’-phosphosulfate by APSs (ATP sulfurylases)
in chloroplasts (Liang et al., 2010; Jagadeeswaran et al., 2014).
We found that after P. brassicae infection, 409R showed a
decrease in the abundance of bna-miR395d and an increase
in the transcript level of APS4 (Table 6). The effect of sulfite
synthesis on chloroplast physiology and disease progression in
roots remains to be further explored (Figure 5I).
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Brassica oleracea is one of the most important species of the Brassicaceae family
encompassing several economically important vegetables produced and consumed
worldwide. But its sustainability is challenged by a range of pathogens, among which
black rot, caused by Xanthomonas campestris pv. campestris (Xcc), is the most serious
and destructive seed borne bacterial disease, causing huge yield losses. Host-plant
resistance could act as the most effective and efficient solution to curb black rot
disease for sustainable production of B. oleracea. Recently, ‘omics’ technologies have
emerged as promising tools to understand the host-pathogen interactions, thereby
gaining a deeper insight into the resistance mechanisms. In this review, we have
summarized the recent achievements made in the emerging omics technologies to
tackle the black rot challenge in B. oleracea. With an integrated approach of the omics
technologies such as genomics, proteomics, transcriptomics, and metabolomics, it
would allow better understanding of the complex molecular mechanisms underlying
black rot resistance. Due to the availability of sequencing data, genomics and
transcriptomics have progressed as expected for black rot resistance, however, other
omics approaches like proteomics and metabolomics are lagging behind, necessitating
a holistic and targeted approach to address the complex questions of Xcc-Brassica
interactions. Genomic studies revealed that the black rot resistance is a complex
trait and is mostly controlled by quantitative trait locus (QTL) with minor effects.
Transcriptomic analysis divulged the genes related to photosynthesis, glucosinolate
biosynthesis and catabolism, phenylpropanoid biosynthesis pathway, ROS scavenging,
calcium signalling, hormonal synthesis and signalling pathway are being differentially
expressed upon Xcc infection. Comparative proteomic analysis in relation to susceptible
and/or resistance interactions with Xcc identified the involvement of proteins related to
photosynthesis, protein biosynthesis, processing and degradation, energy metabolism,
innate immunity, redox homeostasis, and defence response and signalling pathways in
Xcc–Brassica interaction. Specifically, most of the studies focused on the regulation
of the photosynthesis-related proteins as a resistance response in both early and
later stages of infection. Metabolomic studies suggested that glucosinolates (GSLs),
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especially aliphatic and indolic GSLs, its subsequent hydrolysis products, and defensive
metabolites synthesized by jasmonic acid (JA)-mediated phenylpropanoid biosynthesis
pathway are involved in disease resistance mechanisms against Xcc in Brassica species.
Multi-omics analysis showed that JA signalling pathway is regulating resistance against
hemibiotrophic pathogen like Xcc. So, the bonhomie between omics technologies and
plant breeding is going to trigger major breakthroughs in the field of crop improvement
by developing superior cultivars with broad-spectrum resistance. If multi-omics tools are
implemented at the right scale, we may be able to achieve the maximum benefits from
the minimum. In this review, we have also discussed the challenges, future prospects,
and the way forward in the application of omics technologies to accelerate the breeding
of B. oleracea for disease resistance. A deeper insight about the current knowledge on
omics can offer promising results in the breeding of high-quality disease-resistant crops.

Keywords: Brassica oleracea, black rot, Xanthomonas campestris pv. campestris, omics, genomics,
transcriptomics, proteomics, metabolomics

INTRODUCTION

Brassica oleracea is one of the most important species of
the Brassicaceae family, encompassing several economically
important vegetables such as cabbage, cauliflower, broccoli, kale,
kohlrabi, and brussels sprouts. Among all these vegetables,
cabbage, and cauliflower are widely produced while broccoli is
relatively new and is emerging as a most sought vegetable in
several countries. Brussels sprouts, kale, and kohlrabi though are
not popular like the other three vegetables but are important on
a regional or country basis (Quiros and Farnham, 2011). China
and India are the highest producer of cauliflowers, broccoli,
cabbages, and other Brassica vegetables with a total production
of 44.85 and 18.21 million tonnes, respectively (FAOSTAT, 2019),
followed by several other countries of Asia and Europe. Human
selection has been helpful in creating a wide morphological
variation within B. oleracea species. B. oleracea vegetables are
extremely healthy and rich in nutrients with optimal health
benefits. All these vegetables contain variable amount of vitamin,
fiber, minerals, and useful phytochemicals (Cartea et al., 2011a;
Gupta, 2011). In addition, this vegetable group is a rich source
of sulfur-containing secondary metabolites, called glucosinolates
(Kapusta-Duch et al., 2012) which possess anti-cancer properties.
B. oleracea crops are highly sensitive to biotic stresses (fungal,
bacterial, and viral) resulting in severe yield and quality losses.
Among all, black rot is the most serious, destructive bacterial
disease prevalent in many countries where B. oleracea crops
are widely grown (Williams, 1980; Singh et al., 2011). Black rot
was first reported in cabbage (Garman, 1894) and has spread to
all regions of the world. So, black rot has a wide geographical
distribution across the continents including Asia (China, India,
Nepal, Taiwan), Europe (Italy, Spain, France, Belgium, Germany,
Sweden, Hungary, Netherlands, Portugal, United Kingdom),
Africa (Ethiopia, South Africa), North America (United States,
Canada), South America (Brazil), and Australia (Saharan, 1993;
Quiros and Farnham, 2011; Mulema et al., 2012; Singh et al.,
2016; Akhtar et al., 2017) causing huge yield losses in cruciferous
vegetables. The disease is also harmful in a way that it
makes the plants prone to Alternaria blight attack (Sharma

et al., 1991). The disease causes considerable yield losses up
to 50–60% in cauliflower and affects the quality of the curd
(Williams, 1980; Kashyap and Dhiman, 2010; Dhar and Singh,
2014), reducing its marketability. Several management strategies,
including good cultural practices such as crop rotation, crop
residue management, avoidance of water lodging, hot water
and bactericide (e.g., sodium hypochlorite, hydrogen peroxide)
treatment of seeds, and planting of disease-free materials (seeds
or transplants), use of resistant varieties could be followed to
reduce the spread of the disease. Among all, growing potentially
Xcc-resistant cultivars could be the sustainable approach within
the integrated management of disease and host–plant resistance
can act as a key strategy to curb black rot disease. Advances
in molecular biology and sequencing technologies in the post-
genomics era can be exploited as powerful tools to tackle
this challenge.

The recent development of genomic resources has led
to the development of genetic/physical maps leading to the
identification of several quantitative trait loci (QTLs) and
candidate genes responsible for black rot resistance in B. oleracea.
Rapid progresses were made in the ‘omics’ technologies at the
genomic, transcriptomic, proteomic, and metabolomic levels
permitting the researchers to identify the genetic underpinnings,
i.e., genes to improve the productivity and quality of the
crops. The emergence of omics technologies has enabled the
researchers to have a direct and unbiased monitoring of the
factors affecting the crop growth, yield, metabolism, biotic,
and abiotic stresses (Setia and Setia, 2008). It has helped
in the investigation of the biology behind several agronomic
traits at the physiological, biochemical, and molecular levels
accelerating the crop production. Omics approaches have shaped
our understanding on the complex interactions between genes,
proteins, and metabolites within the resulting phenotype (Emon,
2016). Omics helps in understanding the linkage between the
genotypes and phenotypes and in studying the entire pathway
eliciting the phenotypes (Guillemin et al., 2016). The knowledge
generated from omics could be useful in understanding the
complex pathways involved in disease resistance. Technological
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advances have driven the omics technologies to be cost-effective
and carryout high-throughput analysis of biological samples
(Hasin et al., 2017).

The recent advancement in next-generation sequencing
(NGS) technologies has led to the publishing of many research
articles in the field of different omics techniques. Consequently,
a huge number of multi-omics data has been generated at the
DNA, RNA, protein, and metabolite levels (Choi, 2019) which
could be analysed to decipher the complex plant defence systems.
In this era of big biological data, omics technologies are widely
used for crop improvements in several major agricultural crops
such as wheat (Alotaibi et al., 2021), allium (Khandagale et al.,
2020), rice (Peng et al., 2020), sesamum (Dossa et al., 2017),
and have revolutionized the modern agricultural research. This,
in turn, are creating unprecedented opportunities for the plant
researchers who can use the multi-omics data to decipher the
multigenicity of biotic and abiotic plant stress responses, protein
and metabolite profiles, and their dynamic changes in plants. The
recent achievements in ‘omics’ technologies have opened up a
plethora of possibilities to understand the complex B. oleracea-
Xcc interaction to develop resistant B. oleracea crops (Figure 1).
However, many pitfalls and limitations exist to integrate and
use these approaches, which need to be taken care of. Here, in
this review, we are going to summarize the recent achievements
made in the molecular breeding and emerging omics technologies
to tackle the black rot challenge in B. oleracea. We have also
discussed the challenges, future prospects, and the way forward
in the application of omics technologies for accelerating the
breeding of B. oleracea crops for disease resistance.

BLACK ROT

Black rot is one of the most serious and destructive bacterial
diseases of B. oleracea prevalent in all agro-climatic zones of the
world (Williams, 1980; Stall et al., 1993; Taylor et al., 2002; Singh
and Dhar, 2011). Black rot caused by Xanthomonas campestris
pv. campestris (Pammel) Dowson (hereinafter it will be referred
as Xcc) is a seed borne, gram-negative, aerobic, and vascular
bacterium. Under favourable conditions of plenty rainfall, high
humidity, and average temperature between 25 and 30◦C, the
disease becomes more harmful leading to higher yield losses. Due
to the curd infection, seed yield is also reduced drastically in
cauliflower (Patel et al., 1970). Xcc attack reportedly decreases the
biomass of B. oleracea seedlings at least 28 days after infection
(Vega-Álvarez et al., 2021).

Infection Process, Symptoms, and
Disease Cycle of Xcc in Brassica
Xcc infection can occur at any developmental stages of the plant,
starting with germination of the infected seeds to maturity.
Xcc primarily spreads from the infected seeds, which is a
major route of disease transmission. However, black rot can
also be transmitted through infested soil, crop residues, and by
various environmental and mechanical means via wind, insects,
aerosols, irrigation water, rain, and farm equipments (Vicente
and Holub, 2013). The pathogen can survive longer in plant

debris in soil than as free-living cells for up to 2 years. The
germination of colonised seeds leads to the infection of the
seedlings. The bacteria mostly enter the plants through the
hydathodes on the leaf margins although it can also invade the
plant through the wounds caused by machinery, insects, animals,
rain, irrigation, and wind, etc. Through these entry points, the
bacteria spread intercellularly, colonize the mesophyll first, and
then gain access to the plant vascular systems and multiply
in the vessels leading to the rapid spreading of systemic host
infection. At the same time, the xylem disintegrates, spreading
the bacteria between the surrounding parenchyma cells, killing
the cells, and causing cavities to be formed (Agrios, 2005). The
symptoms are manifested by very distinctive appearance, i.e.,
V-shaped chlorotic to necrotic yellow lesions originating from the
leaf margins and progressing toward the middle vein of the leaves.
Also, the symptoms include the darkening of veins of the leaves
and of the vascular tissue of the stem. Due to necrosis, the leaves
fall prematurely, and systemic infection may lead to stunted
growth of the plants. During warm and humid climates, Xcc
thrives as a severe disease agent and the bacteria often ooze out
to the surface of the leaves through the hydathodes/wounds and
subsequently spread in droplets of guttation to the neighbouring
plants by wind, rain, or water splashes. Black rot affecting
different varieties of B. oleracea with the typical V-shaped lesion
is depicted in Figures 2A–D.

Several pathogenic races of Xcc were reported in different
Brassica species and Kamoun et al. (1992) first proposed the
race structure of Xcc. Initially, six races (1–6) were identified by
Vicente et al. (2001). Later, three more races (7–9) were identified
by Fargier and Manceau (2007) and recently, two novel races, race
10 and 11 were reported in Portugal (Cruz et al., 2017). Presently,
eleven different physiological races infecting Brassica species have
been reported (Vicente et al., 2001; Fargier and Manceau, 2007;
Cruz et al., 2017), indicating the complexity of Xcc. Among all,
races 1 and 4 are the most aggressive and predominant worldwide
(Lema et al., 2012a; Vicente and Holub, 2013) though their
frequencies in B. oleracea varies with the geographical region.

RESISTANCE SOURCES AND GENETICS
OF RESISTANCE

As breeding of resistant varieties is one of the effective measures
to control black rot, several studies were conducted to identify
diverse resistance sources in B. oleracea. Since the first reporting
of ‘Early Fuji’ as resistant to black rot (Bain, 1952), numerous
resistance sources have been identified in B. oleracea. During
the beginning of the 21st century, Xcc was differentiated in to
pathogenic races and the researchers have been screening and
identifying resistance sources specific to different races of Xcc.
But again, the problem is that a single resistant cultivar/line may
not provide resistance to all the prevalent races of Xcc. As races
1 and 4 are the most aggressive and prevalent in B. oleracea,
extensive screening of the accessions was carried out to find
out the novel resistance sources. Taylor et al. (2002) screened
a large set of accessions of B. oleracea against race 1 and only
a single accession showed partial resistance, indicating the rare
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FIGURE 1 | The application of ‘multi-omics’ technologies to develop Xcc resistant B. oleracea and to understand the mechanisms of disease resistance.

existence of resistance sources for race 1. Still, efforts were made
to identify the resistance to race 1 and very recently, Kong
et al. (2021) evaluated a worldwide collection of 162 cabbage
accessions against race 1 and only four germplasms, including
two inbred lines (‘05-574-323’ and ‘MD219’) and two hybrids
(‘Qinglian’ and ‘Dadilv 2’), were found to be highly resistant.
In another study, out of 27 cabbage inbred lines, only one line
(SCNU-C-4074) showed resistance to Xcc race 1 (Afrin et al.,
2018a). Griesbach et al. (2003) identified one highly resistant
cabbage, ‘AU4518,’ against race 1. In addition, different authors
have screened and identified few accessions showing resistance to
race 1 (Jensen et al., 2005; Lema et al., 2012b; Saha et al., 2016).

On contrary, screening of B. oleracea against Xcc4 identified
only a few resistance sources. Taylor et al. (2002) couldn’t
identify a single accession conferring resistance to race 4 while
screening a large set of B. oleracea accessions against a range
of races of black rot. Recently, 26 cauliflower and six related

wild species were screened against Xcc4 to identify novel sources
of resistance. Among them, only one cauliflower inbred line
(Boc4601) and three wild accessions (PI435896, UNICT5168,
UNICT5169) showed better resistance (Sheng et al., 2020).
Several scholars have screened and identified few resistant lines
against Xcc4 in B. oleracea (Griesbach et al., 2003; Lema et al.,
2012b; Saha et al., 2016). In contrast, comparatively a greater
number of accessions of B. oleracea have been identified showing
resistance to other races such as 1, 2, 3, 5, 6, and 7 (Afrin et al.,
2018a), and races 2, 3, 5, and 6 (Taylor et al., 2002). Resistance to
races 3 and 5 is common in B. oleracea, especially in cauliflower
(Taylor et al., 2002).

The rare existence of resistance to races 1 and 4 in the ‘C’
genome of B. oleracea (Taylor et al., 2002; Vicente and Holub,
2013) complicates the efficient control of black rot, necessitating
to explore the novel sources of resistance in the related Brassica
species. Most common and potentially useful sources of black rot

Frontiers in Plant Science | www.frontiersin.org 4 December 2021 | Volume 12 | Article 742553124

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-742553 December 4, 2021 Time: 12:54 # 5

Shaw et al. Multi-Omics for Black Rot Resistance in Brassica oleracea

FIGURE 2 | Different Brassica oleracea varieties infested with Xanthomonas campestris pv. campestris [(A) Cauliflower plants with severe Xcc infection, (B) Broccoli
plants with typical symptoms of Xcc, (C) Cabbage plants with heavy Xcc infestation (D) Cauliflower leaves with characteristic V-shaped lesion caused by Xcc
infection].

resistance is available in the ‘A’ and ‘B’ genome of Brassica species.
Several authors have reported the race-specific resistance to both
races 1 and 4 of in related Brassica species such as B. nigra, B.
rapa, B. carinata, and B. juncea (Ignatov et al., 2000; Taylor et al.,
2002; Vicente et al., 2002; Tonguç and Griffiths, 2004; Griffiths
et al., 2009). According to Taylor et al. (2002), resistance to races
1 and 4 were present in a high proportion in the ‘B’ genomes
(B. nigra, B. carinata, B. juncea) while strong resistance to race
4 has an ‘A’ genome origin (B. rapa, B. napus). The wild relatives
of Brassica crops also could provide useful and durable sources of
black rot resistance.

It is noteworthy that there could be certain limitations in
using race-specific resistance materials in resistance breeding if
only one specific resistance is prevalent in a target growing area.
So, for durable resistance, accessions with broad-spectrum and
race non-specific resistance are desirable (Taylor et al., 2002). In
cauliflower, several race non-specific resistance sources have been
identified (Sharma et al., 1972, 1977, 1995, 2003; Pandey et al.,
2003; da Silva et al., 2015; Chatterjee et al., 2018). Also, in the
‘A’ and ‘B’ genomes of Brassica species, several durable resistance
sources against Xcc have been reported (Westman et al., 1999;
Taylor et al., 2002; Vicente and Holub, 2013; Dey et al., 2015;
Lema et al., 2015; Sharma et al., 2016). Although the non-specific

resistance is quantitative and durable, this is more difficult to
manage and transfer between the cultivars.

Knowledge on the genetics of resistance guides in the
resistance breeding to combat plant diseases. In B. oleracea,
contradictory reports of the inheritance pattern of resistance
genes in different genetic backgrounds and for different races
have made the breeding for black rot resistance a challenging
task. Worldwide, the widespread and predominant races 1 and
4 in B. oleracea collectively constitutes almost 94% of black rot
disease (Vicente et al., 2001). Inheritance studies in B. oleracea
varieties indicated the resistance to race 1 is controlled by a single
dominant gene (Ignatov et al., 1998; Saha et al., 2014a,b, 2016),
quantitative and recessive gene (Vicente et al., 2002), polygenes
(Tonu et al., 2013), and a pair of additive major genes and
additive-dominant multiple gene (Kong et al., 2021).

Resistance to race 4 was found to be governed by a single
dominant gene (Vicente et al., 2002; Tonguç et al., 2003). But
a recent study showed the prevalence of quantitative resistance
against Xcc4 in an F2 population developed by a cross between
wild species (Brassica montana) and cauliflower breeding line
(Sheng et al., 2020). Resistance to race 3 of Xcc was controlled
by a single dominant locus (Xca3) in doubled haploid line BOH
85c and PI 436606 of B. oleracea, whereas in Badger Inbred-16,
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the resistance to race 3 was found to be quantitative and recessive
indicating the effect of genetic background (Vicente et al., 2002).
Also, the same genotype showed different modes of inheritance
to different races of black rot. Resistance of cabbage genotype
‘PI436606’ to Xcc race 1 and 3 was controlled by a single dominant
gene (Ignatov et al., 1998; Vicente et al., 2002) whereas resistance
to race 5 was reported to be controlled by a single recessive
gene (Ignatov et al., 1998). Apart from this, the inheritance
studies in cauliflower and cabbage have reported different modes
of inheritance against black rot (without race information),
such as single dominant gene (Jamwal and Sharma, 1986; Kaur
et al., 2009), single recessive gene (Dickson and Hunter, 1987),
polygenic dominant gene (Sharma et al., 1972; Tewari et al.,
1979; Thakur et al., 2003), major genes with recessive and
dominant modifiers (Williams et al., 1972), and non-additive
genes (Pandey et al., 1995). Taken together, the genetics of black
rot resistance is complex in B. oleracea and is genetically diverse.
The inheritance pattern shows that both qualitative with a race-
specific manner and quantitative resistance genes are responsible
for black rot resistance.

ADVANCES IN OMICS TECHNOLOGIES

Genomics
Genomics pertains to the study of all the genes in a genome,
including the identification of gene sequences, gene structures,
and annotations. It plays an important role in discovering the
genetic variation underlying important traits and contribute to
the genetic improvement of crop species. Rapid progress in
the NGS technologies has expanded our ability to understand
the whole genome and helps in bridging the gap between the
genotype and phenotype. Genomic revolution has led to the
generation of whole-genome sequences, expressed sequence tags
(ESTs), large-insert genomic libraries, high density genetic maps,
and millions of molecular markers which could be used for
bi-parental/association mapping, cloning of genes/QTLs, and
genomic selection, etc. for agronomically important traits in
different crops. The identification of QTLs, allelic variation
in the genes governing the trait of interest will enhance the
possibilities of improvement of Brassica species especially for
disease resistance.

Genome Assembly and Pangenomics
Advancement in the NGS technologies has led to the sequencing
of crop genomes of several Brassica species, such as B. oleracea
(Liu et al., 2014; Parkin et al., 2014; Belser et al., 2018; Sun
et al., 2019), B. rapa (Wang et al., 2011), B. nigra (Yang et al.,
2016), B. napus (Chalhoub et al., 2014), and B. juncea (Yang
et al., 2016). Several long-read sequencing technologies such as
PacBio Single Molecule Real-Time sequencing (SMRT) (Roberts
et al., 2013) and Oxford Nanopore Technologies (Jain et al., 2016)
have revolutionized the Brassica genomics. The Brassica database,
BRAD1, provides the information on the genome assemblies,
predicted gene models, and gene annotations of 25 Brassica

1http://brassicadb.cn

species (Cheng et al., 2011), helping plant scientists and breeders
to efficiently use the information to understand the complex
mechanisms underlying disease resistance. The molecular aspects
of B. oleracea–pathogen interactions could be revealed by using
high-quality reference genome assemblies generated for different
morphotypes of B. oleracea over the past several years including
kale (Parkin et al., 2014), cabbage (Cai et al., 2020; Lv et al., 2020;
Guo et al., 2021), cauliflower (Sun et al., 2019; Guo et al., 2021),
and broccoli (Belser et al., 2018). But the high-quality genome
assemblies of the reference genome of B. oleracea may not
represent all the morphotypes and capture only a fraction of them
such as inflorescence in ‘C-8’ (Sun et al., 2019) and leafy type in
‘TO1000’ (Parkin et al., 2014) leaving other morphotypes, such as
lateral leaf buds (brussels sprouts) and tuberous stems (kohlrabi)
not having genome assemblies. This resulted in missing out
of genetic diversity in B. oleracea species which could have
been the potential source of genomic variation associated with
black rot resistance.

Pangenome analysis in B. oleracea allows the identification of
genes from a gene pool represented by many lines of the given
species (Tao et al., 2019; Bayer et al., 2020) and may lead to the
identification of orthologous genes in Brassica species (Golicz
et al., 2016). The idea of pangenomics could help in overcoming
the limitation of dependence on a single reference genome. The
pangenome analysis of B. oleracea varieties revealed that in many
genomes, a large proportion of the disease resistance genes were
not present in all the lines (Golicz et al., 2016) suggesting the
variable nature of R-genes. This may result in the loss of many
candidate R-genes from a single reference genome. Interestingly,
the pangenome study of B. oleracea found the wild relative
(B. macrocarpa) harbouring the most resistance gene analog
(RGA) indicating that the genetic resources of wild species of
Brassica could be the repository of novel R-genes (Golicz et al.,
2016; Bayer et al., 2019). Through pangenomic approach, Bayer
et al. (2019) identified 37 RGA candidates within QTL regions
associated with black rot and sclerotinia resistance in B. oleracea.
The identified RGA candidates were not present in a single
reference assembly indicating the requirement of a pangenome to
identify the candidate genes for breeding of improved cultivars.
The authors also revealed that RGA candidates differed between
lines in B. oleracea and the single-nucleotide polymorphisms
(SNPs) and presence/absence variants (PAV) drove RGA diversity
using separate mechanisms.

Recently, Khan et al. (2020) reported a super-pangenome
which included the genomes of wild relatives and different species
within a genus which could be replicated in Brassica species. This
may allow the broadening of the Brassica gene pool and will
help in the identification of novel candidate resistance genes for
several diseases including black rot by capturing the maximum
genomic variation present within the Brassica species.

Identification of Quantitative Trait Loci for Black Rot
Resistance
To exploit the genomic technologies in breeding programme,
mapping of QTLs governing the desired traits and information
about the allelic variation of genes underlying the target traits is
crucial. Several advanced molecular breeding techniques such as
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marker-assisted selection (MAS), marker-assisted backcrossing
(MABC), marker-assisted recurrent selection (MARS), and
marker-assisted gene pyramiding (Collard and Mackill, 2008;
Ye and Smith, 2008; Ribaut et al., 2010; Ragimekula et al.,
2013) could help in achieving durable resistance against black
rot using the latest genomic technologies. Progress in the NGS
technologies have fast-tracked the identification of markers
co-segregating with genes of interest. Identification of QTLs
help in exploiting the closely linked markers through marker-
assisted selection in breeding programme (Collard et al., 2005;
Collard and Mackill, 2008) and permits the validation of
QTLs and its effect across a range of environments and
genetic backgrounds.

As discussed earlier, races 1 and 4 of black rot is considered
as the most virulent and widespread races in B. oleracea (Lema
et al., 2012a; Vicente and Holub, 2013). So, several studies
were framed to identify the R-genes/QTLs and markers linked
to Xcc1 and Xcc4 resistance in B. oleracea, most importantly
in cauliflower by different research groups (Table 1). Several
random amplified polymorphic DNA (RAPD) markers linked
to Xcc1 resistance locus were reported by various researchers.
Saha et al. (2014b) mapped a Xcc1 resistance locus, Xca1bo
on chromosome 3 in Indian cauliflower by bulk segregant
analysis. Two markers (RAPD 04833 and ISSR 11635) were
found flanking the resistance locus at 1.6-cM interval. Based
on sequence homology with B. rapa genome, the location of
Xca1bo was deduced to chromosome 3 in B. oleracea. The
identified markers have the potential to be used in marker-
assisted backcross breeding programme for introgression of the
black rot (race 1) resistance. Again, Saha et al. (2014a) identified
three RAPD markers (OPO-04833, OPAW-202538, and OPG-
25625) controlling resistance to Xcc race 1 which were associated
in coupling phase to the resistance allele and was found co-
segregating with the black rot resistance gene. RAPD markers are
dominant in nature, so they need to be converted into sequence
characterized amplified region (SCAR) markers for utility
purpose. Two sequence characterized amplified regions (SCAR)
markers (ScOPO-04833 and ScPKPS-11635) were identified
in close linkage with the black rot resistance locus, Xca1Bo
(resistance to Xcc1), in cauliflower (Kalia et al., 2017). This was
the first report of SCAR markers found to be tightly linked to
black rot resistance locus (Xca1Bo) in cauliflower. Interestingly,
these markers showed 100% accuracy in differentiating the
resistant and susceptible plants of cauliflower breeding lines.
Very recently, the SCAR marker, ScOPO-04833, was used as
a foreground marker to introgress the black rot-resistance
gene (Xca1bo) during marker-assisted pyramiding of black rot-
resistance gene Xca1bo and downy mildew-resistance gene Ppa3
in popular early cauliflower variety Pusa Meghna (Saha et al.,
2021).

All the above researchers reported the simple genetic control
or qualitative resistance against Xcc1 which is desirable for
effective production of black rot resistant hybrids. Xcc infects the
plants mainly through hydathodes and colonizes the epitheme
and kills the host cell by degrading the cell walls. According
to Bae et al. (2015), the rapid destruction of epitheme cell may
cause the expression of any R-gene expression ineffective. In rice,

the R-genes have lost their qualitative feature against a virulent
strain of Xanthomonas oryzae pv. oryzae and had adopted a new,
intermediate resistance phenotype (Li et al., 1999). This signifies
the importance of quantitative resistance against Xcc, and several
authors have shown that resistance to Xcc1 is quantitative and
under polygenic control. Doullah et al. (2011) mapped the QTLs
controlling resistance to Xcc (later revealed as race 1 by Tonu
et al., 2013) and identified two significant QTLs on LG2 and LG9
in B. oleracea. These QTLs were compared with already identified
QTLs by Camargo et al. (1995). Interestingly, the QTL on LG9
corresponded to the QTL interval (between wg6g5-wg2g11) on
LG 1 identified by Camargo et al. (1995) enhancing its utility
in marker-assisted selection for black rot resistance. Again Tonu
et al. (2013) analysed the Xcc 1 resistance QTLs in B. oleracea
by improving an F2 population map developed by Doullah et al.
(2011) and carried out comparative analysis of the mapped QTLs
using common markers. This has led to the development of
common markers (pW, pX, and BoCL) closely linked with the
previously reported QTLs and could be used as anchor markers to
compare the map position of Xcc1 resistance QTLs. The authors
obtained two major QTLs: XccBo(Reiho)2 and XccBo(GC)1,
and one minor QTL: XccBo(Reiho)1 on chromosome C8, C9,
and C5, respectively. Based on the common markers, the
QTL XccBo(Reiho)1 corresponded to QTL-LG2a and QTL-3,
identified by Camargo et al. (1995) and Kifuji et al. (2013),
respectively. Kifuji et al. (2013) mapped one major QTL (QTL-1)
for Xcc1 resistance on linkage group C2 in two consecutive years
explaining 15.05 and 9.88% of phenotypic variance, respectively.
Two minor QTLs, QTL-2 (LG C4) and QTL-3 (LG C5), were
also reported. Interestingly, the QTL-1 region showed synteny
with a region spanning from 5.3 to 7.4 Mb on the short arm
end of chromosome 5 of Arabidopsis thaliana, which was rich
in genes of TIR-NBS-LRR family. In another study, dCAPS
markers developed from candidate SNPs were used to improve
the resolution of a previously developed genetic map and QTL
analysis identified one major (BRQTL-C1_2) and three minor
QTLs (BRQTL-C1_1, BRQTL-C3, and BRQTL-C6) containing 21
candidate resistance genes (Lee et al., 2015).

The most comprehensive study to dissect quantitative
resistance to Xcc1 was carried out by Iglesias-Bernabé et al.
(2019). The authors measured five traits, such as initial stages
of invasion, success of infection, and spread of the pathogen,
in the BolTBDH mapping population and identified four
single-trait QTLs (Xcc1.1, Xcc6.1, Xcc8.1, Xcc9.1) on linkage
group 1, 6, 8, and 9 confirming the quantitative nature of
Xcc1 resistance as reported by the previous authors. Three
QTLs, except Xcc9.1, were identified previously. Multi-trait
QTL analysis revealed that the spread of Xcc is related
to the size of the leaf. Two resistance strategies were
followed by the genotypes of the mapping population to
keep up with the disease progression; reducing the lesion
size or maintaining more area of the leaf with photosynthetic
activity to be more tolerant to Xcc invasion. Also, the
authors showed that the resistance mechanisms contributing
to variation of resistance could be related to different aspects
of plant immunity, including the synthesis of glucosinolates
(GSLs) and phenolics.

Frontiers in Plant Science | www.frontiersin.org 7 December 2021 | Volume 12 | Article 742553127

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-742553 December 4, 2021 Time: 12:54 # 8

Shaw et al. Multi-Omics for Black Rot Resistance in Brassica oleracea

TABLE 1 | List of quantitative trait loci (QTLs)/R-genes associated with black rot resistance in Brassica oleracea and related Brassica species.

Disease Species Cultivar Mapping
population

Xcc
race

Gene
locus/QTL

Chr/LG Linked marker References

Black rot
Xanthomonas
campestris pv.
campestris
(Pammel)
Dowson

Brassica
oleracea

BI-16
(resistant) × OSU Cr-7
(susceptible)

F3 – – LG1, LG2,
LG9

wg2g11, wg6g5,
wg6g5, wg1e3b,
ec5e12, ec2h2, wg6h1,
tg4d2b, wg8a9b,
wg4d7, ec2d9,
wg8a9b

Camargo
et al., 1995

Brassica
oleracea

11B-1-12
(resistant) × Snow Ball
(susceptible)

F2 4 – – OPAB04, UBC 72,
UBC 322, UBC 66,
UBC 205, UBC 121
UBC 320, UBC 327

Tonguç et al.,
2003

Brassica
oleracea
var.
capitata

January King
(resistant) × Golden
Acre (susceptible)

F2 – – – C-111000 Kaur et al.,
2009

Brassica
oleracea

GC P09
(susceptible) × Reiho
P01(resistant)

F2:3 1 – LG2, LG3,
LG7, LG9

CAM1, GSA1,
F12-R12e, BORED,
CHI, ASB1, IPI, FLC3

Doullah et al.,
2011

Brassica
oleracea

CY (resistant) × BB
(susceptible)

F2 1 QTL-1, QTL-2,
QTL-3

C02, C04,
C05

BoCL3135s,
BoCL5545s,
BoCL5989s,
BoCL4802s,
BoCL4271s,
BoCL2635s,
BoCL908s,
BoCL5694s

Kifuji et al.,
2013

Brassica
oleracea

GC P09
(susceptible) × Reiho
P01 (tolerant)

F2 1 XccBo(Reiho)2,
XccBo(Reiho)1,
XccBo(GC)1

C08, C05,
C09

BoGMS1330,
BoGMS0971,
CB10459

Tonu et al.,
2013

Brassica
oleracea
var.
botrytis

Pusa Himjyoti
(susceptible)
× BR-161 (resistant)

F2 1 – – OPO-04833,
OPAW-202538,
OPG-25625

Saha et al.,
2014a

Brassica
oleracea
var.
botrytis

Pusa Himjyoti
(susceptible) × BR-
161
(resistant)

F2 1 Xca1bo C03 RAPD 04833, ISSR
11635

Saha et al.,
2014b

Brassica
oleracea

C1184
(susceptible) × C1234
(resistant)

F2:3 - BRQTL-C1_1,
BRQTL-C1_2,
BRQTL-C3,
BRQTL-C6

C01, C03,
C06

H073E22-3,
BoRSdcaps1-11,
BoEdcaps4,
BoESSR089,
BoESSR291,
BoRSdcaps3-12,
BoRSdcaps1-13,
BoRSdcaps1-14,
sR12387, BnGMS353

Lee et al.,
2015

Brassica
oleracea
var.
botrytis

Pusa Himjyoti
(susceptible) × BR-
161
(Resistant)

F2 1 Xca1bo – ScOPO-04833,

ScPKPS-11635

Kalia et al.,
2017

Brassica
oleracea

TO1000DH3 × Early
Big

DH 1 Xcc1.1, Xcc6.1,
Xcc8.1, Xcc9.1

LG1 (C01),
LG6 (C06),
LG8 (C08),
LG9 (C09)

– Iglesias-
Bernabé
et al., 2019

Brassica
oleracea

Twenty-seven different
cabbage
inbred lines

Inbred lines 1, 2, 3,
4, 5, 6,

7

– C01, C03,
C06, C08

BnGMS301,
BoESSR726,
BoESSR291,
OI10G06, BoGMS0971

Afrin et al.,
2018a

Brassica
rapa

– F2 4 R4 – WE22, WE49 Ignatov et al.,
2000

(Continued)
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TABLE 1 | (Continued)

Disease Species Cultivar Mapping
population

Xcc
race

Gene
locus/QTL

Chr/LG Linked marker References

Brassica
rapa

R-o-18
(susceptible) × B162
(resistant)

F2 1 XccR1d-1,
XccR1i-1

A06 E11M50_280b,
E12M48_171r

Soengas
et al., 2007

Brassica
rapa

R-o-18
(susceptible) × B162
(resistant)

F2 4 XccR4d-1,
XccR4i-1

A06 E12M61_215b,
E12M61_215b

Soengas
et al., 2007

Brassica
rapa

R-o-18
(susceptible) × B162
(resistant)

F2 4 XccR4i-2 A02 E11M59_178r Soengas
et al., 2007

Brassica
rapa

R-o-18
(susceptible) × B162
(resistant)

F2 4 XccR4i-3 A09 E12M48_1 > 330b Soengas
et al., 2007

Brassica
rapa

175 × P143 and
P115 × 143

DH 1, 3, 4,
6

13 QTL (DH30),
19 QTL (DH38)

A01, A02,
A03, A04,
A05, A06,
A07, A08,
A09, A10

Many Artemyeva
et al., 2018

Brassica
carinata

NPC-17
(susceptible) × NPC-9
(resistant)

F2 1 Xca1bc LG7 (B
genome)

At1g70610,
At1g71865,
Na14-G02

Sharma et al.,
2016

Brassica
napus

N-o-9
(susceptible) × N-o-1
(resistant)

DH 4 Xca4 N5 (A genome) – Vicente et al.,
2002

Compared to Xcc1, few studies were conducted to identify
QTLs for Xcc4 in B. oleracea. As the resistance to races 4 is
scanty in B. oleracea, a resistant line (11B-1-12) was developed
by transferring black rot resistance from B-genome of B. carinata
(provides complete protection against races 1 and 4 of Xcc)
to B. oleracea by protoplast fusion (Hansen and Earle, 1995).
This resistance line (11B-1-12) was used to develop three F2
populations in B. oleracea and eight polymorphic RAPD markers
were found linked with completely black rot (Xcc4) free plants
(Tonguç et al., 2003). The segregation pattern of the linked
markers suggested the role of a single dominant major gene
governing resistance to Xcc 4.

There is a dearth of durable resistance sources in the ‘C’
genome of B. oleracea for different Xcc races (Soengas et al.,
2007). However, ‘A’ and ‘B’ genomes of Brassica species are
the sources of resistance genes, and several QTLs conferring
resistance to black rot were mapped in the related Brassica
species (Table 1). In B. rapa (‘A’ genome), both race-specific
and broad-spectrum resistance against six races have been
frequently observed. Soengas et al. (2007) identified four highly
significant QTLs (two for race 1 and two for race 4) on
chromosome A06 using an F2 mapping population of 114
plants. Two additional QTLs for resistance to race 4 were found
on linkage group A02 and A09. The authors opined that the
markers closely linked to the QTLs may assist in the transfer
of resistance into different cultivars of B. oleracea. Recently,
Sharma et al. (2017), while exploring the ‘A’ and ‘B’ genomes of
Brassica species to transfer black rot resistance into cauliflower,
introgressed a single dominant black rot resistance gene,
Xca1bc, through interspecific hybridisation between cauliflower
(Pusa Sharad) and Brassica carinata (NPC-9), followed by

embryo rescue. A marker ‘At1g70610’ linked with resistance
against Xcc race 1 (Sharma et al., 2016) was used to confirm
the successful introgression of black rot resistance in the
interspecific BC1 population.

Recently, Afrin et al. (2018a) screened 27 inbred lines resistant
to different races of black rot (1, 2, 3, 4, 5, 6, 7) using 9
simple sequence repeats (SSRs) and 1 insertiondeletions (inDels)
markers, and based on the bioassay and molecular screening
results, five markers were selected capable of distinguishing the
resistant lines from the susceptible ones of cabbage consistently.

Often, loci for black rot resistance identified in green house
screening are not detected under field conditions. This could
be due to greater experimental error in the field experiments
and lower resolution of visual rating scale during field scoring
(Horsfall and Cowling, 1978; Jamwal and Sharma, 1986). In this
backdrop, Camargo et al. (1995) mapped the QTLs controlling
resistance to Xcc in field, glasshouse, and genomic regions were
identified on LG 1 and 9 associated with both young and adult
plant resistance and two additional QTLs (QTL-LG2a, QTL-
LG2b) on LG2 were associated with the young plant resistance.
The results mostly indicated that plants selected based on young
plant screening should reflect the adult-plant resistance.

In summary, we observed that several QTLs, both with major
and minor effects, have been mapped to different chromosomes
of B. oleracea suggesting that the resistance to black rot is
a complex trait. Furthermore, though several QTL mappings
were conducted in both B. oleracea and related Brassica species,
so far, no resistance gene has been cloned. Basically, R-gene-
mediated effector-triggered immunity (ETI) is considered as the
most effective in conferring resistance to plants (Debieu et al.,
2016). However, ETI fails to provide durable and broad-spectrum
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resistance shifting the attention toward quantitative resistance. In
B. oleracea, black rot resistance is mostly considered to be under
quantitative control. However, with the available information
of markers/QTLs for black rot resistance, we can say that the
information is limited, especially QTLs imparting resistance to
race 4 of Xcc need to be identified. Also, emergence of new races
of Xcc is a major factor hindering the deployment of the QTLs in
resistance breeding of Xcc.

Nevertheless, all the above information of markers/QTLs
identified in B. oleracea will help in the understanding of
the molecular mechanisms of disease response in B. oleracea
under Xcc stress. Introgression of both race-specific and
race non-specific genes into the background of susceptible
B. oleracea cultivars could help in conferring broad-spectrum
resistance. Also, the information about the QTLs and linked
molecular markers will undoubtedly aid in the introgression
of resistance into the elite cultivars of B. oleracea to develop
resistant varieties.

Identification of Candidate Nucleotide-Binding
Site-Leucine-Rich Repeat Encoding R genes for
Black Rot Resistance
Plants defend themselves from a variety of microbial pathogens
by employing two types of resistance: qualitative and quantitative
resistance. Qualitative resistance is governed by R-gene-mediated
defence where R-genes convey disease resistance by producing
R proteins against the plant pathogens. Upon pathogen attack,
the phytopathogens produce certain molecules called ‘effectors,’
encoded by Avr (avirulence) genes which are recognised by
R-genes and activate the effector-triggered immunity (ETI). This
interaction is also known as “gene-for-gene” model for plant
disease resistance (Flor, 1971), and such types of interactions
have been observed between the avr genes (A1–A5) of Xcc and
the corresponding R-genes (R1–R5) of several Brassica cultivars
(Fargier and Manceau, 2007; Vicente and Holub, 2013). The main
class of the R-genes consists of nucleotide-binding site-leucine-
rich repeat (NBS-LRR) proteins (Van der Biezen and Jones, 1998;
Dangl and Jones, 2001; Yu et al., 2014) and are widely distributed
in plants. While the nucleotide-binding site (NBS) domain can
bind and hydrolyse ATP/GTP, the leucine-rich repeat (LRR)
domain is involved in protein-protein interactions (Tameling
et al., 2002; Wan et al., 2012). Based on N-terminal structures, the
NBS-LRR type R-genes were further subdivided into coiled-coil-
nucleotide-binding site-leucine-rich repeat (CC-NB-LRR) type
and toll/interleukin-1 receptor-nucleotide-binding site-leucine-
rich repeat (TIR-NB-LRR) type (Dangl and Jones, 2001). Izzah
et al. (2014) identified 29 expressed sequenced tags (ESTs)
containing NBS-LRR domains, among which, 22 were TIR-
NBS-LRRs and 7 were CC-NBS-LLRs type in the black rot
resistant cabbage line C1234. Lee et al. (2015) reported 21
different NBS-LRR genes within four resistance QTL regions
against Xcc in cabbage. Of the detected 21 R-genes, nine
were present in gene clusters. Eight NBS-LRR encoding genes
were identified in the BRQTL-C1_1 and BRQTL-C1_2 QTLs,
seven and five NBS-LRR type R-genes were detected near the
BRQTL-C3 and BRQTL-C6 region, respectively. Importantly,
comparison of these 21 candidate genes against Brassica database

showed the sequence similarity to disease resistance proteins. In
another study, DNA sequence variation and expression of 31
NBS-encoding genes were analysed in cabbage, which encoded
TIR, NBS, LRR, and RPW8 protein domains and nine NBS-
encoding R-genes (Bol003711, Bol010135, Bol010559, Bol022784,
Bol029866, Bol042121, Bol031422, Bol040045, and Bol042095)
were identified presumed to be involved in black rot resistance
(Afrin et al., 2018b). NBS-LRR genes, after recognizing the
pathogen, triggers various defence signal transductions leading to
hypersensitive response (Sagi et al., 2017). These R-genes regulate
phytohormone signalling to counteract the pathogenic infection
(Joshi and Nayak, 2011). During host-pathogen interactions,
different calcium signalling genes regulate the plant defence
(Tortosa et al., 2019). Mamun et al. (2020) hypothesized that
R-genes were involved in calcium signalling and hormonal
regulation in triggering ETI response and disease susceptibility
in the B. napus–Xcc pathosystem (Figures 3A,B). The expression
analysis of R-genes, ZAR1 (CC-NB-LRR-type) and TAO1 (TIR-
NB-LRR-type), in two contrasting genotypes of B. napus revealed
that ZAR1 was involved in the resistance interaction through
calcium-sensing receptor (CAS) and calmodulin (CaM) to
initiate salicylic acid (SA) synthesis and signalling, thereby
inducing JA synthesis and signalling, and resulting in ETI
response. On the contrary, TAO1 mediated the SA accumulation
through calcium-sensing receptor (CAS) and calcium-sensing
protein 60g (CBP60g), with an antagonistic depression of JA
leading to disease susceptibility.

However, ETI often fails to deliver durable and broad-
spectrum resistance if the trait is governed by polygenic
resistance, shifting the focus toward resistance QTLs. As
discussed earlier, resistance to Xcc in most of the B. oleracea lines
was disclosed to be under quantitative control. The durability
of quantitative resistance could happen due to the exertion of a
low selection pressure on the pathogen population and difficulties
to overcome the combination of different resistance-associated
mechanisms by the pathogens (Palloix et al., 2009; Mundt, 2014).
Resistance QTLs were also reported to be specific or non-
specific to a pathogen, and some QTLs can show resistance
to multiple pathogens (Ellis et al., 2014; Wiesner-Hanks and
Nelson, 2016). In several systems, combination of both broad-
spectrum and isolate-specific QTLs resulting in quantitative
resistance have been reported (Caranta et al., 1997; Calenge
et al., 2004; Rocherieux et al., 2004). The genes accounting
for quantitative resistance represent a broad range of possible
functions for the genes underlying resistance QTLs, such as
basal defence, detoxification, transduction of defence signals, or
partially altered major R-genes (Niks et al., 2015; French et al.,
2016). In Arabidopsis thaliana, Resistance related KinaSe1 (RKS1)
conferred quantitative resistance against the races 1, 3, 5, 7,
and 9 of Xcc (Huard-Chauveau et al., 2013). RKS1 encodes an
atypical kinase lacking the critical domains required for kinase
catalytic core during catalysis (Roux et al., 2014). Recently,
Debieu et al. (2016) identified two major QTLs that conferred
resistance specifically to races 2 and 6 of Xcc. The study revealed
that the quantitative disease resistance to race 6 involves the well-
known immune receptor pair RRS1/RPS4. In addition to RKS1,
three genes with different range of specificity were involved in
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FIGURE 3 | A model outlining the R-gene-mediated signalling to (A) induce effector-triggered immunity (ETI) and (B) disease susceptibility upon Xcc inoculation in
Brassica napus as proposed by Mamun et al. (2020). JA, jasmonic acid; SA, salicylic acid; CaM, calmodulin; CAS, calcium-sensing receptor; NPR1, non-expressor
of pathogenesis-related gene 1; NPR3, non-expressor of pathogenesis-related genes 3; NPR4, non-expressor of pathogenesis-related genes 4; LOX2, lipoxygenase
2; CDPK5, calcium-dependent protein kinase 5; CBP60g, calcium-sensing protein 60 g.

conferring resistance to Xcc, which suggested that quantitative
disease resistance to Xcc is governed by a complex network by
interconnecting multiple response pathways induced by distinct
pathogen molecular determinants (Debieu et al., 2016).

Secondary metabolites like glucosinolates (GSLs) are also
involved in quantitative resistance against Xcc in B. oleracea
(Iglesias-Bernabé et al., 2019). B. oleracea is known for its high
content of GSLs whose hydrolysed products have been proven
toxic to pathogens. GSLs play an important role in plant defence
against Xcc, and many workers have described the potential role
of GSL in defence against Xcc in B. oleracea and related Brassica
species (Aires et al., 2011; Velasco et al., 2013; Madloo et al., 2019;
Rubel et al., 2020) which will be discussed later. While dissecting
the quantitative resistance against race 1 of Xcc, multi-trait QTL
analysis identified four QTLs of resistance and the spread of Xcc
was found related to the size of the leaf (Iglesias-Bernabé et al.,
2019). The mechanism of resistance was found to be related with
the synthesis of GSLs and phenolics.

However, quantitative resistance governed by minor-effect
QTL are difficult to exploit than the major R-genes. In the
post-genomic era, improved tools and methods are becoming
handy to better integrate the quantitative resistance into plant
breeding techniques. In the best scenario, combining major
R-genes with quantitative resistance could be proved as an
interesting strategy for effective breeding to confer durable
resistance to Xcc in B. oleracea.

Transcriptomics
Transcriptomics refers to the study of the entire set of
RNA of an organism, including mRNAs and other non-
coding RNAs (McGettigan, 2013). Transcriptome study helps
in characterizing and quantifying the entire RNA present in
an organ, tissue, or cell in a given organism. Different genes
of a cell are up or downregulated in different physiological
and developmental process. So, comparing of RNA expression
profile provides an insight into when and where the genes are
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expressed under different treatments and helps in validation
of the putatively differentially expressed genes. This, in turn,
helps in the identification of candidate genes influencing
any important traits involved in the cellular process of an
organism. Transcriptome is highly dynamic unlike the genome
which basically remains constant irrespective of age, organ,
or growth conditions (El-Metwally et al., 2014). RNA-seq has
largely replaced the earlier commonly used approaches for gene
expression profiling such as microarray and serial analysis of
gene expression (SAGE). Transcriptome analysis reveals the
molecular mechanisms underlying specific biological processes
and pathogenesis, providing new guidance in disease control
and crop improvement (Kell and Oliver, 2016). Additionally,
transcriptome studies decipher many dynamic changes occurring
in molecular communication during the plant infection by the
pathogens. The recent advancement of NGS technologies have
allowed the transcriptome sequencing through cDNA sequencing
on a massive scale (Voelkerding et al., 2010). This has permitted

the researchers to design large-scale experiments to capture
and enumerate the transcripts and analyse the transcriptional
responses of B. oleracea to black rot infection which revealed
the role of different genes involved in B. oleracea-Xcc interaction
(Tables 2, 3).

Over the years, transcriptome analysis has been used to
understand the plant–microbe interactions (Wulf et al., 2003).
Gene regulation studies in response to pathogen attack may
indicate the role of the relevant defence genes (Singh et al.,
2018). Suppression subtractive hybridisation (SSH) is regarded as
a powerful approach for identification of differentially expressed
genes including the response of the plants to pathogen infection
(Jin et al., 2010; Luo et al., 2010; Yue et al., 2010) which
could help in the global analysis of gene expression. SSH does
not require sequence information to study differential genes
(Kathju et al., 2006) and is often used to identify the genes
responding to pathogens and stresses in plants (Xiong et al.,
2001). So, Jiang et al. (2011) attempted to understand the

TABLE 2 | Published transcriptomic studies in Brassica species on black rot resistance.

Species Plant
organ

Time point
(Tissue
collection)

Methodology Objective Inference References

Brassica
oleracea
var.
capitata

Leaves – RNA-Seq Identification of ESTs related to
the NBS-LRR domain in the
black-rot resistant line C1234

29 ESTs containing NBS-LRR domains were
identified in the black rot resistant cabbage line
C1234, among which 22 were TIR-NBS-LRRs
and 7 were CC-NBS-LLRs type

Izzah et al.,
2014

Brassica
oleracea

Leaves 3- and 12-days
post-
inoculation
(dpi)

RNA-Seq Investigation of molecular
changes produced in
B. oleracea plants infected by
Xcc

Genes related to terpenes, flavonoids, alkaloids
and anthocyanins and phytohormones were
up-regulated at early stage of infection

Tortosa
et al., 2018a

Brassica
oleracea
var.
capitata

Leaves,
root,
silique, and
stem

– RNA-Seq To identify NBS-encoding
genes linked to black rot
resistance in cabbage

31 NBS- genes encoding TIR, NBS, LRR and
RPW8 protein domains were differentially
expressed in leaves, root, silique and stem
tissues of cabbage. Several of these genes
were highly expressed in resistant compared to
susceptible cabbage lines.

Afrin et al.,
2018b

Brassica
oleracea
var. italica

Leaves 3- and 12-days
post inoculation
(dpi)

RNA-Seq To investigate the transcriptome
dynamics of Brassica oleracea
in response to Xcc race 1

Two calcium-signalling proteins (CBP60g and
SARD1) regulated the plant transcriptomic
response in the resistance against Xcc which
was confirmed using Arabidopsis knockout
mutants

Tortosa
et al., 2019

Brassica
oleracea
var.
capitata

Leaves 0- and 6-days
after Xcc
inoculation

RNA-Seq Genome-wide identification,
expression profile of the TIFY
gene family in B. oleracea var.
capitata, and their response to
various pathogen infections
including Xcc

36 TIFY genes were identified including 22 JAZ
genes and the JAZs were induced and inhibited
after Xcc infection in the resistance line,
indicating their probably distinct roles in disease
resistance or susceptibility.

Liu et al.,
2020

Brassica
oleracea

Leaves 0-, 12-, 24-,
48- and 96-h
post-
inoculation
(hpi)

RNA-Seq Transcriptome analysis of
resistant and susceptible lines
of B. oleracea in response to
early infection with Xcc

Genes related to glucosinolate biosynthesis and
catabolic pathways, ROS scavenging,
photosynthetic energy metabolism, hormonal
receptor-kinase-related genes and
NBS-encoding resistance genes were
enhanced during the early infection period.

Sun et al.,
2020

Brassica
oleracea
var.
capitata

Leaves 3-days after
inoculation

RNA-Seq Transcriptomic analysis of
resistant and susceptible
cabbage lines to decipher the
molecular bases and
mechanisms of early-phase
response against black rot

Top ten differential expression genes were
found to contain NBS-LRR genes, protein
kinase genes and expansin genes indicating
some genes playing key roles in the regulation
of early response to black rot infection.

Song et al.,
2020
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TABLE 3 | List of differential gene expression studies in Brassica species on black rot resistance.

Species Plant
organ

Time point (Tissue
collection)

Objective Inference References

Brassica
oleracea var.
botrytis

Leaves – Cloning of differentially expressed
fragments in cauliflower after Xcc
inoculation

M6 gene fragment was identified as a new H2O2 downstream defence related gene
fragment which could be induced by Xcc and H2O2.

Gu et al.,
2008

Brassica
oleracea
var. botrytis

Leaves 0-, 2-, 6-, 12-, 24-, 48-,
72-, and 96-h post-
infection

Identification of differentially expressed
genes associated with resistance to Xcc in
cauliflower

Gene expression of 12 genes corresponding to a range of functional categories
including metabolism, photosynthesis as well as cell defense (plant defensin gene
PDF1.2, lipid transfer protein, thioredoxin h) in response to Xcc was quicker and more
intense in cauliflower resistant line C712 suggesting their involvement in the response
against Xcc infection.

Jiang et al.,
2011

Brassica
oleracea var.
capitata

Leaves 12-, 24-, and 48-h post-
inoculation

To identify genes involved in resistance
mechanisms against Xcc in cabbage

A total of 150 unigenes obtained were classified into five major functional categories:
metabolism, disease and defence-related, structural proteins, signalling pathway related
and unclassified group. The defence-specific genes showed increased expression in the
resistant cultivar and elicited a strong hypersensitive response upon attack by black rot.

Roohie and
Umesha,
2015

Brassica rapa
var. glabra

Leaves 1-, 2-, 3-days
post-inoculation (dpi)

Differential defence responses of
susceptible and resistant kimchi cabbage
cultivars to black rot

PR1, BGL2, Chi1, PR4, VSP2, LOX2 and GST1 were differentially regulated in the
kimchi cabbage leaves during resistance reaction and the resistance was strongly
associated with the hormone dependent transcriptional induction of defence genes.

Lee and
Hong, 2015

Brassica
oleracea

Leaves 24 h after inoculation Role of microRNAs (miRNAs)
in B. oleracea resistance against Xcc

The decreased expression of miR156, miR169 and miR390 may be involved in a
stress-induced flowering phenomenon due to Xcc infection. miR167, as miR390,
modulates the expression of auxin response factors (ARFs) and may be involved in a
PAMP-triggered immunity response. The upregulation of the 4 miRNAs could play a role
in B. oleracea resistance enhancement against Xcc.

Santos L.S.
et al., 2019

Brassica napus Leaves 14-days post- inoculation To elucidate the cultivar variation in disease
susceptibility and disease responses in
relation to hormonal status in the interaction
of Brassica napus cultivars and Xcc

The ratios of ABA/JA and SA/JA increased with enhanced expression of SA signalling
regulatory gene (NPR1) and transcriptional factor (TGA1) with antagonistic suppression
of JA- regulated gene PDF 1.2. In the resistant cultivar, defensive metabolites
accumulated with the enhanced expression of genes involved in flavonoids (chalcone
synthase), proanthocyanidins (anthocyanidin reductase), and hydroxycinnamic acids
(ferulate-5-hydroxylase) biosynthesis and higher redox status were observed, whereas
the opposite results were obtained for susceptible cultivars.

Islam M.T.
et al., 2017

Brassica napus Leaves 14-days post-
inoculation

To investigate the hormonal regulations in
soluble and cell wall-bound phenolic
compound accumulation in the resistant
and susceptible cultivar of Brassica napus

Enhanced expression of JA signalling was concurrently based on transcriptional
up-regulation of PAP1, MYB transcription factor, and phenylpropanoid biosynthesis
genes (CHS, F5H, COMT1, and CAD2) which induced the higher accumulation of
defensive metabolites such as hydroxycinnamic acids and flavonoids in the resistant
cultivar.

Islam et al.,
2019b

Brassica
oleracea var.
capitata

Leaves 1-, 3-, and 5-days after
inoculation (DAI)

To understand the role of glucosinolate
biosynthesis and breakdown-related genes
for resistance against Xcc in cabbage

Positive and significant association between aliphatic GSL compounds and expression
values of transcription factor and GSL biosynthesis-related genes (ST5c-Bol030757
and AOP2-Bo9g006240) as well as between indolic GSL compounds and the
expression of transcription factor and GSL biosynthesis-related genes
(MYB34-Bol017062, MYB122-Bol026204, CYP81F2-Bol012237, CYP81F4-Bol032712
and CYP81F4-Bol032714) were reported.

Rubel et al.,
2020

Brassica napus Leaves 14-days post- inoculation
(DPI)

To investigate the involvement of
R-gene-mediated calcium signalling and
hormonal signalling in Effector-triggered
immunity (ETI) or susceptibility in the
Xcc–B. napus pathosystem

In the resistance interaction (ETI), R-gene (ZAR1) and related genes (NDR1, MAPK6),
SA receptor, (NPR3 and NPR4), JA synthesis (LOX2) and signalling (PDF1.2) genes
were up-regulated while calcium signalling-related genes (Ca2CATPase, CDPK5,
CBP60g) were down-regulated. In the susceptible interaction, R-gene (TAO1), SA
synthesis (ICS1) and signalling (NPR1), calcium-signalling-related genes (Ca2CATPase,
CDPK5, CBP60g), SA synthesis (ICS1) genes were up-regulated whereas JA synthesis
(LOX2) and resistance related gene (MAPK6) were down-regulated.

Mamun
et al., 2020
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molecular mechanisms of resistance of cauliflower in response
to Xcc infection combining SSH with RT-PCR. An SSH cDNA
library comprising many defence-related genes including plant
defensin gene PDF1.2, lipid transfer protein, thioredoxin h., etc.
was established and 12 differentially expressed genes associated
with Xcc resistance were identified. Roohie and Umesha (2015)
also employed the SSH technique to identify the genes involved
in black rot resistance mechanisms in B. oleracea var. capitata.
Out of 150 unigenes (classified in to five functional categories),
35% of the unigenes accounted for the defence-related unigenes.
Defence-specific representation of the genes was confirmed by
semi-quantitative RT-PCR and its increased expression in the
resistant cultivar was validated by qPCR.

Several researchers have reported the differential responses of
genes in the susceptible and resistant cultivars of B. oleracea to
black rot disease (Table 3). Cloning of differentially expressed
cDNA fragments obtained from black rot resistant cauliflower
plants revealed that M6 gene fragment was a new H2O2
downstream defence-related gene fragment and could be induced
during infection by Xcc (Gu et al., 2008). Transcriptomic analysis
of the leaves of B. oleracea collected 3 and 12 dpi revealed the up-
regulation of 78 and 809 genes and a downregulation of 10 and
169 genes in the early and late responses, respectively (Tortosa
et al., 2018a). During Xcc attack, genes related with terpenes,
flavonoids, alkaloids, anthocyanins, SA, ethylene, and JA were up-
regulated in early response exhibiting their importance during
pathogenesis. To analyse the dynamics of the transcriptional
response of B. oleracea plants infected with Xcc, Tortosa et al.
(2019) highlighted the role of Ca+2 signalling proteins as
secondary messenger for several downstream signalling processes
which include the activation of several transcription factors
involved in the SA-mediated host defence in B. oleracea.
Two calcium-signalling proteins (CBP60g and SARD1) played
important roles in resistance against Xcc which was, again,
confirmed by Arabidopsis knockout mutants. In another study,
Lee and Hong (2015) analysed the pathogenesis-related (PR)
gene expression during resistance and susceptible responses
to black rot disease in kimchi cabbage. The semi-quantitative
RT-PCR analysis revealed the transcriptional activation of
PR1, BGL2, Chi1, PR4, VSP2, LOX2, and GST1 in the leaves
of resistant genotypes as compared to susceptible genotypes.
Also, the PR genes were found to be regulated by defence-
related hormones such as SA, JA, and ethylene. The results
indicated that differential defence signalling crosstalk and PR
gene expression are involved in cultivar specific resistance against
several fungal diseases including black rot in kimchi cabbage
and, importantly, the resistance was strongly associated with the
hormone-dependent transcriptional induction of defence genes.
Jasmonate and other related signalling compounds are involved
in the host immunity of plants (Thines et al., 2007; Melotto
et al., 2008). A B. oleracea LOX gene was cloned in cabbage
which was involved in jasmonic acid biosynthesis, and the
quantification of transcript levels showed that BoLOX transcripts
were accumulated rapidly after various biotic stresses (Zheng
et al., 2007). The JASMONATE ZIM-DOMAIN (JAZ) proteins
are the key repressors of jasmonate (JA) signalling and plays key
role in plant defence responses (Chini et al., 2007; Thatcher et al.,

2016). To investigate the expression difference of cabbage JAZ
genes after infection with Xcc, RNA-seq data of both resistant and
susceptible materials were analysed by Liu et al. (2020) and many
JAZ genes were found to be up-regulated in both the resistance
and susceptible lines.

