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Summary

Clubroot is one of the most important diseases for many important cruciferous vegetables and
oilseed crops worldwide. Different clubroot resistance (CR) loci have been identified from only
limited species in Brassica, making it difficult to compare and utilize these loci. European
fodder turnip ECD04 is considered one of the most valuable resources for CR breeding. To
explore the genetic and evolutionary basis of CR in ECD04, we sequenced the genome of
ECD04 using de novo assembly and identified 978 candidate R genes. Subsequently, the 28
published CR loci were physically mapped to 15 loci in the ECD04 genome, including 62
candidate CR genes. Among them, two CR genes, CRA3.7.7 and CRAS8.2.4, were functionally
validated. Phylogenetic analysis revealed that CRA3.7.7 and CRA8.2.4 originated from a
common ancestor before the whole-genome triplication (WGT) event. In clubroot susceptible
Brassica species, CR-gene homologues were affected by transposable element (TE) insertion,
resulting in the loss of CR function. It can be concluded that the current functional CR genes in
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analysis. for further discussion.

Brassica rapa and non-functional CR genes in other Brassica species were derived from a
common ancestral gene before WGT. Finally, a hypothesis for CR gene evolution is proposed

Introduction

Many Brassica species, such as oilseed rape (Brassica napus L.),
kale, cabbage, cauliflower and turnip, are important crops
throughout the world (Cheng et al., 2014). For example, oilseed
rape is widely cultivated in China, Canada, Australia and
European countries as an important source of edible oil and
protein-rich livestock feed (Wu et al., 2019). However, in recent
years, production of oilseed rape in some countries such as China
and Canada is seriously threatened by clubroot (Chai et al., 2014),
which is a soil-borne disease caused by the obligate protist
Plasmodiophora brassicae (P. brassicae) (Nikolaev et al., 2004;
Strelkov and Hwang, 2014). As one of the oldest plant diseases,
clubroot is generally believed to originate from Europe (Howard
et al., 2010; Watson and Baker, 1969). After infection of plant
roots, P. brassicae colonization will lead to the swelling of roots
and formation of galls, eventually inhibiting the uptake of
nutrients and water from the soil by the roots (Li et al., 2018).
Clubroot can normally cause a yield loss of 10%—15% in Brassica
crops, and even over 40% loss or total crop failure in severe
outbreaks (Chai et al., 2014; Dixon, 2006, 2009). For example, it
was estimated that 3.2-4.0 million hectares of cruciferous crops
are affected by clubroot in China each year (Chai et al., 2014,
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Strelkov and Hwang, 2014), and in western Canada, over
4.7 million hectares of spring canola crops are influenced (Peng
et al., 2011).

Some of the resting spores of P. brassicae can remain dormant
but viable in soil for at least 20 years (Dixon, 2009), making many
control measures ineffective or impractical. Currently, genetic
resistance is considered the most economical and effective
approach for the control of clubroot. Common Brassica crops
comprise three diploid species, namely Brassica rapa (A genome),
Brassica nigra (B genome) and Brassica oleracea (C genome), and
three allopolyploid species, including Brassica napus (AC gen-
ome), Brassica juncea (AB genome) and Brassica carinata (BC
genome). All of these species have undergone whole-genome
triplication (WGT) compared with their close relative Arabidopsis
thaliana (A. thaliana) (Cheng et al., 2016). In extensive screening
of Brassica germplasms, clubroot-resistance (CR) was only found
from a limited number of germplasms, most of which were from
A-genome species, especially European fodder turnips. Some
were found from B-genome species while very few were from
C-genome species (Chang et al., 2019; Chen et al., 2013; Hasan
and Rahman, 2018; Hatakeyama et al., 2013; Hirani et al., 2018;
Huang et al., 2017, Li et al., 2016a; Matsumoto et al., 1998; Pang
et al., 2018; Suwabe et al., 2003; Ueno et al., 2012; Werner
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etal., 2008; Yu et al., 2017). European fodder turnips have been
used as the major source in CR breeding, and most of the CR loci
have been mapped to chromosomes A1, A2, A3, A6 and A8 in
the donor plants (Chen et al., 2013; Hatakeyama et al., 2013;
Huang et al., 2017; Matsumoto et al.,, 1998; Pang et al., 2018;
Sakamoto et al., 2008; Strelkov et al., 2018; Suwabe et al., 2003;
Ueno et al., 2012; Yu et al., 2017). For example, CR turnips,
including European Clubroot Differential 02 (ECD02), Siloga and
ECDO04, are considered to harbour more than 20 CR loci (Chen
et al., 2013; Hirani et al., 2018; Neik et al., 2017; Suwabe et al.,
2003) and have been successfully applied in molecular breeding
(Strelkov et al., 2018). Cheng et al. (2016) analysed worldwide
B. rapa accessions with diverse morphotypes and found that
European turnips are the closest to the progenitor of this species.
Recent reports have also indicated that the A genome of the
allotetraploid species B. napus originated from European turnips
(Song et al., 2020; Yang et al., 2016). However, so far, the reason
for rare discovery of CR germplasms in natural B. napus remains
unclear.