For better resistance against Xcc, it is essential to understand
the infection and multiplication process of Xcc in host cells,
and tremendous progress have been made in this direction with
the identification and characterisation of more than 100 genes
contributing to Xcc virulence (Chan and Goodwin, 1999; He
et al., 2007; He and Zhang, 2008; Büttner and Bonas, 2010). Liao
et al. (2016) investigated the potential role of prc gene in the
pathogenicity of the black rot and the transcriptional profiling of
the wild type and mutant showed that the mutation of prc in Xcc
leads to the alteration of the transcription level of 91 genes. The
genes were associated with a range of biological functions such
as carbohydrate transport and metabolism, cell wall/membrane
biogenesis, post-translational modification, protein turnover and
chaperones, inorganic ion transport, metabolism, and signal
transduction mechanisms, providing new information about the
regulatory role of prc gene. Micro RNAs (miRNAs) are known
to be associated with various biological processes including
abiotic and biotic stresses (Rubio-Somoza et al., 2009; Kruszka
et al., 2012). miRNAs are conserved and are involved in
many molecular interaction networks including plant-pathogen
interactions (Sunkar et al., 2012; Islam W. et al., 2017). The
role of miRNAs in plants was examined in response to Xcc
infection and four miRNAs (miR156, miR167, miR169, and
miR390) were found to be differentially expressed showing a
down and up-regulated expression profile in the susceptible and
resistant cultivars, respectively (Santos L.S. et al., 2019). This
suggested the possible role of miRNAs in enhancing the resistance
of B. oleracea against Xcc and could be used as potential resistance
markers for B. oleracea-Xcc interaction. Understanding the early
response to black rot holds the key to control black rot and
reduce the crop losses. To understand the molecular basis of
early-phase response of different resistant cabbage lines against
black rot infection, a comprehensive transcriptome analysis of
resistant and susceptible lines identified 10,030 differentially
expressed genes (Song et al., 2020). Three hundred and eighty
four differentially expressed genes overlapped in the susceptible
and resistant cabbage lines and the top ten genes contained
NBS-LRR type, protein kinase, and expansin genes, indicating
their role in early response to black rot infection. Again,
transcriptome analysis of the leaves of Xcc-resistant (QP07) and
susceptible (DBP71) lines was carried out to understand the early
defence response (Sun et al., 2020). A total of 3,357 up and
4,091 down-regulated genes were identified between QP07 and
DBP71 and functional annotation pathway analysis indicated the
enhancement of the ROS scavenging, glucosinolate biosynthesis
and catabolic pathways, hormonal, receptor kinase-related genes,
and (NBS)-encoding R-genes during the early infection period.
Furthermore, photosynthetic energy metabolism was found to be
actively regulated by the host plant in response to Xcc infection.
Glucosinolates (GSLs) play important roles in plant defence
mechanisms against necrotrophs, biotrophs, and hemibiotrophs
and are broadly found in different Brassica species. However,
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the information about GSL-mediated resistance mechanisms
and GSL biosynthesis and catalysis related gene expression
after black rot infection is limited. In a recent study, Rubel
et al. (2020) found positive and significant association between
the aliphatic and indolic GSL compounds with the expression
values of transcription factor and GSL biosynthesis-related
genes in cabbage. The phytohormones, SA and JA, are the
central regulators in hormonal signalling pathways to induce
defence response against the pathogens by inducing the genes
related to phenylpropanoid synthesis pathway which produces
an array of defensive metabolites and these genes were
differentially expressed for Xcc resistance and susceptibility in
Brassica species. Islam et al. (2019b) demonstrated that the
enhanced expression of JA signalling was concurrently based on
transcriptional up-regulation of PAP1, MYB transcription factor,
and phenylpropanoid biosynthetic genes (CHS, F5H, COMT1,
CAD2) which induced the higher accumulation of defensive
metabolites such as hydroxycinnamic acids and flavonoids in
the resistant cultivar (cv. Capitol). Another study reported the
differential expression of the NBS-LRR encoding R-genes (ZAR1
and TAO1) and related genes (MAPK6), calcium signalling-
related genes (Ca2+ATPase, CDPK5, CBP60g, CAS, CaM), SA
receptor (NPR3, NPR4), synthesis and signalling (ICS1, NPR1)
genes, JA synthesis (LOX2), and signalling (PDF 1.2) genes
in the contrasting genotypes of B. napus which indicated that
JA induced an antagonistic depression of SA suggesting the
proper maintenance of SA/JA ratio as a part of the resistance
mechanisms against Xcc (Mamun et al., 2020), also proved by
Islam M.T. et al. (2017).

Taken together, it could be inferred that genes related to
photosynthesis, glucosinolate biosynthesis and catabolism,
phenylpropanoid biosynthesis, ROS scavenging, calcium
signalling, hormonal signalling and synthesis pathway, receptor-
kinase-related genes, and NBS-encoding resistance genes were
differentially expressed upon Xcc infection. The examination
pattern of hormone-related DEGs revealed that instead of SA
signalling pathway, JA signalling pathway may play a critical role
in host resistance to hemibiotrophic pathogen such as Xcc. The
up-regulation of the genes involved in glucosinolate biosynthesis
and catabolic processes during early infection confirmed the
role of glucosinolate hydrolytic products in the defence of
Brassica species against Xcc. The enhancement of resistance
to Xcc by GSLs has been confirmed by several proteomic and
metabolomic studies. Several transcriptome studies have revealed
the NBS-LLR encoded resistance genes as the key regulators
involved in black rot resistance in Brassica species. Also, the
transcriptome studies revealed that photosynthesis is playing a
major role in the interaction between Xcc and Brassica species.
Down-regulation of the DEGs involved in photosynthesis in
the resistant plants and up-regulation in susceptible plants
suggested that the susceptible plants require more energy to
cope up with the infection by Xcc. In contrast, by reducing the
photosynthetic metabolism, the resistant plants try to control
the energy supply of Xcc, thereby inhibiting its growth. This also
shows the greater resilience of the resistant plants in restoring
the normal photosynthetic metabolism compared with the
susceptible plants. Upon pathogen attack, rapid production

of reactive oxygen species (ROS) leading to oxidative burst is
described as one of the earliest responses of the host to pathogen
infection onsetting the hypersensitive response. However,
to adapt to ROS toxicity, the enzymatic and non-enzymatic
antioxidants are activated to scavenge the ROS and reduce the
oxidative stress which is part of the resistance mechanisms.
The up-regulation of the ROS scavenging enzymes such as
catalase, superoxide dismutase, glutathione peroxidase 5, and
several glutathione S-transferases in the resistant plants indicated
that balancing of host oxidative stress response is essential to
efficiently control Xcc.

Proteomics
Proteomics is the high-throughput study of total proteins
expressed in a particular organism, organ, specific tissue,
and cell of an individual in a given time or developmental
stage. Proteomics deals with the analysis of protein–protein
interactions, protein expression profiles, protein trafficking,
localisation, and their various roles in different cellular processes.
Unlike the genome of an organism which is relatively fixed, the
proteome is highly dynamic similar to transcriptome and changes
based on temporal or environmental factors. There are many
proteins present in an organism and its presence is dependent
on several factors, including the response to abiotic and biotic
stress (Renaut et al., 2006). Proteomics is regarded as a tool
for functional genomics in plants and serve to analyse major
signalling and biochemical pathways and complex responses of
plants to environmental stimuli (Setia and Setia, 2008). Protein is
the final executors of most of the biological processes translating
plethora of genomic information into functional information.
Proteomics could be very informative while studying the plant
stress response and tolerance either in a genome-wide or sample-
scale (Nakagami et al., 2012). Post-transcriptional modifications
such as proteolysis, glycosylation, phosphorylation, nitrosylation,
and ubiquitination mediate the functions of a large fraction of
proteins (Mann and Jensen, 2003; Beck et al., 2006) playing a
key role in intracellular signalling, controlling of enzyme activity,
protein turnover, transport, cell structure integrity (Wu et al.,
2011), and also to understand the molecular mechanisms of
plant-pathogen interactions (Quirino et al., 2010; Lodha et al.,
2013). Quantitative proteomics could reveal the differentially
expressed proteins contributing to stress response process as well
(Liu et al., 2015).

Several powerful techniques are used to identify and quantify
proteins of complex biological samples. The most widely used
methods during high-throughput protein analysis are gel-based
techniques (Chevalier, 2010). The quantitative measurement
of proteins can be performed using SDS-PAGE, but for
identification and characterisation of the separated proteins, two-
dimensional polyacrylamide gel electrophoresis (2DPAGE or 2-
DE) and mass spectrometry (MS) is required (Eldakak et al.,
2013). 2-DE has become the most versatile tool for protein
separation as it resolves the proteins based on both isoelectric
point (separated according to their pI in pH gradient PAGE) and
molecular mass (SDS PAGE, separated according to molecular
weight) (Pomastowski and Buszewski, 2014). However, some
disadvantages such as labour intensiveness, low reproducibility,
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insensitiveness to low-copy number proteins, etc. (Eldakak et al.,
2013) have hampered the utility of this method. A modified
version of 2-DE, difference gel electrophoresis (2D-DIGE),
circumvents most of these issues which can control gel-to-
gel variation, allows multiple samples to be co-separated, and
enhance the reproducibility (Beckett, 2012). Currently, mass
spectrometry (MS) is the most commonly used technique for
proteome analysis (Aebersold and Mann, 2003). Before MS
analysis, the pre-separation of complex protein mixtures is
done by 2-DE and cleaved into smaller peptides. Different
types of MS methods have enhanced automation in proteome
analysis and have replaced the gel-based separation techniques
of peptides. Mass spectroscopy includes several approaches such
as liquid chromatography–mass spectrometry (LC-MS/ MS),
ion trap–mass spectrometry (IT-MS), and matrix-assisted laser
desorption/ ionisation–mass spectrometry (MALDI-MS), etc.
(Helmy et al., 2011, 2012; Komatsu et al., 2014; Shao et al., 2015).

Comparative proteome analysis may help in understanding
different biotic stresses in B. oleracea as the language of plant-
pathogen lies in the proteins. After the first proteome analysis
carried out in the model plants Arabidopsis thaliana (Kamo
et al., 1995) and rice (Komatsu and Tanaka, 2005), several
advances were made in proteomics to answer the complex
biological questions. In B. oleracea, proteomic approach was
used to understand the mechanisms of interaction of black
rot with the host plants (Table 4). Andrade et al. (2008)
employed in vivo proteome analysis for protein expression
characterisation of Xcc in close interaction with B. oleracea and
showed that in vivo expression method originally developed
for Xanthomonas axonopodis pv. citri can be successfully
employed for Xcc. So, for the first time, in vivo global proteome
analysis of Xcc was carried out and the protein profiles of
Xcc was compared during the interactions with resistant and
susceptible cultivars of B. oleracea (Villeth et al., 2009). The
results obtained revealed a group of proteins exclusive to the
resistance interaction. Interestingly, different isoforms of the
same protein were found in the resistance and susceptible
interactions, indicating the same protein playing different roles
depending on the types of interaction. The authors also observed
the up-regulation of proteins involved in photosynthesis during
the resistance interaction.

To identify the proteins involved in pathogenicity, the
interaction of Xcc-B. oleracea was studied using an in vivo
system in three conditions using the label free shotgun 2D-
nanoUPLC/MSE (Santos et al., 2017). A model for Xcc-
susceptible host interaction was proposed, which showed that Xcc
increases the abundance of proteins required for pathogenicity
and cell protection. Pathogenicity related proteins such as
acetylornithine (ArgD) and several defence and stress-related
proteins (lipoxygenase, annexins, apocitocrome f, antimicrobial
compound phytoalexin) was observed in the susceptible
(REK) and resistant (REU) Brassica plants, respectively. Also,
proteins associated with photosystems were identified in the
resistant plants. Importantly, the confirmation of the differential
expression of the selected genes indicated that these genes,
directly or indirectly, are involved in the Xcc colonisation of the
host plant which could be used as future targets for knock-out

studies to confirm their role in the pathogenicity. Identification of
proteins expressed during plant–pathogen interactions to know
which proteins confer disease resistance is essential to understand
the plant-pathogen interactions. A novel peroxidase isozyme and
lignification in hydathodes were involved in resistance to black
rot disease in cabbage (Gay and Tuzun, 2000). Costa et al. (2014)
identified 22 differential proteins during early infection by Xcc
in B. oleracea. One of the proteins identified was precursor of
peroxiredoxin which was decreased in the susceptible genotype,
and proteins involved in the photosynthesis were also found
to be modulated by Xcc infection which may help in better
understanding of the B. oleracea–Xcc interaction.

A study by Vega-Álvarez et al. (2021) has shown that Xcc
infection reduces biomass and photosynthesis in the aerial parts
of the seedlings though no effect was detected on the leaves
or the biomass of the inoculated adult plants of B. oleracea.
The biochemical studies state that stomatal closure happens in
the presence of Xcc (Ho et al., 2013). Abscisic acid (ABA) is
a signalling molecule which can suppress the plant immune
response. It has been shown that increased abundance of proteins
involved with ABA may favour susceptibility (Kim et al., 2011;
Desclos-Theveniau et al., 2012). The ABA signalling pathway
is manipulated by a type III effector (AvrXccC8004) of Xcc,
thereby increasing the ABA levels (Ho et al., 2013) and proteins
responsive to ABA (Santos C. et al., 2019) during the infection
by Xcc. ABA along with ROS and elicitors of plant defence may
stimulate Ca2+ influx (Tortosa et al., 2019) which may increase
Ca2+ in guard cells prompting stomatal closure (Klüsener et al.,
2002). So, stomata can work as part of the innate immunity of a
plant by preventing Xcc entry (Gudesblat et al., 2009).

Xcc infection promotes changes in the secondary and primary
metabolism in the host to induce defence programs affecting
growth and development (Vega-Álvarez et al., 2021). The
changes mostly include down-regulation of proteins involved
in photosynthesis (Ribeiro et al., 2018; Santos C. et al.,
2019). An earlier study (Villeth et al., 2016) had shown a
clear reduction in the abundance of proteins involved in
energetic metabolism in susceptible interaction with an opposite
behaviour in the resistance interaction. This study indicated
that resistance to black rot in B. oleracea is correlated with
the ability of the plants to keep sufficient photosynthesis
metabolism activity to provide energy supplies necessary for
an active defence. This was also reported by Villeth et al.
(2009). Later, detailed studies of photosynthesis-related proteins
upon Xcc attack in Brassica spp. divulged the down-regulation
of these proteins in the resistance reactions. Ribeiro et al.
(2018) reported the reduction of photosynthesis-related proteins
in the susceptible plants of B. oleracea at an early stage of
infection with Xcc. Also, decreased abundance of ubiquitin
(to stop the bacteria from using ubiquitination pathway) and
malate dehydrogenase (to reduce energy metabolism in the early
stage of infection) were found, playing important roles in the
resistance mechanisms against Xcc. Proteome analysis of Xcc-
infected young cabbage leaves and chloroplast-enriched samples
of both the susceptible and resistant cultivars revealed the
differential abundance of photosynthesis-related proteins in both
resistance and susceptible interactions (Santos C. et al., 2019). As
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TABLE 4 | Published proteomic analyses in Brassica species during interaction with black rot.

Species Plant
organ

Time point
(Tissue
collection)

Methodology Objective Inference References

Brassica
oleracea var.
capitata

Leaves 24-h after
inoculation
(hai)

2-DE To identify the Brassica
oleracea proteins during
early infection by Xcc

Peroxiredoxin precursor protein decreased in the
susceptible genotype inoculated with Xcc. Proteins
involved in photosynthesis were also modulated by
Xcc infection.

Costa et al.,
2014

Brassica
oleracea

Leaves 5-, 10-, and
15- days after
inoculation
(DAI)

2-DE,
MALDI-TOF

To identify the proteins in
susceptible and resistant
Brassica oleracea in
response to Xcc infection

Susceptible interaction showed a clear reduction in
the abundance of proteins involved in energy
metabolism and defence whereas in the resistance
interaction, these proteins showed an opposite
behavior. Resistance was correlated with the ability
of the plants to keep sufficient photosynthesis
metabolism activity to provide energy supplies
necessary for an active defence.

Villeth et al.,
2016

Brassica
oleracea

Leaves 24-h after Xcc
inoculation (hai)

2-DE, MALDI
TOF-TOF

Identification of Brassica
oleracea resistance-related
proteins at an early stage of
infection by Xcc

Reduction of photosynthesis-related proteins was
observed both in the resistance and susceptible
interactions. Also, decreased abundance of
ubiquitin (to stop the bacteria from using
ubiquitination pathway) and malate dehydrogenase
(to reduce energy metabolism in the early stage of
infection) were found playing important role in the
resistance mechanism against Xcc.

Ribeiro
et al., 2018

Brassica
oleracea

Leaves 3- and 12-days
post-infection

MALDI-TOF-
TOF

To investigate the molecular
changes at the protein level
in Brassica oleracea plants
infected by Xcc

Proteins shared between early and late response
were related to photorespiration, calvin cycle and
light reactions, and are strongly down-regulated
after Xcc infection. Proteins related with
glucosinolates degradation (myrosinase) were
up-regulated in both early and late response.
Proteins related with signalling were up-regulated in
late response

Tortosa
et al., 2018a

Brassica
oleracea var.
capitata

Leaves 24-h
after infiltration
(hai)

LC-MS/MS Proteomic analysis of
cabbage inoculated with
Xcc and functional
validation of Brassica
oleracea endochitinase
involved in resistance to
Xcc

Differentially abundant proteins were involved in cell
metabolism, protein biosynthesis, processing and
degradation, photosynthesis and disease/defence
response. A CHI-B4 like gene, encoding an
endochitinase showed a high increased abundance
in resistant Xcc-inoculated leaves and was
functionally validated in Arabidopsis thaliana

Santos C.
et al., 2019

Brassica
napus

Leaves 14-days after
inoculation

LC–MS/MS Quantitative proteomic
analysis of susceptible and
resistant Brassica napus
cultivars infected with Xcc

All proteins involved in protein degradation and C2
oxidative cycle and glycolysis, innate
immunity-related proteins (zinc finger domain
(ZFD)-containing protein, glycine-rich RNA-binding
protein (GRP) and mitochondrial outer membrane
porin), PS I proteins, ATP synthase, and
ferredoxin-NADP+ reductase, redox-related
proteins were up-regulated in the resistant cultivar
(cv. Capitol) whereas Photosystem II-related
proteins were down-regulated

Islam et al.,
2021

Brassica
oleracea

Proteome
of Xcc
extracted
from leaves
of infected
B. oleracea

0-, 1-, 2-, 4-
and 6-days
after inoculation
(DAI)

2-DE, MALDI-
TOF/TOF

To characterize the protein
expression of Xcc in close
interaction with B. oleracea

Several proteins expressed in vivo were identified
and were related mainly to metabolism.

Andrade
et al., 2008

Brassica
oleracea

Proteome
of Xcc
extracted
from leaves
of infected
B. oleracea

0-, 1-, 2- and
3-days after
inoculation
(DAI)

2-DE To analyze the expressed
proteins of Xcc exclusive to
resistance interaction in
B. oleracea

Protein profile comparison revealed a group of
proteins exclusive to the resistance interaction like
Rubisco. Upregulation of proteins involved in
photosynthesis in the resistance interaction
included intact Rubisco subunits and an
oxygen-evolving protein. The presence of different
isoforms of the same protein in the resistance and
the susceptible interactions indicated that the same
protein may play different roles depending on the
types of interaction.

Villeth et al.,
2009

(Continued)
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TABLE 4 | (Continued)

Species Plant
organ

Time point
(Tissue
collection)

Methodology Objective Inference References

Brassica
oleracea

Proteome
of Xcc
extracted
from leaves
of infected
B. oleracea

0-, 24-, 48-,
72-, and 120-h
after inoculation
(hai)

2D-nano
UPLC/MS

To study the interaction of
B. oleracea–Xcc using an
in vivo system to identify
proteins involved in
pathogenicity

Pathogenicity related proteins [acetylornithine
(ArgD)] and several defence and stress-related
proteins (lipoxygenase, annexins, apocitocrome f,
antimicrobial compound phytoalexin) were
observed in the susceptible (REK) and resistant
(REU) Brassica plants, respectively. Also, proteins
associated with photosystems were identified in the
resistant plants. A model of Xcc-susceptible host
interaction was proposed and showed that Xcc
increases the abundance of several crucial proteins
for infection and cell protection.

Santos
et al., 2017

expected, most of the photosynthesis-related proteins showed
decreased abundance (18%) in the resistance interactions,
whereas in the susceptible interaction, increased abundance
of proteins was observed consistent with the previous result
obtained by Ribeiro et al. (2018). Additionally, proteome analysis
revealed the differentially abundant proteins involved in cell
metabolism, protein biosynthesis, processing and degradation,
and disease/defence response. Among the genes encoding
differential proteins, the functional validation of a CHI-B4 like
gene encoding an endochitinase showed that the transgenic
plants were highly resistant to Xcc compared to the wild
type which may assist the future breeding programs targeting
at black rot resistance in B. oleracea. Islam et al. (2021)
described the down-regulation of photosystem II (PS II)-
related proteins in the resistant B. napus cultivar (cv. Capitol)
while the PS I proteins, ATP synthase, and ferredoxin-NADP+
reductase were up-regulated during the characterisation of the
resistance mechanisms in the B. napus–Xcc pathosystem. In the
resistant cultivar, the innate immunity-related proteins [Zinc
finger SWIM domain-containing 7 isoform X2 (ZFD), glycine-
rich RNA-binding GRP1A isoform X1 (GRP1A) proteins and
mitochondrial outer membrane porin] were highly enhanced.
Also, redox-related proteins (thioredoxin, 2-cys peroxiredoxin,
and glutathione S-transferase) were up-regulated in the resistant
cultivar with high NADH, ascorbate, and glutathione-based
reducing potential. However, the proteins mostly involved in
protein degradation, C2 oxidative cycle and glycolysis were highly
activated in the susceptible cultivar (cv. Mosa).

In summary, though comparative proteomic analysis is an
efficient and powerful approach to understand the defence
mechanisms of Xcc–Brassica pathosystem, proteomic studies
are still at the infancy stage except a handful of works
unlike the genomic and transcriptome studies. Nevertheless, the
proteomic analysis identified proteins related to photosynthesis,
energy metabolism, innate immunity, ROS production and
proteolysis, redox homeostasis, and defence signalling pathways
involved in the Xcc–Brassica interaction. Specifically, most of
the studies focused on the regulation of the photosynthesis-
related proteins as a resistance response in both early and
later stages of infection. It is suggested that in Brassica, during
resistance interactions, photosynthesis is increased at later stages

of infection while it is down-regulated at early stages. So, it
was hypothesized that the plant tries to minimize the damage
caused by Xcc by regulating photosynthesis-related proteins.
Additionally, decreased abundance of ubiquitin and of malate
dehydrogenase was hypothesized to play an important role
in the resistance mechanisms against Xcc. ZFD and GRP1A
proteins were up-regulated in the resistant plants and could
be the key regulators of ETI driven innate immunity against
Xcc in Brassica species. Also, R-protein-mediated mitochondrial
permeability transition (MPT) enhanced the accumulation of
mitochondrial outer membrane porin triggering programmed
cell death, thereby inducing resistance to Xcc.

Metabolomics
Metabolome is the complete set of metabolites present in
an organism, organ, tissue, and metabolomics refer to the
comprehensive profiling of the metabolome of an organism
in a particular moment. Metabolomics lies at the phenotypic
end of the omics spectrum, capturing the results beginning
with the genome and progressing through the transcriptome
and proteome (Liu and Locasale, 2017). Metabolomics is the
newest among the ‘-omic’ spectrum and has a broad field to
develop. Generally, metabolomics is used in combination with
transcriptomics or proteomics to investigate the correlation
between metabolite levels and genes or protein expression level
(Srivastava et al., 2013). The metabolome mainly consists of
primary metabolites (involved in the basic functions of the
living cell) and secondary metabolites (play important role in
plant defence against pests and diseases, Verpoorte et al., 2007).
The field of metabolomics has rapidly grown in the past two
decades thanks to the advancement in analytical methods and
data analysis allowing the understanding of a vast diversity
of metabolites within a given sample. Among several state-
of-the-art analytical instruments and separation technologies,
nuclear magnetic resonance (NMR), gas/liquid chromatography
coupled with mass spectrometry (GC-MS/LC-MS), and capillary
electrophoresis/mass spectrometry (CE-MS) are the most widely
used tools (Jorge et al., 2016) to capture and quantify a wide
range of primary and secondary metabolites. Specifically, GC-
MS and LC-MS has become fundamental tools to study the
biochemical behaviour of plants exposed to pathogen attack
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(Arbona and Gomez-Cadenas, 2016) due to their unparalleled
sensitivity in quantifying many types of phytochemicals.

In plant pathology, metabolomics deals with the profiling
of host plant metabolites in response to pathogen infection
which helps in the understanding of the host–pathogen
interactions through activation/deactivation of metabolites and
related signalling pathways (Castro-Moretti et al., 2020). Upon
pathogen attack, plants develop different strategies by modifying
gene expression and activating metabolic pathways which may
accumulate toxic metabolites, thereby killing the pathogen or
limiting the damages. Metabolomics has been used to study
plant–biotic stress interactions (Tenenboim and Brotman, 2016).
The identification of a wide spectrum of compounds synthesized
by the plants in response to biotic stresses provides a better
understanding of the regulatory processes underlying stress
conditions (Badjakov et al., 2012). Over the years, several
authors have evaluated the effects of secondary metabolites,
glucosinolates, and its hydrolysis products (GHP), conferring
resistance to black rot in Brassica crops (Table 5). In B. oleracea,
LC/MS-based metabolite profiling during Xcc1 infection revealed
the dynamic metabolic changes occurring in the host cell after
48 h of infection, indicating a complex temporal response
(Tortosa et al., 2018b). Furthermore, photosynthesis, alkaloids,
coumarins, and sphingolipids were shown to play key roles
in the metabolic pathways involved in the infection process.
Metabolite profiling of a vast number of compounds present
in plants could be accomplished by both targeted (Griffiths
et al., 2010) and untargeted metabolomic (Schrimpe-Rutledge
et al., 2016) approaches. The untargeted approach deals with
both the secondary (polyphenols and carotenoids) and primary
metabolites, whereas the targeted approach mostly focused on the
identification glucosinolates.

Glucosinolates (GSLs) are the unique components of
metabolome (Verkerk et al., 2009) found in Brassica vegetables
which are structurally highly diverse and mainly fall into three
classes such as aliphatic, indole, and aromatic glucosinolates.
GSLs are involved in defence mechanisms against plant
pathogens, insects, and nematodes (Bennett and Wallsgrove,
1994; O’Callaghan et al., 2000; Buskov et al., 2002; Serra
et al., 2002; Kliebenstein, 2004). Brassicaceae family is mostly
dominated by aliphatic and indolic glucosinolates (Fahey
et al., 2001; Bekaert et al., 2012). The breakdown products of
both aliphatic and indolic glucosinolates by an endogenous
myrosinases enzyme (b-thioglucoside glucohydrolases) were
found to have anti-fungal and anti-bacterial properties in
different crops (Manici et al., 1997; Agerbirk et al., 1998; Brader
et al., 2001; Tierens et al., 2001; Stotz et al., 2011; Calmes et al.,
2015). Several in vivo and in vitro experiments were conducted
to estimate the effect of GSLs and their hydrolysed products
(GHP) for disease resistance in Brassica crops. Transgenic
A. thaliana with modified glucosinolates profile enhanced the
resistance against Erwinia carotovora and Pseudomonas syringae
pv. maculicola (Brader et al., 2006). In B. napus, cultivars with
higher GSL content showed resistance against Alternaria spp.
and Leptosphaeria maculans compared to cultivars with low
GSLs (Giamoustaris and Mithen, 1995). The in vitro effect of
GHP, especially different isothiocyanates (benzylisothiocyanate,

2-phenylethylisothiocyanate, the isothiocyanate mix and
sulforaphane) were found effective against six plant pathogenic
bacteria such as Agrobacterium tumefaciens, Erwinia
chrysanthemi, Pseudomonas cichorii, Pseudomonas tomato,
Xanthomonas campestris, and Xanthomonas juglandin (Aires
et al., 2009). Though several research projects were dedicated to
elucidate the role of GSLs and GHP against fungal pathogens,
fewer studies were conducted with pathogenic bacteria and much
less with Xcc (Table 5). Several studies have stated that indolic
GSLs are related to the resistance to necrotrophs, biotrophs,
and hemibiotrophs in Brassica crops (Hiruma et al., 2013). Xcc
being a hemibiotropic pathogen, the role of GHP was evaluated
against Xcc infection in various Brassicaceae seedlings and
positive correlations were found between specific and total GSL
contents and the severity of Xcc infection, though no significant
correlations were reported between Xcc infection and total
phenolics (Aires et al., 2011). Nevertheless, the susceptibility of
the Brassica plants against Xcc was found to be higher in plants
with lower contents of aromatic-GSLs and glucoraphanin, both
acting as inhibitors of Xcc. This necessitates further requirements
of clear and detailed in vitro studies to evaluate the role of GSLs
and its GHP in defence mechanisms against Xcc. So, experiments
were carried out to evaluate the in vivo and in vitro antibacterial
activities of gluconapin, its isothiocyanate (ITC) against Xcc type
4 in B. rapa (Velasco et al., 2013). The results demonstrated
gluconapin and its ITC varieties possessing antibacterial effect
on the development of Xanthomonas, and gluconapin playing
a role in imparting constitutive resistance to Xcc. Additionally,
the methanolic extracts of B. rapa containing glucosinolates and
phenolic compounds curbed the growth of Xcc. Though GSLs
and its hydrolytic products show a wide range of antimicrobial
activities, our knowledge on the role of specific metabolites in
defending the Brassica crops and their interactions with the
pathogens is poorly understood. So, the individual role of two
aliphatic (sinigrin, glucoiberin) and one indolic (glucobrassicin)
GSLs against Xcc was explored in B. oleracea var. acephala L.
(kale) and the indolic GSL glucobrassicin was found inhibitory
to Xcc infection than the aliphatic GSLs (Madloo et al., 2019).
Interestingly, the results indicated that increasing the amount
of a particular GSL may not always result in disease resistance.
Instead, its effects are dependent on the pathogen and the
type of GSLs. Also, factors like modification of the metabolites
during pathogen infection may regulate its affect in inhibiting
the pathogens. This is noteworthy as the host genotypes
exhibit different GSL profiles and concentrations in different
genetic backgrounds.

The variation in GSL contents could happen due to the
allelic variation of GSL biosynthesis genes (Rangkadilok et al.,
2002). In B. oleracea, three loci (GSL-PRO, GSL-ELONG,
and GSL-ALK) were reported to regulate the aliphatic GSL
profile (Li et al., 2001). In Arabidopsis, upon fungal infection,
the CYP81F2 gene is expressed resulting in the hydrolysis of
GSLs by PENETRATION2 (PEN2) and accumulated as indolic
4-methoxy-glucobrassicin in cells (Bednarek et al., 2009). But
the information about GSL-regulated resistance mechanisms,
expression profiling of GSL biosynthesis genes, and interaction
between GSL profiles of black rot susceptible and resistant
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TABLE 5 | Published metabolomic analyses in Brassica species involved in resistance against black rot.

Species Plant
organ

Time point
(Tissue
collection)

Methodology Objective Inference References

Different
Brassicaceae
crops

Leaves and
stems

10-days post-
inoculation

Spectrophotometer To evaluate the potential role of
glucosinolates and their hydrolysis products
against Xcc infection in different crops of
Brassicaceae

Various Brassicaceae seedlings shown a correlation between
GLS profiles, and their subsequent hydrolysis products, and the
inhibition of Xcc growth. Positive correlations were found between
specific and total GSL contents and the severity of disease.

Aires et al.,
2011

Brassica rapa Leaves 0-, 24-, 48-,
72-, 168-h after
the inoculation

HPLC To evaluate the in vivo and in vitro
antibacterial effect of glucosinoates and its
hydrolysis products and phenolic
compounds against Xcc

Gluconapin plays a role in the constitutive resistance to Xcc.
Gluconapin, some flavonoids and hydroxycinnamic acids were
induced by Xcc infection.

Velasco
et al., 2013

Brassica
napus

Leaves 14-days post-
inoculation

HPLC–ESI–MS/MS To elucidate the cultivar variation in disease
susceptibility and disease responses in
relation to hormonal status in the
interactions of Brassica napus cultivars and
Xcc

Cultivar variation in susceptibility to infection by Xcc is determined
by the enhanced alteration of the SA/JA ratio with the
antagonistic suppression of JA-regulated gene, as a negative
regulator of redox status and phenylpropanoid synthesis in the
Brasica napus–Xcc pathosystem

Islam M.T.
et al., 2017

Brassica
oleracea var.
capitata

Leaves 0-, 1-, 3-, 5-,
7-, 9-, and
11-days after
inoculation
(DAI)

Spectrophotometer To gain a better understanding of the
interaction between Xcc and cabbage and
the changes in the expression of the key
defence-related enzymes in compatible
interaction

The susceptibility of cabbage to Xcc is correlated to the
declination of phenylalanine ammonia lyase (PAL) and phenolic
contents

Barman
et al., 2015

B. oleracea
var. italica

Leaves 3- and 12-days
post-infection

UHPLC-QTOF Metabolite profiling of B. oleracea
challenged with Xcc

The number of compounds belonging to coumarin family
changed during Xcc infection, especially during the early
response. Alkaloid metabolism was modified in response to
infection in both 3-and 12-dpi.

Tortosa
et al., 2018a

Brassica
oleracea

Leaves 1-, 2-, 3-, 6-,
and 12-days
post-
inoculation

LC/MS To unravel the metabolomic response of
B. oleracea infected with Xcc race 1

Xcc infection caused dynamic changes in the metabolome of
B. oleracea. Alkaloids, coumarins or sphingolipids, were
postulated as promising key candidates in the infection response

Tortosa
et al., 2018b

Brassica rapa
var.
pekinensis

Leaves 12-days post-
inoculation
(DPI)

RP-HPLC To characterize p-coumaric acid (pCA)
induced soluble and cell wall-bound
phenolic metabolites in relation to
resistance against Xcc

Lower disease symptom development in pCA-pretreated leaves
was associated with a higher accumulation of hydroxycinnamic
acids and flavonoids, and vice-versa in MDCA- and
non-pretreated (control) leaves.

Islam et al.,
2018

Brassica
napus

Leaves 7-days post-
inoculation

HPLC–ESI–MS/MS Role of p-Coumaric acid against resistance
to black rot disease in Brassica napus

Treatment with pCA primed the JA signalling-mediated induction
of phenylpropanoid biosynthesis to provoke disease resistance in
B. napus against Xcc

Islam et al.,
2019a

Brassica
napus

Leaves 14-days post-
inoculation

HPLC–ESI–
MS/MS, RP-HPLC

To investigate the hormonal regulations in
soluble and cell wall-bound phenolic
compound accumulation in the resistant
and susceptible cultivar of Brassica napus

Enhanced JA levels and signalling in resistant cultivar was
associated with a higher accumulation of hydroxycinnamic acids
and flavonoids, particularly in the cell wall-bound form, and vice
versa in the susceptible cultivar with enhanced SA-, ABA-, and
CK- levels and signalling.

Islam et al.,
2019b

Brassica
oleracea var.
acephala

Leaves 21-days post-
inoculation

UHPLC To explore the role of major glucosinolates
such as SIN, GIB, GBS in the defense of
Kale against Xcc

Increasing the amount of GSLs didn’t always result in resistance.
Indolic GSL (glucobrassicin) was found inhibitory to infection by
Xcc

Madloo
et al., 2019
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plants is scanty in B. oleracea. In a recent study, the relative
expression of 43 GSL biosynthesis and breakdown-related genes
were estimated upon Xcc4 inoculation in cabbage (Rubel et al.,
2020). In the resistant lines, nine genes showed consistent
expression patterns. Expression values of two (ST5c-Bol030757
and AOP2-Bo9g006240) and five genes (MYB34-Bol017062,
MYB122-Bol026204, CYP81F2-Bol012237, CYP81F4-Bol032712,
and CYP81F4-Bol032714) showed positive association with
aliphatic and indolic GSL compounds, respectively. Finally, four
aliphatic (glucoiberverin, sinigrin, gluconapin, and glucoerucin)
and four indolic (glucobrassicin, hydroxyglucobrassicin,
methoxyglucobrassicin, and neoglucobrassicin) compounds
were found positively associated with black rot resistance
which may help in elucidating the role of GSL biosynthesis
and breakdown-related genes in conferring resistance to
Xcc in cabbage.

The phytohormones, such as JA and SA, are important
central defence signalling molecules which maintain complex
interactions with each other and other hormones such as ABA,
cytokinin, gibberellic acid, and indole acetic acid to regulate
defence responses (Anderson et al., 2004; Martínez-Medina
et al., 2017). The antagonistic interaction between SA and
JA and synergistic interaction of JA with ethylene have been
well documented in previous studies (Pieterse et al., 1996;
Van Wees et al., 2000). So, elucidation of cultivar variation in
relation to hormonal status is significant determinant of disease
susceptibility and resistance to Xcc. In a study, increased ratios
of ABA/JA and SA/JA increased the susceptibility to Xcc in the
B. napus cultivars which acted as a negative regulator of redox
status and phenylpropanoid synthesis required for inducing
resistance (Islam M.T. et al., 2017). With the enhanced expression
of SA signalling regulatory gene NPR1 and transcriptional factor
TGA1, the ratios of ABA/JA and SA/JA increased with the
antagonistic suppression of JA-regulated gene PDF 1.2, leading
to higher susceptibility of the cultivars. Similarly, Mamun et al.
(2020) also reported the R-gene-mediated induction of JA with
an antagonistic depression of SA for ETI response suggesting
the importance of maintaining proper SA/JA ratio in conferring
resistance against Xcc in B. napus (Figure 3A).

Also, plant phenolics are involved in disease resistance
mechanisms in different pathosystems which are synthesized
by the phenylpropanoid pathway (Dixon et al., 2002) through
the conversion of p-coumaric acid (pCA) into hydroxycinnamic
acids and flavonoids (Cartea et al., 2011b). Islam M.T. et al. (2017)
reported higher accumulation of flavonoids, hydroxycinnamic
acids, and proanthocyanidins in the resistant cultivar (cv.
Capitol) by the enhanced expression of the phenylpropanoids
biosynthesis-related genes (CHS, F5H, and ANR) upon Xcc
infection. Furthermore, expression of these genes were found
positively correlated with the enhanced expression of JA-
signalling gene PDF 1.2 resulting in the elevated resistance.
This clearly demonstrated that JA positively regulates the
phenylpropanoid synthesis pathway and JA-signalling pathway
is involved in conferring resistance against hemibiotrophic
pathogen like Xcc. The pre-treatment of Chinese cabbage
genotypes with p-coumaric acid (regulates the phenylpropanoid
biosynthesis pathway) alleviated the Xcc symptoms with higher
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accumulation of hydroxycinnamic acids (ferulic acid and sinapic
acid) and flavonoids (EGC and EGCG) both in soluble and cell
wall-bound form (Islam et al., 2018). The pre-treatment with
p-coumaric acid also enhanced the expression of CHS and HCT
genes which regulate the synthesis of flavonoids and hydroxy
cinnamic acids, respectively, in the phenylpropanoid biosynthesis
pathway. The hormonal regulation of pCA-induced resistance
against Xcc was investigated by Islam et al. (2019a) who revealed
the enhancement of JA content and expression of signalling
genes (COI1 and PDF1.2) in plants pre-treated with pCA in
B. napus cultivars inoculated with Xcc. In the Xcc-inoculated
plants, a higher accumulation of total hydroxycinnamic acids
and proanthocyanidins were reported along with the up-
regulation of phenylpropanoids synthesis-related genes in the
resistant cultivar. To further investigate if hormonal regulation
is associated with the higher accumulation of defensive
metabolites synthesized by phenylpropanoid pathway, Islam
et al. (2019b) reported that enhanced JA levels and signalling
positively regulated the accumulation of phenolic metabolites
(pCA, SiA, FA, NA, and EGCG) in the cell wall-bound
form and was associated with antagonistic depression of
SA, ABA, CK, and IAA-signalling genes in B. napus upon
Xcc inoculation (Figure 4). This was accompanied by up-
regulation of PAP1 (production of anthocyanin pigment 1)-
induced phenylpropanoid biosynthesis genes.

Induced resistance mechanisms are also associated with
lignification (Simard et al., 2001) and esterification of cell wall
polysaccharides by phenolics (especially with pCA, ferulic acid,
and sinapic acid) (Azuma et al., 2005; Cvikrová et al., 2006)
under pathogen attack. The enhanced activity of two isozymes of
peroxidases, guaiacol peroxidase (GPOD), and coniferyl alcohol
peroxidase (CPOD) involved in cell wall cross-linking in the
resistant cultivar of B. napus, ultimately induced resistance
against Xcc (Islam et al., 2019b).

KEY GENES AND PATHWAYS RELATED
TO BLACK ROT RESISTANCE IN
Brassica spp.

Xcc needs both living and dead tissues for growth and
reproduction and is a hemibiotrophic pathogen behaving both
as a biotrophic and necrotrophic pathogen. In response to Xcc
attack, in B. oleracea, the first layer of basal defence is conferred
by pathogen-associated molecular pattern (PAMP)-triggered
immunity (PTI) which is overcome by Xcc by delivering the
effector proteins into plant cells leading to the suppression of the
basal defence of the host. Then, the second level of defence, called
ETI, is mediated by the intracellular receptors of the host encoded
by the NBS-LRR type R-genes which bind to the pathogen effector
proteins and inhibit the bacteria development. In this review,
we have discussed the genomics, transcriptomics, proteomics,
and metabolomics basis of key genes, proteins, and metabolites
involved in the effective responses against Xcc (Figure 5).
The genomic studies revealed that the black rot resistance is
mostly a complex trait and is controlled by QTLs with minor
effects (Table 2) though few scholars have reported major effect

QTLs. While secondary metabolites like GSLs were involved in
quantitative resistance against Xcc in B. oleracea, several NBS-
LRR type R-genes were identified regulating defence response
against Xcc. One CC-NB-LRR type R-gene, ZAR1 regulated
ETI response to Xcc by co-ordinating SA and JA synthesis
in B. napus (Figure 3A). Transcriptomic analysis revealed
the genes related to photosynthesis (fructose-bisphosphate
aldolase), glucosinolate biosynthesis (MYB122-Bol026204,
MYB34-Bol017062, AOP2-Bo9g006240, ST5c-Bol030757,
CYP81F1-Bol017376, CYP81F2-Bol012237, CYP81F4-Bol032712,
CYP81F4-Bol032714, MYB28, FMO GS-OX2, BASS5, MAM2,
GSL-OH, and BCAT4) and catabolism (PEN2-Bol030092,
TGG2, UGT74 C1, ESP, NSP4, and NSP5), phenylpropanoid
biosynthesis pathway [chalcone synthase (CHS), anthocyanidin
reductase (ANR), ferulate-5-hydroxylase (F5H), caffeic acid
0-methyltransferase 1 (COMT1), cinnamyl alcohol dehydrogenase
2 (CAD2), production of anthocyanin pigment 1 (PAP1)
and MYB transcription factor], ROS scavenging, calcium
signalling-related genes (Ca2+ATPase, CDPK5, CBP60g and
CAS), hormonal synthesis (LOX1, LOX2, LOX3, OPR1, OPR2,
EDS1, ICS1, ACO1, ACO4, SAM2, and SAM3) and signalling
pathway (PDF1.2, MYC2, TGA1, NPR1, NPR3, NPR4, JAZ,
EIN3, ERF4, and ERF15), resistance (ZAR1, TAO1), and related
genes (NDR1, MAPK6) were differentially expressed upon Xcc
infection. Proteomic studies identified the proteins related to
photosynthesis (photosystem II CP43 reaction centre protein,
photosystem II oxygen-evolving complex protein 2, chlorophyll
a-b binding protein CP29.2 and CP26, PS I reaction centre
protein, PS I chlorophyll a/b-binding 3, cytochrome b6f complex,
ATP synthase, chloroplast beta-carbonic anhydrase, enolase
and Ribulose bisphosphate carboxylase), protein biosynthesis,
processing and degradation [Clp protease proteolytic subunits
(ClpP)], energy metabolism (ubiquitin thioesterase, malate
dehydrogenase, mitochondrial pyruvate dehydrogenase,
fructose-1,6-biphosphate, basic endochitinase CHI-B4-like
and UDP-arabinopyranose mutase 1-like), innate immunity
[leucine-rich repeat receptor kinase PEPR1, LRR receptor-
like serine/threonine-protein kinase At1g29720 RFK1-like
and zinc finger SWIM domain-containing 7 isoform X2
(ZFD), glycine-rich RNA-binding GRP1A isoform X1 and
mitochondrial outer membrane porin], redox homeostasis
(superoxide dismutase, peroxidase, catalase, peroxirredoxins,
thioredoxin, glutathione S-transferase and ascorbate), defence
response [annexin, ferredoxin, ferredoxin-NADP leaf isozyme
1, 2 chloroplastic, mitochondrial outer membrane protein
4, ABA and epithiospecifier protein (ESP)], and signalling
(JAZ) pathways playing major roles in the Xcc-Brassica
interaction. Specifically, regulation of the photosynthesis-
related proteins was involved in both early and later stages
of infection by Xcc. The decreased abundance of proteins in
the resistant plants during early stage of infection suggested
that susceptible plants of Brassica spp. require more energy to
cope with the infection by Xcc in the initial stage. Metabolomic
studies indicated that glucosinolates and its GHP and plant
secondary metabolites, including phenolics synthesized by
phenylpropanoid biosynthesis pathway are involved in disease
resistance mechanisms against Xcc in different Brassica species.
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FIGURE 4 | Schematic view of a model depicting Jasmonic acid (JA)-mediated phenylpropanoid biosynthesis pathway and hormonal regulations of phenolic
accumulation (soluble and cell-wall bound) in relation to resistance against Xcc in Brassica napus adopted from previous studies (Islam et al., 2018, 2019b). JA,
jasmonic acid; SA, salicylic acid; ABA, abscisic acid; CK, cytokinin; IAA, indoleacetic acid; MYB TF, MYB transcriptional factor; PAP1, production of anthocyanin
pigment 1; PAL, phenylalanine ammonia-lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumaroyl CoA-ligase; CHS, chalcone synthase; CHI, chalcone isomerase;
F3H, flavanone 3- hydroxylase; F3’5’H, flavonoid 3’,5’hydroxylase; DFR, dihydroflavanol 4-reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin-reductase;
ECGT, epicatechin:1-O-galloyl-β-D-glucose-O-galloyltransferase; HCT, hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase; C3H, coumarate
3-hydroxylase; CCR, cinnamyl CoA reductase; COMT, caffeic acid O methyltransferase; ALDH, aldehyde dehydrogenase; F5H, ferulate 5- hydroxylase; CAD,
cinnamyl alcohol dehydrogenase; GPOD, guaiacol peroxidases; CPOD, coniferyl alcohol peroxidase; PPO, polyphenol oxidase.
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A number of in vivo and in vitro studies evaluated the effects
of GSLs and their potential role against Xcc infection and
it could be concluded that aliphatic (sinigrin, gluconapin,
glucoiberverin glucoerucin, and glucoiberin) and indolic
(glucobrassicin, hydroxyglucobrassicin, mythoxyglucobrassicin
and neoglucobrassicin) GSLs present in different tissues of
Brassica species are associated positively in conferring resistance
against Xcc. Fine tuning of hormonal signalling plays a significant
role to activate immune response against pathogens. Calcium
signalling regulate the PTI or ETI in plants (Bigeard et al.,
2015) and different calcium signalling genes play potential
roles during host defence against Xcc (Tortosa et al., 2019).
R-genes played significant role to induce different hormonal
signalling through calcium signalling during Brassica–Xcc
interaction (Mamun et al., 2020). The phytohormones, SA and
JA, are regarded as the central regulators in host defence against
biotrophic and hemibiotrophic pathogens, respectively, and are
mutually antagonistic (Tortosa et al., 2019; Vega-Álvarez et al.,
2021). Several studies conducted by different authors indicated
that disease resistance and susceptibility to Xcc infection is
dependent on alteration of the SA/JA ratio (Islam M.T. et al.,
2017; Islam et al., 2019b; Mamun et al., 2020). The enhanced
alteration of the SA/JA ratio determined the susceptibility
whereas the enhanced JA levels and signalling with antagonistic
depression of SA induced resistance against Xcc in Brassica
species. Taken together, we could suggest that JA signalling
pathway is playing a critical role in conferring host resistance
against Xcc in Brassica species (Figures 3A,B, 4). Furthermore,
the “hormonal crosstalk” among various hormone signalling
pathways is believed to be widely involved in Xcc resistance
in Brassica species. In this review, we have observed that JA is
mediating the phenylpropanoid biosynthesis pathway to impart
resistance toward Xcc through the accumulation of defensive
metabolites. Increased ratios of SA/JA and ABA/JA up-regulated
the SA signalling regulatory genes, thereby negatively regulating
phenylpropanoid synthesis. Metabolomic studies have thrown
insight on how phenylpropanoid biosynthesis pathway is serving
as a rich source of phenolics including hydroxycinnamic acids
(p-coumaric acid, ferulic acid, and sinapic acid) and flavonoids
(naringin and epigallocathechin gallet), both in soluble and
cell-wall bound form to confer resistance against Xcc.

CHALLENGES AND FUTURE
PERSPECTIVES

In recent years, most of the plant researchers have focused on
host–pathogen interactions as pathogen attack involves many
dynamic changes in the host plant which ultimately define
the resistance or susceptibility of the plant. Host–pathogen
interaction is a complex phenomenon and had always fascinated
the plant researchers. Hence, a great research emphasis has been
put to understand the mechanisms underlaying resistance. In the
recent decades, significant advances were made in understanding
the resistance mechanisms for biotic stresses at the molecular
level in Brassica crops. The complex genetic and molecular
processes involved in defence response have necessitated the

use of advance technologies to integrate all the biological
informations, and to analyse it jointly. The ever-growing demand
for improved crop varieties have forced the researchers to
adopt omics-based technologies to enhance crop productivity.
Integrated multi-omics approaches could provide important
insights to understand the complex host–pathogen interactions.
Multi-omics approaches are beneficial as it could provide large
scale insights into complex plant systems (Suravajhala et al., 2016)
instead of using single ‘omic’ alone.

Often, protein and metabolite expression differ with that
of mRNA expression of the corresponding genes. Therefore,
proteomic and metabolomic research should be given due
importance as they are the end products of the central dogma.
If these approaches are integrated correctly at the right scale,
they may reveal a multi-dimensional view of the plant diseases
(Crandall et al., 2020). Multi-omics technologies combined with
the computational systems may identify the mimicking molecules
in the host and/or pathogen triggering the plant defence systems
(Pathak et al., 2017). In recent years, breakthroughs in omics
technologies have been made in several model plants, but such
applications are still in the infancy stage in B. oleracea. Most of
the ‘omics’ research in Brassica species have focused on fungal
diseases than the bacterial or viral pathogens. The availability
of draft genome sequence and the advancement of sequencing
technologies have triggered substantial progress in genomics and
transcriptomics in B. oleracea, but the two other major branches
of ‘omics,’ proteomics and metabolomics, are lagging behind. So,
the questions and bottlenecks which restrict the implementation
of omics approaches for black rot resistance need to be studied.

The inheritance of black rot resistance is complex and
contradictory which act as a bottleneck in a conventional
breeding programme. Compared to B. oleracea, related Brassica
species such as ‘A’ and ‘B’ genomes are the potential sources of
black rot resistance. Furthermore, the favourable alleles of diverse
resistance genes present in the wild relatives of B. oleracea need
to be screened to explore how the resistance gene expression is
carried out by regulators such as small RNAs (Zhang et al., 2019).
The process of utilizing wild diversity need to be fast-tracked
so that genomic part of the loci linked to QTLs for black rot
resistance could be explored. The identification of new resistance
genes in alien Brassica species and availability of linked markers
will assist in the development of pre-breeding black rot resistant
genetic stocks/lines through marker-assisted backcross breeding
in B. oleracea.

Due to large-scale whole-genome resequencing, sequence-
based markers such as SNPs and InDels have been generated
which could be the basis of large application of GWAS and bi-
parental QTL mapping projects for disease resistance, especially
for black rot in B. oleracea. Additionally, the validated markers
need to be converted to ‘breeder-friendly’ markers for effective
use in marker-assisted selection programme. Several methods
like eQTL/eGWAS, pQTL/pGWAS, and mQTL/mGWAS where
transcript, protein, and metabolite profiles serve as phenotypic
information to detect the loci controlling their expression levels
can be used to understand the Xcc-B. oleracea pathosystem. These
approaches have been successfully utilized in several species
for crop improvements (Zhu et al., 2016; Fang and Luo, 2019;
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FIGURE 5 | Schematic diagram representing key genes and pathways involved in Xcc resistance in Brassica species.

Gu et al., 2019). Although several QTL mappings were conducted
and a number of genes for black rot resistance were reported
in different Brassica species, none has been cloned. So, future
efforts in the direction of map-based cloning are essential to
identify the candidate genes responsible for black rot resistance.
Furthermore, other mapping approaches such as MutMap (Abe
et al., 2012), MutMap+ (Fekih et al., 2013), and MutMap-Gap

(Takagi et al., 2013) could be utilized effectively to identify the
loci responsible for black rot resistance. Also, due to prevalence
of many races in black rot, gene pyramiding strategy will aid in
the development of B. oleracea with durable resistance.

Development of high-throughput phenotyping platforms,
establishment of robust glasshouse-based phenotyping methods,
and phenotyping of large populations across environments and

Frontiers in Plant Science | www.frontiersin.org 25 December 2021 | Volume 12 | Article 742553145

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-742553 December 4, 2021 Time: 12:54 # 26

Shaw et al. Multi-Omics for Black Rot Resistance in Brassica oleracea

developmental stages during disease progress are the bottlenecks
in resistance breeding. So, introduction of phenomics via
advanced sensors, cameras, robotics, and image analysis tools
holds promise in revealing the genetic mechanisms underlying
disease resistance (Houle et al., 2010). Also, targeting the whole
crop system via quantitative and automated screening and
selection methods could be possible through the advancement
of omics technology bridging the gap between the genotype to
phenotype. Omics technologies have the potential to develop
‘smart crops’ being sustainable for abiotic and biotic stresses with
higher productivity.

Gene editing technologies viz. CRISPR/Cas, zinc finger
nucleases (ZFNs), and transcription activator like effector
nucleases (TALENs) are promising tools which have
enormous potential to boost resistance against black rot.
Using CRISPR/Cas9 system, functional analysis of candidate
genes regulating resistance against S. sclerotiorum was carried out
in B. napus (Sun et al., 2018). The knockout of the BnWRKY70
gene encoding WRKY transcription factors in B. napus exhibited
enhanced resistance to sclerotinia. Genomic selection may prove
to be a powerful approach for molecular breeding of disease
resistance governed by minor genes (Poland and Rutkoski,
2016). So, the scope of implementing genomic selection for
black resistance to develop high quality resistant varieties need
to be explored in B. oleracea, which is basically a quantitative
trait. A deep insight into epigenetics could reveal how it affects
the response of a plant to pathogen attack, thereby adding a
new dimension to understand the host–pathogen interactions.
Transposable elements were reported to contribute to disease
resistance and susceptibility in Brassica crops (Alonso et al.,
2019; Tirnaz and Batley, 2019). In Arabidopsis–P. brassicae
pathosystem based epigenotyped epigenetic RILs, DNA
methylation was found to be contributing towards quantitative
resistance against clubroot (Liégard et al., 2019). Exploring the
epigenetic variability regulating the phenotypic response of
B. oleracea towards black rot would be exciting.

Insufficient knowledge of the omics tools, especially
proteomics and metabolomics, may act as a significant barrier
for functional characterisation of black rot resistance genes.
Metabolomics provide a broader, deeper, and an integral
perspective of metabolic profiles in stressed conditions. In
B. oleracea, metabolomic research has mostly focused on
glucosinolates. Therefore, the precise identification of leftover
metabolites remains a challenge. Also, availability of low number
of metabolites is another bottleneck in the identification of
metabolites involved in highly complex mechanisms like host–
pathogen interactions. Mathematical models can support the
metabolic pathway analysis to study the behaviour of cells
carrying out a particular function in multicellular organisms
(Neik et al., 2020). Through system biology, a genome-scale
metabolic model of S. sclerotiorum was made to assess the
metabolic activity in several components of the hyphal cells
of A. thaliana–S. sclerotiorum pathosystem which revealed
that cooperation in S. sclerotiorum hyphal cells is essential
for host colonisation and virulence (Peyraud et al., 2019).
The metabolic pathway for JA signalling in the Brassica–
Alternaria pathophysiology was modelled through system

biology to identify important elements regulating the resistance
mechanisms in Brassica crops (Pathak et al., 2017).

The omics era has taught us to follow a holistic approach
while interpreting the complex biological systems starting from
molecular to cellular level (Pathak et al., 2018). As the cost
of the omics analyses continues to decrease, different high-
throughput omics data are made available. But this has posed
a complex challenge to the scientific community as we face
difficulties in integrating different kinds of extensive omics data
sets which come in different formats requiring the expertise to
pre-process, analyse, and interpret the final results (Crandall
et al., 2020). These challenges including storage, reproducibility,
lack of reference database, and reference phytochemicals for
metabolomics can be addressed through collaborative efforts,
so that the potential of multi-omics research can be realized.
We need improved statistical models with modern computing
power to scale up the capabilities and efficiency in integrating
the full omics datasets. No single research group can handle the
multi-omics data generation on their own. Multi-institutional
and cross-team research collaboration can allow information
exchange, communication between researchers, integration of
expertise and may create breakthroughs and answer the unsolved
questions. In the era of genomic revolution, with the emergence
of multi-omics platforms, we are moving toward a new era of
‘big biological data.’ So, development of integrative omics data
management systems, bioinformatics tools and algorithms, and
building of accessible databases is the need of the hour to address
the ever-growing need for big data analysis (Su et al., 2019). Also,
publicly available data should be used sensibly necessitating the
standardisation of commonly used omics technologies (Hasin
et al., 2017). For instance, publishing of new genome version,
transcript annotation on a regular basis makes it challenging
to compare the RNA-seq expression studies. So, the successful
deployment of omics technologies not only require technological
advances and minimal analytical challenges, but also need a
conceptual shift in the research paradigm (Hasin et al., 2017).
While continuous efforts are going on to coordinate between
disciplines such as genomics, transcriptomics, proteomics and
metabolomics of the plant systems, a new discipline ‘crop system
biology’ has been proposed (Yin and Struik, 2007). Through
crop system biology, the physiological and metabolic complexity
of the plant diseases can be studied to understand complex
interactions between host and pathogen which may unveil
the pathways and regulatory networks involved. It could be a
complementary approach to connect functional genomics and
crop modelling to assist plant breeding in improving the disease
resistance of major crops.

With the flooding of enormous omics data, the integration
of omics data will lead to the identification of many genes
simultaneously for disease resistance thereby shifting the research
paradigm from single gene analysis to pathway or network
analysis. This may revolutionize the future crop breeding system
and ensure the development of disease resistant crops for
sustainable agriculture. Furthermore, computational approaches
could be implemented to construct network biology utilizing
the great amount of data collected through multi-omics
technologies to understand the plant-pathogen interactions
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(Botero et al., 2018). No doubt, this will be highly computer-
intensive, but it will be handy as a powerful tool for in silico
assessment of crop response under various pathogen attacks.
The phenomenal progress in genomics should prompt the plant
researchers to adopt all the innovative approaches to address the
important questions in developing disease resistant cultivars for
sustainable agricultural production.

CONCLUSION

Omics tools have demonstrated tremendous potential in
advancing our knowledge on the host-pathogen interactions
and has opened up new possibilities to rapidly identify
QTLs/candidate genes, pathogenicity-related genes, metabolic
pathways, and proteins, prompting in-depth cellular and
biochemical understanding of resistance mechanisms against
a range of pathogens. Through an integrated multi-omics
approach, numerous datasets at the genomics, transcriptomics,
proteomics, and metabolomics level have been used to elucidate
the complex mechanisms and pathways regulating black rot
resistance in B. oleracea. Genomic studies revealed that
the black rot resistance is mostly a complex trait and is
governed by QTLs with minor effects except few major effect
QTLs. Transcriptomic analysis divulged the genes related
to photosynthesis, glucosinolate biosynthesis and catabolism,
phenylpropanoid synthesis, ROS scavenging, calcium signalling,
hormonal synthesis, and signalling pathway genes being
differentially expressed upon Xcc infection. Due to the availability
of sequencing data, substantial progress has been made both
in genomics and transcriptomics, but the knowledge on
proteins and metabolites directly involved in the complex
mechanisms of resistance against black rot is minimal. But
the identification of proteome components is a fast-moving
area which, by the help of modern analytical techniques
like MS platforms, are going to be used widely in Brassica
species to provide more information on post-transcriptional
modifications. Comparative proteomic analysis identified the
involvement of proteins related to photosynthesis, protein
biosynthesis, processing and degradation, energy metabolism,
innate immunity, redox status, and defence response and
signalling pathways in Xcc–Brassica interaction. Specifically, most

of the studies focused on the regulation of the photosynthesis-
related proteins as a resistance response in both early and later
stages of infection. Also, information about the composition
of metabolites could be a powerful mean for improvement
of B. oleracea for disease resistance. Metabolomic studies
suggested that glucosinolates (aliphatic and indolic) and its GHP
and phenolics such as hydroxycinnamic acids and flavonoids
synthesized by the JA-mediated phenylpropanoid pathway are
involved in disease resistance mechanisms against Xcc in Brassica
species. Phytohormone studies indicated that JA signalling
pathway is regulating resistance against hemibiotrophic pathogen
like Xcc in Brassica species. Using of multi-omics tools will
definitely speed up the screening of superior alleles responsible
for resistance against major pathogens including black rot in
B. oleracea and may unveil new horizons for future research.
Integration of data from different hierarchies using different
mathematical and statistical models will lead to new discoveries
involved in crop improvements and will provide ease to the plant
breeders. The bonhomie between multi-omics technologies and
plant breeding is going to trigger major breakthroughs in the
crop improvement and can have the maximum benefits from the
minimum in the years to come.
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Turnip yellows virus (TuYV) is aphid-transmitted and causes considerable yield losses
in oilseed rape (OSR, Brassica napus, genome: AACC) and vegetable brassicas.
Insecticide control of the aphid vector is limited due to insecticide resistance and the
banning of the most effective active ingredients in the EU. There is only one source
of TuYV resistance in current commercial OSR varieties, which has been mapped to
a single dominant quantitative trait locus (QTL) on chromosome A04. We report the
identification, characterisation, and mapping of TuYV resistance in the diploid progenitor
species of OSR, Brassica rapa (genome: AA), and Brassica oleracea (genome: CC).
Phenotyping of F1 populations, produced from within-species crosses between resistant
and susceptible individuals, revealed the resistances were quantitative and partially
dominant. QTL mapping of segregating backcross populations showed that the B. rapa
resistance was controlled by at least two additive QTLs, one on chromosome A02
and the other on chromosome A06. Together, they explained 40.3% of the phenotypic
variation. In B. oleracea, a single QTL on chromosome C05 explained 22.1% of the
phenotypic variation. The TuYV resistance QTLs detected in this study are different
from those in the extant commercial resistant varieties. To exploit these resistances, an
allotetraploid (genome: AACC) plant line was resynthesised from the interspecific cross
between the TuYV-resistant B. rapa and B. oleracea lines. Flow cytometry confirmed
that plantlets regenerated from the interspecific cross had both A and C genomes and
were mixoploid. To stabilise ploidy, a fertile plantlet was self-pollinated to produce seed
that had the desired resynthesised, allotetraploid genome AACC. Phenotyping of the
resynthesised plants confirmed their resistance to TuYV. Genotyping with resistance-
linked markers identified during the mapping in the progenitors confirmed the presence
of all TuYV resistance QTLs from B. rapa and B. oleracea. This is the first report of

Frontiers in Plant Science | www.frontiersin.org 1 December 2021 | Volume 12 | Article 781385155

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.781385
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2021.781385
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.781385&domain=pdf&date_stamp=2021-12-10
https://www.frontiersin.org/articles/10.3389/fpls.2021.781385/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-781385 December 8, 2021 Time: 13:12 # 2

Greer et al. TuYV-Resistant Oilseed Rape via Resynthesis

TuYV resistance mapped in the Brassica C genome and of an allotetraploid AACC
line possessing dual resistance to TuYV originating from both of its progenitors. The
introgression into OSR can now be accelerated, utilising marker-assisted selection, and
this may reduce selection pressure for TuYV isolates that are able to overcome existing
sources of resistance to TuYV.

Keywords: turnip yellows virus, virus resistance, Brassica rapa, Brassica oleracea, QTL mapping, allotetraploid
resynthesis, trait introgression, Brassica napus

INTRODUCTION

Brassica napus [oilseed rape (OSR), genome: AACC, 2n = 38] is
an allotetraploid species that arose from recent (∼7,500 years ago;
Chalhoub et al., 2014) and limited interspecific hybridisations
between Brassica rapa (genome: AA, 2n = 20) and Brassica
oleracea (genome: CC, 2n = 18) (Song and Osborn, 1992;
Chalhoub et al., 2014). B. napus is primarily grown as an oilseed
crop but swede, kale, and fodder morphotypes also exist. It is the
third most important oil crop after palm (Elaeis guineensis) and
soybean (Glycine max) worldwide (USDA, 2020) and is a major
source of vegetable oils, biodiesels, industrial lubricants, and
oilseed meals. In 2018, 75 million tonnes of OSR were produced
globally, up 31.9% from 56.9 million tonnes in 2008 (FAO, 2018).
The largest producers of OSR are Canada, the EU, and China
(USDA, 2020). Yet, despite increasing production, winter OSR is
currently only reaching a third of its 9.2 t/ha yield potential in the
UK (Berry and Spink, 2006). Turnip yellows virus (TuYV) syn.
beet western yellows virus (BWYV) is a major contributor to the
shortfall in the OSR’s yield potential and has been listed in the top
10 pests and diseases of the crop in a recent survey of 10 countries
(Zheng et al., 2020).

Turnip yellows virus is a member of the Polerovirus genus
in the Solemoviridae family. It is transmitted in a persistent,
circulative, and non-propagative manner by several aphid
species, but the primary and most efficient vector in Europe
is the green peach-potato aphid Myzus persicae (Schliephake
et al., 2000). Up to 72% of winged M. persicae caught in yellow
water traps at Broom’s Barn Research Centre between 1994
and 2002 were shown to carry TuYV (Stevens et al., 2008),
and TuYV incidences in winter OSR between 2007 and 2010
were shown to be closely linked to the numbers of M. persicae
migrating between August and November when the OSR crops
were emerging (Asare-Bediako et al., 2020). TuYV incidences of
between 10 and 100% have been reported in OSR grown in the
United Kingdom (Walsh et al., 1989; Hardwick et al., 1994; Jay
et al., 1999; Asare-Bediako et al., 2020), with higher incidences
being reported in recent years due to the ineffectiveness and
bans of insecticide treatments that target the aphid vector. Due
to the highly polyphagous nature of M. persicae and the broad
host range of TuYV, both virus and aphid persist in weed species
outside of the brassica-growing seasons and during crop rotations
(Stevens et al., 1994).

Turnip yellows virus infection can be symptomless or cause a
range of non-specific symptoms, such as interveinal yellowing or
reddening of the leaves, purpling or reddening of the leaf margins,

and stunting that can be mistaken for those caused by abiotic
stress. It is, therefore, very difficult to diagnose based on visual
symptoms alone. Most notably, TuYV reduces OSR yield, and its
impact has been shown to be dependent on infection rates, OSR
genotype, and timing of infection (Graichen and Schliephake,
1999; Congdon et al., 2020). In the United Kingdom, TuYV has
been reported to reduce OSR yield by as much as 30%, costing
the industry upward of £67 million a year, which equates to
9% of the total crop value (Nicholls, 2013). TuYV is not only a
problem in the United Kingdom, but it affects other major OSR-
producing countries worldwide (Stevens et al., 2008). Yield losses
to TuYV of 12–34% have been reported in Germany (Graichen
and Schliephake, 1999) and as high as 46% reported in Australia
(Jones et al., 2007).

One of the most common ways to control TuYV in brassica
crops has been to use insecticides that target the aphid vector
(Walsh et al., 1989, 2012; Coutts et al., 2010). However,
M. persicae has evolved several resistance mechanisms to the
most commonly used insecticides (Bass et al., 2014), and the most
effective ones, the neonicotinoids, were banned for use on field
crops in the EU in 2013 (The European Commission [EC], 2013).
It has, therefore, become necessary to explore alternative control
methods such as host resistance to the virus.

Currently, there are only two characterised sources of host
resistance to TuYV: the resynthesised B. napus line “R54”
(Graichen, 1994) and the Korean spring B. napus variety “Yudal”
(Hackenberg et al., 2020). Both resistances were shown to be
partial, dominantly inherited, and were mapped to single co-
locating QTLs on chromosome A04 (Dreyer et al., 2001; Juergens
et al., 2010; Hackenberg et al., 2020). However, further work is
needed to determine whether the two resistances are controlled
by the same gene. The “R54” resistance has been widely
introgressed into commercial OSR varieties, and whilst it may be
durable, the wide deployment of this single source increases the
selection pressure for resistance-breaking isolates of TuYV.

Due to the recent origin of B. napus and extensive breeding
programs aimed at improving varieties, the genetic diversity
within B. napus is limited relative to its diploid progenitor species,
B. rapa and B. oleracea. These diploid species diverged from
one another ∼3.8 mya (Inaba and Nishio, 2002). The B. napus
genetic bottleneck poses a problem when breeding for specific
traits such as disease resistance. However, it can be overcome
through B. napus resynthesis, which involves the interspecific
cross of the diploid progenitor species and subsequent genome
duplication to produce allotetraploid plants (AACC) that can
be used in backcrossing programmes with B. napus. Via this
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route, the genetic diversity within B. rapa and B. oleracea can
be combined and exploited in OSR. The resynthesised B. napus
line “R54” was initially produced as part of a glucosinolate
screening program from the interspecific cross of B. oleracea
“Stone Head” and B. rapa “Nr.67” (Gland, 1980). “R54” was
later shown to be resistant to TuYV, the resistance having been
inadvertently introgressed into the line from its B. rapa parent
“Nr.67” (Graichen and Peterka, 1995). Resynthesis has also been
used to introgress resistance to other pathogens, such as clubroot
(Plasmodiophora brassicae) and Verticillium longisporum from
progenitor species into B. napus (Diederichsen and Sacristan,
2006; Rygulla et al., 2007).

The aim of this research was to broaden the limited TuYV
resistance base in B. napus by identifying, characterising,
and mapping novel sources of TuYV resistance in the
progenitor species of B. napus and introgressing them into
B. napus by resynthesis.

MATERIALS AND METHODS

Plant Lines
In a previously unpublished study, resistance to TuYV was
identified in the B. rapa ssp. pekinensis line ABA15005 and the
B. oleracea line JWBo12. Mapping populations were developed
from within-species crosses using the TuYV-susceptible lines
R-o-18 (B. rapa ssp. trilocularis) and DHSL150 (B. oleracea). For
QTL analysis of TuYV resistance in line ABA15005, a segregating
BC2 mapping population SEA17016 was produced, following
the crossing strategy in Supplementary Figure 1. For the QTL
analysis of the TuYV resistance in B. oleracea line JWBo12, a
BC1 mapping population SEC18031 was produced, following
the crossing strategy in Supplementary Figure 2. A TuYV-
resistant individual from each of the parental lines, ABA15005
and JWBo12, was self-pollinated to produce S1 populations
ABA15005a and JWBo12a, respectively.

All plants were cultivated in Levington R© M2 compost in an
insect-proof, air-conditioned glasshouse at 20 ± 2◦C.

B. napus Resynthesis
Brassica napus resynthesis was carried out according to Zhang
et al. (2004) but with the following modifications. Siliquae
produced from the reciprocal interspecific cross between the
TuYV-resistant individuals SE4.222 (from the B. rapa S1
population ABA15005a) and DK1.134 (from the B. oleracea line
JWBo12), were collected 12–15 days after pollination. They were
sterilised in 75% ethanol for 30 s, 5% hypochlorite solution
for 15 min, followed by three washes in sterile distilled water.
Immature ovules were excised from the sterilised siliquae using
a scalpel and forceps on damp filter paper and plated onto
Petri dishes of MS (Murashige and Skoog, 1962) regeneration
media (1× MS basal salt media and 3% sucrose adjusted
to pH 5.8 with 1-M KOH, solidified with 7 g/L phytoagar;
after autoclaving, it was supplemented with 1× MS vitamin
solution, 400-mg/L glutamine, 2-mg/L 6-benzylaminopurine,
and 0.1 mg/L naphthylacetic acid). Petri dishes containing ovules
were sealed with micropore tape and left in the dark for 24 h at

20 ± 2◦C. They were then transferred to a growth cabinet and
ovules cultured at 16 h/8 h (light/dark) and 20 ± 2◦C.

Once calli had produced their first true leaves, they were
transplanted into deep-well PhytatraysTM (Merck Life Science
UK Ltd., Dorset, United Kingdom), containing MS rooting media
(1/2× MS basal salt media and 2% sucrose adjusted to pH 5.8
with 1-M KOH, solidified with 7 g/L phytoagar; after autoclaving,
it was supplemented with 1/2× MS vitamin solution and 1-
mg/L Indole-3-butyric acid). The base of the PhytatraysTM was
wrapped in foil to mimic the darkness of soil and returned to the
growth cabinet. Plantlets were removed from the PhytatraysTM

once abundant roots had developed and excess media was washed
from their roots using distilled water. They were then repotted
into Levington R© M2 compost and covered with clear plastic bags
secured to the pots using an elastic band. Sequential corners of
the plastic bags were cut off at intervals of 1/2 days to facilitate
acclimatisation to atmospheric humidity.

Regenerated plantlets (RP1, RP2, and RP3) were propagated
by taking cuttings. Five cuttings were taken from RP1 (C1–
C5) and RP2 (C6–C10), and two cuttings were taken from RP3
(C11 and C12). Secondary shoots from plants were cut from the
primary shoot close to their base using a scalpel. The base of
the cuttings was then dipped in Strike2 rooting hormone (Bayer
Garden, Monheim am Rhein, Germany), planted in separate
wells of 40-well trays (4 cm× 4 cm× 5 cm) filled with Levington R©

F2S compost and covered with a clear Perspex R© lid to retain
humidity. Cuttings were grown in the glasshouse at 16 h/8 h
(light/dark) at 20 ± 2◦C. When the cuttings had well-developed
roots, they were transplanted into FP7 (7 cm × 7 cm × 8 cm)
pots filled with Levington M2 R© compost and left to establish
in the glasshouse for at least four weeks. The roots of the
cuttings were then treated with 0.34% colchicine for 90 min
according to Fletcher et al. (1998) to stimulate chromosome
multiplication. The original regenerated plantlets, from which
the cuttings were taken, were not treated with colchicine. An
S1 population SER19001 was produced by self-pollinating an
individual colchicine-treated cutting.

Ploidy Testing
The ploidy of regenerated plantlets, colchicine-treated cuttings,
individuals belonging to the resynthesised allotetraploid AACC
S1 population SER19001 and Brassica control lines was
determined on two to four fresh leaves from each plant by
Plant Cytometry Services (PCS, Didam, Netherlands) using flow
cytometry. Ploidy ratios for each plant were determined against
PCS’s standards, Vinca minor or Chlorophytum comosum, and
compared to a range of Brassica control lines. The Brassica
control lines included the parental lines of the interspecific cross
(ABA15005a and JWBo12) and additional B. rapa (R-o-18),
B. oleracea (A12DHd), and B. napus (Anastasia) lines, which were
of known ploidy.

Turnip Yellows Virus Resistance
Phenotyping
The TuYV isolate W2016FE was used for resistance phenotyping
and originated from cabbage grown in a field trial at
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Wellesbourne, United Kingdom in 2016. This isolate belongs
to the largest and most common phylogenetic group of TuYV
(Newbert, 2016) based on unpublished sequence analysis of its
P0 gene. The isolate was maintained in OSR variety Castille
in an insectary at 16 h/8 h (light/dark) and 18 ± 2◦C by
serial transmission using M. persicae clone Mpn1 (Blackman
et al., 2007). Phenotyping for resistance and susceptibility to
TuYV involved exposing plants to viruliferous M. persicae (10
aphids/plant), as described by Hackenberg et al. (2020). The
aphids were left on the plants for 10 days and were then killed
using foliar insecticide sprays of 0.4 ml/L lambda-cyhalothrin
(Hallmark Zeon, Syngenta, Fulbourn, United Kingdom) and
0.75 g/L pyridine azomethine (Plenum, Syngenta, Fulbourn,
United Kingdom) and a systemic drench of 0.166 g/L,
thiamethoxam (Actara, Syngenta, Fulbourn, United Kingdom).
The aphid transmission experiments were carried out in a
glasshouse compartment at 18 ± 2◦C.

Turnip yellows virus titre was quantified in plants using
triple antibody sandwich enzyme-linked immunosorbent assay
(TAS-ELISA) (Hunter et al., 2002). All wash steps for the TAS-
ELISA were carried out using the WellwashTM 5000 plate washer
(Denley) and Phosphate Buffered Saline – Tween R©20 (PBS-
T, 130-mM NaCl, 1.3-mM KCL, 0.5-mM KH2PO4, 3.2-mM
Na2HPO4, and 0.05% Tween R©20). The primary antibody (IgG-
AS0049, DSMZ) was diluted 1:1,000 in a carbonate buffer (15-
mM Na2CO3 and 350-mM NaHCO3) and 200 µl incubated in
each well of a 96-well plate (Nunc MaxiSorpTM, Sigma-Aldrich R©)
for 4 h at 36◦C. During the primary antibody incubation, the
youngest leaf from each plant was sampled and mechanically
macerated between two metal rollers (Leaf Juice Press, Meku-
Pollaehne) and sap collected. The plates were washed three times
to remove the primary antibody, and 150 µl sap was pipetted into
duplicate wells for each sample. Sap from a plant known to be
infected with TuYV (the inoculum source) was used as a positive
control and was pipetted into duplicate wells. Sap from a healthy
plant was used as a negative control standard (NCS) and was
pipetted into six wells of each plate. The plates were incubated
overnight at 4◦C. Plates were washed three times to remove the
sap. The secondary antibody (mouse Mab-AS0049/1, DSMZ) was
diluted 1:1,000 in PBS-T-BSA (PBS-T with 2.5-g/L Bovine Serum
Albumin, Sigma-Aldrich R©) and 150 µl pipetted into each well
and incubated at 36◦C for 2 h. Both the primary and secondary
antibodies are specific to the major coat protein of TuYV. The
plates were washed, and 150 µl of the tertiary antibody (IgG anti-
mouse-A3526, Sigma-Aldrich R©) diluted 1:5,000 in PBST-BSA was
pipetted into each well and incubated for 2 h at 36◦C. The tertiary
antibody is specific to the secondary antibody and is conjugated
to alkaline phosphatase. The plates were washed, and 150 µl
of substrate solution [(1 mg/1 ml 4-Nitrophenyl phosphate
disodium salt hexahydrate, Sigma-Aldrich R©), 9% diethanolamine
(Sigma-Aldrich R©), titrated to pH 9.8 with HCl)] was added to
each well and incubated at room temperature. Absorbances (A405
values) were read on a Biochem Anthos 2010 plate reader at
405 nm with a reference filter of 620 nm. Plate readings were
exported to Microsoft Excel for analysis. Duplicate readings were
averaged to obtain a single A405 value per sample. To standardise
readings between plates, the absorbance values of experimental

samples on a specific plate (x) were multiplied by the factor (y),
calculated using the formula:

y =
Mean of NCS on all plates

Mean of NCS on plate x

For TuYV resistance QTL mapping, 203 individuals from
the B. rapa BC2 population SEA17016 and 200 individuals
from the B. oleracea BC1 population SEC18031 were challenged
with viruliferous aphids, alongside 5–20 individuals (dependent
on seed availability) from the TuYV-resistant and -susceptible
parental lines. TuYV titre in plants was quantified in SEA17016
at 3 weeks and in SEC18031 at 6 weeks post-challenge. It was not
possible to quantify TuYV titre in the B. oleracea and B. rapa-
mapping populations at similar time points because the B. rapa
populations were rapid cycling. They began to bolt shortly after
the ELISA was carried out at 3 weeks post-challenge, but, at this
time point, the viral titre had not yet accumulated to detectable
levels in the B. oleracea populations, and thus, the ELISA was
carried out later for the B. oleracea populations. ELISA was
not carried out on bolting plants to avoid the effects of age-
onset resistance.

The TuYV resistance status of the resynthesised allotetraploid
AACC S1 population SER19001 was determined by phenotyping
12 individuals alongside 18 individuals from a range of control
lines. The control lines included an S1 population from each
of the TuYV-resistant B. rapa (ABA15005a) and B. oleracea
(JWBo12a) parental lines, TuYV-susceptible B. rapa (R-o-18),
and B. oleracea (DHSL150) lines, and B. rapa (ABA15010)
and B. oleracea (SEC17008) F1 populations derived from the
crosses between the TuYV-resistant and –susceptible lines. Two
individuals from each line were not challenged with TuYV, as
healthy controls. Due to the limited availability of seed, only
eight ABA15005a individuals were phenotyped. TuYV titre was
quantified in all lines at four weeks post TuYV challenge using
TAS-ELISA; the TuYV titre in SER19001 and the B. oleracea
lines was also quantified at 11 weeks post-challenge. The B. rapa
lines did not have sufficient leaf material and were flowering at
11 weeks post-challenge, so it was not possible to test them. For
ELISAs at both time points, A405 values were normalised to the
healthy control before statistical comparisons were made. This
was done by subtracting the average A405 value of the healthy
control plants of a given line from A405 values of individuals from
the same line. Statistical comparisons and normality testing of
TuYV titres (A405 values) for the different plant lines were carried
out in IBM R© SPSS R© Statistics version 25.

Genotyping and Quantitative Trait Locus
Analysis
Genomic DNA (gDNA) was isolated from 80 individuals from
the B. rapa BC2 population SEA17016, 115 individuals from
the B. oleracea BC1 population SEC180131, and the parental
lines of these populations, by the LGC Group (Hoddesdon,
United Kingdom). Individuals were then subsequently genotyped
using the Brassica 60K Bead Chip Array (Infinium, Illumina
Inc., San Diego, CA, United States) (Clarke et al., 2016) at
The University of Western Australia. For both populations, a
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genetic linkage map was constructed, and QTL(s) associated
with TuYV resistance were identified, using the R/qtl package
in RStudio 1.0.153 (Broman and Sen, 2009; Broman, 2010).
Only polymorphic DNA markers that had less than 20% missing
calls and that did not deviate significantly (p < 0.05) from
the expected segregation ratio (1:1 for a backcross population)
were used to construct the genetic linkage maps. Missing data
were inspected using the “plotMissing” and “nmissing” functions
in R/qtl. Segregation patterns for each marker were inspected
using the “geno.table.” Markers with duplicate genotypes were
identified using the “findDupMarkers” function and removed to
create the minimal maps. Markers were assigned to the same
linkage group if they had an associated LOD score >6 and a
recombination fraction <0.35. Genetic distances in centimorgans
(cM) between the markers for each linkage group were calculated
using the “orderMarkers” function (Haldane, 2008). Marker
order was optimised to minimise obligate crossover events using
the “ripple” function, a sliding window of four markers, and
a genotyping error probability of 0.005. The distribution of
A405 values in SEA17016 and SEC18031 populations deviated
significantly from normality, so were transformed using log10.
One-dimensional interval mapping (IM) (“scanone” function)
was performed on untransformed and transformed A405 values,
using a non-parametric Kruskal–Wallis algorithm (Kruglyak and
Lander, 1995) and parametric Haley–Knott regression (Haley
and Knott, 1992), respectively. Two-dimensional IM (“scantwo”
function) was performed for both populations using transformed
A405 values and Haley–Knott regression. For both one- and
two-dimensional IM, genome-wide LOD significance (LODGWS,
α < 0.05) was determined by permutation test with 1,000
permutations. QTL intervals (“lodint” function) of 1.5 LOD were
calculated from the peak LOD score and extended to the next
adjacent marker.

Genomic DNA Extraction and PCR
Genotyping
gDNA was extracted from leaf tissue following Dellaporta et al.
(1983). gDNA was extracted from the resynthesised allotetraploid
AACC S1 population SER19001, the TuYV-resistant parental
individuals SE4.222 (from B. rapa S1 population ABA15005a)
and DK1.134 (from B. oleracea line JWBo12), and TuYV-
susceptible B. rapa (R-o-18) and B. oleracea (DHSL150) control
lines. TuYV resistance-linked markers identified from mapping
in the diploid species were then amplified from these individuals
by PCR. PCR amplification was carried out in 25 µl reactions
using 50 ng gDNA, high-fidelity PhusionTM polymerase
(Fisher Scientific UK Ltd., Loughborough, United Kingdom)
according to the manufacturer’s instructions and primers
specific to each marker. Primers for the A genome markers,
Bn-A02-p7840077 (forward: 5′-CGTATTCTATGATTAAGG-3′,
reverse: 5′-TCAAAGGTAACAATCTAG-3′, Tm = 50◦C) and
Bn-A06-p18369013 (forward: 5′-AACAAACAGAAAGCTTGG-
3′, reverse 5′-TCAAGTGACGGTTTATGG-3′, Tm = 56◦C)
were designed using the B. rapa Chiifu-401-42 reference
genome (NCBI: GCA_000309985.3). Primers for
the C genome marker, Bn-scaff_16082_1-p278297

(forward: 5′-TCTTCGGTCAGTAGAACG-3′, reverse: 5′-
GCGAAATATACAATGTGG-3′, Tm = 54◦C) were designed
using the B. oleracea TO1000 reference genome (NCBI:
GCA_000695525.1). The reaction mixtures were amplified at
98◦C for 30 s followed by 35 cycles of 98◦C for 15 s, a Tm specific
to the primer pair (50–56◦C) for 30 s and 72◦C for 30 s. The
amplifications were finished with a hold at 72◦C for 10 min.
Amplicons were then Sanger sequenced.

RESULTS

Quantitative Trait Locus Mapping of
Turnip Yellows Virus Resistance in
B. rapa Line ABA15005
The BC2 population SEA17016 segregated for TuYV resistance.
Individuals displayed a continuous, broad range of A405 values
(0.185–2.977), and 83% of them had an A405 value intermediate
to the mean A405 values of the S1 population (ABA15005a)
of the resistant parent and the susceptible parent (R-o-18)
(Figure 1A). A Shapiro–Wilk test showed that ELISA A405 values
for ABA15005a (p = 0.805) and R-o-18 (p = 0.119) were normally
distributed. A405 values for the 203 BC2 individuals of the
mapping population (SEA17016) were not normally distributed
(p < 0.001), with a skewness of 1.690 (SE = 0.171) and kurtosis of
3.139 (SE = 0.340). Welch’s t-test showed that ABA15005a (mean
A405 ± SD = 0.191± 0.029, n = 5) had a significantly lower mean
A405 value than R-o-18 (mean A405± SD = 1.212± 0.599, n = 12),
t(11.125) =−5.886, p < 0.001.

A subset of 72 individuals from the BC2 population,
representing the spread of A405 values in the population
(Figure 1A), was genotyped alongside the parents for QTL
analysis. Of the 77,970 markers on the Brassica 60K genotyping
array, 21,219 had less than 20% missing calls. Of these, 2,053
had a missing genotype call for one or both of the parents
and so were discarded. Of the remaining markers, 14,108 were
monomorphic between the parents, and 1,960 markers were
heterozygous for one or both of the parents so were also
discarded. A further 619 had a segregation ratio that deviated
significantly from the expected 1:1 for a backcross population.
Removal of these markers resulted in 2,479 useful markers;
of which, 351 represented the overall recombination within
SEA17016 and were used to make the minimal genetic map.
This had a total length of 868.1 cM and comprised of 10 linkage
groups, which represented the 10 B. rapa chromosomes (A01–
A10) (Supplementary Figure 3A). Markers in the minimal map
only segregated where the BC1 parent of the BC2 population
was heterozygous (Supplementary Figure 3B). This meant that
portions of linkage groups, most noticeably of A03, A04, and
A10, were not represented in the minimal map as the BC1 parent
was homozygous for the TuYV-susceptible R-o-18 genotype at
these locations. The average distance between markers in the
map was 2.5 cM, with the minimum inter-marker distance being
0.6 cM and the maximum being 56.2 cM. The largest inter-marker
distance was on A04 and was a result of markers located in
the centre of A04, not segregating in the BC2 population. The
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FIGURE 1 | Mapping of turnip yellows virus (TuYV) resistance from Brassica rapa line ABA15005 using the segregating BC2 population SEA17016. SEA17016 was
produced from the cross R-o-18 × BC1, where the BC1 plant was resistant to TuYV. (A) Enzyme-Linked Immunosorbent Assay A405 values for BC2 population
SEA17016 (n = 203) and mean values for S1 populations of the TuYV-resistant parental line ABA15005 (n = 5) and TuYV-susceptible parental line R-o-18 (n = 12)
indicated by red arrows. Individuals subsequently genotyped for quantitative trait locus (QTL) analysis are indicated as grey points. (B) The LOD plot of QTL analysis
of BC2 population SEA17016, using normalised log10 (A405) values and Haley–Knott one-dimensional interval mapping. Genome-wide significance LOD threshold
(α ≤0.05) of 1,000 permutations is indicated by a dashed horizontal line. Outliers are indicated by +.

smallest linkage group at 1.8 cM was A10 and comprised of three
markers. This was because the BC1 parent was homozygous for
the R-o-18 genotype for almost the entirety of A10. The largest
linkage group in terms of length was A09, which was 124.3 cM
(46 markers), and in terms of marker number, was A07 (53
markers, 101.9 cM).

Non-parametric (Kruskal–Wallis) one-dimensional interval
mapping (IM) was carried out on untransformed A405 values,
and parametric (Haley–Knott) one-dimensional IM was carried
out on transformed log10 (A405) values (Shapiro–Wilk test
p = 0.053), using the minimal map of the BC2. The outputs
from both analyses were not found to be significantly different
from one another (Supplementary Figure 4); hence, log10 (A405)
values were used for subsequent two-dimensional IM and QTL
modelling, for which only parametric methods are available.
One-dimensional IM using log10 (A405) values identified two
significant QTLs on chromosome A02 at 45.9 cM (LOD = 4.10)
and A06 at 78.0 cM (LOD = 2.96) that surpassed the genome-
wide significance threshold (LODGWS) of 2.95 (Figure 1B).
Markers Bn-A02-p7840077 and Bn-A06-p18369013 positioned
at or closest to the peak LOD score positions on A02 and A06,
respectively. The QTL identified on A02 explained 23.1% of the
phenotypic variation, the QTL on A06 explained 17.2%, and
together, they explained 40.3% (Table 1). The QTL on A02 had
a 1.5-LOD interval of 16.0 cM that spanned from 37.0 to 53.0 cM

and was flanked by the markers Bn-A02-p6627382 and Bn-A02-
p13123802. The QTL on A06 had a 1.5-LOD interval of 34.5 cM
that spanned from 69.0 to 103.5 cM and was flanked by the
markers Bn-A06-p18144127 and Bn-A06-p24156940.

Subsequent two-dimensional IM supported the two QTL
model involving chromosomes A02 and A06, predicted by the
one-dimensional IM. A significant full model, with two positively
interacting QTLs was identified, involving the QTLs detected by
one-dimensional IM on chromosomes A02 at 45.9 cM and A06
at 78.0 cM (LODfull = 7.25, LODfull GWS = 6.00, p = 0.009).
Another significant additive model, with two QTLs that did not
interact was also identified by this method, again involving the
original QTL on chromosome A02 at 45.9 cM and a different
QTL on chromosome A06, this time, at 18.6 cM (LODadd = 7.02,
LODadd GWS = 5.03, p = 0.014). A LOD peak was observed
on chromosome A06 at 18.6 cM (LOD = 2.59) during one-
dimensional IM, but it did not reach the LODGWS (2.95). No
other significant two-QTL models were detected.

Quantitative Trait Locus Mapping of
Turnip Yellows Virus Resistance in
B. oleracea Line JWBo12
The BC1 population SEC18031 segregated for TuYV resistance.
Individuals displayed a continuous, broad range of A405 values
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TABLE 1 | Details of quantitative trait loci (QTL) for turnip yellows virus (TuYV) resistance in Brassica rapa BC2 population SEA17016 and Brassica oleracea BC1

population SEC18031.

Population LODGWS Peak
LOD

Position of peak
LOD

1.5 LOD QTL
interval

PVE
(%)

Additive
effecta

Flanking markersb n

SEA17016 2.95 4.10 A02 at 45.9 cM 37.0 cM–53.0 cM 23.1 −0.507 Bn-A02-p6627382 and
Bn-A02-p13123802

72

2.96 A06 at 78.0 cM 69.0 cM–103.5 cM 17.2 −0.485 Bn-A06-p18144127 and
Bn-A06-p24156940

SEC18031 2.77 3.06 C05 at 47.3 cM 41.0 cM–88.0 cM 11.5 −0.323 Bn-scaff_18181_1-p620712 and 115

2.81 C05 at 81.4 cM 10.6 −0.321 Bn-scaff_23186_1-p18537

aBased on untransformed A405 means for each genotypic group.
bThe marker sequences are available at CropSNPdb – http://snpdb.appliedbioinformatics.com.au/.

FIGURE 2 | Mapping of TuYV resistance from Brassica oleracea line JWBo12 using the segregating BC1 population SEC18031. SEC18031 was produced from the
cross DHSL150 × F1, where the F1 plant was resistant to TuYV. (A) Enzyme-Linked Immunosorbent Assay A405 values for BC1 population SEC18031 (n = 200) and
mean values for S1 populations of the TuYV-resistant parental line JWBo12 (n = 7) and TuYV-susceptible parental line DHSL150 (n = 18) indicated by red arrows.
Individuals subsequently genotyped for quantitative trait locus (QTL) analysis are indicated as grey points. (B) The LOD plot of QTL analysis of BC1 population
SEC18031, using normalised log10 (A405) values and Haley–Knott one-dimensional mapping. Genome-wide significance LOD threshold (α ≤0.05) of 1,000
permutations is indicated by a dashed horizontal line. Outliers are indicated by +.

(0.566–3.500), and 60% of them had an A405 value intermediate
to the mean A405 values of the S1 population (JWBo12a)
of the resistant parent and the susceptible parent (DHSL150)
(Figure 2A). A Shapiro–Wilk test showed that ELISA A405 values
for JWBo12a (p = 0.495) and DHSL150 (p = 0.123) were normally
distributed. A405 values for the 200 BC1 individuals of the
mapping population (SEC18031) were not normally distributed
(p < 0.001), with a skewness of 1.871 (SE = 0.172) and kurtosis
of 5.361 (SE = 0.342). Welch’s t-test showed that JWBo12a (mean
A405 ± SD = 1.037± 0.331, n = 7) had a significantly lower mean
A405 value than DHSL150 (mean A405 ± SD = 2.714 ± 0.642,
n = 18), t(20.752) =−8.551, p < 0.001.

A subset of 115 individuals from the BC1 population,
representing the spread of A405 values in the population
(Figure 2A), was genotyped alongside the parental lines for QTL
analysis. Of the 77,970 markers on the Brassica 60K genotyping
array, 27,422 had less than 20% missing calls. Of these, 1,286 had
a missing genotype call for one or both of the parents and so were
discarded. Of the remaining markers, 18,869 were monomorphic
between the parents, and 2,191 markers were heterozygous for
one or both of the parents so were also discarded. A further
667 markers had a segregation ratio that deviated significantly
from the expected 1:1 for a backcross population. Removal of
these markers resulted in 4,409 useful markers, of these, 448
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TABLE 2 | Ploidy of colchicine-treated cuttings (C1–12) taken from regenerated plantlets (RP1–3), produced from the interspecific cross of TuYV-resistant lines ABA15005a (B. rapa) and JWBo12 (B. oleracea).

Plant line/individual Cutting No. leaves
tested

Ploidy
(inferred from

ratio to the
standards)

Average ± SDa

ploidy ratio to
Vinca minor

Percentage ± SD of nuclei with ploidy

1 × AC 2 × AC 4 × AC 8 × AC 16 × AC

R-o-18 (standard) – 4 AA 0.606 ± 0.008 – – – – –

A12DHd (standard) – 4 CC 0.818 ± 0.006 – – – – –

Anastasia (standard) – 4 AACC 1.375 ± 0.006 – – – – –

ABA15005a – 4 AA 0.609 ± 0.006 – – – – –

JWBo12 – 4 CC 0.813 ± 0.005 – – – – –

RP1 – 2 AC mixoploid 0.712 ± 0.004 39.5 ± 8.4 52.3 ± 8.6 8.2 ± 0.2 0.0 ± 0.0 0.0 ± 0.0

C1 4 AC mixoploid – 29.6 ± 28.3 58.4 ± 20.7 12.0 ± 8.9 0.0 ± 0.0 0.0 ± 0.0

C2 4 AC mixoploid – 56.4 ± 11.9 37.7 ± 10.6 5.9 ± 2.3 0.0 ± 0.0 0.0 ± 0.0

C3 4 AC mixoploid – 17.8 ± 21.3 60.1 ± 7.4 22.1 ± 16.0 0.0 ± 0.0 0.0 ± 0.0

C4 4 AC mixoploid – 34.0 ± 20.9 51.2 ± 15.4 14.8 ± 12.8 0.0 ± 0.0 0.0 ± 0.0

C5 3 AC mixoploid – 10.2 ± 17.7 67.4 ± 13.2 22.4 ± 6.5 0.0 ± 0.0 0.0 ± 0.0

RP2 – 2 AC mixoploid 0.704 ± 0.007 75.6 ± 17.2 22.3 ± 16.6 2.1 ± 0.7 0.0 ± 0.0 0.0 ± 0.0

C6 4 AC mixoploid – 31.5 ± 20.0 53.1 ± 11.2 15.4 ± 9.9 0.0 ± 0.0 0.0 ± 0.0

C7 4 AC mixoploid – 51.2 ± 19.7 44.5 ± 17.6 4.3 ± 2.3 0.0 ± 0.0 0.0 ± 0.0

C8 4 AC mixoploid – 50.4 ± 23.3 43.7 ± 20.2 5.9 ± 4.2 0.0 ± 0.0 0.0 ± 0.0

C9 4 AC mixoploid – 10.4 ± 20.8 18.9 ± 23.0 36.4 ± 19.9 27.7 ± 22.8 6.6 ± 9.2

C10 4 AC mixoploid – 20.1 ± 24.3 32.1 ± 23.2 29.9 ± 25.7 16.6 ± 17.7 1.3 ± 1.5

RP3 – 0 Unknown – – – – – –

C11 4 AC mixoploid – 49.1 ± 14.6 45.4 ± 13.5 5.2 ± 1.6 0.3 ± 0.5 0.0 ± 0.0

C12 4 AC mixoploid – 25.5 ± 19.6 41.6 ± 6.2 27.2 ± 10.0 5.7 ± 8.6 0.0 ± 0.0

aSD, standard deviation.
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represented the overall recombination within SEC18031 and
were used to make the minimal genetic map. This had a total
length of 837.1 cM and comprised of nine linkage groups,
which represented the nine B. oleracea chromosomes (C01–
C09) (Supplementary Figure 5). The average distance between
markers in the map was 1.9 cM, with the minimum inter-
marker distance being 0.4 cM and the maximum being 27.0 cM.
The smallest linkage group in terms of length was C07, which
was 68.4-cM long (49 markers), and the smallest in terms of
marker number was C09 (93.2 cM, 26 markers). The largest
linkage group C03 was 131.3 cM in length and comprised the
most markers (84).

As with the B. rapa mapping, non-parametric (Kruskal–
Wallis) one-dimensional IM was carried out on untransformed
A405 values, and parametric (Haley–Knott) one-dimensional IM
was carried out on transformed log10 (A405) values (Shapiro–
Wilk test p = 0.764), using the minimal map for SEC18031. The
outputs from both analyses were not found to be significantly
different from one another (Supplementary Figure 6), hence
log10 (A405) values were used for subsequent two-dimensional
IM and QTL modelling. The two-dimensional IM did not
identify any significant two-QTL models. The one-dimensional
IM using the log10 (A405) values identified two distinct and
significant QTLs on chromosome C05 at 47.3 cM (LOD = 3.06)
and 81.4 cM (LOD = 2.81) that surpassed the LODGWS
of 2.77 (Figure 2B). Markers Bn-scaff_16082_1-p278297 and
Bn-scaff_20219_1-p220228 positioned at the peak LOD score
positions on C05 at 43.7 cM and 81.4 cM, respectively. The
QTL identified at 47.3 cM explained 11.5% of the phenotypic
variation, the QTL at 81.4 cM explained 10.6%, and together,
they explained 22.1% (Table 1). The 1.5-LOD intervals of each
QTL overlapped. They spanned from 41.0 to 88.0 cM on C05, a
total interval length of 47.0 cM and were flanked by the markers
Bn-scaff_18181_1-p620712 and Bn-scaff_23186_1-p18537.

Development of Allotetraploid AACC
With Novel Turnip Yellows Virus
Resistances From B. rapa and
B. oleracea
B. napus Resynthesis
A reciprocal, interspecific cross was carried out using TuYV-
resistant individuals from B. rapa S1 population ABA15005a
and B. oleracea line JWBo12. ABA15005a was produced by
self-pollinating a TuYV-resistant individual from ABA15005.
The interspecific cross was more productive when ABA15005a
was used as the female parent (7.4 ovules/siliqua) compared to
when it was used as the male parent (0.7 ovules/siliqua). Of
the 243 ovules collected for the cross ABA15005a × JWBo12,
2.1% germinated (five ovules), and 1.2% (three ovules) were
regenerated into rooted plantlets (RP1, RP2, and RP3). In
comparison, fewer ovules were rescued from the reciprocal
cross JWBo12 × ABA15005a (17 ovules); despite the fact a
greater proportion (58.8%) germinated, none regenerated into
rooted plantlets.

ABA15005a had an average ploidy ratio (PR)
(PR ± SD = 0.609 ± 0.006, n = 4) similar to that of the

TABLE 3 | Ploidy of SER19.1–7 S1 individuals from population SER19001 derived
from the interspecific cross of TuYV-resistant lines ABA15005a (B. rapa) and
JWBo12 (B. oleracea).

Plant line or
individual

na Ploidy (inferred from
ratio to the standards)

Average ± SDb ploidy ratio
to Chlorophytum comosum

R-o-18
(standard)

2 AA 0.062 ± 0.000

A12DHd
(standard)

2 CC 0.082 ± 0.000

Anastasia
(standard)

2 AACC 0.138 ± 0.001

ABA15005a 2 AA 0.060 ± 0.001

JWBo12 2 CC 0.084 ± 0.000

SER19.1 2 AACC 0.137 ± 0.002

SER19.2 2 AACC 0.137 ± 0.000

SER19.3 2 AACC 0.137 ± 0.000

SER19.4 2 AACC 0.140 ± 0.001

SER19.5 2 AACC 0.130 ± 0.001

SER19.6 2 AACC 0.135 ± 0.001

SER19.7 2 AACC 0.136 ± 0.002

an – number of leaf samples tested per plant.
bSD, standard deviation.

B. rapa standard R-o-18 (PR ± SD = 0.606 ± 0.008, n = 4) and
JWBo12 had an average ploidy ratio (PR ± SD = 0.813 ± 0.005,
n = 4) similar to that of the B. oleracea standard A12DHd
(PR ± SD = 0.818 ± 0.006, n = 4) (Table 2), confirming they
had the diploid Brassica AA and CC genomes, respectively.
The regenerated plantlets RP1 and RP2 were mixoploid; the
diploid cells had average ploidy ratios (PR± SD = 0.712± 0.004,
n = 2 and PR ± SD = 0.704 ± 0.007, n = 2, respectively)
intermediate to the parental lines, indicating they had the
allodiploid Brassica genome AC (Table 2). The ploidy of
RP3 could not be determined as it had died before testing.
Ploidy ratios of allotetraploid AACC (PR = ∼1.4) and 4 × AC
(PR = ∼2.8) were detected in RP1 and RP2 alongside the AC
allodiploid (PR = ∼0.7) (Table 2), indicating that spontaneous
chromosome multiplication had occurred in these plantlets.
Following colchicine treatment, all of the cuttings taken from
RP1-3 were shown to be mixoploid with ploidies of AC to
16 × AC detected, indicating that the treatment had enhanced
chromosome multiplication (Table 2). For example, ploidy ratios
of up to 16 × AC (PR = ∼11.2) were detected in colchicine-
treated cuttings C9 and C10 (from RP2), but the maximum
ploidy ratio detected in the untreated regenerated plantlets
was 4 × AC (Table 2). Different ploidies were detected within
and between leaf samples taken from the same regenerated
plantlets or cuttings.

To stabilise ploidy, identify allotetraploids, and obtain seed,
cuttings were self-pollinated. All flowered after eight weeks of
vernalisation, but only one cutting C10 (from RP2) produced
fertile flowers. It was self-pollinated to produce the S1 population
SER19001 (n = 7). When ploidy was tested, all seven individuals
from SER19001 had a ploidy ratio similar to that of the B. napus
OSR standard, Anastasia (PR ± SD = 0.138 ± 0.001), indicating
they had the desired allotetraploid genome AACC (Table 3).
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FIGURE 3 | Turnip yellows virus (TuYV) phenotyping of resynthesised allotetraploid AACC S1 population SER19001 alongside TuYV-resistant and -susceptible
B. rapa and B. oleracea lines. ABA15005a (B. rapa) (n = 3) and JWBo12a (B. oleracea) (n = 18) were the S1 populations TuYV-resistant parental lines of SER19001
(n = 5). R-o-18 (B. rapa) (n = 18) and DHSL150 (B. oleracea) (n = 12) were the TuYV-susceptible parental lines of the within-species mapping populations.
ABA15010 (B. rapa) (n = 17) and SEC17008 (B. oleracea) (n = 18) were the F1 populations. Two plants from each line were not challenged with TuYV and were used
as healthy controls. The mean healthy control value for each population is indicated ( ). Populations with mean ranks not significantly different from one another are
represented by the same lowercase letter (Dunn’s test with Bonferroni correction for multiple pairwise comparisons at significance level p = 0.05). (A) Enzyme-Linked
Immunosorbent Assay (ELISA) A405 values 4 weeks post TuYV challenge. The B. oleracea lines were not included in the statistical analysis at this time point.
(B) ELISA A405 values 11 weeks post TuYV challenge. Outliers are indicated by +.

Phenotyping Resynthesised Allotetraploid AACC
Plants for Turnip Yellows Virus Resistance
At four weeks post-challenge, TuYV titre in the B. oleracea
lines had not yet accumulated to detectable levels by TAS-ELISA
(Figure 3A). This did not occur until 11 weeks post-challenge
(Figure 3B). Therefore, the B. oleracea lines were omitted from
the statistical analyses carried out 4 weeks post-challenge. Of the
remaining four lines, the A405 values for R-o-18 (p < 0.001)
and SER19001 (p = 0.020) did not fit normal distributions,
despite transformations in, Shapiro–Wilk tests. Therefore, a
Kruskal–Wallis test was carried out, which showed that there
were significant differences in A405 values between the Brassica
lines, H(3) = 27.769, p < 0.001 (Figure 3A). Subsequent Dunn’s
pairwise comparisons with Bonferroni correction identified that
the S1 population of the TuYV-resistant B. rapa parental line
ABA15005a (mean rank = 2.00, n = 3) had a significantly lower
mean A405 rank than the TuYV-susceptible B. rapa line R-o-
18 (mean rank = 32.22, n = 18; p = 0.001). The resynthesised
allotetraploid AACC S1 population SER19001 (mean rank = 6.80,
n = 5) did not have a significantly different mean rank to
ABA15005a (p = 1.000), but it had a significantly lower mean rank

than R-o-18 (p < 0.001), indicating that TuYV resistance had
been successfully integrated into the population from one/both
of its parents. The B. rapa F1 population had an intermediate
range of A405 values compared to its parental lines. Its mean
rank (19.18, n = 17) was not significantly different from that
of the resistant parental line ABA15005a (p = 0.173) but was
significantly lower than the susceptible parental line R-o-18
(p = 0.013).

At 11 weeks post-challenge, the A405 values for JWBo12a
(p < 0.001), the B. oleracea F1 population (p = 0.016), and
SER19001 (p < 0.001) did not fit normal distributions despite
transformations in Shapiro–Wilk tests. A Kruskal–Wallis test was
carried out, which showed that there were significant differences
in A405 values between the Brassica lines, H(3) = 31.856,
p < 0.001 (Figure 3B). Subsequent Dunn’s pairwise comparisons
with Bonferroni correction identified that the S1 population of
the TuYV-resistant B. oleracea parental line JWBo12a (mean
rank = 16.69, n = 18) had a significantly lower mean A405
rank than the TuYV-susceptible B. oleracea line DHSL150 (mean
rank = 44.75, n = 12; p < 0.001). The resynthesised allotetraploid
AACC S1 population SER19001 (mean rank = 11.00, n = 5)
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did not have a significantly different mean rank to JWBo12a
(p = 1.000) but did have a significantly lower mean rank than
DHSL150 (p < 0.001). This confirmed that TuYV resistance had
been successfully integrated into the allotetraploid population
from one/both parents. Like the B. rapa F1 population, the
B. oleracea F1 population (mean rank = 29.92, n = 18) had an
intermediate range of A405 values relative to the parental lines. It
had a mean rank, which was significantly higher than that of the
resistant parental line JWBo12a (p = 0.048) but was significantly
lower than the susceptible parental line DHSL150 (p = 0.047).

Genotyping of Resynthesised Allotetraploid Plants
for Turnip Yellows Virus Resistance
As phenotyping of the resynthesised allotetraploid AACC
line SER19001 indicated that the population possessed TuYV
resistance from one/both of the diploid parental lines ABA15005
and JWBo12, individuals from SER19001 were genotyped with
informative SNP markers. Markers Bn-A02-7840077, Bn-A06-
18369013, and Bn-scaff_16082_1-p278297 positioned on or
closest to the peak LOD scores on chromosome A02, A06,
and C05, respectively, strongly segregated with resistance in the
mapping populations (Supplementary Table 1) and were used to
determine if resistance alleles had been introgressed from both
parents. The allotetraploid plants were homozygous for all these
resistance alleles (Table 4).

DISCUSSION

Aphid-borne TuYV is a widespread, yield-reducing pathogen
of oilseed and vegetable brassicas. Due to the evolution of
insecticide resistance in vectors and the neonicotinoid ban
in the EU (The European Commission [EC], 2013), it has
become necessary to exploit host resistance to control TuYV.
At present, there are only two sources of genetic resistance
to the virus in B. napus, and both have been mapped to co-
locating QTLs on chromosome A04 (Dreyer et al., 2001; Juergens
et al., 2010; Hackenberg et al., 2020). Here, we report the
characterisation and genetic mapping of new TuYV resistance
in B. rapa and B. oleracea and their successful introgression
into a B. napus line by resynthesis. This is the first B. napus
line to possess dual resistance to the virus in the A and C
Brassica genomes and the first report of resistance mapped
to the C genome.

Characterisation and Mapping of Turnip
Yellows Virus Resistance in B. rapa and
B. oleracea
Turnip yellows virus resistance was identified in B. rapa ssp.
pekinensis line ABA15005 and B. oleracea line JWBo12 and
mapped in segregating backcross populations. Individuals in
these populations showed a continuous spread of viral titres
(Figures 1A, 2A), suggesting that both the ABA15005 and
JWBo12 TuYV resistances were quantitative like previously
described resistances to TuYV in brassicas (Dreyer et al.,
2001; Hackenberg et al., 2020). Quantitative resistances tend
to be more durable than complete resistances, as they do

not exert strong pressure on pathogen evolution to virulence
(Corwin and Kliebenstein, 2017). To date, no complete forms
of TuYV resistance have been identified. The phenotypes and
presence of resistant individuals within the segregating backcross
populations indicate that both resistances are dominant and
quantitative. The majority of resistances characterised to other
members of the Solemoviridae, including to the type member
potato leafroll virus (PLRV), cucurbit aphid-borne yellows
virus (CABYV), and barley yellows dwarf virus (BYDV),
have also been described as quantitative and dominantly
inherited (Collins et al., 1996; Marczewski et al., 2001;
Kassem et al., 2015).

F1 individuals derived from ABA15005 and JWBo12
showed a range of viral titres intermediate to the TuYV-
resistant and -susceptible parental lines (Figure 3), suggesting
that the ABA15005 and JWBo12 resistances are partially
dominant/quantitative. Partial dominance can reduce the
power of QTL analysis when using backcross populations
as heterozygous individuals have intermediate phenotypes
compared to homozygous-resistant and -susceptible individuals,
whereas, with completely dominant resistance, heterozygotes
have the same phenotype as the homozygous-resistant
individuals. The B. oleracea resistance appeared to be more
dominant than the B. rapa resistance. To counteract the effect
of the weaker dominance on the analysis, a BC2 population,
which had undergone more genomic recombination compared
to a BC1 population, was used for QTL mapping in B. rapa.
The B. oleracea line JWBo12 took nearly 3 years to flower,
so it was only possible to produce a BC1 population for QTL
mapping. However, JWBo12 mapping was less affected by
partial dominance. It will be important for breeders to consider
the effect of partial dominance when they introgress TuYV
resistances from ABA15005 and JWBo12 into commercial OSR
types, as they will be less effective in F1 hybrids where only one
parent possesses the resistance.

For TuYV resistance originating from B. rapa line ABA15005,
a significant full two-QTL model was detected by both one- and
two-dimensional IM. This model involved positively interacting
QTLs, one on chromosome A02 (37.0–53.0 cM) and the other
on chromosome A06 (69.0–103.5 cM). The QTL on A02 and
A06 explained 23.1% and 17.2% of the phenotypic variation,
respectively (Figure 1B and Table 1). Combined, the QTLs
explained 40.3% of the phenotypic variation, a percentage similar
to those reported for the single-QTL TuYV resistances in “Yudal”
(36.0%) and “R54” (50.4%) (Dreyer et al., 2001; Hackenberg et al.,
2020). Based on the most recently annotated B. rapa Chiifu-
401-42 reference genome (NCBI: GCA_000309985.3), the QTL
interval on A02 is 6.9 Mbp in length and contains 1,052 genes,
and the QTL interval on A06 is 4.0 Mbp in length and contains
795 genes. An additional two-QTL model was identified by two-
dimensional IM, which involved the same QTL on A02 but a
different additive and non-interacting QTL on A06 at 18.6 cM,
which did not meet significance during one-dimension IM. This
suggests that TuYV resistance in ABA15005 is controlled by
two major QTLs on chromosomes A02 and A06, and that,
potentially, a third smaller contributing QTL at the beginning of
chromosome A06 might also contribute.
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TABLE 4 | Genotype of S1 individuals SER19.1–7 from population SER19001 derived from the interspecific cross of TuYV-resistant lines ABA15005a (B. rapa, individual
SE4.222) and JWBo12 (B. oleracea, individual DK1.134) and susceptible diploid B. rapa (R-o-18) and B. oleracea (DHSL150) plants at TuYV resistance-linked markers
identified from QTL mapping.

Plant individual Genome TuYV resistance
status

Genotype at TuYV-resistance linked marker (QTL position):

Bn-A02-p7840077
(chr. A02)

Bn-A06-p18369013
(chr. A06)

Bn-scaff_16082_1-
p278297 (chr.
C05)

SE4.222 AA Resistant A/A T/T –

R-o-18 AA Susceptible G/G C/C –

DK1.134 CC Resistant – – C/C

DHSL150 CC Susceptible – – A/A

SER19.1 AACC Resistant A/A T/T C/C

SER19.2 AACC Resistant A/A T/T C/C

SER19.3 AACC Resistant A/A T/T C/C

SER19.4 AACC Resistant A/A T/T C/C

SER19.5 AACC Resistant A/A T/T C/C

SER19.6 AACC Resistant A/A T/T C/C

SER19.7 AACC Resistant A/A T/T C/C

One-dimensional IM of TuYV resistance in B. oleracea line
JWBo12 detected two QTLs with overlapping 1.5 LOD intervals
on chromosome C05 (41.0–88.0 cM) (Figure 2B). Based on
the annotated B. oleracea TO1000 reference genome (NCBI:
GCA_000695525.1), the QTL interval on chromosome C05 is
37.0 Mbp in length and contains 3,773 genes. The first QTL
peak in the interval positioned at 43.7 cM explained 11.5% of
the phenotypic variation, and the second, positioned relatively
closely at 81.4 cM, explained 10.6% (Table 1). However, no
significant two-QTL models were detected by two-dimensional
IM to support the findings of the one-dimensional IM. The
double QTL peak observed could be an artefact of a reduced call
rate of 98.9% for markers in the QTL interval compared to the
average call rate of 99.5% for all markers in the analysis. This,
in turn, could have led to reduced QTL detection power in the
region. It could also be a result of the incorrect linkage assembly
and/or structural variation, although there was no evidence of
this when inspecting the pairwise comparisons of recombination
fractions and LOD scores (Supplementary Figure 7), and the
marker order in the linkage map corresponded to the physical
order of markers in the Brassica C pangenome (He et al., 2015).
The backcross population used for mapping TuYV resistance in
JWBo12 showed a continuous distribution of viral titres and not
the 1:1 segregation expected for a single completely dominant
QTL (Figure 2A). This may be due to the quantitative nature
and partial dominance of the resistance but may also have
been influenced by environmental conditions at the time of the
experiment and/or the influence of minor contributing QTLs
that did not reach the significance threshold in the analyses.
A similar, continuous range of viral titres was also seen in the
backcross population used to map TuYV resistance in ABA15005
(Figure 1A), which was shown to be controlled by multiple QTLs.
A QTL on chromosome C05 had been previously detected when
mapping the “Yudal” resistance, but this QTL had only a minor
influence on the trait (Hackenberg et al., 2020). Therefore, the

resistance in JWBo12 is the first characterised and mapped major
TuYV resistance QTL in the Brassica C genome. In addition
to exploiting this resistance in OSR, it can also be exploited in
vegetable brassicas, where the virus has been reported to reduce
yields by as much as 65% in Brussels sprouts (Walsh et al., 2011).

Introgression of Novel Turnip Yellows
Virus Resistances Into B. napus
An allotetraploid AACC line was successfully resynthesised from
the interspecific cross between the two TuYV-resistant lines
ABA15005 (B. rapa) and JWBo12 (B. oleracea). The interspecific
cross was more efficient when the B. rapa line was the female
parent (7.4 ovules/siliqua) compared to when it was the male
parent (0.7 ovules/siliqua). It has been suggested that the most
efficient interspecific crosses are those where the female parent
of the cross is the one with the greatest number of chromosomes
(Mohammad and Sikka, 1940; Lu et al., 2001; Malek et al., 2012),
which was the case here. Previously, much higher but broad-
ranging B. napus resynthesis efficiencies have been reported
than those in this study (Lu et al., 2001; Zhang et al., 2004;
Malek et al., 2012). This is likely a result of the compatibility
of the specific parental genotypes used in the interspecific
crosses. It could also be a result of differences in the tissue
culture methods used. In total, three plantlets (RP1–RP3) were
regenerated from the interspecific cross between ABA15005 and
JWBo12, and from these, 12 cuttings (C1–C12) were taken
and treated with colchicine. Ploidy testing of the regenerated
plantlets and cuttings identified that they were true AC hybrids
and mixoploid (1–16 × AC) (Table 2); to stabilise ploidy,
plants were self-pollinated. Only one cutting produced fertile
flowers, which were subsequently self-pollinated to produce
the resynthesised allotetraploid AACC S1 population SER19001.
Individuals from this population had the allotetraploid genome
AACC (Table 3). Other cuttings were sterile, probably due
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to failure in chromosome multiplication; hybrids possessing a
diploid AC genome have been reported to be 99–100% sterile
(Malek et al., 2012).

When phenotyped at four and 11 weeks post-challenge with
viruliferous aphids, the resynthesised allotetraploid AACC S1
population SER19001 was shown to be uniformly resistant to
TuYV. There were no significant differences in the strength
of resistances between SER19001 and S1 populations of its
diploid-resistant parental lines ABA15005a and JWBo12a, and
it had significantly lower viral titres than the susceptible
B. rapa and B. oleracea control lines (Figure 3). Subsequent
genotyping of SER19001 with TuYV resistance-linked markers
identified from QTL mapping in the progenitor species
suggested that resistance had been successfully introgressed
from both parental lines, making SER19001 the first B. napus
population to possess dual resistance to TuYV in the A and
C genomes. Although the phenotyping results suggest that
possessing dual resistance may be no stronger, in terms of
reducing viral titre, than the single resistances in ABA15005
and JWBo12, it is likely to be more durable; having dual
or “stacked” resistance is likely to reduce the evolutionary
pressure for resistance-breaking isolates of TuYV compared to
a single resistance.

Conclusion and Future Study
In conclusion, novel TuYV resistances have successfully been
mapped in B. rapa and B. oleracea and introgressed into the
an allotetraploid AACC line by resynthesis. This will help
to broaden and improve the very limited TuYV resistance
base in OSR. The resynthesised allotetraploid AACC line
is the first to possess dual resistance to the virus from
both the A and C genomes. Going forward, fine mapping
in the progenitor species will help identify markers that
are more closely linked to TuYV resistance. In turn, these
markers can be used to introgress the resistances into
commercial OSR and vegetable brassica types by marker-
assisted selection. Fine mapping will also help narrow down
the list of candidate TuYV resistance genes. As, currently,
no resistance genes have been identified to TuYV or any
other members of the Solemoviridae family. Whilst the new
resistances provide protection against an isolate of TuYV
belonging to the most abundant phylogenetic group, it
is still to be seen whether they will provide protection
against other strains of the virus and how they compare
in strength and durability to existing commercial resistances,
individually and combined.
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Plasmodiophora brassicae, an obligate biotrophic pathogen-causing clubroot disease,
can seriously affect Brassica crops worldwide, especially Chinese cabbage.
Understanding the transcriptome and metabolome profiling changes during the infection
of P. brassicae will provide key insights in understanding the defense mechanism
in Brassica crops. In this study, we estimated the phytohormones using targeted
metabolome assays and transcriptomic changes using RNA sequencing (RNA-seq)
in the roots of resistant (BrT24) and susceptible (Y510-9) plants at 0, 3, 9, and
20 days after inoculation (DAI) with P. brassicae. Differentially expressed genes (DEGs) in
resistant vs. susceptible lines across different time points were identified. The weighted
gene co-expression network analysis of the DEGs revealed six pathways including
“Plant–pathogen interaction” and “Plant hormone signal transduction” and 15 hub
genes including pathogenic type III effector avirulence factor gene (RIN4) and auxin-
responsive protein (IAA16) to be involved in plants immune response. Inhibition of
Indoleacetic acid, cytokinin, jasmonate acid, and salicylic acid contents and changes
in related gene expression in R-line may play important roles in regulation of clubroot
resistance (CR). Based on the combined metabolome profiling and hormone-related
transcriptomic responses, we propose a general model of hormone-mediated defense
mechanism. This study definitely enhances our current understanding and paves the
way for improving CR in Brassica rapa.

Keywords: clubroot resistance, RNA-seq, phytohormone, metabolome profiling, Brassica rapa L., P. brassicae

INTRODUCTION

Clubroot is a soil-borne disease caused by Plasmodiophora brassicae, an obligate biotrophic protist
that specifically infects cultivated and wild species of Brassicaceae family, including Chinese
cabbage, cabbage, radish, cauliflower, and mustard, etc. (Howard et al., 2010). During infection,
P. brassicae initially infects root hairs followed by the root cortex leading to root swelling and
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formation of gall. These galls hinder the uptake of water and
nutrients, and result in abnormal shoot growth (Kageyama and
Asano, 2009). The dormant spores of P. brassicae are highly
persistent and may remain infectious in the soil for up to 20 years
(Dixon, 2009; Kageyama and Asano, 2009). This disease causes
serious damage to crop quality and yield resulting in a global yield
loss of 10–15% in Brassicaceae plants (Dixon, 2009). In recent
years, the incidence of clubroot disease is gradually increasing in
China, with the southwest, northeast, and central regions being
seriously affected (Zhu et al., 2019).

The initial defense of the plant against pathogens is manifested
by physical (such as cell wall, cuticle, waxy layer, and xylogen,
etc.) or chemical barriers [such as phenols, saponins, and
glucosinolates (GSLs), etc.]. Once the above defense is breached,
plants activate pathogen-associated molecular pattern (PAMP)-
triggered immunity (PTI) system immediately. PTI consists of
recognition and inhibition of PAMPs by pattern recognition
receptors (PRRs) localized on the plasma membrane (Jones
and Dangl, 2006). Pathogens can suppress PTI by secreting
effectors into host cells leading to the activation of effector-
triggered immunity (ETI). ETI is mediated by intracellular
receptors encoded by plant disease resistance genes (R genes)
that recognize the effector proteins and subsequently activate
downstream immune responses to prevent pathogen infection
(Sagi et al., 2017). Profiling the transcriptional changes and
hormone signaling during these PTI and ETI is crucial for
understanding the defense responses of plants against the
pathogen (Moore et al., 2011).

In recent years, several “-omics” studies have focused on
understanding the molecular mechanisms of clubroot resistance
(CR) (Jia et al., 2017; Fu et al., 2019; Ning et al., 2019; Summanwar
et al., 2021; Yuan et al., 2021). In Brassica, several studies
indicated that the genes involved in cell-wall modification, SA
signal transduction, phytoalexin synthesis, chitinase synthesis,
Ca2+ signaling, reactive oxygen gene activation, the signaling
metabolism of jasmonate and ethylene (ET), defensive deposition
of callose, and the biosynthesis of indole-containing compounds
were all significantly upregulated in clubroot-resistant plants
(Devos et al., 2006; Chu et al., 2014; Zhang et al., 2016; Li
et al., 2019; Zhou et al., 2020). A recent research showed that
phenylpropanoid pathway was instrumental in resistance to
clubroot disease progression in resistant line (Irani et al., 2019).

The mechanism of stress response in plants is highly intricate
and requires several integrated pathways to be activated in
response to external stresses. Because of the complex interactions
among various plant hormones and their ability to control
a wide range of physiological processes, they serve as the
key endogenous factors in mediating plant stress response.
Schuller et al. (2014) studied the role of auxin, cytokinin
(CTK), and brassinosteroid (BR) signaling and metabolism in the
clubroot development based on transcriptomic analysis and laser
microdissection of Arabidopsis roots. Signaling and metabolic
activity of jasmonate acid (JA) and ET were significantly
upregulated in resistant lines compared to the susceptible lines at
15 days post-inoculation, whereas no increase in the expression of
the genes involved in salicylic acid (SA) metabolism and signaling
pathways were detected (Chu et al., 2014). Active CTKs and

auxin were found to be elevated in both leaves and roots of
infected plants, and applications of SA and JA were found to
diminish and promote gall formation, respectively, in Brassica
napus (Prerostova et al., 2018). It was found that abscisic acid
(ABA) and ABA response-related genes, RAB18, RD20, and RD22
accumulate in response to dehydration which may be involved in
wilting of leaves in the later stages of the disease (Devos et al.,
2005; Siemens et al., 2006).

In Brassica rapa, the transcriptomic and metabolomic changes
during clubroot disease are not yet to be completely understood.
Here, we study the changes in the metabolome profiling and
hormone-related transcriptomic at different stages of clubroot
development in the contrastingly resistant B. rapa genotypes. Our
results provide new insights into the root transcriptome- and
phytohormone-mediated defense responses at different stages of
clubroot disease in B. rapa.

MATERIALS AND METHODS

Plant Materials and Plasmodiophora
brassicae Inoculum
The two B. rapa accessions, BrT24 (resistant, R-line) and
Y510-9 (susceptible, S-line) having contrasting resistance to
P. brassicae were obtained from the Institute of Horticulture,
Henan Academy of Agricultural Sciences, China. The P. brassicae
strain used in this study was collected from clubroot of B. rapa
in Xinye County, Henan Province, China and identified as race
4 by the Williams system (Yuan et al., 2017). The P. brassicae
spore suspension, diluted to 1 × 107/ml was used as inoculum
(Luo et al., 2014).

The seeds of R- and S-lines were germinated on wet filter
paper followed by transplanting into 50-well plastic trays and
incubating at a temperature of 25◦C/20◦C and photoperiod of
16 h/8 h (light/dark). After 20 days, each well was inoculated
with 20 ml of P. brassicae solution with the control group
receiving 20 ml of sterile water. Root samples were collected
on four different time points representing four stages of
disease development namely, before inoculation (0 days after
inoculation, DAI), at the time of cortex infection (3 DAI), early
onset (9 DAI), and later stage (20 DAI) of the disease.

Microscopic Observation
For microscopic observation, the fresh tissue was fixed with fixed
liquid for more than 36 h. The tissue was removed from the fixed
liquid and trimmed with a scalpel in the ventilation cupboard;
the trimmed tissue and the label were placed in the dehydration
box; and the dehydration box was put into the dehydrator in
order to dehydrate with gradient alcohol. The wax-soaked tissue
was embedded in the embedding machine. Finally, placed the
trimmed tissue wax block on the freezing table to cool at −20◦C
and sliced the modified tissue chip wax block on the paraffin slicer
(with slice thickness: 4 µm). The tissue was flattened when the
slice floated on the 40◦C warm water of the spreading machine,
and the tissue was picked up by the glass slides and baked in the
oven at 60◦C. After the water-baked dried wax was melted, it was
taken out and stored at room temperature.
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Toluidine blue staining was performed according to the
following procedure: the slices were kept in xylene I for
20 min and in xylene II for 20 min. Then, they were kept
in 100% ethanol I—100% ethanol II–75% ethanol, each step
took around 5 min, and rinsed with tap water. Then the plant
tissue slices were treated with toluidine blue for 2–5 min and
rinsed with tap water. Then they were microscopically inspected,
and according to the color of the tissues, checked for their
differentiation. After tap water wash, they were dried in the
oven. Finally, they were kept in xylene for 10 min, sealed
with neutral gum, and followed microscope inspection, image
acquisition, and analysis.