Plant innate immunity system comprises pathogen-associated
molecular pattern (PAMP) triggered immunity (PTI) and effector-
triggered immunity (ETI) (Wu and Zhou, 2013). For PTI, PAMPs are
perceived by cell surface-localized proteins known as pattern
recognition receptors (PRRs), including receptor-like kinases
(RLKs) and receptor-like proteins (RLPs) (Wu and Zhou, 2013).
Multiple PRRs have been identified and characterized against
several diseases on Brassica crops, such as blackleg (Kim et al.,
2020; Larkan et al., 2015). Effectors are recognized by plant
intracellular nucleotide binding site-leucine-rich repeat (NLR)
proteins, resulting in an ETI response (Grund et al., 2019). To
date, only two CR genes, Crria on AO8 and CRa on A03, have
been successfully isolated, both of which encode NLR proteins
(Hatakeyama et al., 2013; Ueno et al., 2012). Crrla is an
incompletely dominant CR gene, whereas CRa is dominant
(Hatakeyama et al., 2013; Ueno et al., 2012). The resistance of
these CR loci usually exhibits certain specificity against different
pathotypes of P. brassicae. The specific association between a
resistance gene and certain pathotypes mainly depends on ETI but
sometimes is also associated with PTI (Kim et al., 2016; Larkan
et al., 2020; Neik et al., 2017; Yuan et al., 2021). A crop variety
with a single CR locus may lose its resistance fairly quickly under
selection pressure when multiple pathogen pathotypes are
present in the soil. Therefore, to breed new varieties with
multiple CR loci and resistance durability, it is highly necessary to
physically map CR loci from different sources for isolation,
functional and evolutionary analyses. However, the B. rapa
genotypes with published genomes are highly susceptible to
clubroot. This genome information is a good baseline reference
for B. rapa (Belser et al., 2018; Zhang et al., 2018), but further
information based on sequencing of CR genotypes would provide
more direct references for studying and discovering new resis-
tance sources.

In this study, we de novo assembled a reference genome for
CR using ECDO4 with abundant CR loci based on previous
studies (Chen et al., 2013; Hirani et al., 2018; Piao et al., 2004;
Werner et al., 2008). This study aims to determine (i) whether
this reference map is good enough to help reconcile different
names for the same CR genes in different studies, and
fundamentally rectify the confusion about the number and
genomic position of the physically mapped CR loci; (i) whether
this reference map can facilitate CR gene cloning and functional

R gene triplication and clubroot resistance in ECD04 1503

validation; (iii) how the WGT event affects the evolution of CR
genes and the survival ability of Brassica plants against clubroot
disease.