RNA Extraction and Construction of
cDNA Library
The RNA extraction and sequencing was performed by Beijing
Biomarker Biotechnology Co., Ltd., Beijing, China. There, the
RNA samples were assessed by 1% agarose gel electrophoresis
for RNA degradation and impurities, Nanodrop 2000 for RNA
purity and concentration, and Agilent 2100 RNA 6000 Nano
Kit for RNA integrity (Agilent, Santa Clara, CA, United States).
The Ribo-Zero rRNA Removal Kit (Epicentre, Madison, WI,
United States) was used to remove rRNA. Sequencing libraries
were generated using NEBNext UltraTM RNA Library Prep
Kit for Illumina R© [New England Biolabs (NEB), Ipswich,
MA, United States] following the recommendations of the
manufacturer, and index codes were added to attribute sequences
to each sample. mRNA was purified from total RNA using poly-
T oligo-attached magnetic beads. Fragmentation was carried
out using divalent cations under elevated temperature in
NEBNext First-Strand Synthesis Reaction Buffer (5×. First-
strand cDNA was synthesized using random hexamer primer and
M-MuLV Reverse Transcriptase). Second-strand cDNA synthesis
was subsequently performed using DNA Polymerase I and
RNase H. Remaining overhangs were converted into blunt ends
via exonuclease/polymerase activities. After adenylation of 3′
ends of DNA fragments, NEBNext Adaptor with hairpin loop
structure was ligated to prepare for hybridization. In order
to select cDNA fragments, preferentially of 240 bp in length,
the library fragments were purified with AMPure XP system
(Beckman Coulter, Beverly, MA, United States). About 3 µl
USER Enzyme (NEB) was used with size-selected, adaptor-
ligated cDNA at 37◦C for 15 min followed by 5 min at 95◦C
before PCR. PCR was performed with Phusion High-Fidelity
DNA polymerase, Universal PCR primers and Index (X) Primer.
Finally, PCR products were purified (AMPure XP system)
and library quality was assessed on the Agilent Bioanalyzer
2100 system.

RNA Sequencing, Data Preprocessing,
and Analysis
Sequencing was done using the Illumina HiSeqTM 2500 platform
for paired-end sequencing. The raw data were cleaned by
removing the adapter sequence, N-sequence, and low-quality
reads. Then, Q20, Q30, GC contents, and sequence repetition
levels were calculated. The obtained clean data were then

compared with the reference genome of Chinese cabbage
(version 1.5).1 Gene expression levels were estimated by
fragments per kilobase of transcript per million fragments
mapped (FPKM) (Florea et al., 2013). Differential expression
analysis of two samples was performed using the edgeR (Wang
et al., 2009). The false discovery rate (FDR) of <0.01 and
fold change of ≥2 was set as the threshold for determining
significant differential expression. The raw reads were further
processed with a bioinformatic pipeline tool, BMKCloud.2

Co-expression network analysis using WGCNA version 1.61
software package in R software (Langfelder and Horvath, 2008).
The interaction network of hub-genes in module was visualized
using Cytoscape 3.7.1.

Quantification of Phytohormone
The samples were ground with liquid nitrogen. About 80± 5 mg
of finely ground samples were then taken in a 2-ml centrifuge
tube prior to adding 50 µl of internal standard solution and
1 ml of acetonitrile aqueous solution (1% FA). The mixtures were
mixed well by shaking for 2 min and left for 12 h at 4◦C in
the dark for extraction. After that the samples were centrifuged
at 14,000 × g for 10 min, and 800 µl of the supernatant were
blow dried with nitrogen prior to reconstituting with 200 µl
of acetonitrile water (1:1, v/v). This was further centrifuged at
14,000 × g for 10 min, and the supernatant was taken for
analysis. The samples were separated by Agilent 1290 Infinity
LC ultra-high-performance liquid chromatography system and
analyzed by mass spectrometry. Selective reaction/multiple
reaction monitoring (MRM) technology mode was used to detect
the ion pair to be tested. Data processing and analysis were
conducted using the Thermo Scientific Xcalibur 2.1 software
package (Thermo Fisher Scientific, San Jose, CA, United States).
The contents of plant hormones in the samples were estimated
based on the standard curve.

RESULTS AND DISCUSSION

Phenotypic and Cytological Observation
of R- and S-Lines
Upon inoculation, no obvious clubroot symptom was observed
in both the R-line “BrT24” and S- line “Y510-9” till 9 DAI.
At 20 DAI, conspicuous irregular swelling was observed in
the roots of S-line, whereas no signs of swelling were found
in the roots of R-line (Figure 1). These results indicate
that clubroot develops more rapidly and severely on the
susceptible genotype.

Cross sections of paraffin-embedded roots indicate no obvious
changes in the S- and R-lines at 3 DAI (Figures 2B,b) and
there is no significant change compared with the uninoculated
period (Figures 2A,a). At 9 DAI, irregularly enlarged and
squeezed cells are observed in the roots of S-line (Figure 2C),
whereas in the R-line, the root cells were not compressed or
deformed (Figure 2C). At 20 DAI, S-line was severely infected by

1http://brassicadb.cn/#/Download/
2http://www.biocloud.net
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FIGURE 1 | Clubroot symptoms in the roots of S- and R-lines at 0, 3, 9, and 20 days after inoculation (DAI) with race 4 strain of Plasmodiophora brassicae.

P. brassicae, R-line was slightly infested, and there is no obvious
cell swelling and squeezing in R-line (Figure 2d). However, in
S-line, the enlarged cells contain a large number of dormant
spores, the root cortex cells are compressed by the enlarged cells,
and the deformed cells are arranged disorderly (Figure 2D).

Overview of the Transcriptome Profiles in
R- and S-Lines at Different Time Points
A total of 24 libraries from the three replicates of the root RNA
samples of R- and S-line at 0, 3, 9, and 20 DAI were constructed
and analyzed. A total of 291.23 Gb clean data (10.42 Gb per
sample) was obtained. The Q30 values were all above 94.64%,
indicating that the quality and accuracy of sequencing data
were sufficient for subsequent analyses (Supplementary Table 1).
Principal component analysis (PCA) plot of gene expression
levels of the samples of R-line indicated that samples of 3, 9, and
20 DAI clustered far from the samples of 0 DAI (separated by
PC1). In S-line, the samples of 0, 3, and 9 DAI were clustered far
from the samples of 20 DAI (separated by PC1). This indicated
that the S-line did not respond promptly to the root disease on
the 3 and 9 DAI (Figure 3A).

A total of 41,087 transcripts were detected across all
samples (Supplementary Table 2). Compared to 0 DAI,
at 3 DAI, 3507, and 3,362 genes were upregulated and
downregulated, respectively, in R-line, whereas 2,204 and 2,356
genes were upregulated and downregulated, respectively, in
S-line (Figure 3B). At 9 DAI, 3,912 genes were upregulated, and
4,151 genes were downregulated in R-line, whereas only 3,045
genes were upregulated and 2,843 genes were downregulated in
S-line. At 20 DAI, 3,880 and 3,660 genes were upregulated and
downregulated in R-line, whereas 3,558 and 4,866 genes were
upregulated and downregulated in S-line (Figure 3B). The FPKM
values of the genes are shown in Supplementary Table 3.

Overall, the change of gene expression patterns of 12 selected
differentially expressed genes (DEGs) (Supplementary Table 4)
were examined by quantitative real-time PCR (qRT-PCR) to
validate the RNA-seq results. The high correlation coefficients

of log2 fold changes obtained from RNA-seq and qRT-PCR
results suggested that the RNA-seq data in this study is reliable
(Supplementary Figure 1).

Contrasting Patterns of Gene Expression
Between R- Versus S-Line at the Same
Time Point
The genes that are contrastingly expressed in R- and S-lines may
play key roles in plants responses toward P. Brassicae infection.
Genes downregulated in R-line and upregulated in S-line could
be susceptibility factors, whereas genes upregulated in R-line and
downregulated in S-line could be involved in resistance. Such
genes are good candidates for gene editing-based mutagenesis to
either validate gene function or increase host resistance.

At 3 DAI, 29 genes were significantly downregulated in
R-line but upregulated in S-line. On the contrary, 60 genes
were upregulated in R-line and downregulated in S-line at
3 DAI (Supplementary Figure 2A). At 9 DAI, 30 genes were
upregulated in the S-line and downregulated in R-line, 35 genes
were upregulated in R-line and downregulated in S-line at
9 DAI (Supplementary Figure 2B). At 20 DAI, 209 genes were
upregulated in S-line and downregulated in R-line, 868 genes
were upregulated in R-line and downregulated in S-line at 20 DAI
(Supplementary Figure 2C).

Relative Differentially Expressed Genes
Between R- and S-Lines
In order to exclude the background difference between resistant
and susceptible materials, we analyzed the relative transcriptional
changes over time. In R- or S-lines, DEGs at 3, 9, and 20 DAI
were identified by comparing the expression levels at 3 DAI with
those at 0 DAI, the level at 9 DAI with those at 3 DAI, and the
level at 20 DAI with those at 9 DAI (Supplementary Figure 3A).
In R-line, 3,507, 1,119, and 136 DEGs were upregulated, and
3,362, 1,391, and 67 DEG were downregulated at 3, 9, and
20 DAI, respectively. In S-line, 2,204, 1,285, and 2,648 DEGs were
upregulated, and 2,356, 589, and 4,549 DEGs were downregulated
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FIGURE 2 | Cross sections (4 µm thick) of paraffin embedded roots of S-line (A–D) and R-line (a–d) at 0, 3, 9, and 20 DAI, respectively. Bar = 50 cm. DAI, days after
inoculation.

at 3, 9, and 20 DAI, respectively (Supplementary Figure 3A).
Compared with S-line, 2,475, 2,182, and 4,292 relative DEGs
were identified in R-line at 3, 9, and 20 DAI, respectively
(Supplementary Figure 3B). The above results indicate that the
number of DEGs in 3 DAI of R-line is relatively large compared
with other time points, indicating that 3 DAI is the key time point
for R-line to respond to clubroot. It also indicates that the R-line
activates the defensive response earlier compared to that of S-line.

Weighted Gene Co-expression Network
Analysis
The weighted gene co-expression network analysis (WGCNA)
of 6,092 valid genes (Supplementary Table 3) was carried out.
The genes were assigned into 10 distinct modules (Figure 4A).
A module is a cluster of highly interconnected genes with similar
expression changes in a physiological process. The modules
were then associated with each of the samples, which identified
seven modules namely, blue, darkgray, darkorange, greenyellow,
darkgreen, tan, and brown to be highly correlated with R- or
S-line (Figures 4B,C). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis of these seven modules
revealed that the genes of three modules (blue, darkgray,
and greenyellow) highly significantly enriched six pathways
namely, Plant–pathogen interaction, Plant hormone signal
transduction, Phenylalanine metabolism, Phenylpropanoid
biosynthesis, Taurine and hypotaurine metabolism and Nitrogen
metabolism (Table 1).

Gene interaction network analysis of the genes of these three
modules was done using Cytoscape 3.7.1, which revealed a
total of 15 hub genes (Figures 5A–C and Table 2). Among
these, the notable genes include cleavage site for pathogenic
type III effector avirulence factor avr 4 (RIN4), auxin-responsive
protein gene (IAA16) of plant hormone signal transduction
pathway, universal stress protein family (Bra019995), peroxidase
44 (PER44) under phenylpropanoid biosynthesis pathway,

protein detoxification 9 (DTX9) gene, HSF-type DNA-binding
gene (HSFA6b), probable E3 ubiquitin-protein ligase (ARI16),
b-cell receptor-associated 31-like protein (Bra001681), glutamate
decarboxylase 1 (GAD1), glutamate decarboxylase 2 (GAD2),
and s-adenosylmethionine synthetase (SAMS3) in cysteine and
methionine metabolism, carbohydrate-binding protein of the ER
(SIRK), and Brassica_rapa_new Gene_17466.

RIN4 is a negative regulator of PTI, since it interacts
with Pseudomonas syringae type III effector molecules, and its
overexpression has been shown to increase PAMP-triggered
cell wall thickening in Arabidopsis (Mackey et al., 2002; Hou
et al., 2011). This RIN4 may have a similar role in CR in
B. rapa. IAA16 promotes root responsiveness to ABA and is
involved with growth of roots, cotyledons, and hypocotyls of
Arabidopsis seedlings (Schmid et al., 2005; Rinaldi et al., 2012).
Peroxidase-generated apoplastic reactive oxygen species (ROS)
were found to compromise cuticle integrity and contribute to
damage-associated molecular pattern (DAMP)-elicited defenses
in Arabidopsis. It will be interesting to investigate in future if
PER44 and another detoxification-related gene, DTX9, identified
as hub genes in our study, have any roles in resistance
against CR (Mantas et al., 2016). Overexpression of glutamate
decarboxylase conferred resistance to the northern root-knot
nematode in tobacco (Mantas et al., 2016). The two hub
glutamate decarboxylase genes, GAD1 and GAD2, identified in
our study, may have similar roles against clubroot. Overall, these
hub genes may play pivotal roles in conferring resistance against
clubroot disease in B. rapa.

Functional Enrichment Analyses of
Differentially Expressed Genes
The KEGG enrichment analyses of the upregulated and
downregulated DEGs in R- and S-lines (Supplementary
Figure 4), contrasting DEGs between R- and S-lines
(Supplementary Figure 2) and the seven modular genes
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FIGURE 3 | Overview of the transcriptomic responses in the roots of Brassica rapa upon inoculation with P. brassicae. PCA plots of the RNA-seq-derived
transcriptomic responses (A) and numbers of significantly differentially expressed transcripts (B) in R-line and S-line at 0, 3, 9, and 20 DAI. DAI, days after
inoculation; PCA, principal component analysis.

(Table 1), were conducted to understand the biological
mechanisms of CR. The key significantly enriched pathways of
all these KEGG enrichment analyses are summarized in Figure 6
and the list of genes under each significant KEGG pathways are
shown in Supplementary Table 5.

Overview of all the significantly enriched KEGG pathways
revealed that the plant hormone signal transduction pathway is
only enriched by the upregulated genes of R-line at 3 DAI (but
not at 9 and 20 DAI). Contrastingly, this pathway was enriched
by the downregulated genes of 9 and 20 DAI in R-line and all
time points in S-line. This contrasting signal transduction in R-
vs. S-lines clearly indicates that hormone signal transduction was
activated and thereby, plants immune responses were initiated
at an earlier stage of infection in R-line. Besides, enrichment of
the pathway by upregulated DEGs of R-line and downregulated
DEGs of S-line at 9 and 20 DAI indicate that hormone signaling
based immune response is still in operation in R-line which is
absent in S-line. This is also evident from the enrichment of the

plant–pathogen interaction pathway by the upregulated DEGs
at all time-points in R-line whereas only by the upregulated
DEGs at 3 DAI in S-line. This indicates that plants interaction
with the pathogen is occurring at all times in R-line whereas
this immune response is inhibited at later time points in S-line.
To exclude the background difference, we performed the KEGG
enrichment analysis of the relatively DEGs. For relative DEGs, the
genes involved in CR regulation are indeed enriched in plant–
pathogen interaction, plant hormone signal transduction, and
phenylpropanoid biosynthesis (data not shown).

Brassinosteroid biosynthesis and Zeatin biosynthesis were
enriched by the downregulated DEGs of R-line at different
time points. These pathways were not enriched by the
up- or downregulated DEGs of S-line. Isoquinoline alkaloid
biosynthesis is only significantly enriched in genes that are
upregulated in R-line and downregulated in S-line by 3 DAI.

Contrastingly, glyoxylate and dicarboxylate metabolism
pathway is enriched by the downregulated DEGs of S-line
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FIGURE 4 | Weighted gene co-expression network analysis (WGCNA) of the relative DEGs in the R- and S-lines at 0, 3, 9, and 20 DAI. (A) Average linkage
hierarchical clustering dendogram of the genes. Modules, designated by color code, are the branches of the clustering tree. (B) Eigengene adjacency heatmap of
each module representing the correlation between the modules. (C) Correlation analysis between module and P. brassicae infected samples of R- and S-lines. The
number on each cell is the correlation coefficient between each module gene and infected sample, and the number below is the corresponding p-value. DAI, days
after inoculation; DEG, differentially expressed gene.

at initial stages of infection, and GSL biosynthesis is only
enriched by the downregulated DEGs of S-line at a later
stage of infection. Glyoxylate and dicarboxylate metabolism
is known to play important functions in the detoxification
during stress and contribute to redox balance in plants
(Allan et al., 2009). GSLs, a group of sulfur-containing plant
secondary metabolites found in the cruciferous family, play
an important role in the resistance of Brassica root disease
(Ludwig-Müller et al., 2009; Zhang et al., 2016; Li et al.,
2019).

Upregulated DEGs (at all time points) of both R- and
S-lines are enriched in glutathione metabolism pathway,
whereas phenylpropanoid biosynthesis, phenylalanine
metabolism, and phenylalanine, tyrosine, and tryptophan
biosynthesis pathways were enriched by the upregulated
DEGs of all time points in R-line and by the upregulated
DEGs of initial time points and downregulated DEGs of later
time points in S-line (Figure 6). This indicates that these
pathways can increase the resistance during the secondary
infection process of clubroot. A similar observation was also
observed by Irani et al. (2019).

Response of Phytohormone-Related
Genes and Hormone Contents to
Plasmodiophora brassicae in Different
Periods
The pathway enrichment analysis of DEGs showed that
“Plant hormone signal transduction,” “Alanine, aspartate and
glutamate metabolism,” and “Phenylpropanoid biosynthesis”
pathways are involved in the immune response to P. brassicae.
Phytohormones play an important role in the different growth
and development processes of plants and various biotic
and abiotic stress responses. Early studies have shown that
different pathogens infect plants can cause changes in the
levels of different phytohormones (Adie et al., 2007; Robert-
Seilaniantz et al., 2007). In order to further explore the
role of plant hormones in defense against P. brassicae, we
quantified the contents of phytohormone and examined
the changes in expression of genes of related pathways in
the contrastingly resistant lines at different time points
after inoculation, which is discussed thoroughly in the
following section.
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TABLE 1 | Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the genes of seven modules that were significantly associated with R- or S-line in
weighted gene co-expression network analysis (WGCNA) revealed the significantly enriched pathways.

Module ko_id Description p-Value Associated sample

Blue ko00360 Phenylalanine metabolism* 1.33E-06 R3d, R9d, and R20d

ko00940 Phenylpropanoid biosynthesis* 5.31E-06

ko04626 Plant–pathogen interaction* 9.85E-06

ko00430 Taurine and hypotaurine metabolism* 9.99E-05

Darkgray ko04075 Plant hormone signal transduction* 0.000138234 R3d

ko00410 beta-Alanine metabolism 0.000676243

ko00561 Glycerolipid metabolism 0.003039608

Darkorange ko00591 Linoleic acid metabolism 0.001143633 S9d

ko00650 Butanoate metabolism 0.004553007

ko00250 Alanine, aspartate and glutamate metabolism 0.025391

Greenyellow ko00940 Phenylpropanoid biosynthesis* 2.82E-07 S9d

ko00910 Nitrogen metabolism* 0.000527024

ko04626 Plant–pathogen interaction* 0.008774838

ko00960 Tropane, piperidine, and pyridine alkaloid biosynthesis 0.045914204

ko00220 Arginine biosynthesis 0.380775512

Darkgreen ko04144 Endocytosis 0.028533145 S3d

Tan ko00480 Glutathione metabolism 1.34E-05 S20d

Brown ko00910 Nitrogen metabolism 0.009827585 S20d

ko00600 Sphingolipid metabolism 0.012087052

The six highly significantly enriched pathways are indicated with an asterisk (*). KEGG, Kyoto Encyclopedia of Genes and Genomes.

Auxin Responsive Protein Gene and Cytokinin Play
Key Roles in the Formation of Clubroot in S-Line and
Are Inhibited in Mid- and Later Stages of Infection in
R-Line
In the later stages of clubroot infection, the S-line increases
the rate of cell division in roots leading to hypertrophy of the
infected roots. Subsequently, P. brassicae grows, and the host
cell enlarges accordingly. Cell division is known to be influenced
by auxin and CTK (Siemens et al., 2006). Cell enlargement, on
the other hand, is only related to higher level of auxin (Grsic-
Rausch et al., 2000; Devos et al., 2005; Päsold et al., 2010).
Several studies have shown that auxin increases promote plant
disease symptoms, and blocking the auxin response has been
shown to increase plant resistance (Yamada, 1993; Chen et al.,
2007; Dong et al., 2007; Navarro et al., 2016). In our study,
the Indoleacetic acid (IAA) content increased significantly in
R-line at 3 DAI but decreased significantly in S-line compared to
respective uninoculated plants (Figure 7A). At 9 and 20 DAI, the
IAA content decreased significantly in R-line and decreased in
S-line at 9 DAI (Figure 7A), but increased at 20 DAI, indicating
that IAA played an important role in the formation of plant root
galls in S-line. On the other hand, the decrease of IAA content
with the increase of infection period may have an inhibitory effect
on the disease in R-line.

The transcriptome sequence data clearly show that most
of IAA pathway-related genes were upregulated in R-line at
3 DAI (e.g., IAA16, SAUR32, ARR12, and LAX2) and were
downregulated at 9 and 20 DAI (Figure 8A). Previous studies
have shown that the auxin conjugate synthetases (GH3) gene is
upregulated when the auxin level is higher (Jahn et al., 2013).
This gene can regulate IAA homeostasis, thereby contributing
to plant disease symptoms to a certain extent (Ludwig-Muller,

2014). In addition, the auxin binding protein 1 (ABP1) reduces
the symptoms of P. brassicae through the activation of potassium
channels (Jahn et al., 2013). In our study, most of the genes of
the GH3 family were downregulated during clubroot infection
in the R-line and upregulated in the S-line (Figure 8A), but
most of them are upregulated in R-line compared to the S-line
(Unpublished data). Two different classes of auxin receptors, the
TIR family and ABP1 in B. rapa except for one copy of TIR1
are upregulated in R-line, most of them are downregulated in
R-line (Figure 8A).

The quantitative measurements of CTKs indicated that
isopentenyladenine (iP) were the major active CTKs found in
both uninfected and infected tissues. The content of iP did not
show much variation in the control and infected tissues of R-
and S-lines (Figure 7B). The contents of trans-zeatin (tZ), cis
zeatin (cZ), trans-zeatin riboside (tZR), N6-isopentenyladenosine
(iPR), and cis-zeatin riboside (cZR) significantly increased at
3 DAI, which then significantly decreased at 9 and 20 DAI
compared to respective control samples in R-line (Figure 7B).
The overall pattern was very clearly repressive as the majority
of CTK metabolites showed significant reductions in expression
in infected tissue. Bishopp et al. (2011) found that the
concentration of active CTKs, CTK ribosides, and N-glucosides
was significantly reduced at both 16 and 26 DPI, and the
reduction in tZ was much greater than iP at 16 DPI. This is
consistent with acropetal tZ transport via the xylem and basipetal
iP transport via the phloem. The impact on tZ is likely to have
been greater as xylogenesis is strongly repressed in the root
during gall formation. Devos et al. (2005) also found increased
zeatin content in the early stage of infection, which decreased
in the later stage. However, they did not distinguish between cis
and trans. Devos et al. (2006) also measured the CTK content of
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FIGURE 5 | The hub genes identified by the gene co-expression network of “blue” (A) “darkgray” (B), and “greenyellow” (C) modules. The hub genes are highlighted
by red circles in the center.

infected Arabidopsis tissues at 4 DAI and found that zeatin and
iP increased slightly at this time, which may indicate that CTK
played a role in the early stages of P. brassicae. It is also possible
that the early vascular bundles have not been formed, and the
content of CTK is relatively high. As the later vascular bundles
begin to form, the CTK content decreases, which is beneficial to
the development of vascular bundle tissues. These are consistent
with our research results.

The expressions of most of the genes associated with CTK
biosynthesis were repressed in R-line with the increase in
infection period (Figure 8B). The expressions of the adenine
isopentenyl transferase genes IPT3 and IPT5 were greatly
reduced. Reduced expression was also observed for CYP735A1
and CYP735A2 genes, which convert iP nucleotides to the
corresponding tZ molecules and LOG genes associated with
the production of active CTK species from CTK ribosides.
Most downstream response regulators (ARRs) and CTK
oxidases/dehydrogenases were strongly inhibited during
infection. Malinowski et al. (2016) also observed downregulation
of two of seven known putative CTK biosynthesis genes and
CTK oxidases/dehydrogenases 1 and 6 (AtCKX1 and AtCKX6).
A reduction of the degradation capacity of CTKs by inhibition
of specific CKX genes could in turn result in increased content

of CTKs, especially at the sites where plasmodia produce
CTKs. In B. rapa, an induction of isopentenyl transferase genes
involved in the de novo biosynthesis of CTKs in clubroots
has been described (Ando et al., 2005). Gall formation is
reduced in plants constitutively expressing CTK oxidase as in
these plants the reduction in the CTK content will slow the
formation of the vascular cambium (VC) and the formation
of gall (Malinowski et al., 2016). This indicated that the active
CTK signaling is necessary for gall development. Our results are
in broad agreement with previous studies in Arabidopsis and
other Brassicas where CTK metabolism has been reported to
be repressed at the onset of gall formation (Ando et al., 2005;
Siemens et al., 2006; Agarwal et al., 2011).

Brassinosteroid and Ethylene Play an Important Role
in R-Line Resistance
The content of typhasterol 8 (TY) in R-line decreased with
the increase of inoculation time (Figure 7C). BR-related genes
are also mostly repressed in R-line and induced in S-line by
P. brassicae (Figure 8C). Contrastingly, the TY content in the
S-line was not significantly different from the respective control
group (Figure 7C). This indicates that R-line may mediate
resistance to P. brassicae through the inhibition of BR expression.
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TABLE 2 | Detailed information statistics of the identified hub genes.

Module Gene Annotation KEGG pathway

Blue Bra001681 B-cell receptor-associated 31-like protein –

Bra028646 (ARI16) Probable E3 ubiquitin-protein ligase –

Bra006399 (GAD1) Glutamate decarboxylase Alanine, aspartate and glutamate metabolism (ko00250)

Bra036163 (RIN4) Cleavage site for pathogenic type III effector
avirulence factor Avr

–

Darkgray Bra021241 (SAMS3) S-adenosylmethionine synthetase Cysteine and methionine metabolism (ko00270)

Bra040122 (IAA16) Auxin-responsive protein Plant hormone signal transduction (ko04075)

Bra001885 (HSFA6b) HSF-type DNA-binding –

Bra015208 (DTX9) Protein DETOXIFICATION 9 –

Bra004137 (GAD2) Glutamate decarboxylase 2 Alanine, aspartate and glutamate metabolism (ko00250)

Brassica_rapa_new Gene_17466 – –

Greenyellow Bra003129 (CYP71B5) Cytochrome P450 Limonene and pinene degradation (ko00903)

Bra011156 (SIRK) Carbohydrate-binding protein of the ER –

Bra019131 (PER44) Peroxidase Phenylpropanoid biosynthesis (ko00940)

Bra019132 (PER44) Peroxidase Phenylpropanoid biosynthesis (ko00940)

Bra019995 Universal stress protein family –

FIGURE 6 | Summary of the key KEGG pathways that are significantly enriched by various differentially expressed gene (DEG) sets. The statistics of the pathway
enrichment analyses for DEGs, contrasting DEGs, and modular genes are shown in Supplementary Figures 2, 4 and Table 1, respectively. The list of genes under
each of these KEGG is shown in Supplementary Table 5. KEGG, Kyoto Encyclopedia of Genes and Genomes.

Schuller et al. (2014) also found upregulation of BR signaling
pathways in hosts containing large and small plasmodium, and
they were treated with BR synthesis inhibitors and BR receptor
mutants. It shows the synergistic effect of BR in the pathogenesis
of clubroot disease, which is consistent with our research results.

Ethylene is a gaseous plant hormone with many functions
including activation of defense genes. At present, it is generally

accepted that ET works with JA in the activation of defenses
against necrotrophic pathogens (Glazebrook, 2005). In our
quantitative detection of plant hormones, 1-aminocylopropane-
1-carboxylic acid (ACC) content showed a significant decrease
at 3 and 9 DAI, and at 20 DAI, it showed a significant decrease
compared to control in R-line. Compared to the control, in
S-line, the ACC content was significantly decreased at 3 DAI,
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FIGURE 7 | The contents of different phytohormones in the roots of R- and S-lines at 0, 3, 9, and 20 days after inoculation with Plasmodiophora brassicae. (A) IAA;
(B) CTK; (C) BR; (D) ET; (E) JA; (F) SA; (G) ABA. ∗∗∗∗, ∗∗∗, ∗∗, and ∗ indicate p < 0.0001, p < 0.001, p < 0.01, and p < 0.05, respectively.

and significantly increased at 20 DAI (Figure 7D). Research
shows that growth and seed production of ET response 1 (etr1),
ET insensitive2 (ein2), and ET insensitive 3 (ein3/eil1) mutants

were inhibited rather than promoted by Piriformospora indica,
a growth-promoting fungus, indicating that the ET-signaling
components might be required for a balance between the host
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FIGURE 8 | Heat maps showing differential expression of different hormone-related genes at 0, 3, 9, and 20 days after inoculation. (A) IAA; (B) CTK; (C) BR; (D) ET;
(E) JA; (F) SA; (G) ABA.

and endophyte (Camehl et al., 2010). Among the ET receptor
mutants, ET insensitive 4 (ein4) could target different signaling
pathways, and thus ein4 is slightly more resistant to clubroot
disease than other receptor mutants (Hall and Bleecker, 2003).

In our study, ETR1 was downregulated at 3, 9, and 20 DAI,
EIN3 was also downregulated at 20 DAI, and EIN4 and EIN5
were all downregulated at 9 DAI and 20 DAI in R-line
(Figure 8D). In addition, three IEN3-binding F-box protein
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(EBF) genes, six ET response factor (ERF) genes, two 1-
aminocyclopropane-1-carboxylate synthase (ACS) genes, and
four 1-aminocyclopropane-1-carboxylate oxidase (ACO) genes
are all upregulated at 3, 9, and 20 DAI relative to control
in R-line (Figure 8D). Upregulation of the ACO transcript
in infected roots compared to controls was confirmed in
R-line (Figure 8D). This is in accordance with a decrease
of ACC content in infected roots. Our research results
prove that ET signaling is needed to restrict gall growth.
However, the resistance mechanism of ET against P. brassicae
needs further study.

Jasmonate Acid Content Is Repressed in R-Line, but
Strongly Induced in S-Line
Based on the types of pathogen, hormonal pathways differentially
regulates plant’s responses toward different pathogens (Thomma
et al., 1998; Oliver and Ipcho, 2004; Glazebrook, 2005). SA-
mediated defense responses are generally directed against
biotrophs/hemibiotrophs such as powdery- and downy-mildew,
whereas JA/ET-dependent defense responses generally inhibit
necrotrophs including Alternaria, Pythium, and Botrytis
(Thomma et al., 1998; Glazebrook, 2005). In our study, the
content of JA precursor (cis-OPDA), JA-bound (jasmonoyl-L-
isoleucine, JA-Ile), and free JA content in the R-line showed
a significant increase in the 3 DAI compared to the control,
which then sharply decreased at 9 DAI. It returned to the same
level as the control at 20 DAI (Figure 7E). Contrastingly, in
S-line, compared to the control, cis-OPDA and JA extremely
increased at 20 DAI, and JA-Ile showed a significant increase
in both 9 and 20 DAI (Figure 7E). Previous studies have found
that in the susceptible species of Arabidopsis, the infection
of P. brassicae can cause the accumulation of JA, and then
mediate the content of aliphatic GSLs, which can promote
the development of clubroot disease. Exogenous application
of JA can also achieve the same effect. It is believed that JA
can promote the development of P. brassicae in susceptible
varieties, leading to host susceptibility (Xu et al., 2016; Li
et al., 2018). JA-zim (JAZ domain) protein is a repressor of
JA signal transduction, and it has been proved (JAZ1 and
JAZ3) to interact with JIN1/MYC2 and inhibit the expression
of JA response genes (Bari and Jones, 2009). JAZ protein
acts as a JA co-receptor and transcriptional repressor of JA
signaling in Arabidopsis (Kazan and Manners, 2012), and
degradation of the JAZ protein allows transcription factors
(such as MYC2) to activate the expression of JA response genes
(Chini et al., 2007).

About 13 genes of 16 JAZ genes were upregulated in
R-line at 3, 9, and 20 DAI (Figure 8E). Studies have found
that the jar1 mutant, impaired in JA-Ile accumulation,
exhibited heightened susceptibility to clubroot (Agarwal
et al., 2011; Antoine et al., 2012). In our study, three copies
of jasmonate resistant 1 (JAR1) genes were all upregulated
compared to the control, suggesting that the JA response
participated in basal defense, which is consistent with
our observations (Figure 8E). Our research confirms the
previous view that in the prevention of P. brassicae, the
inhibition of JA helps to resist P. brassicae, and the external

application of JA can help increase the susceptibility of plants
(Lemarié et al., 2015).

Salicylic Acid Is Suppressed in R-Line
After infection with P. brassicae, the accumulation of SA
in R-line was lower than that in S-line. In R-line, the SA
content was significantly reduced compared to control at
9 and 20 DAI. In S-line, the SA content was significantly
reduced compared to control at 3 DAI, and there was no
significant change in 9 and 20 DAI (Figure 7F). The non-
expressor of PR (NPR) genes are involved in regulating SA
levels. NPR1 is the main transducer of SA signals, interacting
as co-factor of transcription factors to alter defensive response
(Cao et al., 1997; Dong, 2004). PR1 interacts specifically with
TGA factors (TGACG sequence-specific binding proteins), binds
to the promoter of an important defense marker PR1 (Chen
et al., 2016), and regulates its activation (Weigel et al., 2005).
Two NPR1 homologs, identified as key regulators of SA-
mediated resistance in Arabidopsis thaliana, were downregulated
at 3, 9, and 20 DAI compared to the control (Figure 8F).
Isochorismate synthase 1 (ICS1) and ICS2 are two genes
redundantly involved in SA synthesis (Garcion et al., 2008). In
our study, compared to control, ICS1 and ICS2 were upregulated
in R-line at 9 and 20 DAI and were significantly upregulated
in S-line compared to control at 9 DAI (Figure 8F). Plant
hormones can inactivate SA by converting it into methyl
salicylate. Benzoic acid carboxyl methyltransferase (BSMT1)
is a member of the SABATH methyltransferase gene family,
and two of its three copies are significantly upregulated at
all stages in R-line and were significantly upregulated in
S-line at 3 and 9 DAI, and significantly downregulated at 20
DAI (Figure 8F). Studies have found that overexpression of
BSMT1 in Arabidopsis reduces SA levels by half, although this
manipulation alone did not alter susceptibility to P. brassicae
(Mohammad et al., 2018). This corresponds to our measured SA
accumulation data.

The transcription factor WRKY70 has also been shown to
be a key regulator of the antagonistic response of SA and JA.
It is regulated by NPR1 and may bind to the promoter of the
negative regulator of JA signal or induce a factor that blocks
the positive regulator (Li et al., 2006). In our study, WRKY70
was downregulated at all time points in the R-line compared
to the control, which is consistent with a significant decrease
in the SA content we measured (Figure 8F). However, it was
inconsistent with previous findings that the SA-mediated defense
response was strongly activated, whereas the JA pathway was
inhibited, on the contrary (Gonzalez et al., 2020). PR1, PR2,
and PR5 are known to be SA responsive, and PR2 and PR5
have been shown to be induced during secondary infection by
P. brassicae of partially resistant A. thaliana (Lemarié et al., 2015).
In our study, two copies of the PR5 gene were significantly
upregulated at all time points in R-line and downregulated at
all time points in S-line. PR1 was also downregulated in R-line
at all time points, upregulated at 9 and 20 DAI in S-line.
PR2 is significantly upregulated in R-line at 20 DAI and in
S-line at 3 DAI and was downregulated at all other time points
(Figure 8F). These data suggested a paradoxical situation where
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FIGURE 9 | Proposed model of resistance response to P. brassicae in B. rapa of R-line based on hormonal regulation at different time points after pathogen
inoculation in contrastingly resistant genotypes. Red and blue indicate up- and downregulated phytohormones, respectively.

infection by the same single isolate would induce two different
hormone responses depending on the plant genotype. Further
research will be needed to confirm the role of SA in different
plant genotypes.

ABA Plays an Important Role in Response to Abiotic
Stress of S-Line in the Later Stages of Infection
The inhibition of water absorption and transportation due
to the destruction of roots and vascular system during the
secondary infection of P. brassicae triggers the drought stress
response of plants (Ludwig-Müller et al., 2009). Under osmotic
conditions such as high salinity and drought, ABA is known to
stimulate short-term responses like closure of stomata, resulting
in maintenance of water balance (Zhang et al., 1987) and longer-
term growth responses through regulation of stress-responsive
genes. The role of ABA in plant defense is very complex and
differs in different types of plant–pathogen interactions.

We found that compared to the control, the ABA content
of the inoculated P. brassicae in the R-line at 3 DAI was
significantly increased, and there was no significant change at 9
and 20 DAI (Figure 7G). In S-line, the ABA content increased
significantly compared to the control at 9 and 20 DAI. This
is consistent with the results of previous studies that ABA has

been shown to participate in the negative regulation of plant
defense against various biological nutrients and necrotrophic
pathogens (Audenaert et al., 2002; Adie et al., 2007; Asselbergh
et al., 2008), and exogenous application of ABA enhanced
the sensitivity of Arabidopsis plants to Pst (de Torres-Zabala
et al., 2007). Probably that is why the ABA content has not
changed significantly in R-line and in S-line, it has significantly
increased. On the other hand, in S-line, as the infection time
increases, the clubroot disease becomes severe, and ABA response
to dehydration increases. Transcriptome data indicated that
most ABA synthesis genes such as zeaxanthin epoxidase gene
(ZEP), also known as low expression of osmotic stress-responsive
gene 6 (LOS6)/ABA1, the aldehyde oxidase gene (AAO3),
9-cis-epoxycarotenoid dioxygenase gene (NCED4 and NCED5),
and violaxanthin de-epoxidaseare (VDE) were upregulated by
drought and salt stresses at 20 DAI in S-line, and only NCED4,
NCED5, and NCED9 responded in R-line. Our transcriptome
data (Figure 8G) is consistent with the measured ABA content.
Since these reactions only occur in later stages, these may be the
result of dehydration rather than a signal of gall development.

Based on the summary of the changes in phytohormone
signals and expressions of related genes, we propose a model
of phytohormone-mediated defense mechanism induced by

Frontiers in Plant Science | www.frontiersin.org 14 December 2021 | Volume 12 | Article 759623183

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-759623 December 9, 2021 Time: 16:10 # 15

Wei et al. Transcriptome-Metabolome Profiling Under P. brassicae Infection

P. Brassicae (Figure 9). The inhibition of IAA, CTK, JA, and SA,
and induction of BR and ET in the R-line and corresponding
transcriptional changes in the related genes play important roles
in the immune response of plants against clubroot.

CONCLUSION

This study describes metabolome profiling and hormone-related
transcriptomic responses of CR in B. rapa. The primary response
of P. brassicae infection involves several pathways including plant
hormone signal transduction and plant–pathogen interactions.
Our study shows the importance of phytohormone in triggering
immune responses and proposes a model of plants’ immune
response against clubroot based on the observed changes in
hormonal contents and expressions of related genes in B. rapa.
Our findings will be helpful in enhancing our understanding of
the mechanism of CR and will open up new research avenues for
improving resistance of clubroot in future.
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Turnip mosaic virus (TuMV) induces disease in susceptible hosts, notably impacting 
cultivation of important crop species of the Brassica genus. Few effective plant viral disease 
management strategies exist with the majority of current approaches aiming to mitigate 
the virus indirectly through control of aphid vector species. Multiple sources of genetic 
resistance to TuMV have been identified previously, although the majority are strain-specific 
and have not been exploited commercially. Here, two Brassica juncea lines (TWBJ14 and 
TWBJ20) with resistance against important TuMV isolates (UK 1, vVIR24, CDN 1, and 
GBR 6) representing the most prevalent pathotypes of TuMV (1, 3, 4, and 4, respectively) 
and known to overcome other sources of resistance, have been identified and characterized. 
Genetic inheritance of both resistances was determined to be based on a recessive 
two-gene model. Using both single nucleotide polymorphism (SNP) array and genotyping 
by sequencing (GBS) methods, quantitative trait loci (QTL) analyses were performed using 
first backcross (BC1) genetic mapping populations segregating for TuMV resistance. Pairs 
of statistically significant TuMV resistance-associated QTLs with additive interactive effects 
were identified on chromosomes A03 and A06 for both TWBJ14 and TWBJ20 material. 
Complementation testing between these B. juncea lines indicated that one resistance-
linked locus was shared. Following established resistance gene nomenclature for recessive 
TuMV resistance genes, these new resistance-associated loci have been termed retr04 
(chromosome A06, TWBJ14, and TWBJ20), retr05 (A03, TWBJ14), and retr06 (A03, 
TWBJ20). Genotyping by sequencing data investigated in parallel to robust SNP array 
data was highly suboptimal, with informative data not established for key BC1 parental 
samples. This necessitated careful consideration and the development of new methods 
for processing compromised data. Using reductive screening of potential markers 
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INTRODUCTION

Turnip mosaic virus (TuMV) belongs to the Potyvirus genus 
and causes significant economic losses through diminished 
harvest yield and produce quality of infected crops, particularly 
cultivated species of the Brassica genus (Walsh and Jenner, 
2002). It can infect at least 318 plant species (Edwardson and 
Christie, 1991) and be  rapidly spread by over 89 aphid vector 
species through the non-persistent transmission route (Walsh 
and Jenner, 2002). These factors contribute to its widespread 
distribution and economic impact, whilst also posing significant 
challenges for effective mitigation of associated disease. Historic 
management of TuMV has predominantly relied on insecticides 
for the non-specific control of aphid vector species, however, 
chemical control is considered increasingly unviable. This is 
partially due to resistances evolving across aphid populations 
against the mode-of-action(s) of key pesticides (Bass et  al., 
2014). Environmental concerns also exist as pesticide misuse/
dependency continues to be  a source of controversy with 
detrimental links suggested to non-target insect biodiversity 
(Lundin et  al., 2015).

If implemented with careful consideration, the deployment 
of characterized natural genetic resistances via marker-assisted 
selection (MAS) is considered to be  a reliable, more 
environmentally-friendly, economical, and socially acceptable 
strategy for mitigating viral disease (Shattuck, 1992; Kang et al., 
2005). However, the identification, characterization and 
deployment of new resistance(s) can be challenging, often taking 
substantial time and effort, whilst depending upon robust 
genotyping methodologies.

Brassica juncea (AABB, 2n = 36) is an amphidiploid species 
originating from interspecific hybridization between the diploid 
species Brassica rapa (AA, 2n = 20) and Brassica nigra (BB, 2n = 16; 
Prakash et  al., 2012). It is a cultivated crop species of global 
importance grown predominantly as a source of vegetable oil 
in India and Northwest China, with leafy vegetable, root vegetable, 
and stem/leaf crop morphotypes also being economically important 
(Huangfu et  al., 2009). It constitutes a staple vegetable with high 
dietary consumption throughout Asia. China, specifically, represents 
a focus for considerable B. juncea diversity and where TuMV 
infection is particularly widespread, resulting in substantial yield 
losses (Huangfu et  al., 2009). Impacts of TuMV are not limited 
to Asia, reductions of up to 85% of mature plant height and 
84% seed yield have been recorded for B. juncea in Australian 
regions of cultivation with incidences of 25–100% suggested 
(Schwinghamer et al., 2014). The vast host range of TuMV enables 
reservoirs of the virus to exist both during and between growing 

seasons in and around field crops, often within wild weed species, 
where the presence of plants with TuMV symptoms has been 
recorded as high as 100% (Schwinghamer et  al., 2014). Reliable 
estimates of yield losses in B. juncea due to TuMV infection 
are difficult to determine and generally inconsistent due to a 
range of factors including variations in local climate, the abundance 
of key aphid vector species, and the relative incidence of discrete 
TuMV strains with changing pathotypes/patterns of virulence.

Few large-scale investigations have been performed into 
screening diverse B. juncea germplasm against TuMV and even 
fewer where any level of TuMV resistance has been identified. 
Excluding those explored here, just two TuMV resistances have 
been reported in B. juncea. The first of these, TuMV Resistance 
in B. juncea No. 1 (TuRBJU01), identified by Nyalugwe et  al. 
(2015) was incompletely dominant against TuMV isolates NSW-2, 
NSW-1 and WA-Ap, representing pathotypes 1, 7 and 8, 
respectively (Jenner and Walsh, 1996; Nyalugwe et  al., 2016b). 
The necrotic response observed with TuRBJU01 consisted of 
either systemic infection with some necrosis, or systemic 
hypersensitivity and plant death (Nyalugwe et  al., 2015), so 
might not represent an agronomically attractive prospect. 
Identification of TuRBJU01 involved challenging 69 B. juncea 
lines with the aforementioned TuMV isolates, following the 
earlier work of Kehoe et  al. (2010) where an additional 44 
B.  juncea had been investigated. The TuRBJU01 gene is yet 
to be to be cloned and/or mapped, and no resistance-associated 
molecular markers are currently published. Despite additional 
explorations of the underlying mechanism of TuRBJU01-based 
resistance (Nyalugwe et  al., 2016a), there is no indication the 
resistance has been exploited. The second B. juncea-derived 
TuMV resistance, recessive TuMV resistance No. 3 (retr03), is 
a monogenic recessive source of resistance identified by Shopan 
et  al. (2017) that was only effective against one of the TuMV 
isolates it has been tested against. Through bulked segregant 
analysis and sequencing of TuMV-resistant and susceptible B. 
juncea lines, retr03 was indicated to be  a variant of eukaryotic 
translation initiation factor 2B-beta (eIF2Bβ), which is critical 
for the initiation of eukaryotic protein synthesis and hijacked 
by TuMV during infection (Bogorad et al., 2014; Shopan et al., 
2017). TuRBJU01 and retr03 were the only sources of TuMV 
resistance available for developing TuMV-resistant B. juncea 
cultivars through introgression of the relevant gene(s) via MAS. 
However, as TuRBJU01 results in plant death and retr03 has 
been overcome by a number of TuMV isolates, these resistances 
are unlikely to be  durable.

Genetic mapping of valuable traits can present many 
challenges. Lack of sufficient recombination captured across a 

according to allelic variation and the recombination observed across BC1 samples 
genotyped, compromised GBS data was rendered functional with near-equivalent QTL 
outputs to the SNP array data. The reductive screening strategy employed here offers an 
alternative to methods relying upon imputation or artificial correction of genotypic data 
and may prove effective for similar biparental QTL mapping studies.

Keywords: turnip mosaic virus, amphidiploid Brassica juncea, recessive TuMV resistance, linkage mapping, 
quantitative trait loci, genotyping by sequencing
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mapping population, failure to genotype highly informative 
samples, apparent low overall genotyping quality and additional 
considerations such as polyploidy and the absence of a truly 
representative species reference genome are a small subset of 
issues which may be  faced (Jones et  al., 2009; Semagn et  al., 
2010; Nadeem et  al., 2018). The quantitative trait loci (QTL) 
analyses performed here necessitated original approaches for 
effective data handling to overcome issues including these.

Projections suggest that pathogens and pests affecting global 
crops will move away from the equator with increasing 
temperature (Bebber et  al., 2013). Due to brassica crops being 
cultivated worldwide, observed trends in climate change are 
very likely to disrupt the distribution and abundance of key 
aphid vector species across regions of cultivation and conceivably 
also impact associated TuMV strain variation. Consequently, 
additional sources of resistance remain of high importance, 
particularly those with broader spectra of resistance and/or 
efficacy against the most common TuMV pathotypes, 1, 3 and 
4 (Jenner and Walsh, 1996).

Two new TuMV resistance sources effective against key 
TuMV isolates/pathotypes, identified in B. juncea germplasm, 
are presented here. Robust QTL analyses were performed and 
three new recessive genes, retr04, retr05 and retr06, providing 
broad spectrum resistance are described, along with methods 
for handling recalcitrant genotyping data.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and 
Crossing
A total of 33 lines of B. juncea spanning various genetic and 
geographic origins were evaluated for resistance against TuMV 
isolate UK 1 (Table 1). Two of these lines, TWBJ14 and TWBJ20, 
were taken forward and developed into two first backcross (BC1) 
mapping populations shown to segregate for resistance to TuMV 
UK 1. Both TWBJ14 and TWBJ20 material were of the root 
morphotype and originated from China. The TuMV-susceptible 
B. juncea line 060DH17 line was used as the maternal parental 
line during initial crosses with TWBJ14 and TWBJ20 sources 
of TuMV resistance to produce the F1 populations. This line is 
TuMV UK 1-susceptible, a doubled haploid and therefore 
homozygous across all genomic loci. Routine practices were 
employed for all plant crosses and for establishing an informative 
BC1 population following phenotyping of relevant self and filial 
populations. The TWBJ14 and TWBJ20 BC1 mapping populations 
were developed by crossing F1 (060DH17 ♀ × TuMV-resistant 
plants ♂) UK 1-susceptible plants (♀) to TuMV UK 1-resistant 
S1 plants (♂) that had been generated from the original resistant 
plants of each line used for initial crossing.

Resistance complementation testing was performed to elucidate 
whether resistance-associated genes were shared between TWBJ14 
and TWBJ20 material through selective crossing and phenotyping 
of progeny with TuMV isolate GBR 6. Material used for 
complementation testing were F2 populations generated by 
selfing the progeny of reciprocal crosses between TuMV-resistant 
TWBJ14 and TWBJ20 S2 plants.

Brassica rapa ssp. perviridis cv. Tendergreen (Mustard-Spinach; 
TGM) is a highly susceptible host of TuMV and was used to 
maintain TuMV isolates through serial inoculations, and as a 
TuMV-susceptible experimental control to validate viral inocula 
during all testing. A plant line from the pathotyping system 
developed by Jenner and Walsh (1996), Brassica napus line 
R4 possessing TuRB01-based resistance to TuMV along with 
back-inoculation and reinoculation strategies were employed 
to confirm the authenticity and stability of TuMV isolates 
during phenotyping.

All experimental plant material was grown from seed within 
an insect-proof glasshouse maintained at 18 ± 2°C. Natural light 
levels were monitored and supplementary lights used in daytime 
when levels fell below 600 W/m2. Seeds were planted in FP7 
pots (7 cm square) containing Pot and Bedding M2 compost 
(Levington; medium grade sphagnum moss peat, pH 5.3–6.0). 
Plants were subsequently transferred to successively larger pots 
(FP9 and FP11; 9 and 11 cm square, respectively) containing 
John Innes No. 2 potting-on compost (Erin; loam-based compost 
with added fertilizer, pH ~6.5) when normal plant growth 
was hindered by available nutrition.

TuMV Isolates and Resistance 
Phenotyping
Four TuMV isolates, UK 1, v35Tunos +5570 A > G (vVIR24), 
CDN 1 and GBR 6 were employed within this study. They 
represent the most common TuMV pathotypes, 1, 3, 4 and  4, 
respectively (Jenner and Walsh, 1996; Jenner et  al., 2000). 
TuMV UK 1 was obtained from swede in England (Tomlinson 
and Ward, 1978; Walsh, 1989) and is unable to overcome 
the TuMV resistance gene TuRB01 (Walsh et al., 1999). TuMV 
vVIR24 is an engineered mutant of UK 1 containing a single 
nucleotide mutation, conferring the ability to overcome TuRB01-
based resistance (Jenner et  al., 2000). TuMV CDN 1 was 
obtained from rutabaga in Canada (Walsh, 1989). It can 
overcome TuRB01 and at least three additional sources of 
resistance to UK 1 (Jenner et al., 2002b). Like CDN 1, TuMV 
GBR 6 is a pathotype 4 isolate. It has, however, been shown 
to overcome TuRB03-based TuMV resistance (Hughes et  al., 
2003); limited sources of resistance have been identified to 
this isolate.

As described by Walsh (1989), TuMV challenges were 
performed by mechanical inoculation of test plants at the 2–5 
true leaf growth stage. TuMV-infected TGM leaf tissue was 
homogenized in cold inoculation buffer (K2HPO4, 10 g/L; Na2SO3, 
1 g/L) using a sterile pestle and mortar. The resulting mixture 
was then abraded using sterile muslin cloth onto the adaxial 
surface of target plant leaves dusted with fine carborundum 
grit (~36 μm; ThermoFisher Scientific, United  Kingdom). The 
abrasion and lysis of cells provided TuMV access to epidermal/
parenchymatous cells in a controllable and uniform manner. 
The newest inoculated leaf on each plant was marked in order 
to discriminate between TuMV-inoculated and new, uninoculated 
leaves; this facilitated assessment of systemic viral spread. 
Uninfected TGM leaf tissue was used to mock-challenge 
experimental control plants.
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Turnip mosaic virus-associated symptoms were scored weekly 
through visual inspection for four weeks post-inoculation, as 
described by Jenner and Walsh (1996). Qualitative visual 
phenotypes comprised of, “0,” resistance with no TuMV-associated 
symptoms, “R,” resistance where infection was limited to 
inoculated leaves with no systemic infection, “+,” systemic 
TuMV infection or +N, systemic infection with necrosis 
(Figure 1). TuMV infection and titer were confirmed following 
visual assessment, using an indirect plate-trapped antigen ELISA 
(PTA-ELISA), as described by Walsh et  al. (2002). Equal sized 
unchallenged and challenged leaves from test plants were 
harvested, macerated and diluted 1:1 with 0.05 M sodium 
carbonate coating buffer (Na2CO3, 1.6 g/L; NaHCO3, 3 g/L). Test 
samples and appropriate TuMV-infected and uninfected control 
material were pipetted into predefined duplicate wells of a 
96-well microtiter plate then incubated for 12 h at 4°C. Standard 
PTA-ELISA methods were followed with the first/detection 
antibody EMA67, a mouse monoclonal antibody, used at a 
concentration of 1/500. EMA67 has been shown capable of 
recognizing all tested isolates of TuMV by targeting a conserved 
TuMV coat protein epitope (Jenner et  al., 1999). The second/

visualization antibody, a goat anti-mouse IgG conjugated to 
alkaline phosphatase (Sigma-Aldrich, United  Kingdom), was 
used at a concentration of 1/2,000. After all unbound antibodies 
were removed, plates were incubated at room temperature with 
p-nitrophenyl phosphate substrate solution (1 mg/ml in 0.1 M 
diethanolamine, pH 9.8). The reaction between the alkaline 
phosphatase conjugated to the detection antibody and this 
substrate produced a color change, which was used to indirectly 
quantify relative viral titer within samples.

Genotyping Methods and Quantitative Trait 
Loci Analyses
Genotyping of mapping populations was performed using two 
methods. A total of 218 TWBJ14 BC1 plants (52 resistant/0; 
105 susceptible/+; 61 susceptible/+N), 158 TWBJ20 BC1 (22 
resistant/0; 136/+N) and the four parental plants used for the 
two initial F1 crosses were genotyped using a 90 K single 
nucleotide polymorphism (SNP) array containing informative 
polymorphisms spanning all “A,” “B,” and “C” Brassica genomes 
(unpublished, SNP array under development and provided by 
the Parkin group, Agriculture and Agri-Food Canada; AAFC). 

TABLE 1 | Geographical origins, morphotypes, and response of B. juncea plant lines tested for resistance to TuMV following mechanical inoculation with TuMV UK 1.

Brassica juncea plant line Geographical origin Morphotype No. plants infected/no. tested Phenotype*1 Systemic infection

TWBJ01 Malaysia Leaf 10/10 + Yes
TWBJ02 Bhutan Oilseed 10/10 + Yes
TWBJ03*2 Bhutan Oilseed 2/10 +N/0 Yes/No
TWBJ04*2 Bhutan Oilseed 7/10 +N/R Yes/No
TWBJ05 Zimbabwe Unconfirmed 10/10 +N Yes
TWBJ06*2 Zimbabwe Unconfirmed 5/10 +/0 Yes/No
TWBJ07 Zimbabwe Unconfirmed 10/10 + Yes
TWBJ08 Zimbabwe Unconfirmed 9/9 +N Yes
TWBJ09 Zimbabwe Unconfirmed 10/10 + Yes
TWBJ10 Zimbabwe Unconfirmed 10/10 + Yes
TWBJ11 Zimbabwe Unconfirmed 10/10 + Yes
TWBJ12 Zimbabwe Unconfirmed 10/10 +N Yes
TWBJ13 Zimbabwe Unconfirmed 10/10 + Yes
TWBJ14*2 China Root 0/10 0 No
TWBJ15*2 China Leaf 0/3 R No
TWBJ16 China Leaf 10/10 + Yes
TWBJ17 China Stem 10/10 +N Yes
TWBJ18*2 China Stem 8/10 +/R Yes/No
TWBJ19 China Leaf 10/10 + Yes
TWBJ20*2 China Root 1/10 +/0 Yes/No
TWBJ21 Bhutan Oilseed 10/10 + Yes
TWBJ22 Hong Kong Leaf 10/10 + Yes
TWBJ23*2 China Root 0/10 0 No
TWBJ24 Uruguay Unconfirmed 7/7 +N Yes
TWBJ25 Japan Leaf 10/10 + Yes
TWBJ26 Japan Leaf 10/10 + Yes
TWBJ28 Unconfirmed Unconfirmed 10/10 +N Yes
TWBJ29 China Leaf 10/10 + Yes
TWBJ30 Japan Oilseed 10/10 + Yes
TWBJ31 India Oilseed 10/10 +N Yes
TWBJ32 India Oilseed 10/10 +N Yes
TWBJ33 U.K. Leaf 10/10 + Yes
TWBJ34 India Oilseed 9/9 +N Yes

*1Phenotypes were scored according to the system of Jenner and Walsh (1996). 0, resistance with no TuMV-associated symptoms and no TuMV detected by ELISA; R, resistance 
where infection was limited to inoculated leaves with no systemic spread; +, systemic TuMV infection or +N, systemic infection with necrosis. TuMV detection using plate-trapped 
antigen ELISA (PTA-ELISA) confirmed the resistance/susceptibility status of all plants. *2Eight lines demonstrated some level of resistance.
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This was complemented by genotyping by sequencing (GBS) 
on 102 TWBJ14 BC1 (41 resistant/0; 31 susceptible/+; 30 
susceptible/+N) plant samples performed using the method of 
Poland et  al. (2012). DNA was normalized to 20 ng/μl and 
200 ng digested with PstI and MspI restriction enzymes at 37°C 
for 2 h. Adapters were then ligated to the digested DNA fragments 
using T4 DNA ligase for 2 h at 22°C. The reaction was inactivated, 
and samples pooled in two sets (96 samples in one set with 
those remaining processed in parallel alongside other samples, 
totaling 96). After pooling, the two libraries were amplified 
with a short extension time of 30 s and then purified using a 
QIAquick PCR Purification Kit (Qiagen). An Agilent Bioanalyzer 
was used to confirm fragment size and quality of the libraries. 
Libraries were then quantified using the Kapa library quantification 
kit (Roche) and sequenced on an Illumina HiScanSQ (100 bp 
paired-end reads). An existing pipeline was used to demultiplex 
sequencing reads. Trimmomatic (Bolger et  al., 2014) was used 
to trim the adapters, and remove short reads and poor-quality 
data. Leading and trailing bases with quality below 15 and 
reads shorter than 55 bp were removed. The trimmed sequence 
reads were aligned to a B. juncea reference genome under 

development (IAP Parkin, AAFC, unpublished) using Bowtie2 
(Langmead and Salzberg, 2012) with “-local” and “-sensitive” 
parameters used and “-score-min” of “L, 0, 0.8”. A custom Perl 
script was used to extract the best unique hits and the resulting 
BAM files were used for variant calling. UnifiedGenotyper with 
standard parameters from the Genome Analysis Toolkit (McKenna 
et  al., 2010) was used to call polymorphic loci.

In addition to mapping resistance, a necrotic phenotype 
observed in the TWBJ14 BC1 population was mapped using 
the 90K SNP array. The analysis was based solely on TuMV-
susceptible plants, as it was not possible to determine whether 
resistant plants possessed the QTL associated with the necrotic 
phenotype induced by TuMV infection.

All QTL statistical analyses were performed using R v3.4.4. 
The add-on package “R/qtl” (Broman et  al., 2003; Arends et  al., 
2010) was used to filter, model, and visualize genotypic data 
using inbuilt algorithms and according to established QTL mapping 
methods (Haley and Knott, 1992; Jones et  al., 2009; Semagn 
et  al., 2010; Xu et  al., 2017). Prior to linkage group generation, 
a range of custom filters were successively applied to identify 
reliable marker subsets without the need for imputation or reliance 

A C E

B D

FIGURE 1 | Distinct visual phenotypes observed across TWBJ14 Brassica juncea BC1 population four weeks post-challenge with turnip mosaic virus (TuMV) isolate 
UK 1. (A) No infection (0), plants appeared resistant; (B) Systemic infection (+). (C) Enlarged view of single leaf from plant B. (D) Systemic infection with necrosis 
(+N); (E) Enlarged view of single leaf from plant D. Phenotypes are representative of those observed across all plant generations tested.
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TABLE 2 | Response of B. juncea S2 plant lines and Brassica napus line R4 following mechanical inoculation with turnip mosaic virus isolates UK 1, vVIR24 and CDN 1.

Plant line 
(population)

TuMV isolate (pathotype)

UK 1 (1) vVir24 (3) CDN 1 (4)

No. plants infected/no. 
tested

Phenotype* No. plants 
infected/no. tested

Phenotype* No. plants 
infected/no. tested

Phenotype*

TWBJ14 S2 0/9 0 0/9 0 0/9 0
TWBJ20 S2 0/9 0 0/9 0 0/9 0
R4 0/2 0 2/2 +N 2/2 +

*Phenotypes were scored according to the system of Jenner and Walsh (1996). 0, resistance with no TuMV-associated symptoms and no TuMV detected by ELISA, or +N, systemic 
TuMV infection with necrosis. TuMV detection using PTA-ELISA confirmed the resistance/susceptibility status of all plants.

TABLE 3 | Response of S1 and F1 populations of B. juncea plant lines following 
mechanical inoculation with turnip mosaic virus isolate UK 1.

Plant line (population) No. plants infected/no. tested Phenotype*

TWBJ14 (S1) 0/28 0
TWBJ14 (F1) 5/5 +N

TWBJ20 (S1) 0/28 0
TWBJ20 (F1) 15/15 +N

*Phenotypes were scored according to the system of Jenner and Walsh (1996). 
0, resistance with no TuMV-associated symptoms and no TuMV detected by ELISA, or 
+N, systemic TuMV infection with necrosis. TuMV detection using plate-trapped antigen 
PTA-ELISA confirmed the resistance/susceptibility status of all plants.

on traditional measures of marker quality, such as sequencing 
read depth (Supplementary Tables 1 and 2). Pairwise 
recombination fraction (RF) values were calculated between all 
final marker subsets and a logarithm of the odds (LOD) score 
calculated for each pair based on a likelihood test of RF = 0.5. 
Linkage groups were inferred using appropriate RF and LOD 
score values adjusted to a stage where an appropriate number 
of linkage groups/chromosomes were generated. Ordering of 
markers within linkage groups was performed independently of 
reference genome position-associated physical loci. All possible 
orders within a successively increasing subset of markers were 
considered and applied where the number of obligate recombination 
events were reduced. After all markers had been ordered, linkage 
maps were finalized by calculating inter-marker distances based 
on RF using the Haldane mapping function, assuming no meiotic 
crossover interference. In addition to estimating inter-marker 
distances, the Haldane mapping algorithm was used to calculate 
an associated LOD score based on a test of how dependable 
calculated distances were. Using a selection of potential/assumed 
genotyping error rates, this LOD score was used to indicate the 
likely true error of genotyping present within final marker subsets.

Due to observed phenotypes being qualitative (i.e., distinct 
TuMV resistance against susceptibility), appropriate nonparametric 
algorithms were used for all QTL analyses. Multiple QTL 
modeling was first used to predict the most likely number of 
QTLs and any interaction between them using a stepwise forward/
backward search algorithm, assuming a maximum of four distinct 
QTLs succeeded by permutation-based testing of the suggested 
QTL model (1,000 permutations, α < 0.05). Suitable Haley-Knott, 
multiple imputation-based, and expectation-maximization QTL 
interval mapping (IM) algorithms were then used to identify 
marker-phenotypic variance associations. Algorithm-specific 
statistical likelihood LOD scores indicating the probability of 
any marker being associated with the phenotype undergoing 
mapping were determined for all markers. To complement QTL 
modeling, cofactors were also applied through standard composite 
interval mapping (CIM) techniques to infer whether multiple 
QTLs with minor effects were likely present (Jansen, 1993; Zeng, 
1994). Genome-wide LOD significance thresholds were determined 
for all QTL mapping algorithms through 10,000 permutations 
of randomized phenotypic data and α < 0.05. QTL CIs of a 1.5 
LOD drop from the peak marker-associated LOD score were 

identified, and QTL intervals defined by extending this interval 
to adjacent flanking markers of each linkage map.

RESULTS

TuMV Resistance Phenotyping
From the 33 B. juncea lines screened against TuMV isolate 
UK 1, eight were identified with some level of resistance 
(Table 1). Two S2 populations produced by selfing both TuMV-
resistant TWBJ14 S1 and TWBJ20 S1 plants exhibited uniform 
resistance when challenged with TuMV isolates UK 1, vVIR24 
and CDN 1 (Table  2). This indicated that both plant lines 
possessed broad-spectrum resistance against isolates representing 
the most prevalent pathotypes (1, 3 and 4) of TuMV. Phenotyping 
of F1 populations (060DH17 ♀ × TuMV-resistant plants ♂) for 
resistance to TuMV UK 1 suggested that both sources of 
resistance were recessive (Table  3). Subsequent phenotyping 
of both TWBJ14 and TWBJ20 F2 and BC1 populations further 
reinforced this; the observed patterns of segregation between 
TuMV resistance and susceptibility did not differ significantly 
according to chi-square (χ2) analyses from expected ratios based 
on a model of two recessive genes (TWBJ14 F2 χ2 = 0.094, 
TWBJ14 BC1 χ2 = 0.150, TWBJ20 BC1 χ2 = 2.38 < χ2

0.05 = 3.84; 
Table  4). TuMV-susceptible experimental control TGM plants 
challenged in all of these experiments were clearly infected 
with TuMV. Throughout all phenotyping experiments, there 
was also no indication that TuMV isolates behaved inconsistently 
when inoculated to the TuMV pathotype 1-resistant R4 plant line.

192

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Bramham et al.   Brassica juncea Broad-Spectrum TuMV Resistance

Frontiers in Plant Science | www.frontiersin.org 7 January 2022 | Volume 12 | Article 787354

Genotyping by Sequencing and 90K SNP 
Array Outputs for TWBJ14 and TWBJ20 
BC1 Populations
Inspection of 90K SNP array-derived genotypic data suggested 
raw data for both TWBJ14 and TWBJ20 BC1 mapping 
populations was of high quality. A total of 11,732 marker 
loci were successfully genotyped with relatively few failing 
to be  genotyped across less than 90% of plants from each 
of the BC1 populations assessed (2.1 and 3.4%, respectively, 
for TWBJ14 and TWBJ20). The vast majority of markers 
provided data across more than 99% of the BC1 samples 
tested (95.4 and 71.5% of TWBJ14 and TWBJ20, respectively). 
However, these marker loci were not strictly polymorphic 
and/or necessarily informative.

In contrast to the 90K SNP array data, all TWBJ14 GBS 
marker loci were identified based on a minimum of one sample 
being polymorphic to any other sample of the same BC1 
population assessed, so theoretically should have provided a 
higher abundance of informative and germplasm-specific data. 
Substantially more loci were immediately identified as potentially 
useful using this methodology and due to GBS not relying 
on pre-determined marker loci of interest. A total of 47,845 
SNPs or insertion/deletion events (InDels) were identified. 
Irrespective of these having the potential of being informative, 
further inspection of GBS data suggested near-complete absence 
of any useful data. Of all GBS-derived marker loci, 85.1% 
failed to be  genotyped across more than 10% of plants tested; 
there were no notable patterns linking any discrete sample(s) 
or marker loci to genotyping failure. Of the remaining genotyped 
loci, where more than 90% of BC1 samples provided some 
level of data, sequencing read depth was highly variable. Due 
to the original parents of the TWBJ14 BC1 population not 
being available for processing by GBS, prospective markers 
could not be  filtered based on observations of appropriate 
allelic variation or hetero/homozygosity of absent parental 
genotypic data. Approximately half of the TWBJ14 BC1 samples 
genotyped via the 90K SNP array (n = 218) were assessed using 
GBS (n = 102), further confounding issues with the efficacy of 
any recombination-based marker filtering strategies. These were 

limited due to inherently fewer recombination events 
being captured.

Screening of Genotypic Data and Genetic 
Linkage Map Construction
Successive filtering of marker loci proved highly effective when 
based on a combination of initial qualitative parameters (e.g., 
for 90K SNP array data, removal of markers where the doubled 
haploid parental line 060DH17 was genotyped as heterozygous) 
followed by iterative and optimizable measures, such as removing 
genotypic data generated across <75% of samples 
(Supplementary Tables 1 and 2). Applying this reductive 
approach to filter prospective markers, the 90K SNP array 
data generated a final subset of 1,663 and 3,158 markers, 
respectively from the TWBJ14 and TWBJ20 BC1 populations. 
Recombination captured across each BC1 population was 
identified as a limiting factor. The removal of redundant markers, 
where calculated RF was near-identical and which would 
consequently provide no additional linkage map resolution,  
reduced the final subset of markers to 1,064 for TWBJ14 and 
966 markers for TWBJ20 (Supplementary Table  1). Assumed 
genotyping errors employed with the Haldane linkage mapping 
function suggested an impactful error rate of 0.00% across 
both these final subsets of 90K SNP array data.

Comprehensive exploration of filtering strategies based on 
sequencing read depth were unsuccessful in producing a TWBJ14 
GBS marker subset capable of allowing linkage map production 
based exclusively on recombination. The use of imputation-
based methods aimed at remediating the impact of genotyping 
failure also proved ineffective when implemented at any stage 
of marker filtering. Ultimately, the lack of genotyping data 
from the original TWBJ14 source of resistance and parents 
of the BC1 population also proved extremely adverse. The 
identification of heterozygosity/recombination events across BC1 
plants was still assessable, based on observations of consistent 
genotyping of discrete alleles across BC1 samples. Using this 
approach and similar reductive filtering as for the 90K SNP 
array data, a subset of robust markers was successfully identified 
from TWBJ14 GBS data (Supplementary Table  2). This final 

TABLE 4 | Response of S2 and F2 populations of B. juncea plant lines following mechanical inoculation with turnip mosaic virus isolate UK 1.

Plant line (population)

No. plants (phenotype*1)

Predicted ratio for TuMV 
resistance:susceptibility*2

Goodness of fit/χ2 
value*3Resistant Susceptible

(0) (+) (+N)

TWBJ14 (S2) 10 0 0
TWBJ14 (F2) 9 81 69 1:15 0.094
TWBJ14 (BC1) 53 109 60 1:3 0.150
TWBJ20 (S2) 20 0 0
TWBJ20 (BC1) 41 0 161 1:3 2.38

*1Phenotypes were scored according to the system of Jenner and Walsh (1996). 0, resistance with no TuMV-associated symptoms and no TuMV detected by ELISA; +,  
systemic TuMV infection or +N, systemic infection with necrosis. TuMV detection using plate-trapped antigen PTA-ELISA confirmed the resistance/susceptibility status of all plants. 
*2Predicted ratio for each plant population presented as the number of TuMV-resistant plants: TuMV-susceptible plants (0: +/+N), according to a two recessive gene model.
*3Goodness of fit based on chi-square (χ2) method; with one degree of freedom: χ2

0.05 = 3.84. 
Associated p-values were > 0.05 in all instances.
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collection of markers was approximately 1% of the SNPs/InDels 
initially identified, totaling 481 unique loci. It is of note that 
this subset included informative markers which were otherwise 
discarded when implementing filtering strategies based on 
sequencing read depth. A small but potentially significant 
genotyping error rate of 0.55% was predicted when the final 
marker subset was assigned linkage groups and markers artificially 
ordered according to the B. juncea reference assembly.

Assignment of linkage groups and genetic map construction 
were performed during marker screening and employed as a 
method for the removal of unreliable genotypic data. The 
recombination fraction and associated LOD score calculated 
between approximately 7,100 filtered 90K SNP array markers 
from both B. juncea TWBJ14 and TWBJ20 BC1 populations 
allowed assignment of markers into linkage groups based on 
a maximum RF of 0.15 and minimum LOD of 8 
(Supplementary Table  1). This set of values retained the 
maximum number of informative marker loci possible, while 
remaining stringent. The high quality of 90K SNP array 
genotyping enabled marker loci to be  assigned to 18 linkage 
groups, representing the 18 chromosomes of B. juncea, with 
few markers remaining unassigned. A single marker from 
TWBJ14 and 12 from TWBJ20 SNP array datasets were removed 
during linkage group assignment. Ordering 90K SNP array 
markers exclusively according to recombination fraction generated 
linkage maps with near-identical orders to those where markers 
were artificially ordered according to physical B. juncea reference 
genome loci (Figure  2). The only exception to this was within 
chromosome B04 where a partial chromosome inversion event 
was suggested for both TWBJ14 and TWBJ20 germplasm. 
Distribution of markers and overall marker density was consistent 
across final genetic linkage maps generated from filtered TWBJ14 
and TWBJ20 BC1 90K SNP array marker data. The mean 
number of markers assigned to each chromosome for the 
TWBJ14 BC1 population was 59.1 ± 3.7 (SEM), and 53.7 ± 2.7 
(SEM) for TWBJ20 with no apparent gaps in genome-wide 
coverage (Figure  2).

A linkage map was also constructed based exclusively on 
pairwise recombination calculated between the most reliable 
481 TWBJ14 BC1 GBS markers remaining after excluding those 
presenting non-identical recombination. Compared to the physical 
order of markers on the B. juncea reference genome assembly, 
this linkage map could not be  considered strictly reliable 
(Figure  3). Incorrect marker ordering occurred across many 
linkage groups, although, the majority of marker loci ordered 
by linkage were equivalent to orders predicted by physical 
reference assembly positions. Despite the suggestion from 
preliminary analyses of TWBJ14 GBS data that no viable data 
was present, a potentially informative linkage map was produced 
using considered screening of highly recalcitrant genotyping data.

QTL Resistance Mapping and Interval 
Calculation
TWBJ14 90K SNP Array
Iterative forward and backward consideration of the addition 
of TWBJ14 90K SNP array linkage map markers into a model 
attempting to account for observed phenotypic variation indicated 

that a model of two loci for TuMV resistance, one on chromosome 
A03 and another on A06, was most likely. Permutation-based 
testing of an assumed two-QTL model reinforced this suggestion; 
the only pairs of marker loci to pass statistical significance 
thresholds were those loci already identified by QTL modeling 
as part of an additive model without epistatic interaction. Both 
IM and CIM consolidated this result with significant LOD 
scores determined for markers across chromosomes A03 and 
A06 (Figure 4). Haley-Knott, marker regression and expectation-
maximization QTL mapping algorithms produced highly 
analogous results with QTL intervals of 12.6 and 27.3 cM on 
chromosomes A03 and A06, respectively.

TWBJ14 GBS
Results using TWBJ14 BC1 GBS data were comparable to those 
derived from the 90K SNP array. QTL modeling of the GBS 
data suggested putative QTLs on chromosomes A03 and A06 
with equivalent permutation-based results to those of the SNP 
array data. The most refined TWBJ14 QTL intervals from 

A

B

FIGURE 2 | Genetic linkage maps constructed from 90K single nucleotide 
polymorphism (SNP) array genotyping of the TWBJ14 (A) and TWBJ20 
(B) BC1 TuMV resistance-mapping populations. Marker loci ordered 
exclusively via calculated pairwise recombination fraction (black, left) and 
comparative order produced based on physical/B. juncea reference genome 
loci (red, right) are also presented. All inter-marker distances calculated based 
on recombination fraction. Connecting lines indicate the relative loci of 
identical markers within each linkage map.
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GBS data when expanded to interval-flanking markers were 
similar to those identified using the 90K SNP array. GBS 
defined QTL intervals for TuMV resistance of 10.4 cM on 
chromosome A03 and 11.9 cM on A06.

The distinct TWBJ14 GBS and SNP array-derived linkage 
maps could not be  directly compared, although the translation 
of QTL-flanking markers to the B. juncea reference assembly 
suggested the QTL results from each genotyping method were 
very similar. For chromosome A03, the physical QTL intervals 
derived from GBS and SNP array data spanned 4.86 and 
5.54 Mb, respectively. The lower boundaries of these intervals 
were predicted to be near-identical (<2 Kb apart) with a difference 
between upper physical QTL interval boundaries of 0.68 Mb. 
A physical QTL interval of 10.8 Mb on A06 was predicted 
from GBS data.

Too few TuMV-susceptible (31/+; 30/+N) samples were 
available for GBS to facilitate effective marker screening and 
linkage map production for the additional necrotic phenotype.

TWBJ14 Necrotic Phenotype
The presence of three phenotypes (Figure 1) across the TWBJ14 
BC1 population facilitated additional analyses using 90K SNP 
array data aimed at mapping the necrotic phenotype (+N). 
Interval mapping and CIM on the subset of 166 TuMV-susceptible 
BC1 individuals (105/+; 61/+N) implied a single highly significant 
QTL on chromosome A06 was present with an interval of 
6.8 cM (Figure  5). No pairs of QTLs, full or additive models 
were identified which met permutation-based significance 

thresholds for a non-single QTL model. The physical QTL 
interval was determined as 2.17 Mb on chromosome A06, within 
the 10.8 Mb interval suggested from GBS data where resistance 
was explored.

TWBJ20 Source of TuMV Resistance
Composite interval mapping with two cofactors assigned to linkage 
map loci of peak LOD scores identified through prior IM suggested 
the presence of two significant QTLs associated with the resistance 
to TuMV in TWBJ20 (Figure  6). Modeling for QTLs using the 
TWBJ20 SNP array data suggested that the inclusion of three 
loci, one on A03, A06 and B08 chromosomes, was the most 
likely. This three-QTL model could not be assessed for statistical 
significance, however, and the addition of chromosome B08 was 
considered to be  perhaps erroneous, related to an increased rate 
of recombination recorded across B08. Composite interval mapping 
with additional cofactors assigned incrementally across peak LOD 
score-associated linkage map loci did not identify any putative 
QTLs passing CIM-specific significance thresholds, except for 
those on chromosomes A03 and A06 (Figure  6). Assuming a 
two-QTL model, the only pair of marker loci shown to 
be significant for a full or additive model were identical to those 
identified by QTL modeling, excluding the suggested addition 
of a QTL on chromosome B08. The most refined QTL intervals 
when expanded to interval-flanking markers for chromosomes 
A03 were calculated as 8.9 and 21.9 cM for A06. Translation of 
these intervals to physical marker loci suggested a large 17.3 Mb 
region on chromosome A06, spanning the proposed QTL interval 

FIGURE 3 | Genetic linkage map constructed from filtered genotyping by sequencing (GBS) data from the TWBJ14 BC1 turnip mosaic virus resistance-mapping 
population. Marker loci ordered exclusively via calculated pairwise recombination fraction (black, left) and comparative order produced based on physical/B. juncea 
reference genome loci (red, right) are also presented. All inter-marker distances calculated based on recombination fraction. Connecting lines indicate the relative loci 
of identical markers within each linkage map.
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associated with TWBJ14 TuMV resistance, and a smaller 3.0 Mb 
region on chromosome A03 distinct from the TWBJ14 A03 QTL.

TWBJ14 and TWBJ20 Complementation 
Testing
A slight disparity was observed in TuMV susceptibility during 
resistance complementation testing of F2 crosses depending 
upon whether TuMV-resistant TWBJ14 or TWBJ20 S2 plants 
were paternal or maternal parents of two F1 populations used 
for F2 production. The F2 population produced from germplasm, 
where the maternal F1 parent was a TWBJ14 S2 plant exhibited 
clear segregation for TuMV resistance with visual phenotypes 
correlating to PTA-ELISA data (Table  5). A contrasting less 
distinct segregation of TuMV resistance was recorded, where 
TWBJ20 material was the maternal F1 parent.

Irrespective of F1 parental maternity/paternity, segregation for 
resistance recorded for F2 populations suggested that one TuMV 
resistance-associated locus was shared between TWBJ14 and 
TWBJ20. Where TWBJ14 germplasm represented the maternal 
F1 parent, the resultant F2 population segregated for TuMV resistance 
(41 resistant/0; 51 susceptible/+); this was determined by chi-squared 
(χ2) analysis to not be  significantly different from the ratio of 7 
resistant: 9 susceptible expected, where one resistant locus was 
shared (χ2 = 0.025, value of p > 0.05) and differing significantly 

(χ2 = 91.1, value of p < 0.001), where no resistance loci were in 
common (predicted segregation ratio of 31 resistant/0: 225 
susceptible/+). Where TWBJ20 germplasm represented the maternal 
F1 parent, respective χ2 values of 3.49 (value of p > 0.05) and 
118.6 (value of p < 0.001) were determined, confirming that one 
resistance locus was shared between the two B. juncea lines 
(Table  5).

DISCUSSION

TWBJ14 and TWBJ20 Resistances to 
Turnip Mosaic Virus
In this study, we report the characterization of two new sources 
of broad-spectrum, recessive resistance effective against 
representative isolates of the most common pathotypes (1, 3 
and 4) of TuMV. Both resistances involve two recessive genes. 
Resistance complementation testing and QTL analyses showed 
that the resistance-associated locus on chromosome A06 (retr04) 
is shared between TWBJ14 and TWBJ20, retr05 is specific to 
the former and retr06 is specific to the latter.

To date, at least 20 TuMV resistance-associated genes/loci 
have been mapped across all species of the Brassica genus (Li 
et  al., 2019; Palukaitis and Kim, 2021) with significant efforts 

FIGURE 4 | Logarithm of the odds (LOD) profile of nonparametric composite interval mapping (CIM) with two cofactors (assigned to the peak LOD scores for A03 
and A06 determined by interval mapping; IM) performed on the TWBJ14 B. juncea BC1 TuMV resistance mapping population using 90K SNP array data. The TuMV 
resistance quantitative trait loci (QTLs) on A03 (retr05) and on A06 (retr04) passed the threshold (black-dashed line) for significance (LOD 3.23; based on an alpha 
significance value of 0.05 and 10,000 permutations). The results and significance threshold of nonparametric IM, assuming a single QTL model, using the Haley-
Knot algorithm (gray) are also presented.
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to characterize some (Walsh et  al., 1999; Jenner et  al., 2002a; 
Hughes et al., 2003; Qian et al., 2013; Nellist et al., 2014; Shopan 
et  al., 2017). No sources of TuMV resistance across any Brassica 
species have been mapped to the “B” genome, and a single weak 
quantitative resistance to one TuMV isolate has been identified 
and mapped on the “C” genome (Walsh et  al., 1999). Due to 
the evolutionary history of the Brassica genus, valuable traits of 
interest already identified in diploid Brassica genomes have the 
potential to be exploited in amphidiploid Brassica species through 
modern genetic editing techniques, or via interspecific crossing/
resynthesis. This approach was used to great effect when introducing 
clubroot disease resistance from B. rapa into B. juncea material, 
wherein natural resistance is not evident (Hasan and Rahman, 

2018) and to introduce turnip yellows virus resistance from 
Brassica oleracea and B. rapa into B. napus (Greer et al., 2021). 
Potential therefore exists for the generation of enhanced TuMV-
resistant B. juncea cultivars using resistances already identified 
on the “A” genome of other Brassica species via resynthesis. 
Deployment of resistances in such a manner is, however, more 
difficult and time-consuming compared to the use of traditional 
MAS during natural introgression of any resistance-associated 
gene(s) from similar B. juncea material.

Few sources of TuMV resistance capable of being deployed 
directly through MAS have been identified within B. juncea 
germplasm (Nyalugwe et  al., 2015; Shopan et  al., 2017). The 
TWBJ14 and TWBJ20 B. juncea TuMV resistances identified 

FIGURE 5 | Logarithm of the odds profile of nonparametric/binary IM performed on TuMV-susceptible plants from the TWBJ14 B. juncea BC1 TuMV mapping 
population. A model of one QTL associated with the necrotic phenotype is assumed. A single QTL for the necrotic phenotype linked with TuMV infection on chromosome 
A06 passed all QTL mapping algorithm-specific thresholds for significance (dashed lines; based on an alpha significance value of 0.05 and 10,000 permutations).

TABLE 5 | Response of F2 populations where TuMV-resistant B. juncea TWBJ14 and TWBJ20 S2 plants were paternal or maternal plants of two F1 populations used 
for F2 production.

Maternal parent of F1 
germplasm used for F2 
generation (population)

No. F2 plants (phenotype*1) Assumed number of shared 
TuMV resistance-
associated loci

Predicted ratio for TuMV 
resistance:susceptibility

Goodness of fit/χ2 
value*2

Resistant (0) Susceptible (+)

TWBJ14 (S2) 41 51 0 31:225 91.1
TWBJ14 (S2) 41 51 1 7:9 0.025
TWBJ20 (S2) 44 39 0 31:225 118.6
TWBJ20 (S2) 44 39 1 7:9 3.49

*1Phenotypes were scored according to the system of Jenner and Walsh (1996). 0, resistance with no TuMV-associated symptoms or +, systemic TuMV infection. TuMV detection 
using plate-trapped antigen PTA-ELISA confirmed the resistance/susceptibility status of all plants. *2Goodness of fit based on chi-square (χ2) method; with one degree of freedom: 
χ2

0.05 = 3.84, χ2
0.01 = 6.64, and χ2

0.001 = 10.83.
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and characterized here are consequently of high value. The vast 
majority of current resistances to TuMV in brassicas are also 
dominant and specific to discrete strains/pathotypes of TuMV. 
Such sources of genetic resistance to plant viruses remain valuable, 
but have potential to be  rapidly overcome by less prevalent 
resistance-breaking viral mutants/recombinants (Stuthman et al., 
2007). This can render such resistances ineffective if deployed 
irresponsibly owing to shifts in natural viral strain prevalence 
across a region, as is considered increasingly possible due to 
changes in pest and pathogen distribution predicted to occur 
with increasing worldwide temperatures (Bebber et  al., 2013). 
The three recessive QTLs identified in this study appear to 
provide broad-spectrum resistance, as has also been shown for 
the retr01 recessive resistance in B. rapa (Walsh et  al., 2002). 
If QTLs identified here are shown to continue to be  effective 
against the most prevalent TuMV pathotypes, 1, 3 and 4, then 
germplasm and molecular markers explored here represent 
valuable breeding resources for developing enhanced B. juncea 
cultivars with broad-spectrum TuMV resistance.

Segregation ratios for TuMV resistance in F1, F2 and BC1 
TWBJ14 and TWBJ20 populations established that all sources 
of resistance investigated here were recessive. As retr04 was 
mapped to chromosome A06 and retr05 and retr06 were both 
mapped to chromosome A03, and the only other mapped 
recessive resistances to TuMV in brassicas have been mapped 

to chromosome A04 (retr01/retr02; Nellist et  al., 2014) and 
chromosome A01 (retr03; Shopan et  al., 2017), it is clear the 
resistances reported here are new. It is currently unknown 
how these new resistances to TuMV may vary in instances 
where single resistance-associated loci are present.

Sequence information used to produce the 90K SNP array 
markers that flanked the highly significant QTL for the necrotic 
phenotype on chromosome A06 was homologous to specific 
A06 loci of a reliable Brassica A genome reference assembly 
(Belser et  al., 2018). This enabled comparison to published 
TuMV resistance genes. The dominant resistance gene TuRB01 
and its likely ortholog TuRB01b were both mapped to chromosome 
A06 (Walsh et  al., 1999; Lydiate et  al., 2014). Further evidence 
was provided to indicate that these genes are similar or identical 
alleles and that B. napus may have acquired TuRB01 from the 
B. rapa gene pool during Brassica speciation (Walsh et  al., 
2002; Lydiate et  al., 2014). Unpublished work undertaken by 
collaborators refined candidates of TuRB01/TuRB01b to a bacterial 
artificial chromosome contig. The full sequence of this contig 
aligned to chromosome A06 of the Belser et al. (2018) reference 
genome with 99.8% homology. This region was contained within 
the A06 necrotic phenotype QTL interval determined here. 
This could suggest the presence of TuRB01b in the plant lines 
investigated here, originating from a natural hybridization 
between a B. rapa plant possessing TuRB01b and B. nigra.

FIGURE 6 | Logarithm of the odds profile of nonparametric CIM with two cofactors (assigned to the peak LOD scores for A03 and A06 determined by IM) 
performed on the TWBJ20 B. juncea BC1 TuMV resistance mapping population using 90K SNP array data. The TuMV resistance QTLs on A03 (retr06) and on A06 
(retr04) passed the threshold (black-dashed line) for significance (LOD 3.39; based on an alpha significance value of 0.05 and 10,000 permutations). The results and 
significance threshold of nonparametric IM, assuming a single QTL model, using the Haley-Knot algorithm (gray) are also presented.
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In terms of the TuMV resistances identified in this study, 
reliable identification of candidate genes for retr04, retr05, and 
retr06 was not possible with currently available data. This was 
due to the large number of genes suggested within QTL intervals 
and because robust gene annotation/validation has not been 
performed on the unpublished B. juncea reference assembly 
used in this study. Previously identified recessive TuMV resistance 
genes retr01, retr02 and retr03 have all been shown as variants 
of components of the eukaryotic translation initiation complex 
(Nellist et  al., 2014; Shopan et  al., 2017). Most recessive plant 
resistances to potyviruses are due to natural mutations in 
eukaryotic translation initiation factor 4E (eIF4E) genes (Robaglia 
and Caranta, 2006). As with retr01-based resistance in B. rapa, 
it is possible that eIF4E/eIF(iso)4E allelic variants (which TuMV 
cannot use) could be  candidates for retr04, retr05, and retr06. 
Shopan et  al. (2020) used sequence data of 95 established 
eukaryotic translation initiation factors (eIFs) from Arabidopsis 
thaliana to identify homologs across various Brassica species, 
including 190 putative B. juncea eIFs (BjueIFs). Using the 
positions of these BjueIFs on the B. juncea cv. Tumida assembly 
developed by Yang et  al. (2016) and alignment of the retr04, 
retr05, and retr06 QTL-flanking SNP array markers, BjueIFs 
within all QTLs were identified (Supplementary Figure  1).

The only BjueIFs suggested in the chromosome A06 QTL 
associated with TWBJ20 were BjuA022587 and BjuA023685; 
these are both proposed by Shopan et al. (2020) to be homologs 
of eIF2ß. Of these two putative eIF2ß genes, BjuA023685 was 
also contained within the A06 QTL associated with TWBJ14 
resistance. BjuA023685 may perhaps represents a candidate for 
retr04 shared by TWBJ14 and TWBJ20. Five additional BjueIFs 
(putative homologs of eIF2C, eIF3, eIF3δ, eIF4A, eIF4B, and 
eukaryotic release factor, RF) were also contained in the TWBJ14 
A06 QTL (Supplementary Figure  1). Within the first A03 
retr05/TWBJ14-associated QTL, six putative BjueIFs are suggested, 
all of which are subunits of eIF3, eIF4, or an eIF4A-like RNA 
helicase. Only two BjueIFs (BjuA010155; eIF4A and BjuA010508; 
eIF3F) were located within the retr06/TWBJ20 A03 QTL. While 
BjueIFs suggested in these QTLs may represent candidates for 
retr04, retr05, and retr06, the B. juncea cv. Tumida genome 
assembly employed by Shopan et  al. (2020) may not accurately 
represent eIF variation in germplasm explored here. Future 
analyses of putative eIFs using the unpublished B. juncea reference 
assembly based on the specific 060DH17 line used in this study 
may elucidate if these eIFs are likely candidate resistance genes 
of interest. Molecular markers/polymorphic loci identified here 
could also be  investigated against second backcross (BC2) 
populations as part of work intending to refine candidate gene 
intervals, whilst validating prospective markers for commercial 
use. Additional characterization of the TWBJ14 and TWBJ20 
resistances is required, but these new resistances present promise 
as a genetic resource for helping to mitigate TuMV.

Processing of Recalcitrant Genotyping by 
Sequencing Data
For reasons comprehensively reviewed previously (Davey et al., 
2011; Deschamps et  al., 2012; Poland and Rife, 2012; Kim 
et  al., 2016), GBS is considered to be  an informative, reliable, 

and highly versatile genotyping option. In circumstances where 
an appropriate or reliable reference genome is unavailable, the 
massive high-throughput parallel sequencing associated with 
NGS-based techniques may represent one of few viable options 
for identifying genome-wide SNP/InDels in original germplasm. 
The use of GBS here facilitated the development of a reasonably 
robust linkage map using the most informative subset of 481 
TWBJ14 BC1-specific markers. The unfiltered data used to 
identify this subset presented significant issues, many of which 
are commonplace for GBS. Data produced by GBS tends to 
contain large quantities of missing genotyping calls compared 
to alternative methods, whilst also exhibiting inherent and 
often considerable error rates (Furuta et  al., 2017). Missing 
GBS data can be  attributed to presence/absence variation in 
germplasm under investigation, polymorphic restriction sites 
impacting the generation of reduced representation libraries, 
and/or differential methylation across DNA (Poland and Rife, 
2012). Technical issues that contribute to missing data include 
the complexity of reduced genome representation libraries, 
number of unique sequence tags and overall sequence coverage. 
These issues may have occurred during employment of GBS here.

Sequencing read depth/coverage is the predominant measure 
used for rapid screening of NGS-based data for marker quality. 
As a case study, the processing of GBS data here represents a 
situation not previously reported. Highly recalcitrant genotypic 
data has been used to produce results comparable with those 
derived from near-optimal 90K SNP array data without any 
implementation of coverage-based screening of prospective markers. 
The consideration that this was achieved, where TWBJ14 90K 
SNP array data was generated from more than double the number 
of GBS BC1 samples rendered this output increasingly striking. 
Read coverage cannot be  considered an absolute indication of 
reliability nor measure for whether potential marker loci may 
ultimately prove informative. This was demonstrated here wherein 
“traditional” read depth-based screening of TWBJ14 GBS data 
proved unviable for producing a marker subset for effective linkage 
map production. Based on any filters applied according to sequencing 
coverage, a large quantity of GBS marker loci were considered 
reliable yet proved detrimental for effective linkage map production. 
The majority of these “reliable” marker loci presented qualitatively 
impossible genotyping because of the backcrossing strategy employed 
and allelic variation observed across BC1 samples.

Other methods including the imputation-based methods of 
the “ABHgenotypeR” R package (Furuta et al., 2017) and hidden 
Markov models (Technow and Gerke, 2017) proved ineffective 
for processing the imperfect GBS data explored here. In contrast 
to using imputation-based methods, all questionable GBS marker 
loci identified here were removed without any amendments 
whatsoever made to original data. The methods implemented 
here limited prospective markers available for linkage map 
production and QTL analyses, although this was considered 
to not have significant impact due to the limited levels of 
recombination observed across the 102 TWBJ14 BC1 plant 
samples assessed. Reductive marker screening approaches are 
speculated to be  advantageous relative to strategies reliant on 
data amendment. A key advantage of this reductive approach 
relative to imputation is the removal of erroneous QTLs caused 
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by false remediation of genotyping calls implemented because 
of cumulative genotyping errors or sparsity of markers.

It is debatable whether GBS is ever an appropriate method 
to employ for trait-mapping studies involving a large number 
of mapping population samples, due to both cost-efficiency and 
data handling considerations. Genotyping by sequencing routinely 
generates a large quantity of potentially useful markers. A level 
of diminishing returns can exist, however, for studies reliant on 
biparental mapping populations. The addition of markers where 
such a population has reached a stage of marker saturation with 
all recombination events captured can be considered detrimental, 
does not provide increased QTL interval resolution and may 
convolute analyses (Poland and Rife, 2012). This was likely the 
case for GBS performed here. Irrespective of the 47,848 marker 
loci initially suggested as perhaps informative prior to any screening 
for marker quality, captured recombination ultimately proved a 
limiting factor for whether markers were informative. During 
the final GBS marker loci filtering stage, wherein any loci 
demonstrating near-identical recombination fraction were removed, 
the reliable 1,057 marker subset was reduced to the representative 
481 used for QTL analyses (Supplementary Table  2). The many 
benefits of GBS for QTL mapping, including no prior information 
of a target species genome being required and the ability to 
identify germplasm-specific markers, mean that such methods 
are highly valuable (Kim et al., 2016). This is regardless of whether 
recombination represents a bottleneck for identifying informative 
markers. Ultimately, the use of similar reductive screening methods 
to those employed here without read coverage being implemented 
as a predominant measure of marker quality may prove effective 
for other similar biparental QTL mapping studies.
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Clubroot is a serious soil-borne disease of crucifers caused by the obligate parasite
Plasmodiophora brassicae. The genetic basis and histopathology of clubroot resistance
in two Chinese cabbage (Brassica rapa ssp. pekinensis) inbred lines Bap055 and
Bap246, challenged with pathotype 4 of P. brassicae, was evaluated. The Chinese
cabbage cultivar “Juxin” served as a susceptible check. The resistance in Bap055 was
found to be controlled by the CRa gene, while resistance in Bap246 fit a model of
control by unknown recessive gene. Infection of the roots by P. brassicae was examined
by inverted microscopy. Despite their resistance, primary and secondary infection were
observed to occur in Bap055 and Bap246. Primary infection was detected at 2 days
post-inoculation (DPI) in “Juxin,” at 4 DPI in Bap055, and at 6 DPI in Bap246. Infection
occurred most quickly on “Juxin,” with 60% of the root hairs infected at 10 DPI, followed
by Bap055 (31% of the root hairs infected at 12 DPI) and Bap246 (20% of the root hairs
infected at 14 DPI). Secondary infection of “Juxin” was first observed at 8 DPI, while
in Bap055 and Bap246, secondary infection was first observed at 10 DPI. At 14 DPI,
the percentage of cortical infection in “Juxin,” Bap055 and Bap246 was 93.3, 20.0,
and 11.1%, respectively. Although cortical infection was more widespread in Bap055
than in Bap246, secondary infection in both of these hosts was restricted relative to
the susceptible check, and the vascular system remained intact. A large number of
binucleate secondary plasmodia were observed in “Juxin” and the vascular system
was disrupted at 16 DPI; in Bap055 and Bap246, only a few secondary plasmodia
were visible, with no binucleate secondary plasmodia. The defense mechanisms and
expression of resistance appears to differ between Chinese cabbage cultivars carrying
different sources of resistance.

Keywords: Plasmodiophora brassicae, Chinese cabbage, resistance, histopathology, primary infection,
secondary infection
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INTRODUCTION

Clubroot, caused by the obligate parasite Plasmodiophora
brassicae Wor., is a major soil-borne disease of the Brassicaceae.
Clubroot represents a major threat to cruciferous vegetable
production in Canada, China, India, Europe, and Australia
(Bhattacharya et al., 2014; Chai et al., 2014; Donald and Porter,
2014; Rahman et al., 2014; Wallenhammar et al., 2014). In China,
the disease was first reported in Taiwan and Fujian in the 1910s,
and now occurs widely spread across the country (Chai et al.,
2014). Transmission of P. brassicae occurs on seeds, in soil,
infected plant material, irrigation water and animal manure, with
the most severe clubroot outbreaks reported in the southwest,
northeast and middle regions of China. The disease is estimated
to cause yield losses of 20–30% in Chinese cabbage annually
(Wang et al., 2011; Chai et al., 2014).

Isolates of P. brassicae are classified into pathotypes based
on their virulence patterns on various host differential sets.
Pathotype 4, as defined on the system of Williams (1966), is
prevalent in most of China (Chai et al., 2014). The clubroot
pathogen produces long-lived resting spores, which can remain
viable in the soil for many years and hinder management of
the disease. Given the importance of clubroot as a disease of
Chinese cabbage and other brassicas, P. brassicae has become an
urgent problem for breeders, growers, and farmers (Dixon, 2009).
Various strategies are recommended for clubroot management,
including the sanitization of field implements and equipment,
the application of soil amendments and chemical pesticides, and
long rotations out of susceptible hosts (Hwang et al., 2014; Peng
et al., 2014a; Andreote et al., 2020). The most economical and
effective approach for clubroot control, however, is to breed
varieties with genetic resistance to the disease (Diederichsen et al.,
2009; Rahman et al., 2011; Peng et al., 2014b). The identification,
mapping and cloning of resistance genes serve as the basis
for rapid selection of new clubroot-resistant (CR) varieties. At
present, more than 20 resistance gene loci have been mapped,
which are found mainly on chromosomes A01, A02, A03, A06,
and A08. Among the mapped resistance genes, CRa, CRbkato, and
Crr1 have been cloned (Ueno et al., 2012; Hatakeyama et al.,
2013, 2017), and all are R genes with an NBS-LRR structure
(Eitas and Dang, 2010).

The resting spores of P. brassicae germinate to produce
primary zoospores, which initiate infection by invading the root
hairs (Tommerup and Ingram, 1971; Kageyama and Asano,
2009; Liu et al., 2020b). The zoospores encyst on the root
hairs, piercing the cell wall and injecting their contents into
the cytoplasm of the host cell (Aist and Williams, 1972). Inside
the root hairs, P. brassicae forms primary plasmodia. A number
of nuclear divisions occur synchronously in these plasmodia,
followed by cleavage into zoosporangia. Later, 4–16 secondary
zoospores are formed in each zoosporangium and released back
into the soil. The secondary zoospores penetrate the cortical
tissues of the main roots, a process called secondary infection.
At this stage, the pathogen colonizes the underground parts of
plants, reprogramming existing meristematic activities to form
nutrient sinks as well as creating favorable conditions for resting
spore formation (Malinowski et al., 2012). Secondary infection

is responsible for the characteristic symptoms of clubroot on
susceptible hosts, including the hypertrophy and hyperplasia
associated with root gall formation (Kageyama and Asano, 2009).
When root galling is severe, aboveground plant growth is severely
affected. Inside the root, secondary plasmodia develop into a new
generation of resting spores, which are eventually released back
into soil as survival structures as the galls decompose (Tommerup
and Ingram, 1971; Ingram and Tommerup, 1972; Kageyama and
Asano, 2009).

Plasmodiophora brassicae infects vegetables and other hosts
in the Brassicaceae family, and serves as a useful model system
with which to study the disease (Koch et al., 1991; Mithen and
Magrath, 1992; Ludwig-Müller et al., 2009). It is thought that
perturbations in phytohormone content, particularly auxin and
cytokinin (Siemens et al., 2011), in P. brassicae-infected plants
play important roles in disease development, but little is known
regarding the changes that occur in different resistant hosts
that do not develop typical root galling. A better understanding
of these processes may provide strategies to improve plant
tolerance to infection.

Recently, Liu et al. (2020a) reported that cortical infection
was restricted in the clubroot-resistant European Clubroot
Differential ECD 10 (Brassica napus var. napobrassica) and ECD
04 (B. rapa ssp. rapifera), but the mechanisms by which this
occurred were not examined. While there has been progress in
understanding the molecular interactions between P. brassicae
and its hosts (Chen et al., 2019; Ciaghi et al., 2019; Liu
et al., 2020a), microscopy-based comparisons of the infection
and resistance processes in hosts carrying different sources of
resistance have been lacking. In this study, the genetic basis
of clubroot resistance was compared in two CR recombinant
inbred lines of Chinese cabbage, Bap055 and Bap246, using gene
linkage markers and genetic analysis, and the histopathology of
the resistance response was evaluated by inverted microscopy.

ARTICLE TYPES

Disease Resistance for Sustainable Agriculture.

MATERIALS AND METHODS

Plant and Pathogen Material
Two clubroot-resistant (CR) Chinese cabbage inbred lines
Bap055 and Bap246 (B. rapa, 2n = 2x = 20), (Chinese cabbage,
heading, spring type), developed by the Institute of Vegetables
and Flowers, Chinese Academy of Agricultural Sciences, were
included in this study, along with the clubroot-susceptible
Chinese cabbage cultivar “Juxin,” which served as a control.

To evaluate the genetic control of resistance, Bap055 and
Bap246 were used as resistant male parents to cross with a
susceptible female parent Bac1344, a B. rapa inbred line. Two
crosses Bac1344× Bap055, Bac1344× Bap246 were made under
greenhouse conditions. Subsequently, two F1 individual plants
from each cross were used to make a backcross to the susceptible
parent (Bac1344) to produce BC1 populations with selfing to
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FIGURE 1 | Illustration of the clubroot severity rating scale. From left to right are 0, 1, 3, 5, 7, and 9.

produce F2 populations. Further phenotypic evaluation was
performed in each of these BC1 and F2 populations to determine
the genetic control of resistance of Bap055 and Bap246.

The field isolate of P. brassicae used in this study was collected
from infected Chinese cabbage plants growing in a farm in
Beijing, China, in 2019, and was classified as pathotype 4 on the
differential system of Williams (1966; Supplementary Table 1).
The isolate was stored as resting spores in galled root tissue at
−20◦C until needed.

Inoculation
To prepare resting spore suspensions of P. brassicae, 50 g of
galled root tissue was removed from storage and allowed to thaw
at room temperature before being homogenized in a blender in
600 mL of distilled water. The homogenate was filtered through
eight layers of cheesecloth, and the resting spore concentration in
the filtrate was estimated using a hemocytometer and adjusted
to 1 × 108 spores/mL with sterile distilled water. The spore
suspensions were prepared immediately prior to use.

Seedlings were inoculated by the root dip method of Johnston
(1968) with some modifications. Briefly, the seeds of the three
host genotypes were placed on a single layer of moistened
filter paper in Petri dishes, and allowed to germinate at room
temperature for 3–4 days before inoculation. The rootlets
were then soaked in a Petri dish containing the P. brassicae
resting spore suspension for about 10 min, non-inoculated host
filled with distilled water, and transferred into 50 cell trays
(54 cm × 28 cm × 6 cm), at a rate of one seedling per cell, filled
with a sterilized potting mix (2 parts peat soil: 1 part perlite: 1 part
vermiculite). All plants were kept under controlled conditions at
21–23◦C and 16 h light and 8 h darkness in a greenhouse, with
watering and fertilization as required.

Disease Evaluation and Statistical
Analysis
Six weeks after inoculation, the seedlings were removed from
the trays and the roots were cleaned with water for assessment
of clubroot severity on 0, 1, 3, 5, 7, and 9 disease severity
scale based on technical specifications for the identification of
clubroot resistance in cruciferous vegetables (DB36/T765-2013;
Zhang et al., 2019), where: 0 = no clubs; 1 = a few small clubs
on the lateral or main root; 3 = clubs on the main root where
the diameter was <2× the base of the stem, and there were a few
small clubs on the lateral roots; 5 = club(s) on the main root with
a diameter 2–3× the base of the stem and moderate clubbing on

the lateral roots; 7 = club(s) on the main root with a diameter
of 3–4× the base of the stem, and severe clubbing on the lateral
roots; and 9 = the root system almost without lateral roots, club(s)
on the main root with a diameter >4× the base of the stem, and
crack(s) observed on the club (Figure 1). Scores of 0 and 1 were
regarded as indicative of resistance, while scores of 3, 5, 7, and 9
were considered susceptible responses.

The individual severity ratings were used to calculate a disease
index (DI) using Eq. 1 (Yang et al., 2020):

DI =
(0 × n0)+ (1 × n1)+ (3 × n2)+ (5 × n3)+ (7 × n4)+ (9 × n5)

(N × 9) × 100

Where n0 indicates the number of plants rated as 0, n1
indicates the number of plants rated as 1, n2 indicates the number
of plants rated as 3, n3 indicates the number of plants rated
as 5; n4 indicates the number of plants rated as 7, n5 indicates
the number of plants rated as 9, and N is the total number of
plants evaluated. In addition, a disease incidence was calculated
as per Eq. 2:

Disease Incidence =
n2+ n3+ n4+ n5

N
× 100%

The disease index (DI) of each host was calculated based on the
mean value of all tested seedlings. DI = 0, immune; 0 < DI ≤ 10,
highly resistant (HR); 10 < DI ≤ 30, resistant (R); 30 < DI ≤ 50,
susceptible (S); DI > 50, highly susceptible (HS).

Analysis of Markers Linked to CR Genes
and Polymerase Chain Reaction
The hosts were screened for the presence of CR loci/genes
(CRa, CRc, CRk, CRd, Crr1, Crr2, Rcr1, and CrrA5) using 29
linked markers (Suwabe et al., 2003, 2006; Hirai et al., 2004;
Piao et al., 2004; Saito et al., 2006; Hayashida et al., 2008;
Sakamoto et al., 2008; Matsumoto et al., 2012; Ueno et al.,
2012; Chen et al., 2013, 2016; Hatakeyama et al., 2013; Kato
et al., 2013; Chu et al., 2014; Zhang et al., 2014; Pang et al.,
2018). Total genomic DNA was isolated from the leaves using
a cetyltrimethylammonium bromide (CTAB) method (Saghai-
Maroof et al., 1984) and subjected to polymerase chain reaction
(PCR) analysis in a Veriti Thermal Cycler (Thermo Fisher
Scientific). Reactions were carried out in a 10 µL containing 25 ng
of each primer 30 ng of genomic DNA (Supplementary Table 2),
and 5 µL of 2× PCR Master Mix. The PCR conditions consisted
of an initial denaturation step at 95◦C for 5 min, followed by 35
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cycles of 95◦C for 15 s, 55◦C for 15 s, and 72◦C for 1 min and
a final extension for 7 min at 72◦C. Amplification products were
resolved on a standard agarose (2%) or polyacrylamide (6%) gel
and their sizes were compared with those expected for the specific
resistance genes. Selected amplicons were extracted from the gels
using linked marker Craim-T and sent to Sangon Biotech for
sequencing to confirm their identities.

Preparation and Observation by
Hand-Sectioning
To compare the progress of primary and secondary infection,
inoculated roots of the two clubroot resistant lines and the
susceptible cultivar “Juxin” were examined every 2 days using
an inverted microscope (ZEISS Axio, Germany). Images were
captured with a Canon camera (EOS R6, Japan) on the
microscope. Sections were prepared following Ellison et al.
(2016) with minor modifications. Briefly, the roots were washed
with sterile water and placed into a 15 mL centrifuge tube
containing 10 mL of FAA fixative (formalin: acetic acid: 70%
ethyl alcohol = 5: 5: 90). After 48 h at 4◦C, the FAA fixative
was removed and the samples were washed with 70% ethanol
for 5 min. They were the cut into 1-cm sections, and sealed
with water for rapid observation of the sections. Five individual
plants were examined at each time-point for each host genotypes,
with three roots observed from each plant. For observation of
the primary infection stage, 100 root hairs were observed per
plant, repeated three times. The percentage of infected root
hairs was calculated as the number of infected root hairs/100
root hairs × 100%. For the observation of cortical (secondary)
infection, three microscopic fields of view were observed for each
plant (five plants from each material), repeated three times and
the number of cortical infections was recorded. The percentage
of infected cortices was calculated as the number of infected
cortices/45 cortices× 100%.

Preparation and Observation of Paraffin
Sections
To observe the effects on the root structure Bap055, Bap246 and
“Juxin” following infection, paraffin sections were prepared. The
roots were washed gently with sterile water. Then the main root
was fixed in FAA (formalin: acetic acid: 70% ethyl alcohol = 5:
5: 90) and kept in the fixative for at least 2 days. Paraffin
sections were prepared according to Ruzin (1999). The roots were
dehydrated in an ethanol series (75, 85, 90, and 95% ethanol for
4 h, 2 h, 2 h, and 1 h, respectively), followed by anhydrous ethanol
twice for 30 min each time. The roots were then transferred to a
1/2 absolute ethanol + 1/2 xylene mixture and 100% xylene for
10 min each, respectively, followed by paraffin embedding and
sectioning. Sections (5 mm thick) were cut with a microtome and
stained with Safranin O and Fast Green following Zhang et al.
(2017). Briefly, the wax was removed by washing the sections
twice in 100% xylene for 15 min each time. The sections were
then placed in a solution of 1/2 absolute ethanol + 1/2 xylene
for 5 min, followed by a graded ethanol series of 100% ethanol
(5 min), 100% ethanol (5 min), 95% ethanol (2 min), and 85%
ethanol (2 min). The sections were then stained for at least 12 h

in 1% w/v Safranin O (75% ethanol), washed in 85% ethanol for
5 min, and then counter-stained with Fast Green 0.05% w/v (95%
ethanol) for 10–15 s. The sections were placed in a 1/2 absolute
ethanol + 1/2 xylene mixture for 5 min and cleared by washing
twice in 100% xylene (5–10 min per wash). The sections were
mounted with Permount (Fisher Chemical) and observed and
photographed in a Nikon Eclipse 50i microscope equipped with
a Nikon DS-Fi1 digital camera. The other paraffin sections were
stained with Aniline Blue/Toluidine Blue (fixation and methods
were the same as above), dyed with Aniline Blue/Toluidine Blue
for about 30 min, then washed with tap water, dehydrated with
ethanol, cleared with xylene and sealed with neutral gum. They
were then observed and photographed with a Nikon Eclipse 50i
microscope with a Nikon DS-Fi1 digital camera.

Statistical Analysis
Replicated observations were made randomly and independently
of each other and had a normal distribution with common
variances. Thus, the assumption of ANOVA was generally met.
A one-way ANOVA was performed to determine the amounts of
infected root hairs and cortical tissue using SPSS v. 16.0 (SPSS
Inc., Chicago, IL, United States). The least significant difference
(LSD) method was used to test significance, and differences were
considered to be significant at P < 0.05 unless otherwise noted.

RESULTS

Clubroot Incidence and Severity
The Chinese cabbage genotypes Bap055, Bap246, Bac1344,
and “Juxin” were inoculated with P. brassicae the field isolate
from Beijing, China (pathotype 4), and assessed for clubroot
development after 6 weeks. The roots of “Bac1344” and “Juxin”
had developed severe galling (DIs = 98 and 91, respectively;
Table 1), with some roots beginning to decompose, resulting
in plant death (Figure 2). Disease incidence on Bac1344 and
“Juxin” was 99.3 and 97.7%, respectively, and was not significant
difference between the genotypes (Table 1). In contrast, few or
no galls were observed on the roots of Bap055 and Bap246
(Figure 2), with these hosts developing low levels of visible
clubroot (DIs = 8.8 and 5.3, respectively; Table 1).

Genetic Analysis of Different
Clubroot-Resistant Hosts
To investigate the genetic basis of resistance to clubroot in
Bap055 and Bap246, the susceptible pak choi inbred line Bac1344
was crossed with Bap055 and Bap246 to obtain the F1 generations
separately. The F1 was backcrossed with the susceptible parent
Bac1344 to obtain the BC1 population, and the F1 selfed to
obtain the F2 populations. The populations were inoculated and
evaluated for clubroot development.

All thirty-two F1 plants from the cross of Bap055 × Bac1344
were resistant to clubroot. The ratio of resistance to susceptibility
in the F2 population was 262:80, and exhibited a 3:1 segregation
ratio at P < 0.05 (χ2 = 0.47 < 3.84). Of the 35 BC1 individuals,
16 were resistant and 19 were susceptible, exhibiting a 1:1
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TABLE 1 | Disease index of Chinese cabbage hosts in greenhouse trials and the percentage of infected cortex.

Host Disease
incidence (%)

Disease index
(DI)

Resistance
grade

The percentage of infected cortex (%)

10 days 12 days 14 days

Bap055 2.1 8.82 HR 8.9 17.8 20.0

Bap246 1.5 5.29 HR 5.6 8.6 11.1

Bac1344 99.3 98.12 HS – – –

Juxin 97.7 91.25 HS 20 55.6 93.3

HR, highly resistant; HS, highly susceptible.

FIGURE 2 | Clubroot resistance assay on four genotypes. Three-day-old
seedlings of each material were inoculated with resting spores of P. brassicae,
and all plant roots were collected at 6 weeks and assayed for the clubroot
severity.

segregation ratio at P < 0.05 (χ2 = 0.26 < 3.84) (Table 2).
The Indel maker Craim-T (Ueno et al., 2012) linked to CRa
exhibited polymorphism in Bap055 and Bac1344, respectively.
Collectively, these results indicated that a single dominant gene
CRa controlled the resistance in Bap055.

All thirty-five F1 plants from the cross of Bap246 × Bac1344
were susceptible. Among 849 F2 plants, the ratio of resistance to
susceptibility in the F2 population was 206:643, and exhibiting
a 1:3 segregation ratio at P < 0.05 (χ2 = 0.25 < 3.84). The
36 BC1 plants were all susceptible (Table 2). These results
indicated that the clubroot resistance in Bap246 was controlled
by unknown recessive gene.

Microscopic Observation of Primary
Infection in Different Hosts
The progress of infection by P. brassicae in the dominant
resistant host Bap055, the recessive resistant host Bap246, and
the susceptible host “Juxin” was compared by microscopy.
Non-inoculated “Juxin” were included as a control. Sections
were made to observe infected root hairs under an inverted
microscope, which indicated the presence of several lipid droplet-
enriched uninucleate primary plasmodia in Bap055 and Bap246
as well as in “Juxin” (Figures 3A–C). Primary infection was
detectable in “Juxin” at 2 DPI, but was not observed in Bap055

and Bap246 until 4 and 6 DPI, respectively (Figures 3A–D).
At 6 DPI, zoosporangia were observed in the root hairs of
“Juxin,” where the root hair tips were enlarged, and each
zoosporangium in the root hairs had multiple nuclei (Figure 3A).
The same structures were observed in Bap055 and Bap246 at
8 DPI (Figures 3B,C), along with some empty zoosporangia
indicating release of the secondary zoospores (Figures 3E–
G). Free uninucleate secondary zoospores were also observed
(Figures 3B,C). These finding suggest that P. brassicae can initiate
and complete primary infection of Bap055 and Bap246, but
that infection is delayed in both Bap055 and Bap246 relative to
“Juxin,” and is slowest in Bap246.

The Amount of Early Infection and
Secondary Infection in Different Hosts
Primary infection rates showed similar trends in the clubroot-
susceptible “Juxin” and the resistant lines Bap055 and Bap246
(Figure 4). Infection rates at first increased, and then decreased
overtime. However, the infection rates in Bap055 and Bap246
were significantly lower than in “Juxin” at 6–16 DPI, with
infection lowest in Bap246. Peak infection rates were observed
at 10 DPI in “Juxin,” 12 DPI in Bap055 and 14 DPI in Bap246,
when root hair infection reached 60, 31, and 20% in each of the
hosts, respectively.

At 8 DPI, secondary zoospores had infected the cortex
of “Juxin,” indicating the beginning of secondary infection
(Figure 3A). In contrast, secondary zoospores were not
observed in the cortex of Bap055 and Bap246 until 10 DPI
(Figure 5). Secondary infection rates were also different among
the host genotypes, particularly at 10–14 DPI. While root
cortical infection increased over the time-course across all
three hosts, secondary infection rates were 93.3% in “Juxin,”
20.0% in Bap055, and 11.1% in Bap246 (Table 1). Based on
the analysis of freehand root sections, infected root hairs and
uninucleate secondary zoospores were much more abundant in
the cortex of the susceptible host “Juxin” than in the CR hosts
Bap055 and Bap246, in which few secondary zoospores were
observed (Figure 5).

Microscopic Observation of Secondary
Infection of Different Hosts
While secondary zoospores invaded the cortex of Bap055
and Bap246, the growth and development of P. brassicae in
the two CR hosts was restricted to varying degrees after
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TABLE 2 | Genetic analysis of clubroot resistance in Bap055 and Bap246.

Material Sum Level Disease index (DI) Tested ratio χ2 χ2
0.05

0 1 3 5 7 9

Bap055 30 27 0 0 0 3 0 7.78 – – 3.84

Bac1344 29 0 0 0 1 7 21 93.10 – –

F1 32 30 2 0 0 0 0 0.007 – –

BC1 35 11 5 5 3 8 3 – 1R:1S 0.26

F2 342 176 86 15 13 30 22 – 3R:1S 0.47

Bap246 48 39 9 0 0 0 0 3.03 –

Bac1344 33 0 0 0 3 7 23 91.25 –

F1 35 0 0 0 5 5 25 90.48 –

BC1 36 0 0 0 2 2 32 – –

F2 849 130 76 85 136 203 219 – 1R:3S 0.25

FIGURE 3 | Differences in the primary infection were investigated in the host genotypes Bap055, Bap246, and “Juxin” at 2–8 days post-inoculation (DPI).
(A) Inverted microscopy images showing primary infection of “Juxin” at 2–8 DPI. (B) Primary infection of Bap055 at 2–8 DPI. (C) Primary infection of Bap246 at 2–8
DPI. (D) Inverted microscopy images of non-infected “Juxin” at 2–8 days, no invasion of P. brassicae. The part highlighted with a black box in the lower panel was
further enlarged for a view in (E–G). (E) Multinucleate zoosporangial plasmodia at “Juxin” was profiled. (F) Multinucleate zoosporangial plasmodia at Bap055 was
profiled. (G) Multinucleate zoosporangial plasmodia at Bap246 was profiled. Zoosporangia with content are indicated with black arrows, while some empty
zoosporangia without any content are indicated with white arrows, blue arrows indicate secondary zoospores.

the start of the secondary infection. At 16–20 DPI, many
multinucleate secondary plasmodia appeared in the cortex
of “Juxin,” while the development of P. brassicae in the
cortex of Bap055 and Bap246 was extremely slow or did not

progress (Figure 6). At 16 DPI, the pathogen had formed
binucleate and multinucleate secondary plasmodia in “Juxin”
(Figures 6A,B), while in Bap055 multinucleate secondary
plasmodia were just beginning to form. The development of
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FIGURE 4 | Root hair infection rate in three Chinese cabbage genotypes at different time-point after inoculation of P. brassicae. The curves showed similar infection
rate trends in the three hosts, at first increased, and then decreased overtime. Data are mean ± SE. Different letters on the same color bars indicate significant
difference at P < 0.05 level by LSD test.

FIGURE 5 | Secondary infection of different Chinese cabbage genotypes by P. brassicae at 10–14 days post-inoculation (DPI). (A) Inverted microscopy images of
cortical cells of the genotype “Juxin” at 10–14 DPI. (B) Inverted microscopy images of cortical cells of the genotypes Bap055 at 10–14 DPI. (C) Inverted microscopy
images of cortical cells of the genotype Bap246 at 10–14 DPI. (D) Inverted microscopy images of cortical cells of non-infected “Juxin”. Secondary plasmodium of
host cortical cells was indicated with red ∗, Zoosporangia of root hair were indicated with black ∗.
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FIGURE 6 | Secondary infection of different Chinese cabbage genotypes by P. brassicae at 16–20 days post-inoculation (DPI). (A) Inverted microscopy images of
cortical cells of genotypes “Juxin”, Bap055, Bap246, and non-inoculated “Juxin” at 16–20 DPI, showing multinucleate secondary plasmodia. (B) The changes in
secondary plasmodium in “Juxin” at 14–18 DPI, uninucleate secondary plasmodia at 14 DPI, binucleate secondary plasmodia at 16 DPI, and multinucleate
secondary plasmodia at 18 DPI. The areas highlighted within the black boxes in the lower panel are enlarged for more detail. (C) Root sections of “Juxin,” Bap055,
and Bap246 at 20 DPI. The areas highlighted within black boxes are enlarged for more detail. Multinucleate secondary plasmodia are indicated with red asterisks (∗),
while uninucleate secondary plasmodia are indicated with black asterisks.

secondary plasmodia in Bap246 lagged further behind, and
was still at the uninucleate secondary plasmodial stage at 16
DPI (Figure 6A). At 18 DPI, galls had begun to develop
on the roots of “Juxin,” with a proliferation and expansion
of secondary plasmodia in the cortex to form very obvious
multinucleate secondary plasmodia (Figures 6A,B). In contrast,
no galls were visible on Bap055 and Bap246 at 18 DPI,
although a few round multinucleate secondary plasmodia were
observed in the cortex (Figure 6A). At 20 DPI, the roots
of “Juxin” continued to swell, and the secondary plasmodia
in the cortex further multiplied and divided further until the
cells were filled with P. brassicae (Figures 6A,C). In the two
clubroot-resistant hosts, very few, small and round multinucleate

secondary plasmodia (and no binuclear secondary plasmodia)
were observed (Figures 6A,C).

Microscopic Observation of Root
Structure Associated With Secondary
Infection in Different Hosts
The roots of “Juxin” were disrupted from 16 DPI due to
morphological changes and cell division intensified associated
with infection, while the roots of Bap055 and Bap246 did not
exhibit abnormal changes (Figures 7, 8). Paraffin sections stained
with Safranin Fast Green were made to observe when and how
the root structure of “Juxin” changed at 14–18 DPI, where in
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FIGURE 7 | Paraffin root sections of the Chinese cabbage genotypes “Juxin,”
Bap055, and Bap246 at 14–20 days post-inoculation (DPI) with P. brassicae.
The areas highlighted within the black boxes are enlarged for more detail.
Xylem is indicated with black asterisks (*) and phloem is indicated with red
asterisks.

the xylem stained red and the phloem and other cells stained
green (Figure 8A). While no abnormal phloem or xylem cells
were visible at 14 DPI, the root structure had changed at 16
DPI. The positions of xylem cells were scattered, and the roots
appeared “hollow” and abnormally enlarged. Xylem cells were
more numerous, but were constricted and smaller due to the
excessive division of the phloem (Figure 8A). As infection
progressed, cell division became more widespread across the
hypocotyl and swollen host cells that contained plasmodia were
evident. The formation of new xylem was inhibited from the
onset of gall formation from 16 DPI onward were observed
(Figure 8B), and at later stages of gall formation (20 DPI
onward) only small fragments of xylem were observed, with the
vascular cambium (VC) became fragmented and characteristic
islands of cell division present (Figures 7, 8A). Phloem formation
in “Juxin” was not inhibited during the proliferative stages of
gall development, although it was disordered. No abnormal
changes in the root structure of non-infected “Juxin” at this
stage (Figure 8C).

DISCUSSION

At present, most of the clubroot resistance genes that have been
identified are mainly derived from the A genome of European

turnip (Mehraj et al., 2020). This resistance is complete and
controlled by major gene(s), including Crr1a and CRa (Ueno
et al., 2012; Hatakeyama et al., 2013). Despite a seemingly
ample collection of resistance loci, the identification of novel
sources of resistance is often necessary. P. brassicae shows
physiologic specialization, so the host’s resistance genes often
confer immunity to only subsets of pathotypes, and a single
resistance gene may be rapidly overcome. The loss of effectiveness
of clubroot resistance has been reported from many regions
worldwide (Diederichsen et al., 2014; Strelkov et al., 2016).
Therefore, in this study, we compared two hosts showing high
levels of resistance, but under differential genetic control. The
resistance in Bap055 was controlled by CRa as confirmed
with molecular markers, while the resistance in Bap246 fit a
model of control by unknown recessive gene. This allowed for
a follow-up analysis of the relationship between P. brassicae
infection and different resistant hosts. Further exploration of the
clubroot resistance mechanisms in different resistant hosts may
be valuate for the breeding of plant materials with wide resistance.
P. brassicae is distinct from other plant pathogens, such as
fungi or oomycetes, as it is a typical obligate soilborne protist
parasite of the Brassicaceae (Schwelm et al., 2015; Pérez-López
et al., 2020). Compared with ectoparasitic pathogens, different
clubroot-resistant materials may possess different cellular and
molecular mechanisms of resistance to P. brassicae. Only basic
and preliminary explorations have been conducted in this
line of research.

Stages of P. brassicae Blocked in the
Resistant Hosts During Its Life Cycle
Liu et al. (2020b) refined the life cycle of P. brassicae in
susceptible host plants of Arabidopsis. In this study, we found
that P. brassicae follows a similar infection process in the
susceptible host “Juxin.” Therefore, the life cycle of P. brassicae
proposed in Arabidopsis appears to represent a general model for
most Brassicaceae. In this study, we identified the stages of the
P. brassicae life cycle that are blocked in two resistant B. rapa
hosts. The pathogen could initiate primary infection in the two
resistant hosts, produce zoosporangial plasmodia in the root hair
and epidermis, and continue to grow and develop to produce and
release a large number of secondary zoospores, hence completing
the primary infection stage. Secondary zoospores could penetrate
the cell wall and enter the cortical cells. However, further growth
and development of the secondary zoospores appeared limited
to a certain extent in the cortical cells of the resistant hosts,
leading to an interruption of the secondary infection consistent
with the results of Deora et al. (2012) and Yuan et al. (2021).
The formation of multinucleate secondary plasmodia was rarely
observed in the resistant hosts in the later period, and no resting
spores were noted.