Results and discussion
De novo assembly of the ECD04 genome

The European turnip ECDO04 (Brassica rapa subsp. rapifera, AA,
2n = 20) has been widely used as a germplasm for the
introgression of CR genes into Brassica crops (Chen et al.,
2013; Hirani et al., 2018; Piao et al., 2004; Werner et al., 2008).
To explore the genomic and evolutionary basis of clubroot
resistance (CR) in ECD04, we de novo assembled the ECD04
reference genome by integrating 20.84 Gb PacBio long-read
sequencing data (60-fold coverage), 105.42 Gb lllumina paired-
end short-read sequencing data (301-fold coverage) and
129.15 Gb Hi-C data (369-fold coverage). First, a total of 1275
contigs with a total size of ~350 Mb and a N50 size of 1.50 Mb
were assembled using long-read data and then polished using
short-read data (Table 1). Subsequently 1212 polished contigs
were corrected, clustered, sorted and oriented using Hi-C data
(Dudchenko et al., 2017). Finally, 346 Mb sequences accounting
for 99.35% of the genome were anchored on AO01-A10
pseudochromosomes (Figure 1a,b and Table 1). Compared with
previously published B. rapa genomes, namely Chiifu-401-42
(hereafter referred to as Chiifu) and Z1, the chromosome size of
the ECD04 genome was closer to that of Z1 but larger than that
of Chiifu (Table S2) (Belser et al., 2018; Zhang et al., 2018).
About 229.34 Mb (65.46%) sequences of the ECD04 genome
could be mapped to Chiifu genome in one-to-one syntenic blocks
(Figure S1), and 8126 (~25.96 Mb) inversions/translocations were
identified in these blocks (Table S3), including 4416 (~7.59 Mb)
inter-chromosome translocations (Table S4). An inversion of
3.5 Mb on AO03 chromosome (from 6.9 Mb to 10.4 Mb) was
identified in the ECD04 genome, which could be validated by the
Hi-C data (Figure 1c and Figure S2). Similarly, 242.73 Mb
sequences (69.28%) of ECD04 genome could be mapped to Z1
genome and 4979 structural variants (~28.08 Mb) were identified
(Figure S1), including 3285 (~16.00 Mb) inter-chromosome
translocations (Table S5). Using the ECDO4 genome as the
reference, published sequences of 199 B. rapa accessions were
mapped with an average mapping rate of over 95% (Cheng
et al.,, 2016) (Table S7). A total of 1 818 999 SNPs and 422 526
InDels were also identified. The genome completeness was
estimated to be 97.50% by the BUSCO assessment (Table 1).
According to the Hi-C heatmap of ECDO04 (Figure 1b), the
intrachromosomal interaction was significantly stronger than
the interchromosomal interaction, and Hi-C interaction probabil-
ity showed a significant negative power correlation with genomic
distance, which is similar to the results in other plants (Grob et al.,
2014; Mascher et al., 2017; Figure S2a).

In ECD0O4 genome, 500 709 transposon elements (TEs) with a
total length of 161.82 Mb were identified, which accounted for
46.19% of the genome assembly (Table S6). This proportion is
similar to that found with Z1 genome (44.57%) and Chiifu
genome (47.11%) respectively. Long terminal repeat retrotrans-
posons (LTR-RTs) accounted for 21.80% of the genome. A total
of 19 749 intact LTR-RT insertion events were identified and the
insertion time of intact LTR-RTs (substitution rate of 1.5 x 107%)
was calculated. Similar to those in Chiifu, LTR-RTs in ECDO04
genome underwent three waves of expansion since ECD04
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diverged from B. oleracea (about 3.9 Mya), but the expansion
time was not exactly the same, particularly the expansion at
0.8-1 Mya (Figure S3) (Zhang et al., 2018). In total, 48 094
protein-coding genes were annotated on the unmasked
genomic sequence, accounting for 41.88% of the genome. It
was found that protein-coding genes tended to be distributed

Table 1 Summary of the genome assemblies for ECD04

Genome size (Mb) 350.34
Gap ratio (%) 0.34
Contig number 1275
Total contig size (Mb) 349.14
Maximum contig size (Mb) 14.27
Average contig size (bp) 273 834
Median contig size (bp) 61 049
Contig N50 (Mb) 1.52
GC content (%) 36.78
TE proportion (%) 44.82
Annotated protein-coding genes 48 094
Total length of Annotated protein-coding genes (Mb) 146.73
Completeness (%, BUSCO) 97.50
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on chromosome arms with poor SNPs, InDels, TEs, a low GC
content and Hi-C interactions, which is consistent with the
findings in previous studies of other Brassica species (Song et al.,
2020; Zhang et al., 2018).