Primary Infection and Secondary
Infection Were Not Completely
Separated in Time
The infection stages of P. brassicae are not completely separated
in time and space. Primary infection and secondary infection
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FIGURE 8 | Changes of root of “Juxin” in secondary infection stage at 14–20 days post-inoculation (DPI). (A) Root sections of the clubroot susceptible Chinese
cabbage host “Juxin” at 14–18 DPI with P. brassicae. The roots of “Juxin” were disrupted from 16 DPI. The areas highlighted within the black boxes are enlarged for
more detail. (B) Number of mature xylem cells in “Juxin,” Bap055, and Bap246 at 14–20 DPI. The formation of new xylem was inhibited from the onset of gall
formation from 16 DPI onward of “Juxin.” (C) Root sections of non-inoculated “Juxin” at 10–20 DPI. The root grows normally without structural change. Different
letters on the same color bars indicate significant difference at P < 0.05 level by LSD test.

can occur simultaneously (Jiang et al., 2020). The present
study indicated that secondary infection occurred in resistant
and susceptible hosts, while primary infection continued,
with the number of infected root hairs increasing slowly
or even plateauing or decreasing. As secondary infection
progressed, differences in pathogen development were
observed, with high proportions of empty zoosporangia,
uninucleate and multinucleate secondary plasmodia, low
proportions multinucleate primary plasmodia, zoosporangia, and
uninucleate primary plasmodia. The development P. brassicae
appeared highly asynchronous, consistent with the results of
Liu et al. (2020b).

Plasmodiophora brassicae Completes
the Primary Infection Phase in Different
Clubroot-Resistant Hosts
The role of primary infection by P. brassicae is to insert a
single primary zoospore into the host root hair or epidermis
to form a zoosporangium and release a large number of
secondary zoospores, facilitating the establishment of secondary
infection (Feng et al., 2013a,b). The present study indicated
that the clubroot pathogen could complete the entire primary
infection stage in two CR hosts, producing a number of
secondary zoospores. It appears that to a certain extent,
the CR hosts could not recognize the invading P. brassicae
and prevent its growth and development in root hairs and
epidermal cells. This is different from the resistance of the
plant host to extracellular pathogens, which can show effective
prevention of pathogen invasion directly on the plant epidermis
(Schwelm et al., 2015).

Plants can recognize potential pathogens via two perception
systems (Chisholm et al., 2006; Jones and Dangl, 2006). The
first detects conserved microbial molecules, termed pathogen-
or microbe-associated molecular patterns (PAMPs or MAMPs),
through pattern recognition receptors (PRRs), leading to PAMP-
triggered immunity (PTI). The other evolved to recognize specific
microbial virulence effectors, usually through intracellular
resistance proteins (R proteins), resulting in effector-triggered
immunity (ETI). Jones and Dangl (2006) proposed a zigzag
model, which posits that in host-pathogen interactions, plants
can use their own evolved receptor proteins to identify pathogens
via PAMPs and trigger PTI. In order to infect plants successfully,
pathogens must then secrete effector molecule(s) to inhibit PTI
and the plant defense response. Eventually, plants initiate a
new round of defense gene expression, which can recognize the
effector molecules secreted by pathogens and trigger ETI, thereby
further preventing the infection and expansion of pathogens. It
is likely that P. brassicae can overcome PTI and invade the root
hairs of the resistant B. rapa hosts, while ETI is not completely
triggered at this time, enabling progress of the primary infection
stage. In the future, it would be enlightening to study how the
clubroot pathogen can avoid or inhibit the plant monitoring
systems in other hosts with different types of genetic resistance.

Primary Infection Delayed to Varying
Degrees in Clubroot-Resistant Hosts
The speed of primary infection by P. brassicae can vary. In this
study, primary infection of the susceptible host was observed
at 2 DPI, consistent with the results of Macfarlane (1958) and
Hwang et al. (2011). However, primary infection in the B. rapa
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lines carrying dominant and recessive resistance was not detected
until 4 and 6 DPI, respectively, and the extent for root hair
infection was significantly reduced relative to the susceptible host.
Hence, primary infection progressed more quickly and was more
widespread in the susceptible vs. resistant hosts.

Studies have shown that R genes found in natural plant
populations were used early, and that domestication favored
dominant R genes providing full resistance (Kou and Wang,
2010). Nonetheless, recessive R genes and R genes that provide
partial resistance may provide more durable resistance to plant
pathogens (Kourelis and van der Hoorn, 2018). Clubroot-
resistant hosts with dominant/recessive R genes may have
different resistance mechanisms and express at different times,
resulting in different primary infection levels.

Cao et al. (2018) found that resistance to Xanthomonas
oryzae pv. oryzae (Xoo) conferred by dominant disease resistance
(MR) genes and recessive MR genes resulted in different types
of programmed cell death (PCD). In the current study, it is
possible that the recessive resistant host deployed a stronger
clubroot-resistance mechanism earlier, so that primary infection
by P. brassicae was delayed more strongly. In the future,
transcriptome analysis can be performed on dominant resistant,
recessive resistant and susceptible hosts during early infection, to
explore the mechanisms of different resistance types and analyze
the changes in expression levels of different transcription factors
at different times.

Although the extent of root hair infection was greatest in
the susceptible host, root hair infection rates showed similar
trends of increasing first and then decreasing across the three
hosts, with the infection peak rate observed at 10–14 DPI. After
P. brassicae invades the root hairs, the plasmodium cleaves to
form secondary zoospores, which are discharged into the soil
environment. We found that the decline of root hair infection in
the susceptible host occurred earlier than in the resistant hosts, so
the former may enter the secondary infection stage earlier. While
secondary zoospores can infect root hairs again (McDonald et al.,
2014), the root hair infection rate did not rise again in this
experiment. This may reflect release of the secondary zoospores
from the root hairs more quickly than primary and secondary
zoospores could invade.

Secondary Infection by P. brassicae in
the Clubroot-Resistant Hosts Was
Blocked
The results of this study indicated that P. brassicae completed the
primary infection stage in the two resistant B. rapa hosts, and that
the secondary zoospores produced following primary infection
invaded the cortex. Similarly, Zhang et al. (2015) reported
that secondary infection occurred in clubroot susceptible and
resistant hybrid canola cultivars by single-spore isolate. This may
reflect the main pathotype from the field isolate invade the cortex
of clubroot-resistant hosts.

Nonetheless, while secondary infection was observed in
the CR hosts in the present study, P. brassicae growth and
development in the root cortex appeared to be inhibited. While
many CR gene loci have been reported in various brassicas,

only Crr1a and CRa have been cloned and functionally verified,
having the NBS-LRR structure. These R genes that belong to a
large multi-gene family that can be separated into two subclasses,
the toll-interleukin-1 (TIR) class and the coiled-coil (CC) class
(Rafiqi et al., 2009). The dominant resistant host in this study
carried the CRa, which belong to the TIR-NBS-LRR protein
domain family (Ueno et al., 2012). In plants, this domain triggers
defense responses following perception of pathogen effectors
(Chisholm et al., 2006; Jones and Dangl, 2006; Rafiqi et al., 2009;
Dodds and Rathjen, 2010). These responses include localized cell
death, necrosis, destruction of cell wall or secondary thickening
of the xylem as part of the hypersensitive response (HR), which
may be associated with host resistance against P. brassicae
(Dekhuijzen, 1979; Fuchs and Sacristán, 1996; Donald et al., 2006;
Jiang et al., 2020). Nonetheless, evidence for a classical HR in the
clubroot pathosystem is limited, and no localized cell death or
other changes associated with this reaction were observed in the
CR hosts in the current study.

The basis of clubroot resistance in the recessive resistant host
is unknown. The secondary plasmodia in the cortex of this host
were smaller and less numerous. Auxin (IAA) and cytokinin (CK)
regulate the growth, development and division of P. brassicae
(Davies, 2010; Ludwig-Müller, 2014), while the salicylic acid
(SA) defense signal pathway plays an important role in this
plant-pathogen interaction (Djavaheri et al., 2019). The recessive
resistant host may strongly inhibit the activation of IAA and
CK pathways earlier, and rapidly activate various SA and other
defensive pathways to upregulate several pathogenicity-related
proteins (PRPs) to block development of P. brassicae. More work
is needed to understand the different resistance mechanisms to
the clubroot pathogen.

Secondary Infection Had No Effect on
the Vascular System of Resistant Hosts
While secondary infection by P. brassicae was detected in the
CR B. rapa hosts in this study, there was no change in the
root structure, with the vascular system developing normally. In
contrast, biotrophic life history of P. brassicae renders significant
changes to elucidating morphological and cellular characteristics
of P. brassicae development in host tissues during clubroot
disease initiation and development (Tu et al., 2019). The vascular
system of the susceptible host was severely distorted. The xylem
was constricted by cells and became smaller and scattered.
Phloem cells continued to divide abnormally and the walls of
some cells were broken at 16 DPI. Within the clubroot galls
there was an increased formation of phloem cells and an arrest
of xylogenesis. Earlier studies have found that the secondary
plasmodia in susceptible hosts proliferate and expand in the root
tissue, inducing irregular growth of the root tissue, leading to
a disintegration of the centrosymmetric root structure and the
destruction of the vascular system (Kobelt et al., 2000). Similarly,
gall formation was reported to disrupt vascular development,
with a significant reduction in xylem, increase meristematic
activities within the vascular cambium (VC) and phloem
parenchyma (PP) cells in the region of the hypocotyl (Malinowski
et al., 2012; Walerowski et al., 2018). Secondary infection is
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the main cause of visible clubroot symptoms (Tommerup and
Ingram, 1971; Ingram and Tommerup, 1972; Kageyama and
Asano, 2009; Liu et al., 2020a), so the prevention and treatment
of clubroot should include measures that are effective as soon as
possible prior to 16 DPI.

The vascular system of plants is a complex tissue system
composed of phloem, intermediate cambium, and xylem. Phloem
and xylem play a special role, transporting water, nutrients,
metabolites and small signaling molecules, allowing vascular
plants to adapt to changing environments (Lacombe and Achard,
2016). At the same time, the tissue is rich in nutrients and
can provide survival conditions for various pathogens. Many
vascular-related pathogens are tissue specific and rely on this
tissue to obtain essential nutrients (Fukuda and Ohashi-Ito, 2019;
Xian et al., 2020). Changes in vascular system differentiation
has implications for host–pathogen interactions in clubroot, as
P. brassicae is an obligate biotrophic parasite that establishes a
strong sink for carbohydrates to supply nutrients during gall
formation (Keen and Williams, 1969; Mitchell and Rice, 1979;
Evans and Scholes, 1995).

Lignin not only contributes to the immune response of plants,
but also provides an important physical barrier to limit pathogen
infection and is one of the important components of vascular
resistance (Chezem and Clay, 2016; Karasov et al., 2017; Mehraj
et al., 2020). When resistant hosts are infected by P. brassicae,
the activity of lignin-related synthase may increase, leading to
an increase in lignin content, strengthening of the cell walls,
and further stabilization of the vascular system for protection
from P. brassicae. Given the difficulties in culturing P. brassicae
in vitro and challenges in studying its direct effects on the vascular
bundles, current knowledge on the host defense mechanisms
involved is limited (Ohtani et al., 2017; Jiang et al., 2019).

CONCLUSION

This study has provided some information on the genetic basis of
resistance to P. brassicae in CR Chinese cabbage lines, indicating
that this resistance was controlled by CRa in one host, and
by as a yet unidentified recessive gene in another. Histological
examinations confirmed that while primary infection progressed
in both CR hosts, it was slower and less widespread than in a
susceptible check cultivar. Similarly, while secondary infection
did occur, it did not progress to the formation of a new generation
of resting spores in the CR lines. These results indicate the
importance of identifying and comparing different sources of
resistance, as well as of complementing genetic and molecular
studies with microscopy-based evaluations to track the host-
pathogen interaction, thereby improving our understanding of
the control and basis of genetic resistance to clubroot.
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Understanding plant’s response mechanisms against pathogenesis is fundamental
for the development of resistant crop varieties and more productive agriculture. In
this regard, “omic” approaches are heralded as valuable technologies. In this work,
combining isobaric tags for relative and absolute quantification (iTRAQ) technology with
mass spectrometry, the proteomes from leaves of Brassica oleracea plants infected with
Xanthomonas campestris pv. campestris (Xcc), and control plants at two different post-
infection times were compared. Stronger proteomic changes were obtained at 12 days
post-infection in comparison with 3 days. The responses observed involved different
cell processes, from primary metabolism, such as photosynthesis or photorespiration,
to other complex processes such as redox homeostasis, hormone signaling, or defense
mechanisms. Most of the proteins decreased in the earlier response were involved
in energetic metabolism, whereas later response was characterized by a recovery of
primary metabolism. Furthermore, our results indicated that proteolysis machinery and
reactive oxygen species (ROS) homeostasis could be key processes during this plant–
pathogen interaction. Current data provide new insights into molecular mechanisms that
may be involved in defense responses of B. oleracea to Xcc.

Keywords: proteomics, biotic stress, iTRAQ, mass spectrometry, Brassica oleracea, Xanthomonas campestris

INTRODUCTION

During their vital cycle, plants are exposed to several unfavorable growing conditions, which often
cause significant damages or even plant death. Among these conditions, pathogen attack is one of
the most destructive stresses plants have to cope with.

Productivity and quality of crops are seriously affected by numerous diseases caused by
bacteria, which pathovars belonging to the Xanthomonas campestris species occupy an outstanding
place due to their economic impact (Mansfield et al., 2012). One of the most notable of these
pathovars is Xanthomonas campestris pv. campestris (Pammel) Dowson (Xcc), the causal agent of
black rot of crucifers that affects all cultivated brassicas. The symptoms of black rot include the
characteristic V-shaped chlorotic lesions originating from the leaf margin and blackening of the
veins (Williams, 2007).
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Crops from Brassica genus are among the 10 most
economically important vegetables in the global agriculture and
markets (Cartea et al., 2011). This genus includes a variety of
important crops belonging to Brassica oleracea species, such as
broccoli, cabbage, cauliflower, kale, and Brussels sprouts. Due
to the Xcc infection, the global productivity of these crops has
always been below its optimal capacity (Lema et al., 2012).
Despite different studies focused developing B. oleracea black rot-
resistant cultivars, to the authors’ knowledge, the use of resistant
cultivars has only had limited success, and available sources with
useful are scarce (Vicente and Holub, 2013). Thus, it is necessary
to focus our efforts on elucidating the molecular responses
produced in the plant during the pathogenesis to understand
better how to develop control measures against Xcc.

The molecular responses produced in the plant under
any stress include developmental and physiological alterations,
which generate important changes on the genome, proteome,
and metabolome. Since proteins are key regulators of cellular
processes, investigations into proteome alterations can provide
important information on how plants cope with stress (Ghosh
et al., 2017). In this regard, “omic” approaches are heralded
as valuable technologies for monitoring the biological status of
an organism and are being applied in plant science to identify
key biomolecules involved in plant stress response. However,
changes in transcription often do not correspond to changes in
protein expression and thus, a comparative proteomic analysis
would be an efficient and powerful approach to screen expressed
proteins in relation to plant–pathogen interactions. Proteomics
has been successfully employed to better understand defense
mechanisms in different plant–pathogen systems. Proteomic
and bioinformatic approaches specifically are increasingly being
applied to address biochemical and physiological effects in
response to biotic stresses in plants (Hu et al., 2015; Liu
et al., 2019). To understand plant defense systems, it is crucial
to identify the complex signaling cascades and the multiple
biochemical pathways activated by the pathogen. Proteomic
approach allows monitoring differences in abundance of proteins
present at sampling and allows studying the changes implied in
the plant–pathogen interactions (Ahmad et al., 2016).

To date, different proteomic studies have been performed
to analyze the Xcc–Brassica interaction (Andrade et al., 2008;
Villeth et al., 2009; Akimoto et al., 2014; Santos et al., 2019;
Islam et al., 2021). These works allowed us to understand
essential processes related to the disease development and the
identification of several factors responsible of the Xcc virulence,
such as the type III secretion system (White et al., 2009)
and indicate that induction of H2O2 as oxidative stress and
proteolysis-related protein accumulation occurred in susceptible
interactions (Islam et al., 2021). Some proteomic studies with
Brassica as a key actor during the Xcc pathogenesis, as the work
performed by Villeth et al. (2016), used the classical 2D gel-based
approach, which has many limitations, such as problems with
reproducibility and quantification or low abundance proteins
obscuration (Fuller and Morris, 2012; Santos et al., 2019).
Recently, proteomic data of B. oleracea–Xcc interaction have been
reported in several studies (Santos et al., 2017, 2019; Ribeiro
et al., 2018; Zhang et al., 2020; Islam et al., 2021) by using

different approach as label-free shotgun 2D-nanoUPLC/MSE
and liquid chromatography–tandem mass spectrometry (LC–
MS/MS) (Santos et al., 2017; Islam et al., 2021). Technologies,
such as isobaric tags for relative and absolute quantification
(iTRAQ), have been developed to overcome the problems derived
from gel-based approaches. This labeling method makes possible
to identify and quantify proteins from up to 8 different samples
within the same experiment, removing reproducibility and
quantification limitations.

In this study, we carried out a proteomic approach by
combining iTRAQ labeling, LC separation, and MS approach
to investigate the protein changes occurring in the complete set
of proteins—the “proteome”—of B. oleracea plants infected with
Xcc race 1 at different time infection points.

MATERIALS AND METHODS

Plant Material
The doubled haploid broccoli line “Early Big” (B. oleracea
var. italica), the parental population mapping BolTBDH, was
used in this study. Plants were sown in plastic pots containing
Sphagnum peat (Gramoflor GmbH & Co., Vechta, Germany) in a
greenhouse with a minimum temperature of 20◦C during the day
and 15◦C during the night, venting at 25◦C and 60% of humidity.

Inoculation With Xanthomonas
campestris pv. campestris
The Xcc race 1 strain HRI3811 was provided by Warwick HRI
(Wellesbourne, United Kingdom). Race 1, along with race 4, is
the most virulent among 9 described races. Bacterial cultures
were grown in potato dextrose agar (PDA) plates (Sigma-Aldrich,
Inc. Madrid, Spain) at 30◦C in a rotary incubator at 100 rpm
for 48 h. Then, the bacterial culture was detached from the plate
and diluted in sterile water. Turbidity of the suspension was
measured with a spectrophotometer Beckman Coulter DU 62
(Brea, CA, United States) at a wavelength of 600 nm, and the
suspension was diluted to reach an absorbance of 0.5, which
corresponds with a concentration of 5 × 108 cfu/ml. Plants at
six leaf stage were inoculated at the third leaf from the youngest
one of each plant was inoculated by using the multiple needles
method according to Lema et al. (2007) (Figure 1). Control plants
were mock-inoculated following the same procedure to remove
the effect of the mechanical damage in the plant response. Four
biological replicates per each condition (16 plants) were collected
at 3 and 12 -days post-infection (dpi) from control and infected
plants. These infection time-points were selected according to the
symptom appearance; 3 dpi was taken as symptom starting point
and around 12 dpi plants already exhibit cell death at the infection
site followed by spreading chlorosis and secondary necrosis in the
surrounding uninfected tissue (Figure 1).

Protein Extraction
For protein extraction, whole fresh leaves were homogenized in
ice with a mortar during 10 min using 18 ml of extraction buffer
[Tris-HCl 50 mM, ethylenediaminetetraacetic acid (EDTA)
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FIGURE 1 | Inoculation and symptoms in Brassica oleracea leaves caused by
Xanthomonas campestris pv. campestris 3 dpi and 12 dpi. dpi: days
post-infection (source: adapted from Tortosa et al., 2019).

1 mM, and KCl 1 M, pH 7.5] and 50 mg/g of leaf of
polyvinylpolypyrrolidone (PVPP). The resulting solutions were
centrifuged at 18,000 × g for 40 min at 4◦C and filtered with cloth
filters to remove any vegetal debris. Protein quantification was
carried out by using both Bradford and Nanodrop A280 methods.

Processing of Samples for Isobaric Tags
for Relative and Absolute Quantification
Labeling
Protein extracts obtained from 16 different samples (2 treatments,
2 dpi, and 4 biological replicates) were analyzed independently.
About 500 µl of each sample were concentrated to a final volume
of 100 µl with Amicon ultrafiltration units (3 kDa MWCO,
Millipore, Billerica, MA, United States) and then cleaned up by
pure pre-chilled acetone in a volume six times than that of the
protein samples to be precipitated overnight at −20◦C. Protein
pellets were air-dried and then resuspended in 25 µl dissolution
buffer (0.5 M triethylammonium bicarbonate, TEAB). Equal
amounts of proteins (25 µg) from each sample were reduced,
alkylated, and digested with trypsin by following the supplier’s
instructions (AB Sciex, Foster City, CA, United States). Then,
iTRAQ labeling was performed according to the supplier’s
instructions (AB Sciex, Foster City, CA, United States). Due
to 8 different iTRAQ tags were available, comparative analysis
of a set 16 samples was feasible within only two MS run. The

samples were labeled as follows: control 1, 113; control 2, 114;
control 3, 115; control 4, 116; inoculate 1, 117; inoculate 2, 118;
inoculate 3, 119; and inoculate 4, 121. iTRAQ-labeled peptides
from the same day of analysis (3 and 12 days) were mixed
and desalted using reversed phase columns (Pierce C18 Spin
Columns, Thermo Fisher Scientific, Rockford, IL, United States)
prior to liquid chromatography coupled to mass spectrometry
(LC–MS) analysis.

Liquid Chromatography Coupled to Mass
Spectrometry Analysis
The peptide mixtures were firstly separated by off-line reversed-
phase liquid chromatography (RP–LC) at basic pH (pH = 9) to
lower its complexity. The separation was performed on a HP 1200
system (Agilent Technologies, Santa Clara, CA, United States)
employing a C18 reversed-phase column (Zorbax extend C18,
100 3 2.1 mm id, 3.5 mm, 300 Å; Agilent Technologies, Santa
Clara, CA, United States). The flow rate used was 0.2 ml/min,
and the mobile phases used were 95:5 water:acetonitrile 10 mM
NH4OH (mobile phase C) and 90:10 acetonitrile:water 10 mM
NH4OH (mobile phase D). The LC gradient was the following:
0% D from 0 to 10 min; 0–60% D from 10 to 50 min; 60–100% D
from 50 to 52 min; 100% D from 52 to 58 min; 100–0% D from
58 to 60 min; and 0% D from 60 to 80 min.

The chromatogram was produced using an ultraviolet
(UV) detector at 214 nm. Several fractions were pooled
post-collection (FC203B fraction collector, Gilson, Middleton,
WI, United States) based on the peak intensity of the UV
trace. Each fraction were dried in a vacuum concentrator
(Savant Universal SpeedVacVacuum System UVS400A, Thermo
Scientific, Waltham, MA, United States) and dissolved in 0.1%
trifluoroacetic acid (TFA) and 2% acetonitrile; 5 ml of this sample
was injected into a capillary trap column (0.5 mm × 2 mm,
Michrom Bioresources, Auburn, CA, United States) at a flow rate
of 15 µl/min. Peptides were desalted for 10 min and loaded onto a
C18 column (Integrafit C18, ProteopepTM II, 75 mmid, 10.2 cm,
5 mm, 300 Å; New Objective, Woburn, MA, United States) at a
constant flow rate of 350 nl/min to perform the separation. Then
peptides were separated using linearly increasing concentration
of acetonitrile in buffer B (0.1% TFA and 95% acetonitrile), and
eluates were deposited onto an Opti-TOF LC MALDI target plate
(1,534-spot format; AB Sciex, Framingham, MA, United States)
with a speed of one spot per 15 s using the Sun Collect MALDI
Spotter/Micro Collector (SunChrom Wissenschaftliche Geräte
GmbH, Friedrichsdorf, Germany). Before spotting, 0.3847 µl
of the LC microfractions were mixed with MALDI matrix
(3 mg/ml a-cyano-4-hydroxycinnamic acid in 70% acetonitrile
and 0.1% TFA containing 10 fmol/µl angiotensin as internal
standard). Peptide-containing LC spots were analyzed in a 4800
MALDI-TOF/TOF instrument (AB Sciex, Framingham, MA,
United States) with a 200-Hz repetition rate (Nd:YAG laser). MS
full-scan spectra were acquired from 800 to 4,000 m/z. A total
of 1,500 laser shots were accumulated for each time-of-flight MS
spectrum at a fixed laser intensity of 3,000 kV. After the screening
of all LC-MALDI sample positions in MS positive reflector
mode, the fragmentation of automatically selected precursors
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was performed to generate fragment ions that provided sequence
information for the peptide and reporter ions. Tandem MS
mode was operated with 1 kV of collision energy with collision-
induced dissociation (CID) gas (air) over a range of 60 to
−20 m/z of the precursor mass value. The precursor mass
window was 200 ppm (full width at half-maximum) in relative
mode. Automated precursor selection was done using a job-wide
interpretation method (up to 12 precursors/fraction, signal-to-
noise lower threshold 80) with a laser voltage of 4,000 kV and
2,000 shots/spectrum at medium CID collision energy range.
A second job-wide precursor selection was done excluding those
precursors previously fragmented and using a lower signal-to-
noise threshold of 50 to identify peptides coming from low-
abundance proteins. Data from both MS/MS acquisitions were
used for data processing and subsequent protein identification.

Protein Identification and Statistical
Analysis
Protein identification and quantification were carried out using
the ProteinPilotTM software v.4.0 (AB Sciex, Framingham,
MA, United States). Each MS/MS spectrum was searched in
the UniProt/SWISS-PORT database for Arabidopsis thaliana
and in the UniProtKB/TrEMBL for Viridiplantae and Brassica
genus (downloaded in 2014). Search parameters within
ProteinPilot were set with trypsin cleavage specificity; methyl
methanethiosulfonate (MMTS) modified cysteine as fixed
modifications; biological modification “ID focus” settings, and
a protein minimum confidence score of 95%. Thus, the identity
of the protein from the analyzed peptide was confirmed, and
the ratios of the peak areas of iTRAQ reporter ions were used to
compare the relative abundance of the protein identified in each
sample. Only proteins identified with at least 95% confidence,
or a ProtScore (protein confidence measure) of at least 1.3 were
reported (Fernández-Puente et al., 2011). Data were normalized
for loading error by bias, and the background correction
was calculated using the Pro GroupTM algorithm (AB Sciex,
Framingham, MA, United States). The results obtained from
ProteinPilotTM were exported to Microsoft Excel for further
analyses. The MS proteomic data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD009097 and PXD009098.

After MS analysis, p-values for each replicate and identified
protein were obtained. In order to carry out clearly statistical
analysis, p-values from different replicates and same day were
combined using Stouffer’s Z score, an established approach for
combining information from multiple tests of the same null
hypothesis (Pascovici et al., 2015). We considered statistically
significant only those changes with a combined p-value ≤ 0.05
and an average ratio ≥1.2 (or ≤0.8). To perform the further
analyses, we use the A. thaliana genes id. Finally, different tools,
such as DAVID v. 6.81 (Jiao et al., 2012) and MapMan v. 3.6.0RC12

(Thimm et al., 2004), were used to perform Gene Ontology (GO)
categories enrichment, pathway, and protein–protein interaction
analyses.

1https://david.ncifcrf.gov/
2https://mapman.gabipd.org/mapman

RESULTS AND DISCUSSION

Global Changes on the Brassica oleracea
Proteome Infected by Xcc
To analyze B. oleracea proteomic response against the Xcc
infection, proteomes from control and infected plants were
compared combining iTRAQ technology and MS. To obtain
proteomic information along the infection, we performed this
analysis at 3 and 12 dpi. After the MS analysis, around 350
proteins were found by testing results against the specified
databases. It is worth mentioning that we tried to identify
pathogen proteins among the proteomic results by using several
bacterial databases, but no proteins with bacterial origin was
found in this study.

Among detected proteins, 26 and 58 proteins from 3 to
12 dpi samples, respectively, presented statistically significant
differences between control and inoculated plants. Specifically, 14
proteins were increased, and 12 proteins decreased in inoculated
versus control plants at 3 dpi (Table 1), whereas 35 proteins
were increased and 23 decreased in inoculated versus control
plants at 12 dpi (Table 2). Thus, inoculated plants showed serious
damages at 12 dpi even in non-inoculated tissue, and the stronger
proteomic changes were triggered at this infection point. This
phenomenon could be explained since the doubled haploid line
used in this work, “Early Big” is susceptible to Xcc race 1 attack.
It is postulated that the main difference between resistant and
susceptible plants is the timely recognition of the pathogen, and
therefore, in defense activation. Although resistant plants are
associated with the capability of a rapid and effective triggering of
defense mechanisms, susceptible plants exhibit a slower response
which is not able to avoid pathogen colonization and spread
(Yang et al., 1997; O’Donnell et al., 2003).

After the recognition of the pathogen, the responses observed
involved important signaling proteins from different cell
processes, from primary metabolism, such as photosynthesis
or photorespiration, to other complex processes such as
redox homeostasis, hormone signaling, or defense mechanisms
(Table 1). Moreover, the comparison of the 3 and 12 dpi
results showed that only 6 proteins were shared between dpi.
Among them, three proteins showed the same behavior at the
two times analyzed.

Early Proteomic Response
Plants facing bacterial infection presented perturbations in
multiple pathways from essential mechanisms to more unknown
and complex pathways. The GO enrichment analysis revealed
that the differentially present proteins were involved on different
biological processes. In the case of the decreased proteins,
they were enriched in plant growth and primary metabolism,
such as “photorespiration” (p-value = 2.5 × 10−4), “oxidative
photosynthetic carbon pathway” (p-value = 4.4 × 10−3),
“gluconeogenesis” (p-value = 6.8 × 10−3), or “glycolytic process”
(p-value = 5.1 × 10−4). Particularly, two of the central
photosynthetic proteins, ribulose bisphosphate carboxylase
(rubisco) and rubisco activase were repressed by the Xcc
infection. This means a reorientation of resources from cellular
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TABLE 1 | Proteins differentially induced 3 dpi. FC(I/C): the protein abundance ratio (inoculated/control);% cov: percentage of matching amino acids from identified
peptides divided by the total number of amino acids in the sequence.

N Protein name Symbol Uniprot code ATG p-value Fold change (I/C) % cov

GO response to bacterium

58* Kunitz family trypsin and protease inhibitor protein WSCP1R Q8H0F0 AT1G72290 0.000 2.05 38.2

107 Kunitz trypsin inhibitor 1 KTI1 Q39369 AT1G73260 0.008 1.28 38.8

GO cellular protein modification process

70 Ubiquitin 7 RUB1/UBQ7 V5M3G8 AT2G35635 0.032 1.26 64.7

62 Related to ubiquitin 1 RUB2 P0C031 AT1G31340 0.032 1.26 64.8

GOs related with primary metabolism

1 Ribulose bisphosphate carboxylase large chain, chloroplastic rbcL A0A023VST5 ATCG00490 0.014 0.79 89.3

3 Ribulose bisphosphate carboxylase (small chain) family protein RBCS1B D6RRB9 AT5G38430 0.002 0.72 77.4

2* Rubisco activase RCA P10896 AT2G39730 0.000 0.69 62.7

38 Alanine:glyoxylate aminotransferase AGT1/SGAT Q56YA5 AT2G13360 0.007 0.48 38.9

53* Hydroxypyruvate reductase HPR1 Q9C9W5 AT1G68010 0.012 0.34 34.7

11* Glyceraldehyde-3-phosphate dehydrogenase C subunit 1 GAPC1 P25858 AT3G04120 0.000 0.75 61.8

135 Aldolase-type TIM barrel family protein GOX2 M4EEX7 AT3G14415 0.007 0.75 34.3

18 ATP synthase subunit alpha, chloroplastic atpA P56757 ATCG00120 0.000 0.68 38.5

175 ATPase, V1 complex, subunit B protein VAB2 Q9SZN1 AT4G38510 0.000 0.36 19.6

23 Photosystem II subunit O-2 PSBO2 Q9S841 AT3G50820 0.007 1.68 47.4

99 Glycine decarboxylase complex H GDCH M4E3B9 AT2G35370 0.044 1.24 47

Response to stimulus

3 Glyceraldehyde-3-phosphate dehydrogenase B subunit GAPB P25857 AT1G42970 0.008 0.67 67.8

4 Phosphoglycerate kinase 1 PGK1 Q9LD57 AT3G12780 0.001 0.68 68.6

Unclassified

75 Ribosomal protein L12-A RPL12-A M4E948 AT3G27830 1.5E-06 1.22 40.8

88 Ribosomal protein L3 family protein BRA000285 M4C7V7 AT2G43030 0.001 1.23 39.9

• Glucosinolates degradation/myrosinase

82* GDSL-like lipase/acylhydrolase superfamily protein N/A Q39308 AT1G54020 0.004 1.31 29

• Redox state

46* hiGh cyclic electron flow 1 FBP/HCEF1 P25851 AT3G54050 0.011 0.75 29.7

96 Thioredoxin M-type 4 TRX-M4 M4EEN8 AT3G15360 0.013 1.31 43.8

• Auxins signaling

245 Coproporphyrinogen III oxidase CPX1/LIN2 Q9LR75 AT1G03475 0.002 15.62 13

32 Chaperonin 20 CPN20 O65282 AT5G20720 0.016 1.82 79.8

• Others

58 Ribosome recycling factor, chloroplast precursor RRF Q9M1 × 0 AT3G63190 0.003 1.45 54.9

194 Winged-helix DNA-binding transcription factor family protein BRA018301 M4DP61 AT2G30620 0.034 1.27 52.5

GO, Gene Ontology. * Shared proteins between dpi.Proteins were listed in descending order according their score, lower N number means higher identification score.

maintenance, growth, and reproduction toward defense and
signaling pathways. Similar observations have been reported
previously in other works using different plant–pathogen
interaction models (Mitra and Baldwin, 2008; Bilgin et al., 2010).
A downregulation of proteins related to photosynthesis, energy,
and defense was also observed in previous studies of B. oleracea–
Xcc infection (Villeth et al., 2016) and rapeseed (B. napus–
Xcc infection) by Islam et al. (2021). Most of the proteins
decreased in the earlier response were involved in energetic
metabolism, whereas the later response was characterized by a
recovery of primary metabolism. We show that the regulation of
photosynthesis seems to be essential for a response against Xcc,
even at an early stage of infection. A similar result was reported
by Ribeiro et al. (2018) at an early stage of infection (24 h after the
Xcc inoculation of B. oleracea).

Regarding 14 induced proteins, only four of them could
be categorized into two GO terms, “response to bacterium”
(p-value = 1.7 × 10−2) and “cellular protein modification
process” (p-value = 2.6 × 10−2). The proteins classified into
the former GO term, KTI1 and WSCP1R, are kunitz trypsin
inhibitors 1, which belong to the so-called pathogenesis-related
proteins (PRs) type 6. PRs are apoplastic and ubiquitous
proteins present in the plant kingdom. Particularly, type
6 PRs, a subclass of serine proteinase inhibitors, have the
property to bind proteinases and control their activity,
and therefore could have multiple roles in plants (Sudisha
et al., 2012). Regarding their role in plant defense, they are
also able to interact with proteinases from plant-attacking
organisms. However, while their effectiveness against
fungi, virus, or insects have been proven, their activity on
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TABLE 2 | Proteins differentially induced 12 dpi. FC(I/C): the protein abundance ratio (inoculated/control);% coverage: percentage of matching amino acids from
identified peptides divided by the total number of amino acids in the sequence.

N Protein name Symbol Uniprot code ATG p-value Fold change
(I/C)

% cov

Primary metabolism

5 Transketolase TKL-1 Q8RWV0 AT3G60750 0.001 2.12 54.3

11* Hydroxypyruvate reductase HPR1 M4CJ91 AT1G68010 0.004 1.68 65.5

1 Fructose-bisphosphate aldolase 2 FBA2 Q944G9 AT4G38970 0.015 1.66 62.3

20 Carbonic anhydrase 1 CA1 M4FDE2 AT3G01500 0.000 1.36 63.5

444 MA3 domain-containing protein - V4KTB4 AT1G22730 0.007 1.27 18

206 Phosphoglycerate/bisphosphoglycerate mutase PGM F2E7L1 AT1G78050 0.005 1.26 21.1

411 Photosystem II family protein PSB27 R0GS55 AT1G03600 0.042 1.26 16.8

418* Glyceraldehyde-3-phosphate dehydrogenase C subunit 1 GAPC1 D0R8V8 AT3G04120 0.009 1.21 36

21 ATP synthase subunit beta atpB P19366 ATCG00480 0.000 1.18 53.8

56 Protein containing PDZ domain, a K-box domain, and a TPR region ZKT M4D610 AT1G55480 0.017 0.72 46.3

32 Sedoheptulose-bisphosphatase SBPASE P46283 AT3G55800 0.000 0.71 52.2

33 Chaperonin 60 beta CPN60B M4EPY7 AT1G55490 0.000 0.55 40.6

2 Photosystem II subunit P-1 PSBP1 Q42029 AT1G06680 0.000 0.48 55.5

18* Rubisco activase RCA X2C5E1 AT2G39730 0.000 0.23 52.8

19 Photosystem II subunit Q-2 PSBQ2 M4EL96 AT4G05180 1.48E-10 0.15 75.2

Biotic stress processes

• Signaling

66 Plasma-membrane associated cation-binding protein 1 PCAP1 X4Z1A4 AT4G20260 0.003 1.54 70.1

89 General regulatory factor 2 GRF2 Q01525 AT1G78300 0.012 1.67 54.1

• Defense genes

37 * Kunitz family trypsin and protease inhibitor protein WSCP1 Q7GDB3 AT1G72290 0.000 0.54 67.4

85 Pathogenesis-related protein 1 Ypr1/PR1 Q96344 AT2G09750 0.012 2.29 45.1

• Redox state

30* High cyclic electron flow 1 FBP/HCEF1 Q9ZP29 AT3G54050 0.033 0.74 53.2

146 Thioredoxin superfamily protein - A0A067KWB6 AT3G11630 0.017 1.27 49.3

26 Thioredoxin superfamily protein PRXQ M4F5K9 AT3G26060 0.000 0.77 70.8

369 Thioredoxin F-type 1 TRXF1 M4DY21 AT3G02730 0.021 0.80 25.8

314 Pentapeptide repeat-containing protein BRA026982 M4EDX2 AT1G12250 0.037 0.76 19.7

298 Cell wall integrity/stress response component BRA031804 M4ESM4 AT5G66090 0.020 0.79 21.6

31 Fe superoxide dismutase 1 SODB U3N2Z5 AT4G25100 0.000 0.64 54.3

• Proteolysis

112 LTP2, PR-14 like protein LTP2 Q42589 AT2G38530 0.024 0.50 37.3

169 LTP3, PR-14 like protein LTP3 Q9ZSL7 AT5G59320 0.001 0.24 45.5

194 Hypothetical protein N/A M4D722 AT1G21500 0.001 0.71 47.1

388 Ubiquitin-conjugating enzyme 36 UBC36 R7W7E7 AT1G16890 0.006 1.26 10.4

238 Ferredoxin-NADP[+]-oxidoreductase 2 FNR2 M4D6U3 AT1G20020 0.023 1.27 67

83 CLPC homolog 1 CLPC1 M4E1V1 AT5G50920 0.034 1.22 38.2

• Glucosinolates degradation/myrosinase

32* GDSL-like lipase/acylhydrolase superfamily protein BnaC06g06760D P93064 AT1G54020 0.000 1.32 51.2

• Phenylpropanoids-lignin biosynthesis

430 S-adenosyl-L-methionine-dependent methyltransferases CCoAOMT1 V4MBF9 AT4G34050 0.003 1.21 20.2

• Hormone signaling

188 CP12 domain-containing protein 1 (BRA) CP12-1 M4CJS5 AT2G47400 0.007 0.71 32.3

178 CP12 domain-containing protein 2 (BRA) CP12-2 M4CH16 AT3G62410 0.013 0.51 19.4

323 Aldolase-type TIM barrel family protein (AUX) RSR4 I0Z028 AT5G01410 0.029 1.28 25.1

84 Mannose-binding lectin superfamily protein (JA) JR1 M4E064 AT3G16470 0.018 1.34 50.7

90 Dehydrin family protein (GA) ERD14 M4DH02 AT1G76180 0.014 1.38 56.4

219 Xyloglucan endotransglucosylase/hydrolase 24 (GA) XTH24 R0GXB3 AT4G30270 0.036 1.26 17

(Continued)
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TABLE 2 | (Continued)

N Protein name Symbol Uniprot code ATG p-value Fold change
(I/C)

% cov

148 Uridylyltransferase-like protein (CK) ACR11 M4EB60 AT1G16880 0.006 0.77 36

29 Glutamine synthetase 2 (CK) GS2 M4F2U3 AT5G35630 0.000 2.11 49.8

27 Peroxisomal NAD-malate dehydrogenase 2 (CK) PMDH2 M4EIK9 AT5G09660 0.001 1.29 54.8

Unclassified

81 Ribosomal protein L12-C RPL12-C Q8LBJ7 AT3G27850 0.002 0.60 43.3

191 Ribosomal protein S5/elongation factor G/III/V family protein LOS1 M4DL98 AT1G56070 0.016 1.58 26.5

58 UbiA prenyltransferase family protein G4 M4CGE0 AT3G51820 0.000 2.59 49

6 Cobalamin-independent synthase family protein MS1 O50008 AT5G17920 0.002 1.61 46.8

408 VIRB2-interacting protein 2 BTI2 B9I788 AT4G11220 0.017 1.52 9.8

76 Cyclophilin 38 CYP38 M4FDE4 AT3G01480 0.021 1.27 35.8

304 beta-1,3-glucanase 2 BGL2 Q2VT22 AT3G57260 0.027 1.26 19.3

95 ADP glucose pyrophosphorylase large subunit 1 APL1 M4CDE0 AT5G19220 0.011 1.23 34.5

325 Chloroplast beta-amylase CT-BMY M4EBS1 AT4G17090 0.003 1.22 16.6

198 Zinc-binding dehydrogenase family protein BRA006381 M4CQ92 AT5G16990 0.015 1.21 19.2

7 glutamate synthase 1 GLU1 Q9ZNZ7 AT5G04140 0.021 1.14 33.1

13 Oxidoreductase, zinc-binding dehydrogenase family protein AOR Q9ZUC1 AT1G23740 0.000 0.79 68.1

126 Tetratricopeptide repeat-like superfamily protein TPR M4CKY9 AT2G44920 0.006 0.70 58.6

324 - Sb06g016740 C5YGH3 - 0.011 0.76 10.5

21 - atpB P19366 ATCG00480 0.000 1.18 53.8

*Shared proteins between dpi. Proteins were listed in descending order according their score, lower N number means higher identification score.

microbial proteinases has not been studied intensively yet
(Sels et al., 2008).

In the second GO term, “cellular protein modification process”
was classified into two post-translational protein modifiers,
RUB1 and RUB2, implicated in the ubiquitination pathway
and therefore, in protein degradation. The ubiquitin pathway
is necessary to tag proteins that should be degraded. Ribeiro
et al. (2018) found that in a highly resistant plant to Xcc
proteins related to ubiquitination showed reduced abundance
at 24 h after inoculations, which may indicate a negative
regulation of this pathway, In contrast, among unclassified
increased proteins, we found two essential structural constituents
of ribosomes. These results suggest that a complex process of
protein synthesis–degradation is activated in the first stage of
the Xcc infection. It is well known that most of plant molecular
processes are regulated by a balanced synthesis and degradation
of proteins that control them. In healthy plants, proteolysis is
a process commonly associated with plant senescence, essential
for mobilization of nutrients from old tissues to growing or
sink organs, or in other words, to nutrient reallocation (Diaz-
Mendoza et al., 2016). However, increasing evidence has been
found in the past decade for the role of proteolysis in plant
defense. Different studies indicated that ubiquitin machinery
could act as negative or positive regulators of defense response
depending on their substrates, although the insights of its role
remain to be determined (Delauré et al., 2008; Santos et al.,
2019). Thus, not surprising that several works reported that
pathogens have developed tactics to influence on susceptible
host’s ubiquitin proteasome system in order to promote their
own survival (Dreher and Callis, 2007). The bacterial effectors
could be degraded by proteasomes; therefore, they can interfere
in the system, act as an ubiquitin ligase, or inhibit the specific

ubiquitin–proteasome system (UPS) steps (Santos et al., 2019).
Given this scenario, proteolysis machinery could have been
modified because of the Xcc infection.

Finally, we found that the protein coproporphyrinogen III
oxidase strongly increased after the Xcc inoculation. This
protein is a key enzyme of the tetrapyrrole biosynthesis
pathway. This protein mediates disease resistance in plants by
the salicylic acid pathway. According to Guo et al. (2013),
this protein modulates apoptosis in A. thaliana to powdery
mildew disease. Apoptotic changes in vascular tissues are
known to promote pathogen establishment, which could explain
its increase only during the first stage of the Xcc infection
(Gupta et al., 2013).

Late Proteomic Response
As we introduced in previous sections, the global results indicated
a more powerful response in the case of 12 dpi, since the
regulation of more proteins was altered in comparison with
the earlier response (Figure 2). However, several of the altered
pathways were shared between the two times analyzed, such as
processes related to primary metabolism.

Interestingly, some of the primary metabolism pathways that
were diminished during the early response presented a normal
behavior at 12 dpi, or even an overactivation, in comparison
with control plants. This behavior is illustrated in Figure 2,
which shows the distribution of the differentially regulated
proteins at 3 and 12 dpi involved in primary metabolism
processes. At 3 dpi, different steps of pathways related to light
reactions, Calvin cycle, and photorespiration in both chloroplasts
and peroxisomes were diminished. In contrast, other steps of
the mentioned processes were boosted at 12 dpi. So, in the
first stages of the disease plant, metabolism was redirected
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FIGURE 2 | Distribution of the differentially induced proteins involved on primary metabolism processes after infection of Brassica oleracea leaves by Xanthomonas
campestris pv. campestris. Graphics show proteins decreased or increased in three processes: light reactions (photosystem I, Photosystem II, and redox chain),
Calvin cycle, and photorespiration (in chloroplast, peroxisomes, and mitochondrions) by using the MapMan software. (A) 3 dpi and (B) 12 dpi. Red square:
downregulated protein; blue square: upregulated protein. At 3 dpi, two proteins involved in light reactions, six proteins in Calvin cycle, and six proteins in
photorespiration were significantly reduced in infested plants versus control plants. Only one protein involved in Photosystem II was significantly increased at this
stage. At 12 dpi, two proteins involved in Photosystem I, four proteins related to Calvin cycle, and two proteins involved photorespiration in chloroplasts were
significantly reduced in infested plants versus control plants. Protein induction was stronger at 12 dpi than 3 dpi, and four proteins related to light reactions, three
involved in Calvin cycle and two proteins involved in photorespiration at peroxisome level were differentially increased.

toward signaling and defense mechanisms at the expense of
energetic metabolism, and during the late response, some features
from primary metabolism were recovered or even enhanced.

Villeth et al. (2016) postulated that the resistance is correlated
with the ability of the plant to keep sufficient photosynthesis
activity, and therefore to have the necessary energy to trigger
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FIGURE 3 | Distribution of the differentially regulated proteins at 12 dpi and involved in biotic stress processes (hormone signaling, secondary metabolism activation,
and redox homeostasis) by using the MapMan software and after the infection of Brassica oleracea leaves by Xanthomonas campestris pv. campestris. Red square:
downregulated protein; blue square: upregulated protein.

defense mechanisms. Furthermore, considering that “Early Big”
is a susceptible line, primary metabolism recovering could be
delayed in comparison with a resistant line, being too late for
the plant survival. So, this result reinforces the important role of
photosynthesis during pathogenesis and supports the idea about
the main difference between resistant and susceptible plants that
could be based on the timely response activation, including basal
metabolism maintenance.

The overall defense level of a plant is a function of traits
related to primary metabolism and the concentrations of
defensive secondary metabolites. According to the defense trade-
off hypothesis, plants possess a limited pool of resources that
can be invested either in growth or in defense (Huot et al.,
2014; Zust and Agrawal, 2017). For a long time, it was thought
that the reason for the growth–defense trade-off might be a
question of energy resources. Recently, Neuser et al. (2019)
establish that the actual underlying reason is the incompatibility
of the molecular pathways regulating plant growth and defense.
In this study, plants at 12 dpi showed an increase in proteins
involved both in growth and in biotic stress processes. Proteins
related to the primary metabolism were recovered during the late
response, possibly because the response is being evaluated in a
susceptible material.

Besides this, other processes were modified during a well-
stablished Xcc infection. Among them, some are involved in
biotic stress mechanisms (Figure 3 and Table 2), such as

hormone signaling, secondary metabolism activation, or redox
homeostasis. At this stage, the results indicate that there was
an accumulation of proteins involved in oxidative stress and
proteolysis-related protein induction. As occurred during the
earlier response, our results indicated a complex regulation
of proteolysis. Interestingly, among the proteins classified in
“proteolysis” process, we found the lipid transfer protein 2
(LTP2) and the lipid transfer protein 3 (LTP3). LTPs are defense
proteins that are components of plant innate immunity and
exhibit a broad spectrum of biological activities. LTPs were
named because of their ability to transfer various types of lipids
between membranes; however, the gene expression of some LTPs
was also found to respond to pathogen infection, so they were
also classified as PR-14 proteins (Sels et al., 2008). Despite the
details of LTP behavior remain unclear, it seems that these
proteins have a role during adaptation to biotic stress factors
(Jung et al., 2003). Different works demonstrated LTP capability
to inhibit the fungal growth in vitro (Safi et al., 2015), and
Julke and Ludwig-Muller (2016) showed that an overexpression
of different LTP genes led to reduced clubroot susceptibility,
a disease of Brassicaceae caused by Plasmodiophora brassicae.
Surprisingly, our result showed a strong decrease of LTP2 and
LTP3 at 12 dpi. The genetic complexity of LTPs suggests that
a specific member of the gene family may be involved in a
particular biological function, which could explain the observed
decrease. Different works relate LTP2 (Jacq et al., 2017) and LTP3
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(Pagnussat et al., 2015) with basal processes, such as plant growth
and reproduction, fact that goes in agreement with the other
results obtained in this work.

It is well known that upon the recognition of pathogen
infection, plants trigger the so-called oxidative burst, a rapid
production of reactive oxygen species (ROS) in the apoplast to
cope with the invader (Torres, 2010). This defense mechanism
is usually classified as an early plant immune response and is
directly related to the hypersensitive response (HR). However,
the maintenance of ROS homeostasis is crucial due to the
continuous exposure to high levels of ROS also led to molecular
damages in the plant, such as protein denaturation or DNA base
oxidation (Belozerskaya and Gessler, 2007). Different proteomic
studies showed an induction of ROS-scavenging proteins, such
as thioredoxins, superoxide dismutases, and glutaredoxin-like
proteins, after invasion by different plant pathogens in a timely
manner (Kim et al., 2013; Li et al., 2016). In this work, the
abundance of several proteins related to the ROS scavenging
was modified after the Xcc infection (Figure 3). Nevertheless,
unlike the works mentioned, most of them were decreased
at 12 dpi. Despites this result goes in agreement with the
level of damages in the whole plant, it is not an expected
response after so many days of infection. Similar results were
found by Kang and Udvardi (2012). They investigated the
expression of ROS-scavenging genes in alfalfa under drought
conditions. They observed a strong increase of some ROS-
scavenging genes under optimal conditions and a decrease of
others, such as thioredoxins, under drought stress. Thus, they
concluded that the ROS scavenging is very complex process, and
it cannot be assumed that it is always beneficial to increase the
expression of ROS-scavenging genes during stress, as reported
in earlier studies. Proteins related to the hormone signaling
were either reduced (brassinosteroids) or increased [ethylene,
jasmonic acid (JA), and salicylic acid (SA)] at 12 dpi. It
is well known that phytohormones, ethylene and jasmonate,
play a major role in defense responses against pathogens and
herbivorous pests. Parallel approaches have demonstrated that
SA is required for the activation of both pathogen-associated
molecular patterns (PAMPs)-triggered immunity (PTI) and
effector-triggered immunity (ETI) (Figure 3). Plant PRs were
also involved at this stage, and PR1 showed the highest
abundance ratio (inoculated/control), as it was previously
reported (Table 2).

In conclusion, the current study represents an extensive
analysis of the protein profile of B. oleracea in response
to the Xcc inoculation in susceptible interactions. Stronger
proteomic changes associated with the susceptible B. oleracea–
Xcc interaction were obtained at 12 dpi in comparison with

3 days. This study underscores the importance of an efficient
balance between the basal metabolism and other processes, such
as signaling or defense mechanisms, during the B. oleracea–Xcc
interaction and suggests that this could be the key difference
between a susceptible and resistant plant. In addition, other
processes, such as proteolysis or ROS scavenging, play a
remarkable role during pathogenesis. Further availability of
genotypes with resistance to Xcc allow us to deeply study
the processes highlighted here and determine which proteins
contribute to the Xcc pathogenesis response. The approach used
in this study may be especially useful in further analyses in
order to understand plant’s response mechanisms against this
important plant pathogen. Our results provide new insights into
molecular mechanisms that may be involved in responses of
B. oleracea to Xcc.
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Clubroot, caused by the obligate parasite Plasmodiophora brassicae, is one of the
most devastating diseases of canola (Brassica napus) in Canada. The identification
of novel genes that contribute to clubroot resistance is important for the sustainable
management of clubroot, as these genes may be used in the development of resistant
canola cultivars. Phospholipase As (PLAs) play important roles in plant defense signaling
and stress tolerance, and thus are attractive targets for crop breeding. However, since
canola is an allopolyploid and has multiple copies of each PLA gene, it is time-
consuming to test the functions of PLAs directly in this crop. In contrast, the model
plant Arabidopsis thaliana has a simpler genetic background and only one copy of
each PLA. Therefore, it would be reasonable and faster to validate the potential utility
of PLA genes in Arabidopsis first. In this study, we identified seven homozygous atpla
knockout/knockdown mutants of Arabidopsis, and tested their performance following
inoculation with P. brassicae. Four mutants (pla1-iiα, pla1-iγ3, pla1-iii, ppla-iiiβ, ppla-iiiδ)
developed more severe clubroot than the wild-type, suggesting increased susceptibility
to P. brassicae. The homologs of these Arabidopsis PLAs (AtPLAs) in B. napus (BnPLAs)
were identified through Blast searches and phylogenic analysis. Expression of the
BnPLAs was subsequently examined in transcriptomic datasets generated from canola
infected by P. brassicae, and promising candidates for further characterization identified.

Keywords: clubroot, Arabidopsis, canola, phospholipase A, PLA genes, resistance

INTRODUCTION

Clubroot, caused by the obligate parasite Plasmodiophora brassicae, is one of the most devastating
diseases of canola (oilseed rape; Brassica napus) in Canada and other regions. The infected host
plants develop characteristic root galls, which interfere with water and nutrient uptake, leading
to aboveground symptoms including yellowing and wilting of the leaves, stunting, premature
ripening, and losses in seed yield and quality (Pageau et al., 2006; Hwang et al., 2012). The
deployment of clubroot resistant (CR) cultivars has been the main strategy to manage clubroot in
western Canada (Hwang et al., 2014). Unfortunately, the effectiveness of resistance can be quickly
lost as a result of the selection pressure imposed on pathogen populations by short rotations with
CR cultivars carrying similar sources of resistance. In Canada, “new” pathotypes of P. brassicae
able to overcome the resistance in most CR canola cultivars were identified in 2013, only 4 years
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after the introduction of the resistance trait (Strelkov et al.,
2016). Since then, resistance-breaking pathotypes, many of which
exhibit novel virulence patterns, have documented in many
fields (Strelkov et al., 2018; Hollman et al., 2021). Given these
rapid shifts in the virulence of pathogen populations, it is
necessary to identify additional sources of resistance, including
novel gene targets in canola (Zhou et al., 2020a), to aid in
sustainable clubroot management. These could be used in
rotations with existing CR canola cultivars, helping to reduce
selection pressure on pathogen populations and contributing to
resistance stewardship (Hwang et al., 2019).

Phospholipase As (PLAs), which catalyze the hydrolysis
of membrane phospholipids into free fatty acids and
lysophospholipids, are attractive targets for crop breeding
due to their important roles in plant defense signaling and
stress tolerance (Yang et al., 2007; Canonne et al., 2011; Chen
et al., 2013). PLAs are involved in the plant response to biotic
stress by inducing jasmonic acid (JA), oxylipin and phytoalexin
biosynthesis (Canonne et al., 2011; Ruelland et al., 2015). In
addition, PLA activity was suggested to be important in elicitor-
induced oxidative burst (e.g., Verticillium dahliae extract)
(Chandra et al., 1996). Recent transcriptomic studies indicate
the involvement of phospholipases in the host response to
P. brassicae. For example, the expression of many genes encoding
phospholipases was increased in the roots of P. brassicae-infected
Arabidopsis at 24 days after inoculation (dai) (Irani et al., 2018).
Expression profiling of B. napus transcriptome datasets enabled
the identification of differentially expressed genes, including
PLAs, following P. brassicae inoculation (Galindo-González
et al., 2020; Zhou et al., 2020b).

Since PLAs appear to contribute to the response of host
plants to pathogens, functional validation of their role against
P. brassicae will provide valuable information regarding their
potential utility in the development of CR canola cultivars.
However, since the model plant Arabidopsis thaliana (Arabidopsis
thereafter) possesses over 20 PLAs and canola has several
homologs of each of these genes (Iqbal et al., 2020), it is time-
consuming to test the functions of BnPLAs directly in canola. In
contrast, Arabidopsis has a simpler genetic background (Cheng
et al., 2014) and only one copy of each PLA gene (Chen et al.,
2013), and as a crucifer, also serves as a host of P. brassicae.
Therefore, it would be more feasible and faster to validate the
roles of PLA genes in clubroot resistance in Arabidopsis, to select
promising candidates for further characterization in canola.

In this study, we identified and selected seven T-DNA
insertion pla knockout/knockdown mutants of Arabidopsis from
the Arabidopsis Biological Resource Center, and compared their
performance with the wild-type plants following inoculation
with P. brassicae. We believe that, this study would be first
step in characterizing the role of PLAs in clubroot resistance,
and will serve as the foundation of additional work in this
area. The results showed that four mutants (pla1-iiα, pla1-
iγ3, pla1-iii, ppla-iiiδ) developed more severe clubroot than the
wild-type, suggesting increased susceptibility to P. brassicae.
After identifying the homologs of the seven AtPLAs in canola
(BnPLAs), and examining their expression profiles in published
transcriptomic datasets generated from B. napus inoculated

with P. brassicae, several BnPLAs were identified as promising
candidates for further characterization in canola.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The Arabidopsis mutants pla1-iγ1 (CS855673), pla1-iiα
(SALK_086894C), pla1-iγ3 (SALK_012432C), pla1-iii
(SALK_033291), spla2-α (SALK_099415C), ppla-iiiβ
(SALK_057212C) and ppla-iiiδ (SALK_029470), derived from the
wild-type ecotype Columbia, were obtained from the Arabidopsis
Biological Resource Center (abrc.osu.edu; Table 1). The seeds
were multiplied by growing into the next generation, and the
homozygosity of T-DNA insertion of all the pla mutants was
confirmed by PCR using two gene-specific primers (LP and RP)
and a T-DNA border primer (Table 2). The seed was multiplied
in a growth chamber set at 22/18◦C with a photoperiod of 16 h
day/8 h night. For inoculation with P. brassicae, all of the pla
mutants and Columbia were grown in Sunshine LA4 potting mix
(SunGro Horticulture, Vancouver, BC, Canada) in a greenhouse
under 16 h light (natural light supplemented by artificial lighting)
at 22◦C. Three to five cold stratified (at 4◦C for 3 days) seeds
were placed in each pot (6 cm× 6 cm× 6 cm) and were thinned
to one plant per pot after 1 week.

Pathogen Material and Inoculation
Inoculations were conducted with a single-spore isolate of
P. brassicae pathotype 3H, as classified on the Canadian Clubroot
Differential set (Strelkov et al., 2018), which had been stored at
−20◦C in infected root galls of the B. napus cultivar “Brutor.”
The resting spore inoculum suspension was prepared following
Strelkov et al. (2006). Briefly, 5 g of the frozen galls were
homogenized in 100 mL water and filtered through eight
layers of cheesecloth to remove plant debris. The resting spore
concentration was measured with a hemocytometer and adjusted
to 1.0 × 105 resting spores/mL with sterile distilled water. Two-
week old seedlings were inoculated by modifying the method
of Ludwig-Müller et al. (2017). Briefly, 2 mL of the inoculum
suspension was added to the soil near the base of each plant
with pipette. The non-inoculated control plants were treated with
same amount of water using the same method.

The severity of clubroot was evaluated at 3 to 4 weeks
after inoculation when the aboveground parts of inoculated
plants were yellowing and purpling. Treatments were replicated
six times with 24 plants per replicate. Clubroot severity was
evaluated on a 0–3 scale (Figure 2A), where: 0 = no galls,
1 = galls mainly on the lateral roots, 2 = obvious galls on
both the primary and lateral roots with a moderately reduced
root system, and 3 = large galls on the primary roots with
a significantly reduced root system. The individual severity
ratings were used to calculate a disease index (DI) for each
replicate using the formula described by Strelkov et al. (2006): DI
(%) = [(n1 × 1+ n2 × 2+ n3 × 3)/(N× 3)]× 100, where n1, n2,
and n3 are the number of plants in each severity class and N are
the total number of plants tested. An one-way Anova followed
by the Dunnett’s test in R (r-project.org) was used to compare
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TABLE 1 | Arabidopsis thaliana (At) PLAs included in this study and their homologs in Brassica napus (Bn).

Germplasm Gene At gene ID Bn gene ID Bn peptide ID Identity (%) Coverage (%) E-value

CS855673 PLA1-Iγ1 AT1G06800 BnaC05g04710D CDY10228 86.65 99.22 0

BnaA10g27930D CDY54880 85.39 83.88 0

SALK_086894C PLA1-IIα At1G06250 BnaC05g04300D CDY10187 83.08 94.80 0

BnaA10g28020D CDY57813 82.84 94.80 0

BnaC08g01730D CDX86530 81.59 94.80 0

BnaA08g28540D CDY15570 81.48 95.51 0

SALK_012432C PLA1-Iγ3 AT1G51440 BnaA06g02350D CDY22842 83.85 98.48 0

BnaC06g04560D CDY49813 82.50 98.48 0

SALK_033291 PLA1-III AT1G30370 BnaA07g07350D CDX77597 93.22 80.15 0

BnaC05g23260D CDY09593 87.15 99.81 0

BnaA09g26150D CDY02287 86.96 99.81 0

SALK_099415C sPLA2-α AT2G06925 BnaA05g14430D CDY25852 85.33 99.32 1E–84

BnaCnng35860D CDY60208 85.33 99.32 1E–84

SALK_057212C pPLA-IIIβ AT3G54950 BnaC08g25800D CDX73423 86.17 99.80 0

BnaA07g16580D CDX67618 84.66 99.80 0

BnaA09g55020D CDY56960 84.20 99.80 0

BnaC06g15520D CDY07512 82.93 99.80 0

SALK_029470 pPLA-IIIδ AT3G63200 BnaA04g00050D CDX89181 87.53 99.74 0

BnaC04g20810D CDX93922 87.02 99.74 0

BnaC08g32750D CDX76689 85.46 99.22 0

BnaA09g55720D CDY56455 81.63 99.22 0

TABLE 2 | Primers used for T-DNA homozygous mutant lines identification.

Gene ID Mutant line Right genomic primer Left genomic primer T-DNA border primer

At1g06800 WiscDsLox434H9 CGATTTCGATCCATTTTCAAG TTATTCTCCATTCGGCATTTG

At1g06250 SALK_086894 TCTACAGCCATATGAATGGGC ATTCGGTTCCCAGATTCTTTG

At1g51440 SALK_012432 ATGACTATGTCACGTCTCCCG TTATTACCCATCCACGATCCC

At1g30370 SALK_033291 TGTGGAAGAGGTGTTTCTTGG AAATGCAAGTTCAATTGTTCG

At2g06925 SALK_099415 ACTGTCCACTTCATGATTGCC TTTGTTACCTTTGAACGTCGG

At3g54950 SALK_057212 ATAAACCGGTTAAATCCACCG GTTACTACTGCGGCAGTGACC

At3g63200 SALK_029470 CGTCGATGCTAAGGATACGAG TACTCACACGTGCGAGAACAG

For SALK lines (LBb1.3) GCGTGGACCGCTTGCTGCAACT

For WISCDSLOX (P745) AACGTCCGCAATGTGTTATTAAGTTGTC

the mean DIs of each Arabidopsis mutant to the wild-type, with
differences regarded as significant at p < 0.05.

Identification of AtPLA Homologs in
Brassica napus
Homologs of the seven AtPLAs from Arabidopsis were identified
in B. napus through BLAST and phylogenic analysis. Specifically,
peptide sequences of the seven AtPLA obtained from the
Arabidopsis (TAIR 11) database1 were blasted against the B. napus
genome (Chalhoub et al., 2014) using BLASTP (E-value ≤1e–
10, coverage >60%, identity >60%, and the top 20 hits).2

Homologs of the AtPLAs also were identified in B. rapa and
B. oleracea using the same parameters, to improve the accuracy
of the subsequent phylogenic analysis. The sequences of selected
peptides of the three Brassica species were aligned with the

1https://www.arabidopsis.org/
2https://blast.ncbi.nlm.nih.gov/Blast.cgi

seven AtPLA peptide sequences using Muscle in MEGA7 (Kumar
et al., 2016). A rooted phylogenic tree of the selected PLA
peptides in the four species, using WRKY2 (AT5G56270) in
Arabidopsis as the root, was generated with fasttress (Price
et al., 2009) and visualized in MEGA7 to identify the AtPLA
homologs in B. napus. In addition we have identified pylogenic
relationship between all the available Arabidopsis PLAs and
Brassica species. The expression profiles of the BnPLAs were
examined in two published transcriptomic datasets generated
from B. napus infected by P. brassicae (Galindo-González et al.,
2020; Zhou et al., 2020b; Supplementary Figure 2).

RESULTS

We identified homozygous T-DNA insertion
knockout/knockdown mutants representing each PLA subtype,
pla1-iγ1 (WiscDsLox434H9), pla1-iiα (SALK_086894C),
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FIGURE 1 | Identification and characterization of Arabidopsis T-DNA insertion lines. (A) Identification of T-DNA insertion lines by PCR. LP and RP primers are located
at the left and right sides of T-DNA insertion, respectively. LBb1.3 and P745 are used as flanking primers for SALK and WiSC lines, respectively. In each gel picture
#1 is the PCR sample with primers LP + RP and #2 is the PCR sample with primers LB1.3/P745 + RP. (B) Schematic diagrams of the positions of T-DNA insertions
in PLA single mutant alleles. Start and stop codons are indicated.

pla1-iγ3 (SALK_012432C), spla2-α (SALK_099415C), ppla-
iiiβ (SALK_057212C), pla1-iii (SALK_033291), and ppla-iiiδ
(SALK_029470), using two gene-specific primers and the
T-DNA left border primers (Alonso et al., 2003; Figure 1A).
Insertion sites of pla1-iγ, pla1-iiα, pla1-iγ3, ppla-iiiβ, and pla1-iii
were located in the exon regions of each PLA genes, while
ppla-iiiδ contained its mutant sites within the promoter region

(Figure 1B). Furthermore, while the spla2-α mutant lines were
reported to have multiple insertion sites within the promoter
and exon regions of the gene, the exact map location was
not indicated on the TAIR web site (Seo et al., 2008; TAIR-
ABRC). Furthermore, this T-DNA mutant line (SALK_099415C)
previously been confirmed as a complete gene knockout line as
no detectable mRNA was observed (Seo et al., 2008).
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FIGURE 2 | Evaluation of reaction of seven pla mutants and wild-type
(Columbia) Arabidopsis to inoculation with Plasmodiophora brassicae
pathotype 3H. (A) The rating scale used to evaluate clubroot disease severity,
where: 0 = no galls, 1 = galls mainly on the lateral roots, 2 = obvious galls on
both the primary and lateral roots with a moderately reduced root system, and
3 = large galls on the primary roots with a significantly reduced root system.
The individual severity ratings were used to calculate a disease index. (B) The
disease index on the seven pla mutants and the wild-type Columbia 26 days
after inoculation with P. brassicae. Values are means ± SE of six independent
replicates with 24 plants per replicate. The asterisks indicate significant
differences at p < 0.05 (*) and p < 0.01 (**) compared with the wild-type,
based on the Dunnett’s test in R.

To validate the roles of the selected PLAs in the host
response to clubroot, we first evaluated the disease severity
of the seven homozygous Arabidopsis pla mutants and the
wild-type Arabidopsis, following inoculation with P. brassicae
pathotype 3H. Four of the mutants (pla1-iiα, pla1-iγ3, pla1-iii,
and ppla-iiiδ) had significantly greater DIs than the wild-type
(Figure 2B), indicating increased susceptibility to P. brassicae
pathotype 3H. Among these, the pla1-iiα and pla1-iγ3 appeared
the most susceptible, with DIs of 75.0 and 74.7%, respectively,
followed by ppla-iiiδ (69.8%) and pla1-iii (62.1%). The reactions
for the remaining mutants were similar to the wild-type, which
developed an DI of 50.4%.

We identified homologs of the seven PLAs in B. napus by
BLAST and phylogenic analysis. We first aligned the peptide
sequences of seven AtPLA to the three Brassica species (B. rapa,
B. oleracea, and B. napus) using BLASTP (see text footnote
2) to select potential PLA homologs with high identity (%)
and coverage (%) and low E-values. After that, we performed
phylogenetic analysis using Mega7 (Kumar et al., 2016) and
fasttree (Price et al., 2009), and filtered Brassica PLAs that were
not properly clustered with the targeted AtPLAs. In total, 21
homologs of BnPLAs were identified in B. napus, which were
evolved from either B. rapa or B. oleracea (Figure 3), indicating
duplication and loss of PLAs during the divergence of Arabidopsis

FIGURE 3 | Phylogenic relationships of PLAs in Arabidopsis and Brassica
species (B. rapa, B. oleracea, and B. napus). The phylogenic tree was
constructed with fasttree using PLA peptide sequences aligned by MUSCEL
in Mega7. Arabidopsis WKRY2 (AT5G56270) was used as the root. Each PLA
encoding gene in B. rapa was followed with an Arabidopsis gene ID in the
genome annotation, which was kept in the phylogenic tree to confirm the
clustering of the PLAs.

and Brassica, but a conserved evolution of PLAs in Brassica. All
the BnPLAs had >80% identity and coverage, and E-values near
0, to each of corresponding AtPLA (Table 1).

DISCUSSION

Plant phospholipids are major structural components of
biological membranes (Adigun et al., 2021). Accumulating
evidence indicates that phospholipid-based signal transduction
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and phospholipid-derived products mediated by PLAs are
important for plant growth, development, and responses to
abiotic and biotic stress (Ryu, 2004; Grienenberger et al., 2010;
Canonne et al., 2011; Chen et al., 2013; Adigun et al., 2021).
Upon perception of invading pathogens, PLAs can be activated
to hydrolyze phospholipids and galactolipids at their sn-1 or sn-
2 positions to generate free fatty acids and lysophospholipids.
These function as precursors of second messengers to mediate
downstream defense reactions, including the production of
oxylipins and JA, and stimulation or inhibition of key signaling
enzymes (e.g., MAKP, protein kinase and H+-ATPase) (Ryu,
2004; Canonne et al., 2011). PLAs are also involved in plant
growth and development by auxin-related cell elongation in
plants (Ryu, 2004), which might be associated with root galling
in P. brassicae-infected plants. In addition, a recent expression
analysis of drought-related lipid genes in soybean (Glycine max)
suggested the involvement of PLAs (PLA1-II and -III, sPLA,
pPLA-I, -II, and -III) in response to water deficit (Ferreira,
2017). Since infection by P. brassicae interferes with root water
uptake and leads to drought stress symptoms in the aboveground
canopy (Ludwig-Müller, 2009), PLAs might be involved in a
clubroot-related drought response in plants. While little is known
regarding the role of PLAs in the host response to clubroot,
recently published transcriptomic profiles from P. brassicae-
infected B. napus allowed us to identify PLAs showing differential
expression following inoculation (Fu et al., 2019; Galindo-
González et al., 2020; Zhou et al., 2020b). Therefore, study of the
role(s) of PLAs in the host response to clubroot could provide
insights into the utility of PLAs in clubroot resistance breeding.

In plants, PLAs are classified into three main subtypes based
on their catalysis site: phospholipase A1 (PLA1), secretory
phospholipase A2 (sPLA2), and patatin-like PLA (pPLA).
Arabidopsis has about 30 PLAs, including 12 PLA1s, four sPLA2s,
and 13 pPLAs (Eastmond, 2006; Chen et al., 2013; Li and Wang,
2014). Furthermore, in canola, each PLA has several homologs
(Supplementary Figure 1) and it is difficult to study their
roles in clubroot resistance directly given the complexity of the
canola genome. To improve understanding of the roles of PLAs
in clubroot resistance and to help to identify candidate PLA
genes in canola contributing to resistance, we selected seven pla
knockout/knockdown Arabidopsis mutants and compared their
susceptibilities with the wild-type plants, following inoculation
with P. brassicae pathotype 3H. This is a common pathotype
found across much of the canola producing regions of western
Canada, and is highly virulent on canola that does not carry any
clubroot resistance (Strelkov et al., 2018; Hollman et al., 2021).

Phospholipase A1s specifically hydrolyze the sn-1 position in
phospholipids. They further divided into groups I, II, and III
PLA1s and phosphatidic acid-specific PLA1 (PA-PLA1) (Kim and
Ryu, 2014). Class I, II, and III PLA1s are predicted to localize
to the chloroplast, cytosol and mitochondria, respectively, based
on the presence of N-terminal stretches (Ryu, 2004; Seo et al.,
2009; Chen et al., 2011). While there is no clear evidence of
PLA1s in plant immunity, expression of several genes (e.g.,
PLA1-Iγ1, PLA1-Iγ2, and PLA1-III) encoding PLA1 proteins
was induced in Arabidopsis response to pathogen attack (e.g.,
B. cinerea and P. syringae) (Grienenberger et al., 2010). In

addition, increased expression of several PLA1s (VviPLA1-Iβ1,
VviPLA1-Iγ1, and VviPLA1-IIδ) in grapevine (Vitis vinifera L.)
was found within 24 h following inoculation with the biotrophic
oomycete Plasmopara viticola (Laureano, 2018). Three of the
four pla1 mutants (pla1-iiα, pla1-iγ3, and pla1-iii) in the
current were more susceptible to P. brassicae than the wild-type
Arabidopsis, indicating the importance of PLA1 in host defense
to this pathogen.

Class I PLA1s are involved in JA production (Wasternack
and Song, 2017), including the two genes PLA1-Iγ1 and
PLA1-Iγ3 in this study (Ellinger et al., 2010). However, the
genes may mediate different pathways for JA production, with
PLA1-Iγ1 contributing to wound-induced JA production and
PLA1-Iγ3 contributing to JA production under non-wounded
conditions (Ellinger et al., 2010). Transcription of PLA1-Iγ1
in Arabidopsis was induced upon B. cinerea and P. syringae
inoculation (Grienenberger et al., 2010), and expression of PLA1-
Iγ1 in grapevine was upregulated within 24 h of inoculation
with P. viticola (Laureano, 2018). A homolog of AtPLA1-Iγ1
in B. napus was downregulated (BnaC05g04710D) during the
late infection stage in a compatible (susceptible) interaction
with P. brassicae pathotype 3A (Zhou et al., 2020b), while the
same gene was upregulated during early infection of a resistant
B. napus genotype by pathotype 5X (Galindo-González et al.,
2020; Supplementary Figure 2). Galindo-González et al. (2020)
also identified another BnPLA1-Iγ1 (BnaA10g27920D), which
was upregulated in both susceptible and resistant B. napus, but
with greater upregulation in the resistant reaction. In this study,
pla1-iγ1 and pla1-iγ3 mutants showed greater susceptibility
than the wild-type, but only pla1-iγ3 showed a significant
difference, suggesting that PLA1-Iγ3 but not PLA1-Iγ1 plays an
important role in the response of Arabidopsis to P. brassicae.
Thus, homologs of PLA1-Iγ3 in canola may contribute to
enhanced clubroot resistance. Given the fact that BnPLA1-Iγ1
(BnaC05g04710D) was downregulated in a clubroot susceptible
reaction and upregulated in a resistant reaction, this gene might
also be associated with canola defense to clubroot.

There are four class II PLA1s in Arabidopsis (PLA1-IIα, -
IIβ, -IIγ, and -IIδ) (Chen et al., 2013) but little is known
regarding the role of class II PLA1s in response to pathogens.
Nonetheless, the expression of PLA1-IIδ increased in grapevine
following challenge by P. viticola (Laureano, 2018), suggesting the
involvement of class II PLA1s in the defense reaction. Our results
showed that the pla1-iiα Arabidopsis mutant was more susceptible
to clubroot than the wild-type, suggesting a role for PLA1-IIα in
the host response to P. brassicae. In addition, a homolog of this
gene in B. napus (BnaA10g28020D) was downregulated during
the late stage of susceptible reaction to clubroot (Zhou et al.,
2020b), which is consistent with the present results. Since a PLA1-
II (GmPLA1-IIγa) in soybean was upregulated under drought
conditions (Ferreira, 2017), PLA1-IIα-mediated clubroot defense
might include mitigating water stress. Collectively, these results
suggest the importance of PLA1-IIα in clubroot resistance, and
the gene BnaA10g28020D might be a good candidate for further
characterization of its role.

Only one class III PLA1 is found in Arabidopsis (PLA1-
III) (Chen et al., 2013). PLA1-III is important for plant
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development and stress tolerance. The expression of PLA1-III
was modulated in Arabidopsis upon B. cinerea (Grienenberger
et al., 2010) challenge, respectively. Expression of an AtPLA1-
III homolog in CR Chinese cabbage (B. rapa) was induced
(BraA07g010560.3C) during the early infection stage (4 dai)
following inoculation with a virulent pathotype of P. brassicae
(Fu et al., 2019). A homolog of AtPLA1-III was downregulated
in B. napus (BnaC05g23260D) during the late stage of the
clubroot-susceptible response (Galindo-González et al., 2020;
Zhou et al., 2020b; Supplementary Figure 2), while two other
BnPLA1-III homologs (BnaA07g07350D and BnaA09g26150D)
were downregulated in both resistant and susceptible reactions,
with greater downregulation in the latter (Galindo-González
et al., 2020). These findings are consistent with our results,
since the pla1-iii mutant was more susceptible to clubroot
than the wild-type, indicating the importance of PLA1-III in
plant defense to clubroot. Similarly, PLA1-III in soybean was
regulated under drought conditions, with a downregulation
in moderate and severe drought but an upregulation in
extreme drought (Ferreira, 2017), further suggestion a role in
mitigating drought stress.

sPLA2s, which specifically hydrolyze the sn-2 position of
phospholipids, are the only PLA2s identified in plants (Kim and
Ryu, 2014). Only four AtsPLA isoforms are found in Arabidopsis
(sPLA2-α, -β, -γ, and -δ), with sPLA2-α suggested to play
a negative role in defense to pathogen attack by subcellular
localizing to the cell nucleus and physically binding to MYB30
to repress defense in Arabidopsis (Froidurea et al., 2010; Canonne
et al., 2011; Kim and Ryu, 2014). sPLA2 have been suggested to
be involved in the auxin signaling pathway, which promotes cell
elongation (Ryu, 2004). For instance, overexpression of AtsPLA2-
β in Arabidopsis resulted in elongation of the leaf petioles and
inflorescence stems, while silencing of the gene resulted in the
opposite phenotype (Lee et al., 2003). Expression of BnsPLA2-
α was increased in susceptible hosts and decreased in resistant
hosts, following inoculation with P. brassicae (Galindo-González
et al., 2020; Zhou et al., 2020b; Supplementary Figure 2),
suggesting their negative roles in clubroot resistance. Considering
that auxin is a crucial hormone for gall development in roots of
P. brassicae-infected plants (Jahn et al., 2013), sPLA2-α might be
involved in auxin-related pathways to promote gall development.
Nonetheless, in this study, clubroot severity on the atspla2-α
mutant was not significantly different from that of the wild-type.

Patatin-like PLAs, which hydrolyze phospholipids and
galactolipids at both the sn-1 and sn-2 positions (Chen et al.,
2011), are involved in defense signaling in plants upon
infection by many pathogens. A member of pPLAs in pepper
(Capsicum annuum), CaPLP1, plays a positive role in plant
innate immunity (Kim et al., 2014). Silencing of CaPLP1
increased plant susceptibility to the bacterium Xanthomonas
campestris pv. vesicatoria and was associated with compromised
defense responses, including reactive oxygen species production,
hypersensitive cell death and expression of a SA-dependent
gene CaPR1. Overexpression of this gene in Arabidopsis
increased plant resistance to P. syringae and Hyaloperonospora
arabidopsidis, which was associated with an enhanced oxidative
burst, expression of SA- and JA-dependent genes, and cell

death (Kim et al., 2014). Another pPLA, pPLA-IIα/PLP2,
which contributes JA- and oxylipin-mediated cell death,
positively regulated Arabidopsis resistance to the obligate parasite
cucumber mosaic virus and the fungus V. dahliae by inducing
oxylipins and JA biosynthesis, respectively. This gene, however,
negatively regulated resistance to B. cinerea and P. syringae
in Arabidopsis (la Camera et al., 2005, 2009; Zhu et al., 2021).
In addition, the expression of several pPLAs (VvipPLA-I,
VvipPLA-IIβ, VvipPLA-IIδ2, and VvipPLA-IIIβ) was induced in
grapevine after inoculation with P. viticola (Laureano, 2018).
Transcriptomic studies of B. napus inoculated with P. brassicae
pathotype 3A indicated that expression of two copies of BnPLP2
increased earlier during the infection process, but not at later
stages, in both the resistant and susceptible reactions (Zhou
et al., 2020b). When B. napus was inoculated with P. brassicae
pathotype 5X, expression patterns of the two genes were generally
similar in both the resistant and susceptible reactions, except
that the genes were also upregulated in the susceptible host
during the late infection stage (Galindo-González et al., 2020;
Supplementary Figure 2), suggesting a negative role of this
genes in clubroot resistance. In addition, pPLAs are involved
in the regulation of auxin-related responses. A study investing
the role of pPLAs in the regulation of auxin responses found
delayed upregulation of auxin-responsive gene expression
in all nine ppla mutants studied (Labusch et al., 2013). The
authors also demonstrated that knocking out/down pPLA-IIIδ
in Arabidopsis affected auxin-related phenotypes, including
shortened main roots and more lateral roots, and knocking out
of pPLA-IIIβ resulted in slightly longer roots and hypocotyls
(Labusch et al., 2013).

Other pPLA enzymes, including PLAIVA/PLP1, are also
positively associated with plant auxin signaling to modulate
root development (Rietz et al., 2010). In addition, pPLAs are
involved in response to water deficit in plants (Ferreira, 2017).
Therefore, pPLAs could regulate the host response to clubroot
via their involvement in defense pathways and drought- and
auxin-related pathways. In this study, both ppla-iiiβ and ppla-
iiiδ appeared to develop more severe symptoms than the wild-
type Arabidopsis, but DI was significantly more severe only
for ppla-iiiδ (Figure 2B), indicating a positive effect of pPLA-
IIIδ in clubroot resistance. In constrast, B. napus inoculated
with pathotype 3A or 5X of P. brassicae showed reduced
expression of BnpPLA-IIIδ in both the resistant and susceptible
reactions during early infection, and was downregulated in
only the resistant hosts during late infection (Galindo-González
et al., 2020; Zhou et al., 2020b; Supplementary Figure 2).
These contrasting findings may reflect host-pathotype specific
interactions, and suggest that functional validation of AtpPLA-
IIIδ in response to additional P. brassicae pathotypes may
improve understanding of its role in host defense.

CONCLUSION

To the best of our knowledge, this is the first study investigating
the host response of PLAs to clubroot. We selected seven
Arabidopsis atpla knockout/knockdown mutants, and identified
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four mutants (pla1-iiα, pla1-iγ3, pla1-iii, ppla-iiiδ) that were more
susceptible to P. brassicae than the wild-type plants. These results
indicate that PLAs may play positive roles in host defense to
clubroot. We identified homologs of the seven PLAs in B. napus
and its parental species (B. rapa and B. oleracea) and explored
their expression patterns following P. brassicae inoculation using
available transcriptomic datasets; this information was used
to select candidate genes that can be further characterized in
canola. The pathways mediated by these PLAs are unknown, but
could be related to JA biosynthesis, and auxin- and drought-
responses. However, additional studies will be needed with
more PLA mutants in Arabidopsis to confirm their role in
clubroot resistance and elucidate the precise mechanism(s) of
each PLA gene.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

SS, S-FH, and GC conceived, designed and supervised
the experiment, and edited the manuscript. QZ and KJ
performed the experiments and wrote the first draft of the
manuscript. All authors contributed to the preparation of
the final article.

FUNDING

Financial support from Results Driven Agriculture Research
(2019F135R) is gratefully acknowledged.

ACKNOWLEDGMENTS

We thank Victor Manolii and Ileana Strelkov for their
assistance with this work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.
799142/full#supplementary-material

Supplementary Figure 1 | Phylogenic relationships of the 29 Arabidopsis PLAs
and their homologs in Brassica species (B. rapa, B. oleracea, and B. napus). The
homologs were identified by blasting Arabidopsis peptide sequences against
Brassica peptide sequences using the BLASTP tool (E-value ≤1e–10, coverage
>60%, identity >60%, and the top 20 hits). The phylogenic tree was constructed
with fasttree using PLA peptide sequences aligned by MUSCEL in Mega7.
Arabidopsis WKRY2 (AT5G56270) was used as the root. Each PLA encoding gene
in B. rapa was followed with an Arabidopsis gene ID in the genome annotation,
which was kept in the phylogenic tree to confirm the clustering of the PLAs.

Supplementary Figure 2 | Expression changes of BnPLAs in resistant and
susceptible Brassica napus following Plasmodiophora brassicae inoculation. (A)
The expression changes of plants in response to P. brassicae pathotype 3A (Zhou
et al., 2020b). (B) The expression changes of plants in response to P. brassicae
pathotype 5X (Galindo-González et al., 2020).
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Hubei Academy of Agricultural Sciences, Wuhan, China, 2College of Horticulture, Shenyang Agricultural University,
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Clubroot is a devastating disease that causes substantial yield loss worldwide. However,

the inheritance and molecular mechanisms of clubroot resistance during pathogen

infection in radish remain largely unclear. In this study, we investigated the inheritance

of clubroot resistance in the F2 population derived from crossing clubroot-resistant

(CR) and clubroot-susceptible inbred lines “GLX” and “XNQ,” respectively. Genetic

analysis revealed that a single dominant gene controlled the clubroot resistance of “GLX”

with a Mendelian ratio of resistance and susceptibility of nearly 3:1. Bulked segregant

analysis combined with whole-genome resequencing (BSA-seq) was performed to

detect the target region of RsCr6 on chromosome Rs8. Linkage analysis revealed

that the RsCr6 locus was located between two markers, HB321 and HB331, with an

interval of approximately 92 kb. Based on the outcomes of transcriptome analysis, in

the RsCr6 locus, the R120263140 and R120263070 genes with a possible relation to

clubroot resistance were considered candidate genes. In addition, three core breeding

materials containing the two reported quantitative trait loci (QTLs) and our novel locus

RsCr6 targeting clubroot resistance were obtained using marker-assisted selection

(MAS) technology. This study reveals a novel locus responsible for clubroot resistance

in radishes. Further analysis of new genes may reveal the molecular mechanisms

underlying the clubroot resistance of plants and provide a theoretical basis for radish

resistance breeding.

Keywords: radish, Plasmodiophora brassicae, clubroot disease, bulked segregant analysis, RNA-seq

INTRODUCTION

Clubroot disease, caused by Plasmodiophora brassicae, is a severe disease in cruciferous crops
worldwide. P. brassicae affects most cruciferous crops, such as radish (Kamei et al., 2010; Gan et al.,
2019), Chinese cabbage (Piao et al., 2009; Li et al., 2016), cabbage (Piao et al., 2009), pak choi (Chen
et al., 2016), and canola (Zhan et al., 2017). Clubroot leads to the formation of swellings or galls
on the roots, which can ultimately cause wilting and premature death, leading to an annual crop
yield reduction of 10–15% worldwide (Voorrips et al., 1997; Dixon, 2006). It is now widespread
in all parts of China, such as Hubei, Hunan, Yunnan, Sichuan, Guangxi, Guangdong, Liaoning,
Heilongjiang, Jilin, Shandong, and other provinces (cities and autonomous regions). Notably,
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clubroot can significantly affect the edible and commercial value
of radish, consumed as a taproot vegetable. In 2017, the sowing
area of radish in China reached 1.3 million hm2. Hubei has
the largest planting area of radish, accounting for one-tenth of
China’s radish production area (Bao et al., 2019). Among these,
mountain vegetables in Hubei Province have developed rapidly
in recent years (Wang et al., 2013). In 2003, an outbreak of
clubroot disease happened in Huoshaoping, Changyang County
(Hubei Province, China). It quickly spread, becoming the biggest
problem faced by the industrialization of alpine vegetables and
farmers’ income increase in this area (Gan et al., 2016, 2017),
which accounted for a 30–50% reduction in the yield and quality
of radish. Therefore, it is necessary to identify an effective
clubroot prevention and control strategy for radish plants.
Breeding clubroot-resistant (CR) cultivars and practicing crop
rotation are the most effective methods for managing clubroot
(Pang et al., 2018).

It is important to breed CR cultivars using marker-assisted
selection (MAS) technology for preventing clubroot disease. CR
genes have been studied and identified in the A-genome of
Brassica rapa, such as Crr1 (Suwabe et al., 2003), Crr2 (Suwabe
et al., 2003), Crr3 (Saito et al., 2006), Crr4 (Suwabe et al., 2006),
CRc (Sakamoto et al., 2008), CRk (Sakamoto et al., 2008), CRa
(Ueno et al., 2012), CRd (Pang et al., 2018), PbBa1.1, PbBa3.1,
PbBa3.2, PbBa3.3, PbBa8.1 (Chen et al., 2013), Rcr1 (Chu et al.,
2014), Rcr2 (Huang et al., 2017), Rcr4, Rcr8, and Rcr9 (Yu
et al., 2017). Quantitative trait loci (QTLs) involving race-specific
resistance were detected in the C genome of B. oleracea, such as
CR2a and CR2b (Landry et al., 1992), pb-3 and pb-4 (Voorrips
et al., 1997), pb-Bo1 (Rocherieux et al., 2004) pb-Bo(Anju)1,
pb-Bo(Anju)2, pb-pb-Bo(Anju)3, pb-Bo(Anju)4, and pb-Bo(GC)1
(Nagaoka et al., 2010). At least 20 QTLs involved in CR have
been identified in the A and C genomes (Chang et al., 2019).
Moreover, Crs1, RsCr1, RsCr2, RsCr3, RsCr4, and RsCr5 have
been identified in radish (Kamei et al., 2010; Gan et al., 2019).
Of these reported CR genes, CRa and Crr1 have been cloned
and identified to encode Toll-Interleukin-1 receptor/nucleotide-
binding site/leucine-rich-repeat (TIR-NBS-LRR) proteins (Ueno
et al., 2012).

The identified CR loci and their molecular markers have
greatly accelerated the breeding of CR cultivars in Brassica
crops. CR genes have been successfully transformed into Chinese
cabbage through MAS (Yoshikawa, 1981; Zhang et al., 2012).
However, breeding of CR cultivars using the identified CR locus
has not yet been reported in radish. Therefore, identifying more
CR genes/loci conferring resistance to different pathotypes of
P. brassicae from distinct geographical regions is essential for
breeding CR cultivars in radish. Pang et al. (2020) reported
the pathotype diversity of P. brassicae and its distribution in
China. HBHSP-91 was collected from Huoshaoping, the most
prominent radish farming region in Hubei Province, and was
identified as pathotype 4 and Pb10 according to Williams”
clubroot differential set and the SCD system, respectively (Pang
et al., 2020).

In this study, CR and susceptible inbred lines, “GLX” and
“XNQ,” respectively, of radish were used to develop a new
segregation population and reveal the genetic basis underlying

clubroot resistance. We aimed to identify the clubroot resistance
locus and develop critical molecular markers for breeding
CR cultivars by predicting and analyzing candidate genes in
the target region. Our study sheds light on the molecular
mechanisms dominating clubroot resistance in radish and
provides user-friendly molecular markers for breeding CR
cultivars in the future.

MATERIALS AND METHODS

Plant Materials and Inoculation
Changyang has a large radish planting area in China, with
the most severe radish clubroot disease. A preliminary study
identified the P. brassicae (HBHSP-91) collected in Huoshaoping,
Changyang County as pathotype Pb10 (Pang et al., 2020). In
this study, inoculation was performed based on an established
infection method (Gan et al., 2019). A disease resistance
investigation of radish germplasm resources was performed
in both greenhouse and field planting. Disease resistance was
determined by a single spore of Pb10 (Pang et al., 2020)
inoculation in a greenhouse at the Wuhan Institute of Economic
Crops, Hubei Academy of Agricultural Sciences. Field testing was
conducted in the infected area of Huoshaoping in Changyang
County, Hubei Province (Gan et al., 2017) during the production
season when temperatures ranged from 18 to 28◦C. The
susceptible XNQ (disease index [DI] = 87.5) and resistant
GLX (DI = 0) lines, both advanced-generation inbred radish
lines, were obtained. The susceptible parent “XNQ” was crossed
with the resistant parent “GLX” to obtain F1. The resultant
F1 was self-crossed to develop an F2 segregating population
with 823 individuals to identify the CR locus. In this study, all
materials were grown in a greenhouse at the Hubei Academy of
Agricultural Sciences (Wuhan, China).

Inoculation and Phenotype Identification
Phenotype identification of parents, F1 and F2, was carried out in
the greenhouse of the Hubei Academy of Agricultural Sciences
(Wuhan, China). Plants were grown in 50-well-multipots. The
plants were inoculated with the P. brassicae pathogen at the stage
of two cotyledons and one euphylla leaf and cultured at 25◦C
under a 16 h light/8 h dark photoperiod. Phenotype identification
of the parents and F1 was repeated three times, each time with
more than 15 seedlings. More than 1,000 F2 plants were used in
the CR tests. Disease symptoms were used to calculate the DI on
a scale of 0–4 (Gan et al., 2019). The disease symptoms in the
roots of each plant were evaluated as follows: grade 0, no clubs;
grade 1, a few small or separate clubs on the lateral roots or the
main root; grade 2, intermediate symptoms; grade 3, numerous
clubs on the main roots; and grade 4, clubs rotten or plants
died. Investigations were performed at 6 weeks after pathogen
inoculation, and all the plants with galls (slight, moderate, or
large) on the main or lateral roots were considered infected.

BSA-Seq Analysis
Bulked segregant analysis (BSA) and whole-genome
resequencing, named BSA-seq, and were employed to detect the
clubroot resistance locus in radish. Two pools were constructed
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FIGURE 1 | Phenotype identification of two parental radish lines and their crossed offspring after inoculation with Pb10. (A) Resistance parent “GLX” (P1).

(B) Susceptible parent “XNQ” (P2). (C) Phenotypes of F1 offspring individuals. Bar scale = 10 cm.
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using equal amounts of leaf tissues from the F2 individuals,
with 50 susceptible individuals constituting the S-pool and 50
resistant individuals comprising the R-pool. The genomic DNA
of the two pools was isolated using a previously reported cetyl
trimethylammonium bromide (CTAB) method (Webb and
Knapp, 1990).

Whole-genome resequencing of the two pools was performed
on the Illumina HiSeq platform using an approximate 400 bp
library (Genoseq, Wuhan). Approximately 15 Gb of clean data
were obtained from the S and R-pools through sequencing
(Genome Sequence Archive, GSA: PRJCA008465). Additionally,
the two parental lines were subjected to resequencing with 30×
depth. As previously described (Yan et al., 2020), BSA-seq analysis
was performed using a user-friendly script. The clean reads from
two pools were aligned against the long-read reference genome
“QZ-16” (ENA number: PRJEB37015) by Bowtie (Langmead and
Salzberg, 2012). Single nucleotide polymorphism (SNP) calling
was conducted using the SAMtools software (Li et al., 2009). Low-
quality SNPs were automatically removed using the software. The
SNP index was calculated using the method reported by Takagi
et al. (2013). The critical parameter 1(SNP-index) was calculated
by subtracting the SNP index of the R-pool from that of the S-
pool. The SNP index was plotted using a 50 kb window size and
a 10 kb window step. Then, 95% confidence intervals (CIs) were
calculated to identify the significant resistance gene locus.

Molecular Marker Development
Based on the BSA analysis, we developed cleaved amplified
polymorphic sequence (CAPS) markers for further mapping.
The development pipeline for the CAPS markers followed our
previously reported method (Yan et al., 2019). Based on two
major QTLs on chromosomes Rs5 and Rs8, we developed InDel
markers, according to the method reported in our previous
study (Yan et al., 2022). Primers for these molecular markers
were designed using Primer3Plus (https://primer3plus.com/)
(Table S5). PCR amplification was conducted in a 20 µl volume
containing 10 µl 2xES Taq Mixes (CWBIO, Taizhou, China), 1
µl forward primer, 1 µl reverse primer, 1 µl template, and 7
µl ddH2O. PCR reactions followed the process: 94◦C for 4min,
followed by 40 cycles at 94◦C for 15 s, 53◦C for 20 s, 72◦C for 45 s,
and a final extension step at 72◦C for 5min. These PCR products
were digested for 8 h in a 10 µl reaction volume containing 5 µl
PCR products, 1µl 10×CutOne buffer, 0.3µl of the enzyme, and
3.7 µl of ddH2O.

Genetic Mapping Analysis
To rapidly identify the clubroot resistance locus, we used the
BSA-seq tomap the target region of RsCr6. We randomly selected
116 progenies from the F2 population of “GLX” crossed with
“XNQ” in the target region. Two flanking markers delimiting
the RsCr6 locus were used to screen all F2 progenies. To
fine-map the RsCr6 gene, additional molecular markers were
developed between the two flanking markers. These markers
were subsequently used to identify recombinants from the
F2 population.

TABLE 1 | Genetic analysis of P1, P2, F1, and F2 populations inoculated with

Pb10 pathotype.

Materials Resistant plants Susceptible plants χ
2* P*

P1 28 0

P2 0 29

F1 27 0

F2 637 186 2.933 0.0868

Notes: “*” indicates χ2 = 3.841, p = 0.05.

Transcriptome Analysis
A comparative transcriptome analysis (GSA, PRJCA008464) of
two parental lines “XNQ” and “GLX,” was performed to identify
the differentially expressed genes (DEGs) in resistance plants
vs. susceptible plants. The taproots of “XNQ” and “GLX” were
sampled at 0 and 3 dpi. The tissues from six individuals were
mixed into one sample after inoculation with the pb10 pathotype,
and each treatment had three replicates. Total RNAwas extracted
from these samples using the Trizol method (Life Technologies,
Carlsbad, USA). RNA-seq was performed using an Illumina
HiSeq platform (Genoseq, Wuhan, China). The quality of the
transcriptome data was assessed using principal component
analysis (PCA). Expression levels were represented by the value
of transcripts per kilobase per million mapped reads (TPM).
DEGs were identified using the R package DEseq2 (Love et al.,
2014) with a threshold of |log2FoldChange| > 1 and adjusted p
< 0.01. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were performed to
identify the biological functions and metabolic pathways of the
DEGs. A heatmap of DEGs was generated using the TBtools
software (Chen et al., 2020).

RESULTS

Phenotype Evaluation and Genetic Analysis
Two representative radish cultivars, the resistant “GLX”
(Figure 1A) and the susceptible “XNQ” (Figure 1B), were
utilized to analyze the inheritance of clubroot resistance in
radish. These two cultivars were crossed to obtain F1, self-
crossing of which gave rise to the F2 population. A total of 27 F1
offspring exhibited resistance to clubroot in radish (Figure 1C).
Among 823 F2 progenies, 637 individuals were resistant and 186
individuals were susceptible fitting to a segregation ratio of 3:1
(χ2 = 2.933, p = 0.0868 > 0.05, Table 1), which indicated that
clubroot resistance was controlled by a single dominant locus in
the newly segregated population.

Prediction of Candidate Region Controlling
Clubroot Resistance by BSA-Seq
In the present study, the candidate region controlling clubroot
resistance was screened using BSA-seq. Two pools, S and R,
were constructed with 50 susceptible and 50 resistant individuals,
respectively. Furthermore, 17,582,276,637 and 18,295,677,463 bp
clean reads were filtered from the raw data obtained from the S-
pool and R-pool, respectively, via whole-genome resequencing
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FIGURE 2 | Identification of novel quantitative trait locus (QTL) related to clubroot resistance in radish. (A) Plot of 1(SNP-index) value based on S-pool and R-pool

data against the reference genome “QZ-16.” The target peak (red arrow) of the novel clubroot resistance locus RsCr6 was identified on chromosome Rs8. The

confidence interval (CI) is indicated in red (p < 0.05). (B) Distribution of single nucleotide polymorphism (SNP)-index value based on S-pool data. (C) Distribution of

SNP-index value based on R-pool data.
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FIGURE 3 | Mapping of clubroot resistance gene RsCr6. (A) Preliminary mapping of RsCr6 between molecular markers HB290 and HB285 using 116 F2 individuals.

(B) Fine mapping of RsCr6 between molecular markers HB321 and HB331 using 823 F2 individuals. The numbers between adjacent markers represent the number of

recombinants. The numbers below marker names represent the physical position for corresponding markers. (C) Diagram of recombinants in a narrow interval

between markers HB321 and HB331. “M” and “Mb” represent million bases; and genetic distance is showed in cM.

(Table S1). The overall alignment rates of the clean reads from
the S-pool and R-pool against the reference genome were 85.88
and 87.50%, respectively. A total of 6,000,723 differential SNPs
were identified between the S- and R-pools. Based on a threshold
of1(SNP-index)> 0.4, we further filtered the SNPs and obtained
171,987 high-quality SNPs.

The 1(SNP-index) value was calculated based on the SNP
indices from S- and R-pools and analyzed against the long-read
radish genome “QZ-16.” The 1(SNP index) value distribution
was investigated in the genome (Figure 2). A single peak was
identified on chromosome Rs8 (5,000,001–8,500,000 bp) with
statistical significance (p< 0.05) (Figure 2A) and was considered
as a candidate region associated with clubroot resistance, which
was designated as RsCr6.

Genetic Mapping of RsCr6 Gene
In the present study, traditional genetic mapping was performed
to validate the RsCr6 locus. Five CAPS markers, such as HB289,
HB290, HB285, HB294, and HB299 around the RsCr6 locus,
were developed using our previously reported method (Yan
et al., 2020). Furthermore, five CAPS makers were subjected
to preliminary mapping, and a total of eleven recombinants

were obtained from 116 randomly selected progenies from
the F2 population. Thus, the RsCr6 gene was located between
the molecular markers HB290 and HB285 (Figure 3A). To
narrow the target region further, we used two flanking markers,
HB290 and HB285, to screen 823 F2 progenies. A total of
72 recombinants between the HB290 and RsCr6 loci and
55 recombinants between the HB285 and RsCr6 loci were
identified. We further designed 12 CAPS markers to fine-map
the RsCr6 locus. Finally, the RsCr6 locus was fine-mapped
between two molecular markers: HB321 (6,681,758 bp) and
HB331 (6,773,184 bp) (Figure 3B). Two flanking markers,
HB321 and HB331, shared three recombinants, respectively, with
the RsCr6 gene (Figure 3C). Based on the physical positions of
the two markers, RsCr6 was delimited in a narrow interval of
approximately 92 kb on chromosome Rs8 (Figure 3C), with a
genetic distance of 0.36 cM.

Comparative Transcriptome Analysis of
Resistance and Susceptible Lines
From 0 to 3 days after inoculation, P. brassicae could complete
the root hair and cortex infections in susceptible materials, while
only the root hair could be infected in the resistant materials
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FIGURE 4 | Comparative transcriptome analyses for differentially expressed genes (DEGs) in the two parent lines after inoculation with Pb10. (A) Principal component

analysis (PCA) of 12 samples. (B) Volcano plot of DEGs in resistant parent group of R0D vs. R3D. (C) Numbers of DEGs in the two groups of R0D vs. R3D and S0D

vs. S3D. (D) The Venn diagram of DEGs in the two groups of R0D vs. R3D and S0D vs. S3D. “R” represents the resistant parent lines; “S” represents the susceptible

parent lines; “0D” indicates the uninoculated samples; and “3D” indicates that the samples have been collected at 3 days after inoculation with the Pb10 pathotype.

(Liu et al., 2020). Therefore, we considered that the resistance
genes played a key role from day 0 to day 3 of inoculation. A
comparative transcriptome sequencing was performed between
resistance parent “GLX” and susceptible parent “XNQ” at 0
and 3 days post-inoculation (dpi) to identify DEGs. First,
the PCA of the 12 samples was conducted, which revealed
that each sample exhibited good reproducibility (Figure 4A).
Subsequently, the DEGs were identified and analyzed using
DEseq2 (Love et al., 2014). A total of 3,111 DEGs, including
1,636 downregulated and 1,475 upregulated, were identified in

the comparison of susceptible radish “XNQ” at 0 dpi vs. at 3 dpi
(S0D_vs._S3D), and 2,944 DEGs including 1,607 downregulated
and 1,337 upregulated were detected in the comparison of
resistance radish “GLX” at 0 dpi vs. 3 dpi (R0D_vs._R3D,
Figures 4B,C). The Venn diagram shows the distribution of
DEGs in the two parental lines (Figure 4D). A total of 739 DEGs
were shared between two pairwise treatment comparisons. We
detected 2,206 DEGs unique to the comparison of R0D_vs._R3D,
which excluded 739 DEGs at the intersection of two pairwise
treatment comparisons. Based on the differences in the genetic
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TABLE 2 | Characteristics of 15 predicted genes between molecular markers HB321 and HB331.

Gene name Start Stop Length (bp) Identifier

R120263190 6680212 6684594 2,349 S-adenosylmethionine carrier 1

R120263180 6685901 6687286 1,386 Alkane hydroxylase MAH1

R120263170 6692161 6693642 1,482 Alkane hydroxylase MAH1

R120263160 6694498 6695943 1,446 Alkane hydroxylase MAH1

R120263150 6697610 6701615 3,669 Coatomer subunit alpha-1

R120263140 6704335 6705105 771 Protein MIZU-KUSSEI 1

R120263130 6706107 6707153 1,047 F-box protein

R120263120 6711080 6713952 1,746 Glutathione hydrolase 2

R120263110 6715437 6718546 1,836 Alanine–glyoxylate aminotransferase 2 homolog 1

R120263100 6723427 6725506 1,812 Apoptotic chromatin condensation

R120263090 6726232 6730510 1,947 Unknown protein

R120263080 6735515 6736399 885 Unknown protein

R120263070 6748863 6749951 549 Probable disease resistance protein, RPP1

R120263060 6754044 6757745 1,488 Protein SCO1 homolog 2

R120263050 6762254 6766077 1,743 F-box/kelch-repeat protein

backgrounds of the two parents, we considered that these 2,206
unique DEGs in R0D_vs._R3Dmight be involved in the response
to clubroot resistance.

Candidate Gene Identification of RsCr6
Based on Comparative Transcriptome
Analysis
The candidate gene of RsCr6 was screened based on comparative
transcriptome data and predicted genes in the target region. In
the delimited 92 kb region of the RsCr6 locus, we discovered
15 predicted genes between the molecular markers HB321 and
HB331 against the “QZ-16” annotation file (Table 2). Of the
15 predicted genes, only one, R120263140, was differentially
expressed in the comparison of R0D_vs._R3D (Figure 5A).
Heatmap results showed that R120263140 was significantly
downregulated at 3 dpi in the resistance radish “GLX,” compared
with 0 dpi (Figure 5B). R120263140 likely encodes a MIZU-
KUSSEI-like protein that shares 88.1% amino acid identity with
AT4G39610.We found that another gene, R120263160 belonging
to CYP96A, was also downregulated at 3 dpi in the resistance
radish “GLX.” R120263160 was involved in response to light
stimuli. In addition, R120263160 was identified in the 739 DEG
intersections between R0D_vs._R3D and S0D_vs._S3D. In the
target region, R120263070 encodes a probable disease resistance
protein named RPP1, which might play a role in resistance
processes. However, no differential expressions were observed
between the two pairwise comparisons. Together, our analyses
revealed that R120263140 and R120263070 were likely candidate
genes related to RsCr6.

Pathways Activated by Clubroot Pathogen
Infection in Radish
To identify the functions of DEGs, GO enrichment analysis
of the unique 2,206 DEGs in the comparison R0D_vs._R3D
was performed against the GO database with p ≤ 0.05.

GO enrichment analysis revealed that these unique DEGs
were significantly enriched in 90 GO terms, including 49
biological processes (BP), 16 cell compositions (CC), and 25
molecular functions (MF) (Figure 5C and Table S2). The main
BP categories included the response to toxic substances (GO:
0009636), generation of precursor metabolites and energy (GO:
0006091), and response to wounding (GO: 0009611) during the
early pathogen infection stage. Among the MF categories, the
antioxidant activity (GO: 0016209) pathway was enriched with
the largest number of genes. In the CC category, plastoglobules
(GO: 0010287) encompassed the highest number of genes.

We performed a KEGG pathway analysis to determine the
metabolic pathways activated by the pathogen infection. The
2,206 unique DEGs in the comparison of R0D_vs._R3D were
significantly enriched in 29 biological pathways (p ≤ 0.05,
Table S3), of which, 5 main pathways included “plant hormone
signal transduction (ko04075),” “plant-pathogen interaction
(ko04626),” “phenylpropanoid biosynthesis (ko00940),” “amino
sugar and nucleotide sugar metabolism (ko00520),” and “MAPK
signaling pathway–plant (ko04016)” (Figure 5D). We discovered
that the significantly enriched pathways were associated with
plant resistance, such as “plant-pathogen interaction (ko04626)”
and “MAPK signaling pathway–plant (ko04016).” Taken
together, these findings suggested that several fundamental
resistance response-related pathways were activated in the
resistance radish “GLX” after pathogen infection.

Marker-Assisted Selection of CR Cultivar
in Radish
Based on previous studies on radish clubroot resistance, three
QTLs have been identified, including the novel locus identified
in this study. Based on two previously reported QTLs, Crs1 on
chromosome Rs5 (Kamei et al., 2010) and RsCr2 on chromosome
Rs9 (Gan et al., 2019), we developed two insertion/deletion
(InDel) markers, HB167 and HB220, closely related to Crs1 and
RsCr2, respectively. For RsCr6, we used the CAPS marker HB321
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FIGURE 5 | Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of DEGs in clubroot resistant radish. (A) The

Venn diagram of 2,206 unique DEGs in the comparison between R0D and R3D and genes in the RsCr6 locus. (B) Heatmap of a target region in the RsCr6 locus.

Expression levels were calculated using log2-scaled TPM values. TPM, transcripts per kilobase of exon model per million mapped reads. (C) GO enrichment analysis

of 2,206 unique DEGs in the comparison between R0D and R3D. (D) KEGG pathway analysis of 2,206 unique DEGs in the comparison between R0D and R3D.

to assist molecular detection. Among 14 representative breeding
materials (Figures 6A–C), “GLX,” “BEL,” and “NBZT” contained
the resistance band in the close linkage markers. Thus, we
considered these three accessions to be resistant. To validate this
hypothesis, we examined the phenotypes of resistant radishes in
a pathogen-containing field (Changyang, China) in the sprint of
2019–2021. Three breeding accessions exhibited a high clubroot
resistance (Figure 6D, Table S4).

DISCUSSION

New CR Locus in Radish
Huoshaoping, one of the main radish-producing areas, is
seriously affected by clubroot disease (Gan et al., 2016). The

prevalent pathotype in Huoshaoping has been identified as Pb10,
according to the sinitic clubroot differential set (SCD) system
(Pang et al., 2020). In this study, we identified a new locus
named RsCr6, which was considered the main effect of the locus
resistance to clubroot in radish. The resistant and susceptible
parents (“GLX” and “XNQ,” respectively) and F1 were inoculated
with the Pb10 strain, respectively. The results indicated that F1
plants exhibited no symptoms (Figure 1). Genetic analysis of
resistant and susceptible parents (Figure 1), F1 plants, and F2
populations after inoculation showed that clubroot resistance was
controlled by a dominant locus (Table 1). In this study, we used
a BSA-seq approach, an effective method for rapidly obtaining
linked target genes, Fu et al., 2019) based on whole-genome
second-generation sequencing to map the resistance genes. The
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FIGURE 6 | Development of molecular markers based on three major QTLs of clubroot resistance loci. (A) Development of InDel molecular marker HB167 in

resistance locus Rs5. (B) Development of InDel molecular marker HB220 in resistance locus Rs9. (C) Marker-assisted selection of molecular marker HB321 in

resistance locus RsCr6 on chromosome Rs8. (D) Photograph of radish materials containing the resistance bands in three clubroot-resistant (CR) QTLs. The

phenotypes of 14 radish breeding materials are presented in Table S4, with “S,” “R,” and “H” indicating susceptible, resistant, and heterozygous individuals,

respectively. “M” represents the 2 kb marker. The numbers represent 14 radish breeding materials. “GLX,” “BEL,” and “NBZT” are the common name of three selected

resistant clubroot materials. Bar scale = 5 cm.

823 progenies were expanded to ensure the accuracy of the
results. Among these plants, disease-resistant individuals were
planted in the field for investigation 6 weeks post-inoculation
to ensure further resistance. If plants still showed prominent
susceptible root clubs in the later period, they were counted as
sensitive. In total, 50 samples from the R-pool were selected
from 637 individual resistant plants (Table 1), planted in the
field after further investigation, and redetermined to be resistant
after inoculation. The S-pool comprised 50 seedlings with the
highest level of grade 4 symptoms. The results showed that a
single peak was identified on chromosome Rs8, and the candidate
region was named RsCr6 with a statistical significance at the level
of p < 0.05 (Figure 2A). This is consistent with the results of
the genetic analysis. In previous studies, two clubroot resistance
QTLs, Crs1, and RsCr2, were identified on chromosomes Rs5
and Rs9, respectively (Kamei et al., 2010; Gan et al., 2019).
The results suggested that a large part of the CR of radish is
controlled by Crs1, and no other region showed logarithm of
the odds (LOD) scores higher than the threshold in both tests
(Kamei et al., 2010). RsCr2 was repeatedly identified as the
resistant locus on chromosome Rs9 (Gan et al., 2019). These
findings indicate that the CR of radish may be controlled by
multiple major QTLs. In this study, we detected a single peak as a
candidate region anchored on chromosome Rs8 and designated
as RsCr6, considered to be associated with clubroot resistance.
This result differs from our previous report that resistance to

clubroot is controlled by multiple QTLs in radish (Gan et al.,
2019). This difference may be attributed to the use of different
resistant parents (“BJJ” vs. “GLX”) and different pathotypes
[race4 (Williams, 1996) vs. pathotype pb10 (Pang et al., 2020)].

Molecular Marker Development for
Breeding CR Cultivar
An economical approach to control clubroot disease is utilizing
resistant materials and breeding resistant cultivars (Pang et al.,
2018). With the development of molecular marker technology,
MAS is an effective tool for screening for disease resistance
(Collins et al., 2018). To date, a series of molecular markers
have been developed and applied to select the new resistant
germplasm resources (Kamei et al., 2010; Ueno et al., 2012; Wang
et al., 2012; Hatakeyama et al., 2013; Zhang et al., 2014). To take
advantage of multiple resistance resources, we tried to pyramid
three resistance QTLs to breed a new cultivar in radish. Thus, we
designed and developed three closely linked molecular markers,
HB167, HB220, andHB321, for QTL located in Rs5, Rs9, and Rs8,
respectively. The genotype of 14 radish accessions results revealed
that three accessions, “GLX,” “BEL,” and “NBZT” contained
resistant binds in three markers (Figure 6). As expected, the
phenotypes of the 14 radish accessions were consistent with
the genotyping results, which were confirmed over 5 years in
the famous clubroot epidemic area of Huoshaoping in China
(Changyang, Hubei Province). Interestingly, we discovered a
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radish cultivar, namely, “SQY” showing clubroot resistance in the
greenhouse and field, but no clubroot resistance was identified
in three QTLs (Table S4). Therefore, we hypothesized that a
novel gene and/or more genes might confer clubroot resistance
in radish, further confirmed in a recent study by Wang J. L. et al.
(2022). The clubroot resistance gene CRa in B. rapa was aligned
to a homologous region on chromosome Rs4 in radish, which has
not been previously reported. During the investigation of radish
clubroot, MAS, in combination with traditional cross-breeding,
was employed to breed CR cultivars in radish. In the last 5
years, two CR cultivars, nominated as “Chuyu No.1” and “Chuyu
No.2,” were developed in our laboratory (Cui et al., 2020). To
our knowledge, two radish cultivars have been applied in several
critical clubroot epidemic areas of China, such as Changyang and
Wulong in Chongqing Province.

Candidate Gene RsCr6 and Resistance
Response Pathways Activated by Clubroot
Infection
Transcriptome analysis of Brassica species at different time points
after inoculation with P. brassicae has been previously reported
(Fu et al., 2019; Wang Q. B. et al., 2022). In this study, 2,206
unique DEGs were detected in R0D_vs._R3D (Figure 4D), based
on the difference in genetic background between the parents.
These results indicate that these genes might be involved in the
response to clubroot resistance in radish. The top five biological
process subcategories, which contained cellular processes,
metabolic processes, single-organism processes, responses to
stimuli, and biological regulation, were consistent with previous
research reports (Fu et al., 2019). According to the gene
expression in the region of RsCr6, R120263140, which encodes
a MIZU-KUSSEI-like protein, was downregulated at 3 dpi in the
resistant parent GLX (Table 2), which is considered an essential
gene responsible for clubroot resistance in radish. Furthermore,
R120263070 encoded the protein RPP1, which has a high
likelihood of inducing disease resistance. It was thus considered a
strong candidate gene related to RsCr6. Although no differential
expressions were observed in the two pairwise comparisons, it
was chosen to avoid unpredictable factors. However, R120263160
was not a candidate gene because, although it showed a similar

expression trend to R120263140, the difference in expression
level was not significant. These results collectively indicated that
the candidate genes, R120263140 and R120263070, might play
a key role in the stage of P. brassicae infection, a hypothesis
that will be tested in future work. Our study provides a solid
foundation for investigating molecular mechanisms underlying
clubroot resistance in radish and sheds light on radish breeding
programs in the near future.
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DNA methylation is an epigenetic mark associated with several mechanisms in plants

including immunity mechanisms. However, little is known about the regulatory role of

DNA methylation in the resistance response of Brassica species against fungal diseases.

White rust, caused by the fungus Albugo candida, is one of the most widespread and

destructive diseases of all the cultivated Brassica species, particularly Brassica rapa L.

and Brassica juncea (L.) Czern and Coss. Here, we investigate whole-genome DNA

methylation modifications of B. rapa subsp. perviridis in response to white rust. As a

result, 233 and 275 differentially methylated regions (DMRs) in the susceptible cultivar

“Misugi” and the resistant cultivar “Nanane” were identified, respectively. In both cultivars,

more than half of the DMRs were associated with genes (DMR-genes). Gene expression

analysis showed that 13 of these genes were also differentially expressed between

control and infected samples. Gene ontology enrichment analysis of DMR genes revealed

their involvement in various biological processes including defense mechanisms. DMRs

were unevenly distributed around genes in susceptible and resistant cultivars. In “Misugi,”

DMRs tended to be located within genes, while in “Nanane,” DMRs tended to be located

up and downstream of the genes. However, CG DMRs were predominantly located

within genes in both cultivars. Transposable elements also showed association with

all three sequence contexts of DMRs but predominantly with CHG and CHH DMRs in

both cultivars. Our findings indicate the occurrence of DNA methylation modifications in

B. rapa in response to white rust infection and suggest a potential regulatory role of DNA

methylation modification in defense mechanisms which could be exploited to improve

disease resistance.

Keywords: epigenetic, plant immunity, White rust, komatsuna, RNA sequencing, gene expression, whole genome

bisulfite sequencing
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INTRODUCTION

Brassica rapa L., a diploid species (n= 10) within the Brassicaceae
family, is comprised of a wide range of morphotypes including
oil types such as B. rapa subsp. oleifera, rapiferous-type such
as turnip (B. rapa subsp. rapa), and leafy types such as pak
choi (B. rapa subsp. chinensis), Chinese cabbage (B. rapa subsp.
pekinensis), and komatsuna (B. rapa subsp. perviridis) (Prakash
and Hinata, 1980). These varieties are among the most widely
commercially grown cultivars of B. rapa (Mar, 2012; Lv et al.,
2020).

Diseases are one of the major threats to B. rapa production

worldwide. White rust, caused by the biotrophic fungus Albugo
candida, is one of the widespread and destructive diseases of
several wild crucifers and all the cultivated Brassica species,

particularly Brassica juncea L., Czern and Coss (AABB genome)
and its progenitors B. rapa (AA genome). Yield losses have been

reported as up to 60% in Polish or Turnip rape (B. rapa subsp.
oleifera) in Canada (Petrie and Vanterpool, 1974), up to 89.8% in
Indian mustard (B. juncea) in India (Lakra and Saharan, 1988),
and up to 10% in Australia (Barbetti, 1981; Meena et al., 2014).

The initial symptom of white rust is the appearance of white-
to cream-colored pustules on cotyledons, leaves, and/or the
stem and is known as “local” infection, while the spread and
development of disease in stems, pod and inflorescence, and
formation of stagheads is known as systemic infection and results
in significant yield losses (Verma and Petrie, 1980). On delicate
vegetable types of B. rapa, such as pak choi, Chinese cabbage,
and komatsuna, even a slight white rust infection can cause all
the production unmarketable (Santos et al., 2006). Biological
races of A. candida have been classified based on host specificity
and race 7 is known to affect B. rapa. However, there is not an
absolute classification between the races, as race 7 also affects
Brassica napus L. and B. juncea (Tanhuanpaa and Vilkki, 1999;
Adhikari et al., 2003). These race composition of the A. candida
pathogen makes identification of resistance sources against A.
candida challenging. Different management strategies have been
employed for white rust management including crop rotation,
weed removal, and fungicide application. However, the best
approach is the cultivation of resistant cultivars (Asif et al., 2017).
The need for resistant cultivars is even more crucial for vegetable
types of crops, such as B. rapa, as fungicide application carries a
risk of fungicide residue remaining in food (Santos et al., 2006).

The complexity of identifying resistance sources against white
rust is even more intensified by the complication of underlying
regulatory mechanisms of resistance responses. One of the
main regulatory mechanisms of resistance response is through
epigenetic modifications, including DNA de/methylation,
chromatin remodeling, and histone modification. DNA
methylation, one of the key epigenetic marks with a proven
regulatory role in plant immunity, refers to the addition
of a methyl group to the cytosine bases of DNA to form
5-methylcytosine (Colot and Rossignol, 1999). In plants,
methylation of cytosine bases is observed in the context of
symmetric CG and CHG and asymmetric CHH (where H = A,
C, or T) (Henderson and Jacobsen, 2007). DNA methylation is
one of the key factors for genome stability and transcriptome

regulation (Fujimoto et al., 2012). DNA methylation status
is highly affected by several factors including environmental
conditions (e.g., biotic and abiotic stresses), tissue type, and
growth stage (Choi and Sano, 2007; Fujimoto et al., 2008a,
2012; Kawakatsu and Ecker, 2019). Several studies are revealing
the pattern of DNA methylation changes associated with
resistance/tolerance improvement under both biotic and
abiotic stresses in various plant species; for example, tolerance
improvement under salinity stress in rice (Karan et al., 2012),
Medicago truncatula (Yaish et al., 2018) and wheat (Zhong
et al., 2009), under drought stress in rice (Wang et al., 2010,
2016), and under heat stress in B. rapa (Liu et al., 2018) and
resistance improvement in watermelon against cucumber green
mottle mosaic virus (CGMMV) (Sun et al., 2019), in rice against
Magnaporthe grisea (Li et al., 2011; Deng et al., 2017), and in
tomato against Tomato yellow leaf curl Sardinia virus (TYLCSV)
(Mason et al., 2008).

DNA methylation through transcriptome reprogramming
regulates the plant response to environmental stresses
(Elhamamsy, 2016; Tirnaz and Batley, 2019a,b). Stress-induced
DNA methylation changes can occur in any context (i.e., CG,
CHG, and CHH) and genomic regions [e.g., promoters, gene
bodies, and transposable elements (TEs)] (Dowen et al., 2012;
Wang et al., 2014a), which add complexity to understand its exact
role in gene regulation and defense mechanisms. For example,
gene body methylation in the CG context has been shown to
have a positive correlation with gene expression in common
bean, soybean, and rice (Li et al., 2012; Kim et al., 2015; Wang
et al., 2017a). In addition, in rice, hypo- and hyper-methylation
in the promoters of nucleotide-binding site leucine-rich repeat
(NLRs) occurs under pathogen attack, that is, M. grisea and
Xanthomonas oryzae pv. oryzae, resulted in transcriptome
reprogramming and a resistance response (Akimoto et al., 2007;
Li et al., 2011; Deng et al., 2017).

The importance of DNA methylation modifications in plant
resistance and its potential in improving breeding programs
has been emphasized (Springer and Schmitz, 2017; Tirnaz and
Batley, 2019a,b), highlighting the importance of taking DNA
methylation modifications into account when breeding toward
resistance improvement. Therefore, we investigated genome-
wide DNAmethylationmodifications in susceptible and resistant
B. rapa subsp. perviridis komatsuna cultivars in response to
A. candida to better understand the regulatory role of DNA
methylation in resistance response.

MATERIALS AND METHODS

Plant Materials
Two B. rapa subsp. perviridis cultivars (komatsuna) were
selected, one susceptible “Misugi” (Sakata Seed Corporation,
Japan) and one resistant “Nanane” (Takii & Co., Ltd., Japan) to
A. candidaMibuna isolate WMB01 (Figure 1). Seeds of “Misugi”
and “Nanane” cultivars were sown on soil and kept under 16 h
light and 8 h dark at 21◦C. Seven-day-old plants were inoculated
by spraying the A. candida (WMB01) with a concentration of 1
× 105 zoosporangium/ml. Mock inoculation with water was also
performed for control samples. To ensure successful inoculation,
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FIGURE 1 | Phenotype caused by A. candida 10 days after inoculation at the

seedling stage of komatsuna (Brassica rapa subsp. perviridis). Susceptible

cultivar: “Misugi,” Resistant cultivar: “Nanane.”

plants were incubated in a dark growth chamber for 24 h at
22◦C with 100% humidity. Then, the plants were moved to
a growth chamber and kept under growth conditions of 16 h
light and 8 h dark at 21◦C, with regular irrigation. For DNA
methylation and gene expression studies, one cotyledon of each
plant was harvested after 72 h of inoculation, snap-frozen in
liquid nitrogen, and stored at−80◦C until further use.

DNA Extraction and Bisulfite Sequencing
Library Construction
Genomic DNA of infected and control samples of susceptible
and resistant cultivars was extracted using the CTAB method
(Murray and Thompson, 1980). The construction of the bisulfite
sequencing library was performed by the BGI Genomics
company. In brief, genomic DNA (1,000 ng) was sheared
to 200–300 bp using sonication (Covaris R© LE220). DNA
end-repair, 3′-dA overhang, ligation of methylated sequence
adaptors, and bisulfite treatment were performed using the
ZYMO EZ DNA Methylation-Gold kit (ZYMO RESEARCH,
USA) according to the manufacturer’s instructions. The qualified
library was sequenced paired-end (150 bp) on an Illumina
HiSeqXTEN System. Two biological replicates were used in
this study.

Whole-Genome Bisulfite Sequencing
Analysis
The reads from whole-genome bisulfite sequencing (WGBS)
were trimmed using Trimmomatic-0.39 and quality control
was performed using FastQC. Trimmed and high-quality reads
were mapped to the reference genome of B. rapa V3 (Zhang
et al., 2018) using Bowtie2 version 2.2.5 and Bismark-v0-14.3
(Krueger and Andrews, 2011). PCR duplicates were removed

as one of the reads, which align to the same position, and
are randomly retained by using duplicate_bismark script in the
bismark package. To calculate the methylation level of CG, CHG,
and CHH contexts, the number of methylated and unmethylated
reads were extracted at each cytosine position using a bismark
methylation extractor script with a paired-end parameter. The
methylation level at each cytosine was calculated by dividing the
number of methylated cytosine reads by the total number of
reads. A binomial test (Lister et al., 2008) was performed for the
classification of methylated and unmethylated cytosine sites. The
sequence context-specific error rates of bisulfite conversion were
estimated from the mapping results of the unmethylated phage
genome and used for the binomial test. The test was applied
only to the cytosine sites with greater than or equal to 3 WGBS
coverage. A significant cut-off of two-tailed P < 0.01 was used to
detect methylated cytosine.

Differentially Methylated Regions Analysis
To detect the differentially methylated regions (DMRs), the
genome was divided into 500 bp windows with no overlap. The
total number of cytosines in each context (CG, CHG, and CHH)
in a given window were calculated and based on the distribution
frequency, and windows containing ≥ 10 cytosines in all CG,
CHG, and CHH contexts were kept for downstream analysis.
The methylation level of CG, CHG, and CHH was calculated in
each window by dividing the number of methylated cytosines in
each given context by the total number of cytosines in the given
context. To identify the DMRs in each cultivar between control
and infected samples, an FST-like approach was performed. FST
statistics are widely used in population genetics to measure
the level of population differentiation (Holsinger and Weir,
2009). Here, first, highly differentiated windows between the
biological replicates were removed and the remaining windows
were used for FST calculation, where the methylation level of a
certain window was denoted as X1: methylation level of a given
cultivar under control condition for replicate 1, X2: methylation
level of the given cultivar under control condition for replicate
2, X3: methylation level of the given cultivar after infection
with A. candida replicate 1 and X4: methylation level of the
given cultivar after infection with A. candida for replicate 2;
the variance between replicates (V) and absolute methylation
difference between treatments (δ) was then calculated as

V = max (|X1− X2| , |X3− X4|)

δ = |
X1+ X2

2
−

X3+ X4

2
|

where the max (X, Y) function is to take X, if X > Y, otherwise to
take Y. Using V and δ value, the relative methylation difference
in the given window was calculated as

FST = 1−
V

δ

FST was calculated for each methylation context (i.e., CG,
CHG, and CHH) separately in both resistant and susceptible
cultivars. To detect the regions with maximum methylation
difference between control and infected samples while ensuring
the minimum differences between biological replicates only,
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windows with top 1% FST and top 1% δ values were assigned
as putative DMRs and used for downstream analysis. DMRs
were associated with their proximal genes where DMRs were
located at the gene body (i.e., between the start and stop codon
including all exons and introns of a gene), and/or located up to
2 kb upstream and downstream of genes. Then, DMR-associated
genes were used for gene ontology (GO) enrichment analysis.
GO enrichment analysis was performed using the R package
topGO (v 2.40.0). All the heatmaps for comparative analysis of
DNA methylation levels were constructed using the R package
ComplexHeatmap (V 2.2.0).

To verify the WGBS results, we picked four regions, including
hyper- and hypo-methylated DMRs in both cultivars. A total
of 500 ng of DNA was fragmented by sonication and the
fragments were ∼300–800 bp in length. MethylCode Bisulfite
Conversion Kit (Thermo Fisher Scientific, Inc, USA) was used
for chemical bisulfite reaction and PCR was performed using
bisulfite-treated DNAs as templates. PCR conditions were 95◦C
for 2min followed by 40 cycles of 95◦C for 30 s, 55◦C for 30 s,
and 72◦C for 30 s. Amplified PCR fragments were gel-purified
using GENECLEAN III Kit (MP Biomedicals, USA) and cloned
into pGEM-T Easy vector (Promega Co., USA). Ten independent
clones were sequenced. Primers used for bisulfite sequencing are
listed in Supplementary Table 1.

RNA Extraction and RNA Sequencing
Analysis
Total RNAs of infected (72 h after A. candida inoculation)
and control samples of resistant and susceptible cultivars were
extracted using SV Total RNA Isolation System (Promega). RNA
sequencing was performed using paired-end Nextseq500 (75 bp
read length). The number of clean reads and the percentage
of mapped reads are shown in Supplementary Table 2. Low-
quality reads were filtered using FASTX-Toolkit v. 1.4.5 and
HISAT2 was used to align the filtered reads to the reference
genome of B. rapa V3 (Zhang et al., 2018). The expression
levels (fragments per kilo-base per million—FPKM) were scored
using Cuffdiff. Differentially expressed genes were also identified
based on two criteria of two-fold difference (|log 2 ratio|
≥ 1.0) and 95% confidence. Differentially expressed genes
located close to DMRs were also detected and their protein
sequences were searched against Pfam, SMART, and PRINTS
databases using InterProScan (https://www.ebi.ac.uk/interpro/)
for domain identification.

Seven genes were used for the validation of RNA-seq results.
cDNA was synthesized from 500 ng total RNA using the
ReverTra Ace R© qPCR RT Master Mix with gDNA Remover
(TOYOBO Co., Ltd., Japan). The specificity of the primer set
of each gene was first tested by electrophoresis of RT-PCR
amplified products using QuickTaq R©HS DyeMix (TOYOBO) on
1.5% agarose gel in which single products were observed. RT-
PCR conditions were 94◦C for 2min followed by 35 cycles of
94◦C for 30 s, 55◦C for 30 s, and 68◦C for 30 s. The absence
of genomic DNA contamination was confirmed by the PCR
of no RT control. Real-time RT-PCR (qPCR) was performed
using a LightCycler 96 (Roche Molecular Systems, Inc., USA).

cDNAwas amplified using FastStart Essential DNAGreenMaster
(Roche). qPCR conditions were 95◦C for 10min followed by 40
cycles of 95◦C for 10 s, 60◦C for 10 s, and 72◦C for 10 s, and
a melting program of 65–97◦C at 0.1◦C/s. After amplification
cycles, each reaction was subjected to melt temperature analysis
to confirm the presence of single amplified products. The relative
expression level of each gene relative to ACTIN (Bractin) was
automatically calculated using automatic CQ calling according to
the manufacturer’s instructions (Roche) (Fujimoto et al., 2006a).
The data presented are the average and standard error of three
biological and experimental replicates. The primer sets are listed
in Supplementary Table 1.

RESULTS

Analysis of Whole-Genome Bisulfite
Sequencing
WGBS was performed to detect the single-based resolution and
relative amount of 5-methylcytosines (5-mCs) changes across
the genome of susceptible (“Misugi”) and resistant (“Nanane”)
cultivars of B. rapa in response to A. candida. The high-quality
reads were mapped to the B. rapa reference genome (Zhang
et al., 2018) (Table 1). The mapping efficiency of all samples was
between 35.9 and 43.7% (Table 1). The bisulfite conversion error
of CG, CHG, and CHH of all samples was between 0.002135
and 0.004833 (Table 1). In both “Misugi” and “Nanane,” DNA
methylation occurs predominantly at the CG sites, followed by
CHG and CHH, ranging between 40 and 51%, 19 and 27%, and 5
and 10% of sites being methylated, respectively (Figure 2).

Identification of Differentially Methylated
Regions
DMRs of each sequence context (CG, CHG, and CHH) were
detected between control and infected samples of “Misugi”
and “Nanane.” Regions were assigned as putative DMRs where
maximum methylation difference occurs between control and
infected samples while having the minimum differences between
biological replicates. In total, 233 and 275 DMRs were detected
in the susceptible cultivar “Misugi” and the resistant cultivar
“Nanane,” respectively (Figure 3A and Supplementary Table 3).
No overlapping DMRs were found in all three cytosine
contexts between “Misugi” and “Nanane.” We defined the
heterochromatic region as having more than 0.4 of the
density of TEs. Approximately 30% of DMRs were found in
heterochromatic regions in both “Misugi” and “Nanane,” and
more than 40% of CHG DMRs were in heterochromatic regions
(Supplementary Table 3).

In both cultivars, despite the higher percentage of methylated
cytosine at CG sites through the genome, the number of
CG DMRs (“Misugi:” 20, “Nanane:” 28) was noticeably
lower than DMRs for CHG (“Misugi:” 120, “Nanane:” 129)
and CHH (“Misugi:” 93, “Nanane:” 118) (Figure 3A and
Supplementary Table 3).

The comparative analysis of the methylation level and status
of DMRs (i.e., hypo- and hyper-methylation) showed in both
cultivars, more than half of DMRs were hyper-methylated,
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TABLE 1 | Mapping results and bisulfite conversion error of B. rapa cultivars “Misugi” (susceptible) and “Nanane” (resistant).

Sample Total read pairs Paired-end alignments Mapping efficiency Error rates of bisulfite conversion

(RP) with a unique best hit CG CHG CHH

Misugi_I_1 41217472 17466392 42.40% 0.002135 0.002227 0.002333

Misugi_I_2 45530660 16662331 36.60% 0.003629 0.003695 0.004184

Misugi_C_1 41161501 18200401 42.20% 0.002249 0.002352 0.002496

Misugi_C_2 42164051 15150569 35.90% 0.004208 0.004318 0.004833

Nanane_I_1 41128620 17500829 42.60% 0.002265 0.002394 0.002553

Nanane_I_2 49694053 20128844 40.50% 0.003297 0.003400 0.003687

Nanane_C_1 41060329 17930058 43.70% 0.002367 0.002492 0.002617

Nanane_C_2 47673367 19292368 40.50% 0.003621 0.003723 0.003945

Control (_C) samples and infected (_I) samples with A. candida for replicate one (_1) and two (_2).

FIGURE 2 | Percentage of methylated cytosine in each context (CG, CHG, and CHH) in B. rapa cultivars “Misugi” (susceptible) and “Nanane” (resistant) for control

(_C) samples and infected (_I) samples with A. candida for replicate one (_1) and two (_2).

53.64 and 62.90% in “Misugi” and “Nanane,” respectively. In
the susceptible cultivar “Misugi,” most of the CG (80.00%)
and CHH (69.89%) DMRs were hyper-methylated, while the
majority of CHG DMRs (63.33%) were hypo-methylated. In
the resistant cultivar “Nanane,” half of the CG DMRs (50.00%)
and CHH (52.54%) were hypo- and hyper-methylated and CHG
(75.19%) was predominantly hyper-methylated after infection
with the pathogen (Figure 3B, Supplementary Figure 1, and
Supplementary Table 3). Bisulfite sequencing confirmed the
reliability of the performed WGBS (Supplementary Figure 2).

Detection of Differentially Methylated
Regions Associated With Genes
Genes associated with DMRs were screened where DMRs were
located in gene bodies (i.e., from the start codon to stop
codon) and/or up to 2 kb up/downstream of genes. Out of the
233 DMRs in the susceptible cultivar “Misugi,” 126 (54.07%)
were proximate to 136 genes (CG: 21, CHG: 56, CHH: 59)

and in the resistant cultivar “Nanane,” out of 275 DMRs, 155
(56.36%) were proximate to 178 genes (CG: 29, CHG: 72,
CHH: 77) (Figure 4, Table 2, and Supplementary Table 3). In
both cultivars, the majority of genes were linked to the CHH
DMRs (Figure 4).

We then identified DMR locations relative to genes. In
“Misugi” (susceptible cultivar), 61 out of 136 DMRs (44.85%)
were located in gene bodies, which also included the highest
number of all three DMRs’ contexts (CG: 17, CHG: 20, CHH: 24).
In “Nanane” (resistant cultivar), 65 out of 178 (36.51%) DMRs
were located upstream of genes with the highest number of CHH
(32) and CHG (25) DMRs and 62 out of 178 (34.83%) DMRs
were located downstream of genes with the highest number of
CHG [29 (40.27%)] and CHH [29 (37.66%)] DMRs (Figure 5A
and Table 2). Despite the difference in CHG and CHH DMRs
distribution between the two cultivars, in both cultivars, most
of the CG DMRs are located in gene bodies (“Misugi:” 80.95%,
“Nanane:” 58.62%) (Figure 5A and Table 2).
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FIGURE 3 | Differentially methylated regions (DMRs) between control cotyledons and cotyledons infected with A. candida of B. rapa cultivars “Misugi” (susceptible)

and “Nanane” (resistant). (A) Total number and percentage of putative CG, CHG, and CHH DMRs. (B) Methylation status of 233 and 275 DMRs in “Misugi”

(susceptible) and “Nanane” (resistant), respectively.

In both “Misugi” and “Nanane,” 59.52 and 58.06% of DMRs
associated with genes were hyper-methylated, respectively. In
both cultivars, the hyper-methylation was predominant in DMRs
within the gene bodies and downstream of genes; however, in the
upstream of genes, the majority of DMRs were hyper-methylated
in “Misugi” (16.17%) and hypo-methylated (19.10%) in “Nanane”
(Figure 5B and Table 2).

In “Misugi,” CG DMR-genes tended to be hyper-methylated,
dominantly located within the gene body (66.66%). No hypo-
methylated CG DMRs were identified in the downstream of
the genes (Figure 5C and Table 2). CHH DMRs tended to
be hyper-methylated at the upstream and downstream of the
genes (Figure 5C and Table 2). In “Nanane,” CG DMRs tended
to be hypo-methylated at the upstream and downstream of
the genes, while CG DMRs tended to be hyper-methylated
within the gene body (Figure 5C and Table 2). In addition,
CHG and CHH DMRs were dominantly hyper-methylated
in the gene body (Figure 5C and Table 2). In the upstream
region, CHG DMRs tended to be hyper-methylated, while

CHH DMRs tended to be hypo-methylated (Figure 5C and
Table 2).

Functional Analysis of Genes Associated
With DMRs
GO enrichment analysis of genes associated with DMRs indicates
the involvement of genes in all three GO categories, that is,
biological process, molecular function, and cellular component
(Figure 6 and Supplementary Table 4). DMR-associated genes
in “Misugi” were highly enriched for biological process and
and molecular function. The top two highly enriched (P <

0.05) classes for the biological process were DNA integration
(GO: 0015074) and RNA-dependent DNA biosynthetic process
(GO: 0006278) and top two of highly enriched (P < 0.05)
terms for molecular function were aspartic-type endopeptidase
activity (GO: 0004190) and RNA-directed DNA polymerase
activity (GO: 0003964) (Figure 6 and Supplementary Table 4).
In “Nanane,” DMRs-associated genes were highly enriched
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FIGURE 4 | Heatmap of methylation levels of 155 and 126 differentially

methylated regions (DRMs) - associated genes, respectively, in B. rapa

cultivars “Misugi” (susceptible) and “Nanane” (resistant) for control (_C)

samples and infected (_I) samples with A. candida for replicate one (_1) and

two (_2). Each line represents one DMR. Methylation level 1 means all the

cytosines of a given context are methylated in the region.

for the plastid membrane (GO: 0042170) from the cellular
component category and for the sieve element enucleation
(GO: 0090602) from the biological process category (Figure 6
and Supplementary Table 4). DMR genes were also compared
against B. rapa resistance gene analogous (RGAs), which were
reported by Tirnaz et al. (2020a), and the results showed that
DMR genes in “Misugi” and “Nanane” included two receptor-like
kinases (RLKs) genes (Supplementary Table 3).

Differentially Methylated Regions
Associated With Transposable Elements
DNA methylation is one of the main regulatory mechanisms
controlling TEs (Frost et al., 2005; Fujimoto et al., 2008b; Sasaki
et al., 2011), movements, and activity throughout the genome
(Tirnaz and Batley, 2019a). In this regard, here we investigated
the occurrence of DMRs within TEs. In the susceptible cultivar
(“Misugi”), 117 out of 233 DMRs (50.21%) were associated
with TEs (DMR-TEs), and in “Nanane,” 129 out of 275 DMRs
(46.90%) were associated with TEs (Supplementary Table 3).

About 40% of DMRs associated with TEs were located
in the heterochromatic regions in “Misugi” and “Nanane”
(Supplementary Table 3). Consistent with other studies (Cokus
et al., 2008; Li et al., 2012; Regulski et al., 2013; Song et al.,
2013; Wang et al., 2015), we found TE methylation in all
three contexts (Supplementary Figure 3). From total DMRs
in each context in “Misugi,” Ten percentage of CG DMRs,
52.50% of CHG DMRs, and 55.91% of CHH DMRs were
associated with TEs. Similarly, in “Nanane,” a low percentage
of CG DMRs (21.42%) were associated with TEs. However, as
opposed to “Misugi,” CHG DMRs (55.81%) showed a higher
percentage of TE association than CHH DMRs (43.22%). In
addition, the results revealed that in “Misugi,” 100% of CG-DMR
associated with TEs were hyper-methylated, while the majority
of CG-DMR-associated TEs in “Nanane” (83.33%) were hypo-
methylated (Figure 7). DMRs in CHG context also showed the
opposite trend of methylation between the two cultivars, where
in “Misugi,” the large number of CHG-DMR associated with
TEs were hypo-methylated (69.84%) and in “Nanane,” they were
hyper-methylated (76.38%) (Figure 7). In both cultivars, the
higher percentage of CHH-DMR associated with TEs were hyper-
methylated (Figure 7). We also found 17 DMRs (CG: 1, CHG: 8,
CHH: 8) and 30 DMRs (CG: 3, CHG: 13, CHH: 14) in association
with TEs located at up to 2 kb upstream of genes in “Misugi” and
“Nanane,” respectively (Supplementary Table 3). In addition,
20 DMRs (CG: 1, CHG: 7, CHH: 12) and 16 DMRs (CG: 2, CHG:
7, CHH: 7) in association with TEs located within the genes in
“Misugi” and “Nanane,” respectively (Supplementary Table 3).
About 35 and 18% of DMR-TEs wereGypsy-type in “Misugi” and
“Nanane,” respectively, and half of CHH-DMR associated with
TEs were Gypsy-type in “Misugi” (Supplementary Table 5).

Association Between DNA Methylation and
Gene Expression
Here, RNA-seq analysis on control and infected cotyledons
(72 h after A. candida inoculation) of “Misugi” and “Nanane”
cultivars were performed. The results showed that, in total,
4,104 and 2,157 genes were differentially expressed in “Misugi”
(down: 1,979, up: 2,125) and “Nanane” (down: 1,112, up:
1,045), respectively (Supplementary Table 6). In total, seven
genes were selected and the expression levels of these genes
in control and infected samples of “Misugi” and “Nanane”
cultivars were examined by qPCR. There was a high correlation
(r = 0.97 in “Misugi,” r = 0.96 in “Nanane”) of the ratio of
expression levels between the control and infected samples of
these seven genes observed between qPCR analysis and RNA-
seq data (Supplementary Table 7). The association study of
differentially expressed genes with DMRs showed that, in total,
13 genes were associated with DMRs in “Misugi” (8 genes) and
“Nanane” (5 genes). The methylation context of DMRs between
the two cultivars appeared to be opposite, while CG and CHH
contexts were predominated in “Misugi” and CHG context was
predominated in “Nanane” (Table 3). Four (1 in “Nanane” and
3 in “Misugi”) differentially expressed genes overlapped with
DMR-TEs (Supplementary Table 3).
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TABLE 2 | Differentially methylated regions (DMRs) associated with gene body, upstream, and downstream of genes in B. rapa cultivars “Misugi” (susceptible) and

“Nanane” (resistant).

Upstream-2 kb gene body Downstream-2 kb Total

Hypo Hyper Total Hypo Hyper Total Hypo Hyper Total

“Misugi” CG 1 2 3 3 14 17 0 1 1 21

14.28% 80.95% 4.76%

CHG 9 8 17 12 8 20 10 9 19 56

30.35% 35.71% 33.92%

CHH 4 12 16 12 12 24 3 16 19 59

27.11% 40.67% 32.20%

Total 14 22 36 27 34 61 13 26 39 136

10.29% 16.17% 26.47% 19.58% 25.00% 44.85% 9.55% 19.11% 28.67%

“Nanane” CG 5 3 8 7 10 17 3 1 4 29

27.58% 58.62% 13.79%

CHG 8 17 25 2 16 18 12 17 29 72

34.72% 25.00% 40.27%

CHH 21 11 32 5 11 16 13 16 29 77

34.72% 20.77% 37.66%

Total 34 31 65 14 37 51 28 34 62 178

19.10% 17.41% 36.51% 7.86% 20.78% 28.65% 15.73% 19.10% 34.83%

In total, 22 domains were identified across 10 genes
and no domains have been identified for 3 genes
(Supplementary Table 8). Some of the domains are reported to
be involved in defense mechanisms such as flavin-dependent
monooxygenases (FMOs) (Mishina and Zeier, 2006; Thodberg
and Jakobsen Neilson, 2020) and type III polyketide synthase-like
protein (PKS) (Tanjung et al., 2020). Similarly, genes containing
haloacid dehalogenase-like hydrolase and Proline-rich domains
were also expressed in sweet orange in response to citrus
blight (Fu et al., 2019). In addition, the Arabidopsis thaliana
orthologs of these 13 genes have been identified, and 8 genes
out of 13 had orthologs in A. thaliana (Supplementary Table 8).
A. thaliana orthologs, including AT1G55690 (Sec14p-like
phosphatidylinositol transfer family protein), AT1G03870
(FASCICLIN-LIKE ARABINOOGALACTAN 9, FLA9),
and AT1G24510 (CCT5, CHAPERONIN CONTAINING
T-COMPLEX POLYPEPTIDE-1 SUBUNIT 5), have multiple
roles in plant growth, development, and signaling pathways
(Kamal et al., 2020; Wu et al., 2020), but their involvement in
response to pathogens is not well-understood.

DISCUSSION

DNAmethylation is involved in defense mechanisms, but little is
known about its regulatory role in B. rapa against fungal disease.
WGBS was performed on white rust susceptible (“Misugi”) and
resistant (“Nanane”) cultivars of komatsuna (B. rapa subsp.
perviridis) after inoculation with A. candida and inoculation
with water (mock inoculation). The highest methylation level
was detected at CG sites followed by CHG and CHH sites after
mock and A. candida inoculation. Similarly, in wheat, after mock

and pathogen [Blumeria graminis f. sp. tritici (Bgt)] inoculation,
DNA methylation occurs in descending order of CG (∼87%),
CHG (∼57%), and CHH (∼1.6%) sites (Geng et al., 2019).
Independent of pathogen attack, genome-wide analysis of several
plants is also evidenced that DNA methylation occurs in the
same pattern, such as in B. rapa subsp. pekinensis (CG: 36.5%,
CHG: 13.4%, CHH: 5.3%) (Takahashi et al., 2018a) and B. rapa
subsp. oleifera (CG: 52.4%, CHG: 31.8%, CHH: 8.3%) (Chen et al.,
2015).

In B. napus in response to blackleg disease in a resistant
cultivar (“Sturt”), more promoters of resistance genes (23.66%)
were differentially methylated in comparison to the susceptible
cultivar “Westar” (14.42%) (Tirnaz et al., 2020b). In this study,
similar numbers of DMRs were observed in the susceptible
cultivar (“Misugi”) and the resistant cultivar (“Nanane”), and
no overlapped DMRs were found between the two cultivars,
indicating that DMRs byA. candida infection are cultivar specific.
Most of the methylated CG sites were heavily methylated, while
methylated CHG and CHH sites had low methylation levels
in pre-infected plants of B. rapa (Takahashi et al., 2018a).
The enzyme responsible for each cytosine context is different;
CG and CHG methylation is mainly mediated by maintenance
DNA methylase, while CHH methylation is mainly mediated by
de novo DNA methylation by RNA-directed DNA methylation
(Fujimoto et al., 2012). A large number of DMRs were detected
in CHG and CHH contexts in both cultivars. The higher number
of CHG and CHH DMRs indicates that CHG and CHH sites
are the most affected loci during A. candida infection, which
may be due to the difference in robustness of DNA methylation
between CG and non-CG methylation. Similarly, methylation
at CHH sites has been reported to be the mainly affected in
wheat against powdery mildew disease (Geng et al., 2019), in
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FIGURE 5 | Proximate location and methylation status of differentially methylated regions (DMRs) in B. rapa cultivars “Misugi” (susceptible) and “Nanane” (resistant).

(A) Percentage of 136 and 178 genes associated with DMRs in “Misugi” (susceptible) and “Nanane” (resistant), respectively. (B) Total number of genes associated

with hypo and hyper DMRs at each proximate location (i.e., gene body and/or up to 2 kb upstream and downstream of genes). (C) Percentage of DMR-associated

genes with hypo- and hyper-methylated CG, CHG, and CHH DMRs.
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FIGURE 6 | Gene ontology (GO) enrichment analysis. Genes associated with differentially methylated regions (DMRs) between control cotyledons and cotyledons

infected with A. candida, in B. rapa cultivars “Misugi” (susceptible, 136 genes) and “Nanane” (resistant, 178 genes) were used. The top 10 classes of three categories

(biological process, molecular function, and cellular component) are exhibited.
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FIGURE 7 | Percentage of differentially methylated regions (DMRs), between control cotyledons and cotyledons infected with A. candida, associated with

transposable elements (TEs) at each methylated context in B. rapa cultivars “Misugi” (susceptible) and “Nanane” (resistant).

TABLE 3 | The status of 13 differentially expressed genes (up/downregulation) and their association with differentially methylated regions (DMRs) in B. rapa cultivars

“Misugi” (susceptible) and “Nanane” (resistant).

Cultivars Gene Expression status DMR methylation status DMR-Type DMR location to gene

“Misugi” BraA03g060690.3C Down Hyper CHH Upstream

BraA06g000420.3C Up Hypo CG Gene body

BraA06g019710.3C Down Hyper CG Gene body

BraA08g005490.3C Down Hyper CHH Downstream

BraA08g025160.3C Up Hyper CHH Downstream

BraA09g021410.3C Up Hyper CHH Upstream

BraA09g060940.3C Up Hyper CG Upstream

BraA10g002450.3C Down Hyper CHH Gene body

“Nanane” BraA01g007120.3C Up Hypo CHG Downstream

BraA03g007980.3C Down Hyper CHG Downstream

BraA07g015170.3C Up Hypo CHH Upstream

BraA08g012250.3C Down Hyper CHG Upstream

BraA09g010440.3C Down Hyper CHG Gene body

Citrullus lanatus against cucumber green mottle mosaic virus
(CGMMV) (Sun et al., 2019), and in B. napus against blackleg
disease (Tirnaz et al., 2020b). There were differences in the
ratios between the number of DMRs of hyper- and hypo-
methylation by A. candida infection between cultivars. CG and
CHH methylation tended to be hyper-methylated in “Misugi,”
but this was not observed in “Nanane.” CHGmethylation tended
to be hypo-methylated in “Misugi,” while hyper-methylated
in “Nanane.” Further study is required to determine whether
differences in DMRs between cultivars are associated with
differences in disease resistance.

In both cultivars, one-third of CHG and CHH DMRs
were located in the region upstream of genes. In general, the
methylation level of upstream (promoter) regions results in
gene regulation where hypo-methylation results in upregulation
and hyper-methylation results in downregulation, and these

have been previously reported among defense-related genes. For
example, in rice hypo-methylation of the promoter region of
Xa21G, a X. oryzae pv. oryzae resistance gene, resulted in a
high level of gene expression and subsequently the resistant
phenotype to the pathogen (Akimoto et al., 2007). Similar to
biotic stress, promoter hypo-methylation due to abiotic stress,
such as salinity and drought, induces upregulation of abiotic
stress response genes (Choi and Sano, 2007; Wang et al., 2014b;
Yaish et al., 2018). In the genus Arabidopsis, natural variation of
the expression levels of FWA genes is also negatively associated
with the DNA methylation level, especially with the CHH
methylation level in the region just upstream of the transcription
start site (Fujimoto et al., 2008a, 2011). Whereas, promoter
hypo-methylation does not necessarily increase gene expression
and results in resistance response. For instance, in rice partial
demethylation in the promoter region of the resistance gene
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(Pib) compromises the resistance response toM. grisea due to its
downregulation (Li et al., 2011). In addition, we found most of
the CG DRMs were located in the gene bodies in both cultivars,
and in “Misugi,” CG DRMs were hyper-methylated. Several
studies have shown that gene body methylation predominantly
occurs in the CG context and it has been shown that there
is a positive correlation with gene expression, for example, in
A. thaliana (Cokus et al., 2008), Chinese cabbage (B. rapa)
(Takahashi et al., 2018a,b), cassava (Manihot esculenta) (Wang
et al., 2015), soybean (Glycine max) (Song et al., 2013), maize
(Zea mays) (Regulski et al., 2013), and rice (O. sativa) (Li
et al., 2012). However, gene body methylation in CHG and
CHH contexts shows a negative correlation with gene expression
in tomato (González et al., 2011), A. thaliana (You et al.,
2012), Chinese cabbage (Takahashi et al., 2018a), and common
bean (Richard et al., 2018). These evidences that the sequence
context of methylation within the gene body are important
for the regulation of gene expression. GO enrichment analysis
showed that some enriched GO classes were reported to be
involved with defense mechanisms. For example, in A. thaliana,
the overexpression of an aspartic-type endopeptidase activity
(GO: 0004190) encoding gene causes resistance to Pseudomonas
syringae pathogen (Xia et al., 2004). In tomato, in response to
leaf miner (Tuta absoluta), differentially expressed genes between
control and infested samples were also enriched for plastid
membrane (GO: 0042170) (Manzo, 2016). In A. thaliana, sieve
elements (GO: 0090602) show involvement in transferring long-
distance nutrients (sugar) and signals in the phloem (Furuta
et al., 2014). Sieve elements such as sugar transporters showed
involvement in triggering signaling pathways in the host plant
upon pathogen attack (Rolland et al., 2006; Doidy et al.,
2012; Walerowski et al., 2018), and the over-represented GO
class of sieve elements among DMR-associated genes in the
resistant cultivar “Nanane” might be involved in the resistance
response against A. candida infection. However, in this study,
hyper- or hypo-methylation by A. candida infection in either
the promoter regions or gene bodies was not associated with
the change of gene expression in both lines. We need to
examine whether the resistant line-specific changes of DNA
methylation modification could be one of the strategies for
resistant response.

In both cultivars, we evidenced modification of TE
methylation at all three sequence contexts and almost half of the
DMRs located within TEs. About 40% of DMR-TEs were located
in heterochromatic regions and four of the DMR-TEs overlapped
with differentially expressed DMR genes. TEs are dynamic
elements of genomes and are involved in various mechanisms
of gene regulation and evolution including intron generation,
exon generation, change of local genome structure, alternative
splicing, and transcriptome reprogramming (Fujimoto et al.,
2006b; Barbazuk et al., 2008; Hirsch and Springer, 2017; Akter
et al., 2021). However, the extent to which this mechanism is
affected under plant-pathogen interaction is unclear. Biotic
stress-induced hypo-methylation can increase TEs mobility
within disease-related genes and affect their expression level
(Biémont and Vieira, 2006), for example, inmaize upon pathogen
(Fusarium graminearum) challenge CACTA-like transposable

element (TE1) inserted into a resistance gene (qRfg1) and
suppress gene pathogen-induced expression, resulting in
disease susceptibility (Wang et al., 2017b). DNA methylation
modification of TEs at upstream of the genes also proved to
play a regulatory role under pathogen pressure in A. thaliana
against Fusarium oxysporum (Le et al., 2014) and in rice against
M. grisea (Deng et al., 2017). Our results confirmed the dynamic
of DNA methylation modification within TEs in B. rapa as a
result of A. candida infection. The expression level of four genes
neighboring DMR-TEs was changed but the association was not
significant enough to support the hypothesis of the occurrence
of gene expression modification up on methylation changes in
nearby TEs.

We found that only 13 (8 “Misugi” and 5 “Nanane”) DMR-
associated genes were differentially expressed. In A. thaliana,
change of DNA methylation by pathogen infection is partially
responsible for transcriptional control (Dowen et al., 2012).
Hyper- or hypo-methylation in mutants of genes involved
in DNA methylation did not always lead to a change of
their transcription (Zhang et al., 2006; Zilberman et al.,
2007). Differentially expressed genes varied with the time
of infection (Miyaji et al., 2017). In the case of nematode
inoculation in rice roots, hypo-methylation of CHH sites in
the promoter regions at 3-day post-inoculation (dpi) was not
associated with upregulation of genes, however, they showed
association with genes upregulated at 7 dpi (Atighi et al.,
2020). Although the results showed both DNA methylation
modifications and gene expression regulation accrued during
pathogen attack, the low number of differentially expressed
genes associated with DMRs can be due to the small effect
of DNA methylation change on gene expression or temporal
differences in the effect of DNA methylation changes on gene
expression. We need to examine additional time courses of
A. candida infection to understand gene regulation through
DNA methylation modification. It is also suggested to examine
the inheritance of DMRs, and whether DMRs can generate a
new epi-allele.

This study by investigating the dynamics of DNAmethylation
of susceptible and resistant cultivars of B. rapa subsp. perviridis
against white rust disease enhance our knowledge of DNA
methylation modification in response to pathogens, which can
lead the direction of future studies to better understand the role
of DNA methylation in plant immunity.
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Identification and 
characterization of putative 
effectors from Plasmodiophora 
brassicae that suppress or induce 
cell death in Nicotiana 
benthamiana
Zongxiang Zhan †, Huishan Liu †, Yao Yang , Shuang Liu , 
Xiaonan Li * and Zhongyun Piao *

College of Horticulture, Shenyang Agricultural University, Shenyang, Liaoning, China

Clubroot, caused by Plasmodiophora brassicae, is a major disease of crucifers. 

Effector proteins are important virulence factors in host recognition of 

pathogens and the interactions between pathogens and hosts. Secretory 

proteins, as effector candidates, have been studied in the interaction between 

Plasmodiophora brassicae and its hosts. In this study, 518 secretary proteins 

were screened from the Plasmodiophora brassicae genome. A total of 63 

candidate effectors that induce or suppress cell death were identified using 

agroinfiltration-mediated transient expression in Nicothiana benthamiana. The 

candidate effectors, Pb4_102097 and Pb4_108104 showed high expressing 

level in the stage of rest spore maturity, could induce cell death and were 

associated with H2O2 accumulation in N. benthamiana leaves. In addition, 

55 candidate effectors that could suppress BAX (Bcl-2-associated X protein) 

induced cell death, and 21 out of which could suppress the immunity caused 

by bacterial pathogen Pseudomonas syringae pv. tomato strain DC3000 

expressing avrRps4 in Arabidopsis. Based on the expression pattern in different 

stages, 28 candidate effectors showed high expression levels during the 

primary and secondary infection stage. Five candidate effectors containing 

the RXLR motif functioned in the cytoplasm and cell membrane.

KEYWORDS

clubroot disease, Plasmodiophora brassicae, secretory proteins, plant immunity, 
effectors

Introduction

Plants rely on innate immunity and the transmission of systemic signals from pathogen 
infection sites to resist pathogen invasion (Dangl and Jones, 2001; Chisholm et al., 2006; 
Jones and Dangl, 2006). Pathogens have conserved pathogen-associated molecular patterns 
(PAMPs), such as flagellin, that lead to PAMP-triggered immunity (PTI). Pathogens can 
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secrete effector proteins targeted to plant apoplasts or delivered 
inside the host cytoplasm to suppress PTI and contribute to 
successful infection. Plants have an internal immune receptor-
disease resistance gene (R-gene) encoding a nucleotide-binding 
leucine-rich repeat (NB-LRR) protein to recognize effectors and 
induce defense responses. These responses include programmed 
cell death (PCD) and reactive oxygen species (ROS) bursts and are 
known as effector-triggered immunity (ETI). Plasmodiophora 
brassicae is a well-adapted pathogen of Brassica but PTI and ETI 
are not well-characterized in the host-P. brassicae pathosystem 
(Pérez-López et al., 2018).

P. brassicae is an intracellular obligate biotrophic plant 
pathogen responsible for clubroot disease in the Brassicaceae 
(Kageyama and Asano, 2009). The life cycle of P. brassicae has 
three stages. In the soil survival stage, resting spores germinate 
to primary zoospores under optimal conditions. In the 
primary infection stage, primary zoospores colonize root hairs 
and form primary plasmodia and cleave into zoosporangia. 
Secondary zoospores released from zoosporangia penetrate 
the cortical tissues. The secondary infection develops into 
secondary plasmodia, which proliferate and produce 
characteristic swollen gall or club-shaped plant roots 
(Kageyama and Asano, 2009; Feng et al., 2012). The infection 
stages are critical periods for the host to recognize the 
pathogen and establish an immune defense system (McDonald 
et  al., 2014). However, the recognition mechanism and 
interaction between P. brassicae and hosts harboring clubroot 
resistance genes is unknown.

To facilitate host plant colonization many pathogens secrete 
proteins and other molecules, collectively known as effectors, in 
the hosts to disable the plant defenses (Hogenhout et al., 2009). 
Many effectors have been characterized in bacteria, fungi, 
oomycetes and nematodes using agroinfiltration of Nicotiana 
benthamiana (Pitino et al., 2016). The development of 
bioinformatics and ultra-deep sequencing of plant pathogenic 
microbes has enabled genome-wide putative effectors genes to 
be cataloged based on special motifs (Huang et al., 2005; Liu et al., 
2014). The basic criteria used to identify candidate secreted 
effector proteins include proteins with a signal peptide (within the 
initial 60 amino acids at the N-terminus), no trans-membrane 
domains and a size of 300 to 450 amino acids (Pérez-López et al., 
2020). Many predicted effectors in each pathogen can be identified 
using bioinformatics analysis but assessing the functions of the 
candidate effectors is challenging. In the combined secretome of 
Plasmopara viticola, 51 predicted effectors with the RXLR motif 
were identified and 23 fully suppressed programmed cell death 
that was elicited by cell death-inducing proteins in N. benthamiana 
(Ling et al., 2015; Xiang et al., 2016). In fungi, 18 of 30 randomly 
selected putative effectors of Ustilaginoidea virens suppressed the 
Burkholderia glumae-triggered hypersensitive reaction (HR) at 
different levels in N. benthamiana (Zhang et al., 2014). In the 
cereal cyst nematode, Heterodera avenae, 95 candidate effector 
genes were evaluated and 78 effectors suppressed BT-PCD in 
N. benthamiana leaves (Lin et al., 2016).

A limited number of P. brassicae effectors have been 
functionally characterized based on the genome of sequences 
(Rolfe et al., 2016). A total of 553 secreted proteins in P. brassicae 
isolate e3 were predicted by bioinformatics analysis. A secretory 
methyltransferase can methylate salicylic acid and alter host 
susceptibility to P. brassicae (Schwelm et  al., 2015). During 
primary infection, 23 of 33 secretory proteins suppressed mouse 
Bcl-2-associated X protein (BAX)-induced cell death and two 
effectors could induce cell death in N. benthamiana (Chen et al., 
2019). And endomembrane-targeting P. brassicae effectors were 
reported to modulate PAMP and triggered immune responses in 
plants (Hossain et al., 2021). However, the other putative effectors 
at different infection stages and isolates have not been identified 
and characterized.

In this study, secreted protein genes were initially screened 
and predicted by bioinformatics software. A total of 63 candidate 
effectors of P. brassicae were selected and cloned. The capacities of 
these secretory proteins to induce or suppress cell death were 
assessed. The results of these experiments helped to reveal the 
pathogenic mechanism of P. brassicae and its interactions with 
host plants.

Materials and methods

Plant materials, Plasmodiophora 
brassicae isolate, and culture conditions

Nicotiana benthamiana and susceptible Chinese cabbage 
‘91–12’ (Brassica rapa) were grown at 24°C and a 16:8 h (L:D) 
photoperiod. N. benthamiana was used for transient agro-
Infiltration assays. The susceptible ‘91–12’ was inoculated with 
P. brassicae and the infected root was collected for P. brassicae 
RNA extraction. The P. brassicae isolate used in this study was 
collected from a B. rapa field located in Xinmin, Liaoning 
Province, China. This pathotype was Pb4 based on the result of 
the Williams system. The club roots were stored at −80°C 
until used.

Bioinformatic identification of 
Plasmodiophora brassicae secreted 
effector candidates

The putative effector genes were mined from the genome 
sequence of P. brassicae (PRJNA851541). The candidate secreted 
effector proteins were screened according to the basic criteria: 
proteins with a signal peptide, no trans-membrane domains and 
size less than 450 amino acids. The N-terminal signal peptides 
were predicted using SignalP 4.11 with Default D-cutoff values 
(Petersen et al., 2011). The proteins with a transmembrane domain 

1 http://www.cbs.dtu.dk/services/SignalP/
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or mitochondrial signal peptides were removed after analyzing 
with TMHMM and TargetP (Krogh et al., 2001; Emanuelsson 
et al., 2007), respectively. Proteins less than 450 amino acids, with 
signal peptides but lacking any transmembrane domains were 
regarded as candidate secreted effectors. The PFAM2 (Finn et al., 
2014) online software was employed to characterize the candidate 
effector domains of P. brassicae.

RNA extraction, cDNA synthesis, and 
RT-PCR expression analysis

Tissue samples from both P. brassicae inoculated or 
non-inoculated B. rapa ‘91–12’ roots at 5, 14, 21 and 28 DPI 
(days post inoculation) were collected in liquid nitrogen. Total 
RNA was extracted using Monzol (Monad, SuZhou, China). 
cDNA synthesis was carried out using MonScript™ RTIII 
All-in-One Mix with dsDNase kit (Monad, SuZhou, China) 
following manufacturer instructions. RT-PCR was performed 
using SuperReal PreMix Plus (SYBR Green) in a 20 μl final 
volume. Information on primers is provided in 
Supplementary Table S1. GraphPad Prism (Swift, 1997) 
software was employed to construct the heat map based on the 
expression pattern in different stages.

RNA extraction and plasmid construction

RNA were extracted from P. brassicae-infected roots using 
the TRIzol reagent (Invitrogen, Carlsbad, CA, United States) 
according to the manufacturer’s recommended protocol. First-
strand cDNA was synthesized using an RT-PCR system 
(Promega, Madison, WI, United  States) following the 
manufacturer’s instructions. Primers were designed according 
to the instructions on the In-Fusion® HD Cloning kit based 
on the coding sequence in Supplementary Table S2. The PCR 
amplifications were purified with TIANGEN DNA purification 
kit (DP214), and cloned to the vector pGR106. BAX and GFP 
genes were also cloned to vector pGR106 according to the 
method described above.

Subcellular localization

The PCR-generated open reading frame of the candidate 
effector genes without stop codons was cloned in-frame 
upstream of the GFP gene in the binary potato virus X (PVX) 
vector pGR106-GFP. The constructed vectors were 
transformed in Agrobacterium GV3101 and cultivated with LB 
medium supplemented with 50 μg ml−1 of rifampicin and 
50 μg ml−1 kanamycin and then used to transform 

2 http://pfam.xfam.org/

N. benthamiana for transient expression studies. GFP signal 
was detected at room temperature after 24 h of expression 
using confocal fluorescence microscopy (Zeiss, LSM510 Meta, 
Carl Zeiss Germany).

Agrobacterium co-infiltration and cell 
death assay

Agroinfiltration-mediated transient expression in 
N. benthamiana was performed as described by Bourras et al. 
(2015). The constructed vectors connected with the putative 
effector ORF sequence (with signal peptide) were transformed 
into Agrobacterium tumefaciens strain GV3101. To identify the 
putative effectors that induced cell death or suppressed cell death 
triggered by BAX, the OD600 value of the A. tumefaciens suspension 
was adjusted to 0.4, and A. tumefaciens carrying pGR106-BAX 
was injected 12 h after the injection of A. tumefaciens carrying 
putative effector genes. The phenotypic character of injection sites 
was observed after 4–5 days of agro-infiltration. Agrobacterium 
cultures carrying pGR106-GFP or pGR106-BAX were infiltrated 
in parallel as controls.

Detection of H2O2 accumulation in the 
injection sites

To clarify the accumulation of reactive oxygen species (ROS) 
induced by the candidate effectors in the process of Agrobacterium 
inducing N. benthamiana leaves (Thordal-Christensen et  al., 
1997). The accumulation of H2O2 was detected by 
3,3′-diaminobenzidine (DAB). The N. benthamiana leaves were 
harvested at 3 DPI with A. tumefaciens, and soaked in 1 mg/ml 
DAB solution at room temperature for 3 days. Then, the leaves 
were discolored by boiling in 99.9% ethanol for 25 min, and 
transparency with saturated trichloroacetic aldehyde solution 
and photographed.

Plasmodiophora Syringae inoculation 
infection

The P. syringae strain Pst DC3000 (AvrRps4) was cultivated 
in King’s B medium containing rifampicin (50 μg/ml). After 
overnight culture with shaking, the bacteria were harvested by 
centrifugation at 4,000 rpm/min, washed, resuspended in 
10 mM MgCl2, and diluted to the required density. Pst DC3000 
(AvrRps4) was hand-infiltrated into the abaxial air space of the 
4-week-old leaves 12 h after the injection of A. tumefaciens 
carrying putative effector genes or GFP as control. And the 
seedlings were cultured for 3 days for evaluate the bacterial 
populations. Six leaves were selected for evaluate for bacterial 
disease assay. And the methods followed the procedures 
described by Yuan and Xin (2021).
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Results

Sixty-three putative Plasmodiophora 
brassicae effectors were selected

The genomic DNA of rest spore DNA from P. brassicae 
strain used in this study was extracted and re-sequenced with 
PacBio technic. The 25.25 MB genome was de novo assembled 
into 28 scaffolds with an N50 size of 1.23 MB. Total 13,036 
genes were predicted with Augustus software (PRJNA851541). 
In order to mine the putative effectors, all the annotated genes 
were screened with SignalP  4.1, TMHMM and TargetP 
software. A total of 518 secreted proteins with a signal peptide 
with no trans-membrane domains and a size of less than 450 
amino acids were identified and assigned as candidate 
effectors (Supplementary Table S2). And 449 proteins showed 
high similarity with the annotated proteins of P. brassicae. 
Another 17 proteins were homologous with other organism, 
such as Pseudomonas, Chlorobium, and Acanthamoeba 
castellanii. The left proteins were probably P. brassicae-
specific, which have no assigned function or information in 
NCBI database (Supplementary Table S2).

Among these possible effectors, 225 had annotated domains, 
including Chitin-binding domain, Leucine Rich repeats 
Pkinase domain after blast against the pfam database 
(Supplementary Table S3). The number of candidate effectors 
containing the RXLR, LXAR, and LXLFLAK motifs were 
identified as effectors in some oomycetes and fungi was 28, 11, and 
12, respectively (Supplementary Table S3). Considering the special 
character of P. brassicae, total 63 candidate effectors with different 
domains, containing an RXLR, LXAR, LXLFLAK motif or even 
only signal peptide were broad selected for further experimental 
verification (Table 1).

Two candidate effectors can induce cell 
death and H2O2 accumulation in 
Nicothiana benthamiana

To determine if any of the 63 proteins could induce cell death, 
all the candidate effector genes were transiently expressed in the 
leaves of N. benthamiana with the Agrobacterium-mediated plant 
virus transient expression method. Leaf necrosis was observed at 
7 DPI. Necrosis was only found on the N. benthamiana leaves 
expressing the candidate effectors encoded by the Pb4_102097 and 
Pb4_108104 genes but not in other putative effectors, et 
Pb4_110503 (Figure  1; Supplementary Figure S1). These data 
indicated that the two candidate effectors could strongly activate 
the immune system of N. benthamiana. However, the degree of 
cell death was lower than the positive control (leaves expressing 
BAX), which indicated that the proteins encoded by these two 
genes induced cell death in N. benthamiana less effectively than 
BAX Although a slight yellowing phenotype was found in negative 
control (leaves expressing eGFP), no obvious necrosis was found.

Cell death induced by effectors is often associated with 
H2O2 accumulation. N. benthamiana leaves expressing 
Pb4_102097, Pb4_108104, Pb4_110503, BAX, and eGFP were 
harvested for DAB staining. Brown substances showed that 
H2O2 accumulation was present in leaves expressing 
Pb4_102097, Pb4_108104, and BAX but not in leaves 
expressing eGFP and Pb4_110503 (Figure 1). Leaves expressing 
Pb4_102097, Pb4_108104 were stained a light color compared 
with leaves expressing BAX. These results demonstrated that 
both Pb4_102097 and Pb4_108104 could induce cell death and 
produce H2O2 accumulation.

Twenty-one candidate effectors 
suppressed the immunity induced by 
BAX in Nicothiana benthamiana and 
avrRps4 in Arabidopsis

To identify all the remaining 61 effectors’ possible roles in 
suppressing plant immunity, A. tumefaciens carrying 
pGR106-BAX was injected 12 h after the injection of 
A. tumefaciens carrying putative effector genes. Then, the 
presence of necrosis on N. benthamiana leaves was observed 
and the accumulation of H2O2 was determined. Severe necrosis 
was observed on the positive control leaves, which were 
injected with Agrobacterium carrying pGR-GFP and 
pGR-BAX, respectively. Necrosis was observed only in 
N. benthamiana leaves expressing Pb4_102877, Pb4_107399, 
Pb4_108186, Pb4_103507, and Pb4_108519 (Figure  2A). 
However, the degree of cell death and accumulation of H2O2 
in the leaves expressing Pb4_103507, Pb4_108519 were lower 
than the positive control (Figure 2A). In contrast, the level of 
cell death of Pb4_102877, Pb4_107399, and Pb4_108186 were 
greater than the positive control (Figure  2A). The 
accumulation of H2O2 was also greater than the positive 
control. This result indicated that these putative effectors 
above could not inhibit the plant immunity induced by BAX 
(Figure  2A). However, 55 putative effectors could strongly 
suppress the cell death and accumulation of H2O2 induced by 
BAX, such as Pb4_108437 and Pb4_108237 (Figure  2A; 
Supplementary Figure S2).

In order to confirm the responsibility of these 55 putative 
effectors to plant immunity, bacteria growth assay was 
explored with Pst DC3000 (AvrRps4) in Arabidopsis leaves. 
The amount of bacteria growth in the leaves expression the 28 
putative effectors were higher than that of control (p < 0.05), 
21 of 28 showed significant difference (p < 0.01, Figure 2B; 
Supplementary Figure S3). However, there were no significant 
in the number of bacteria present in the leaves expression the 
left 7 effectors compared with control. The which suppressed 
the cell death induced by BAX in N. benthamiana leaves were 
significant higher than that of control leaves (p < 0.01). These 
results demonstrated that the majority of candidate effectors 
play a role in suppressing host immunity.
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TABLE 1 Details of putative effector proteins.

Proteins Functional domain Amino acid Homogeneous protein 
accession

E-value Induce cell 
death

Suppress cell 
death

Pb4_108188 LFAFLAG 198 CEO96199.1 2E-137 NO 9/12

Pb4_111396 LMAR 230 CEP01277.1 2E-152 NO 11/12

Pb4_108186 LNAR 284 No significant similarity 

found.

/ NO 8/12

Pb4_103428 LNAR 322 CEO96521.1 0 NO 9/12

Pb4_111952 LYAR 139 SPQ96152.1 2E-90 NO 8/12

Pb4_102877 RHLR 219 CEP02928.1 3E-116 NO 11/12

Pb4_103507 RPLR 152 CEO98480.1 1E-95 NO 8/12

Pb4_108519 RQLR 226 CEO98814.1 8E-137 NO 9/12

Pb4_105958 RRLR 145 CEO97274.1 8E-46 NO 8/12

Pb4_100248 RRLR 220 No significant similarity 

found.

/ NO 9/12

Pb4_111854 RWLR 256 CEO94571.1 2E-163 NO 11/12

Pb4_104154 IRRFLAK 155 SPQ95396.1 2E-69 NO 10/12

Pb4_110819 Ankyrin repeats (3 

copies)

262 QGW67320.1 6E-168 NO 8/12

Pb4_102521 Ankyrin repeats (3 

copies)

185 CEO98859.1 2E-126 NO 10/12

Pb4_100008 Chitin recognition 

protein

223 CEO94946.1 1E-65 NO 9/12

Pb4_104095 Chitin recognition 

protein

173 CEP03198.1 3E-64 NO 8/12

Pb4_111366 Chitin recognition 

protein

132 CEP01301.1 6E-91 NO 11/12

Pb4_110950 Cysteine-rich secretory 

protein family

209 CEP02527.1 4E-117 NO 8/12

Pb4_108104 Cysteine-rich secretory 

protein family

159 SPQ99197.1 2E-35 13/15 /

Pb4_100099 Dopa 4,5-dioxygenase 

family

172 CEO95011.1 7E-109 NO 8/12

Pb4_105844 Eukaryotic-type carbonic 

anhydrase

293 CEO97180.1 0 NO 9/12

Pb4_112448 Fasciclin domain 163 CEP01688.1 3E-105 NO 11/12

Pb4_111688 Kazal-type serine protease 

inhibitor domain

184 CEO94444.1 2E-83 NO 8/12

Pb4_104979 Kazal-type serine protease 

inhibitor domain

177 CEO99342.1 2E-114 NO 8/12

Pb4_110334 Leucine rich repeat 239 CEO99250.1 2E-145 NO 9/12

Pb4_108437 Leucine rich repeat 207 CEO98761.1 9E-127 NO 10/12

Pb4_105970 Leucine Rich repeats (2 

copies)

287 CEO97282.1 0 NO 9/12

Pb4_108273 MORN repeat 249 CEO98701.1 3E-70 NO 10/12

Pb4_108279 MORN repeat 252 CEP00030.1 5E-159 NO 8/12

Pb4_109192 Pam16 126 CEO95852.1 1E-56 NO 9/12

Pb4_109755 Phage Tail Collar Domain 191 CEO97090.1 6E-123 NO 8/12

Pb4_106798 Polysaccharide 

deacetylase

263 CEP01965.1 0 NO 10/12

Pb4_103612 Protein kinase domain 311 CEO98550.1 0 NO 10/12

Pb4_112853 Ras family 232 CEO94295.1 1E-153 NO 8/12

Pb4_111752 RCLR 221 CEO94501.1 3E-143 NO 10/12

(Continued)
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Expression characteristics of candidate 
effectors regulating plant defenses

Transcription levels of the 63 putative effectors were 
evaluated at 5, 14, 24, and 28 days post inoculation of B. rapa. 
The putative effectors were divided into three categories 
based on expression pattern (Figure  3A). During primary 
infection, 13 effector genes showed high expression levels. Of 
these, 11 continued to decrease up to 28 DPI, except for 
Pb4_110950 and Pb4_109005. During the second infection, 
the expression levels of 16 effectors, including Pb_106352, 
Pb_109599 and Pb_110503, increased significantly at 7 DPI, 
then gradually decreased after 14 DPI. The majority of 
effector expression levels, including Pb_102097 and 
Pb_108104, increased during resting spore formation (after 
14 DPI; Figure 3B).

Subcellular localization of nine RXLR 
candidate effectors in Nicothiana 
benthamiana

The localization of pathogen effectors after entering a plant 
cell could indicate their mode of action (Lamond and Spector, 
2003; Spector and Lamond, 2011). To characterize the 
subcellular localization of five candidate effectors containing 
RXLR, C-terminal eGFP-tagged constructs were generated and 
expressed in N. benthamiana via agroinfiltration. All these 
effectors were expressed in the cytoplasm and cytomembrane. 
The weak green fluorescence signal of Pb4_108279-GFP was 
also detected in the nucleus. We observed predominant green 
fluorescence spots of Pb4_105958 dispersed in the cytoplasm, 
which was probably caused by polymerization of 
Pb4_105958-GFP proteins (Figure  4). The subcellular 

Proteins Functional domain Amino acid Homogeneous protein 
accession

E-value Induce cell 
death

Suppress cell 
death

Pb4_109724 Reeler domain 167 CEO97066.1 3E-121 NO 8/12

Pb4_100510 S1/P1 Nuclease 290 CEO95221.1 0 NO 9/12

Pb4_104106 Sep15/SelM redox 

domain

149 CEP03187.1 2E-84 NO 10/12

Pb4_107359 Tetrapyrrole (Corrin/

Porphyrin) Methylases

285 CEO98691.1 0 NO 8/12

Pb4_106909 Thaumatin family 240 CEO94762.1 1E-173 NO 8/12

Pb4_106616 Thaumatin family 184 CEP00143.1 2E-176 NO 9/12

Pb4_106352 TLR4 regulator and MIR-

interacting MSAP

190 CEO97603.1 7E-101 NO 8/12

Pb4_101162 NO 176 CEP00427.1 1E-126 NO 8/12

Pb4_107662 NO 165 CEO96817.1 5E-115 NO 9/12

Pb4_111336 NO 324 CEP01326.1 0 NO 8/12

Pb4_106019 NO 215 CEO97326.1 1E-146 NO 10/12

Pb4_103799 NO 146 CEP03452.1 6E-102 NO 8/12

Pb4_104606 NO 129 CEP03661.1 5E-51 NO 8/12

Pb4_106058 NO 232 CEO97355.1 2E-159 NO 8/12

Pb4_105542 NO 97 CEO97706.1 5E-48 NO 9/12

Pb4_112714 NO 213 CEP03506.1 8E-73 NO 10/12

Pb4_109005 NO 254 CEP02988.1 0 NO 10/12

Pb4_107465 NO 212 CEO98641.1 7E-74 NO 10/12

Pb4_102097 NO 277 CEP01497.1 0 12/15 /

Pb4_111712 NO 289 CEO94465.1 2E-135 NO 8/12

Pb4_109599 NO 204 CEP00938.1 1E-133 NO 9/12

Pb4_107399 NO 311 CEO98689.1 3E-177 NO 8/12

Pb4_110503 NO 290 CEO96920.1 0 NO 8/12

Pb4_103566 NO 74 CEO98520.1 2E-13 NO 10/12

Pb4_103257 NO 104 CEO96644.1 2E-21 NO 9/12

Pb4_108346 NO 145 CEO99975.1 7E-59 NO 10/12

Pb4_103736 NO 163 CEO98965.1 1E-106 NO 10/12

Pb4_105361 NO 137 CEO97828.1 6E-94 NO 10/12

TABLE 1 (Continued)
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localization of these RXLR effectors implied different functions 
in response to plant immunity.

Discussion

Identification of effector proteins is key to understanding 
the interaction between P. brassicae and its susceptible host 
plants. A bioinformatics pipeline approach enables screening 
of putative effectors based on the genome sequence of 
P. brassicae. However, it is difficult to clarify all functions of 
the putative effectors identified by bioinformatics. Transient 
expression assays in the N. benthamiana model system 
employing agro-infiltration have been used to identify 
effectors in bacteria, oomycetes, fungi and nematodes (Wang 
et al., 2011; Ali et al., 2015; Fang et al., 2016; Choi et al., 2017). 
In this study, 518 secretory proteins were screened from the 
genome of P. brassicae strain used in this study. The number 
of secretory proteins was slightly less than that (558) predicted 
by Arne (Schwelm et  al., 2015). Although, the secretory 
proteins with special motif, such as RXLR, LXAR and CRN 
probably function as effectors, some proteins without special 
candidate motif were also identified in different pathogens 
(Kemen et al., 2005; Dodds et al., 2009; Malcova et al., 2021). 
Considering the special relationship between pathogen and 
host that P. brassicae covered by the membrane structure and 
parasitized in the root cells, there must be active exchange 
between them, including the secretary proteins. Therefore, the 
relative broad selection from the putative secretary proteins 
for function verification was necessary. In this study, 63 
putative effectors were cloned based on the bioinformatics 
analysis of the P. brassicae genome. We found that 55 putative 
effectors could suppress plant immunity triggered by BAX in 

N. benthamiana. And 21 out of 55 could significant suppress 
the proliferation of Pst DC3000 (AvrRps4) in Arabidopsis. 
P. brassicae, an intracellular biotrophic parasite, needs to 
absorb nutrients from living host cells. Therefore, it secretes a 
large number of proteins to suppress plant immunity. This 
phenomenon has also been found in other biotrophic 
pathogens. Of the 83 putative RXLR proteins of P. viticola,  
62 could suppress cell death triggered by elicitin in 
N. benthamiana (Xiang et al., 2016). Additionally, 78 of the 95 
putative effectors of H. avenae could suppress programmed 
cell death triggered by BAX in N. benthamiana (Chen et al., 
2013). The universal rule in the biotrophic pathogens probably 
benefit its propagation and colonization.

Surprisingly, two putative effectors, Pb4_102097 and 
Pb4_108104, which strongly expressed in the stage of rest 
spore maturity and release could successfully induce cell death 
accompanied by H2O2 accumulation in N. benthamiana. These 
secretary proteins were necessary for the life cycle of 
P. brassicae. The obligate pathogens try their best to hide from 
host’s immune-response system to hijack the nutrition and 
populate inside a host (Dimitrios et al., 2015). However, they 
are waiting an opportunity to escape from host, when their life 
cycle is coming to end. Pb4_102097 and Pb4_108104 showed 
high expressing level in the stage of rest spore maturity, which 
probably play an important in facility the rest spore release to 
the soil.

Many pathogen effectors were screened from secretary 
proteins identified with agroinfiltration of Nicotiana 
benthamiana method. The best example of plant-specific 
recognition is the recognition of avirulence effectors either 
directly or indirectly by nucleotide-binding-leucine-rich-
repeat receptors (NLRs), which results in the activation of 
plant programmed cell death, and cessation of further 

FIGURE 1

Putative effectors of Plasmodiophora brassicae induced programmed cell death and H2O2 accumulation in Nicothiana benthamiana. Necrosis and 
H2O2 accumulation in N. benthamiana leaves expressing BAX, Pb4_102097, Pb4_108104, Pb4_110503, and GFP (from left to right). HR cell death 
were observed four to five days after the infiltration.
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pathogen growth (Whitham et  al., 1994; Tang et  al., 1996; 
Dodds et al., 2004; Rehmany et al., 2005). In B. rapa, several 
clubroot resistant (CR) loci have been mapped, and two 
resistant genes CRa, Crr1a are cloned. Both are typical 

resistance proteins with TIR-NBS-LRR domains (Ueno et al., 
2012). Considering the interaction models between other 
pathogens and hosts, there must be effectors recognized by 
these CR genes. However, little research on the interaction 

A

B

FIGURE 2

Analysis the putative effectors function in suppressing the immunoreaction in Nicothiana benthamiana and Arabidopsis. (A) Symptoms of 
transient expression of putative effectors in N. benthamiana leaves. The red font were the effectors which could not suppress BAX-
induced cell death. The black font were the effectors significantly suppress BAX-induced cell death. HR cell death were observed four to 
five days after the infiltration. (B) Bacterial growth quantification of Pst DC3000 (AvrRps4) in the Arabidopsis leaves expressing the 
putative effector. 4-week-old plants were infiltrated with OD600 = 0.0001 after the injection of Agrobacterium tumefaciens carrying 
putative effector genes or GFP as control and the samples were collected at 0 (yellow bars) and 3 dpi (green bars) for assay. Error bars 
represent SD of the mean of six samples. Significance difference between treatment and control groups (t-test): *p < 0.05; **p < 0.01.
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mechanism between P. brassicae effectors and CR genes has 
been reported. Therefore, it is challenging to determine the 
interaction mechanism between effectors of P. brassicae and 
clubroot resistant genes.

Effectors delivered into host cells deregulate host immunity in 
a variety of subcellular compartments (Rovenich et al., 2014). The 
AvrPiz-t effector of Magnaporthe oryzae targets proteasome 
activity through interaction with the RING E3 ubiquitin ligase 
APIP6, leading to their mutual degradation and suppression of 
host immunity (Park et al., 2012). Hyaloperonospora arabidopsis 
directly delivers its effector to the nucleus of the host to interact 
with the mediator complex that controls interactions between 
transcription regulators and RNA polymerase (Caillaud et  al., 
2012). Five of the putative effectors containing the RXLR motif in 
this study functioned in the cytoplasm of N. benthamiana. One 
effector also functioned in the nucleus. Some RXLR effectors 
require nuclear localization to trigger or suppress cell death (Du 
et al., 2015; Xiang et al., 2017; Liu et al., 2018; Qi et al., 2019). 
Transcriptome analysis revealed a variety of genes responding to 
P. brassicae infection in B. rapa. These included the SWEET family 
responsible for glucose transporter. A large amount of nutrients 
are required for the propagation of P. brassicae, which is probably 
directly controlled by the effectors delivered into the host nucleus.

In this study, the functions of P. brassicae proteins expressed 
during the different infection stages in the induction and 
suppression of plant immunity were investigated. Only two 

putative effectors induced plant immunity and most of the 
secretory proteins suppressed plant immunity. All the effectors 
containing the RXLR motif functioned in the cytoplasm and the 
cytomembrane. These findings improved our understanding of 
the functions of P. brassicae effector interactions between 
P. brassicae and hosts. Whether the effects of these effectors in 
plant cell death are beneficial for P. brassicae infection and the 
mechanisms by which these effectors manipulate plant immunity 
are unclear and require further investigation.
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