Recent studies have revealed that European turnip might be
the earliest domesticated Brassica crop and the progenitor of the
A subgenome of B. napus (Cheng et al., 2016; Lu et al., 2019; Qi
et al., 2017; Song et al., 2020; Yang et al., 2016). The ECD04
genome provides an opportunity to validate this inference. Using
eight Brassica genomes, Raphanus sativus genome and
A. thaliana genome, we identified 3029 single-copy gene clusters
and constructed a phylogenetic tree using A. thaliana as the
outgroup. The tree structure clearly showed that ECD04 and Z1
were closer to the A subgenome of B. napus than Chiifu, but Z1
showed a closer relationship with the A subgenome of B. napus
than ECD04. We deduced that the Brassica progenitor might
have separated from A. thaliana ~21.25 million years (Myr) ago
after undergoing polyploidizations twice (Figures S4a and S5).
Similar to the case in other Brassica species, WGT has left many
imprints on the ECD04 genome (Chalhoub et al., 2014; The
Brassica rapa Genome Sequencing Project et al., 2011; Yang
et al., 2016). Based on the homologous gene pairing between
ECD04 and A. thaliana, we identified 22 ancestral crucifer
karyotype blocks (A-X) in the subgenomes LF, MF1 and MF2 of
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Figure 1 Genome features and Hi-C interaction of ECD04. (a) Genome features of ECD04. Outer-toinner circles indicate: gene density(l), Hi-C contact (ll),
transposable-element density (lll) and GC content (IV), R genes (V), SNP density (VI), InDel density (VIl) and genome synteny (VIIl) of ECD04 genome. The
sliding-window size is 100 kb and the step size is 100 kb. (b) Hi-C interaction heatmap of ECD04 genome. (c) Hi-C validation of 3.4-Mb inversion. The grey
region is a 3.4-Mb inversion between ECD04 (A03: 6 938 313-10 405 731) and Chiifu (A03: 6 601 636-9 974 053).
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ECD04 genome after WGT (Lysak et al.,, 2005; Figures S4-S6,
Table S8).

Identification of R genes

The recognition of pathogens by plant resistance gene analogues
(RGAS) in cells will result in the activation of ETI or PTI immunity
(Kapos et al., 2019). RGAs contain NBS-LRRs, RLKs and RLPs
(Hammond-Kosack and Jones, 1997). At present, two CR genes
encoding NBS-LRRs, Crrfa and CRa, have been successfully
cloned (Hatakeyama et al., 2013; Ueno et al., 2012), which have
been found to be localized in the clubroot-resistant regions of

CR loci reported from previous studies

R gene triplication and clubroot resistance in ECD04 1505

Bra.A.CRa and PbBa8.1 in ECD04 genome respectively (Chen
et al., 2013; Hirani et al., 2018). We predicted a total of 978
RGAs in ECDO4 genome, including 213 NLRs, 658 RLKs and 107
RLPs. RGAs can be divided into different subfamilies according to
differences in their C- and N-terminal domains. The number and
ratio of RGAs in the A or C genome/subgenome were found to
vary among Brassica species (Table S9), which is similar to the
findings in previous research (Figure S7; Tirnaz et al., 2020). It
should be noted that the ratio of NLRs and RLPs in A
genome/subgenome was the lowest compared with that in other
genomes (Tables S10-S12), while the ratio of RLKs in C

Integrated CR loci
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Figure 2 Physically mapping of CR loci. The texts on the left with three background colors represent three types of candidate CR genes including NLRs,
RLPs and RLKs, respectively. Circles with 28 colors on both sides of the chromosomes represent the markers of 28 previously reported CR loci and 62
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genome/subgenome was slightly lower than that in other
genomes, especially in the HDEM genome (1.31%; Table S12).

Identification and functional analysis of CR genes
Physical mapping of CR loci

Due to the lack of reference A genome for CR, fine mapping and
isolation of CR genes can be extremely challenging. The ECD04
genome is believed to contain at least nine CR loci and provides
opportunities for identifying additional CR genes (Table S13).
Using the assembled ECD04 genome as a reference, a total of 28
reported CR loci were compared, and their integration resulted in
15 loci distributed on AO1, A02, A03, A0O6 and A08 chromo-
somes, and 12 CR loci except for CRA3.3, CRA3.5 and CRA3.6
comprised 62 candidate R genes, including 30 NLRs, 24 RLKs and
8 RLPs (Figure 2, Tables S14 and S$15). Surprisingly, 11 of 15 loci
were overlapped with the CR loci previously mapped in ECD04,
indicating that compared with the published genomes of B. rapa
highly susceptible to clubroot, the ECD04 genome with the most
resistance genes would provide a direct and solid baseline
reference for further CR gene mapping and cloning. The above
information clearly shows that ECD04 genome may greatly help
to reconcile different names used for the same genes and
fundamentally rectify the confusion. Previous research has
demonstrated that the enhancement of crop disease resistance
might be at the cost of crop yield (Brown, 2003; Buschges et al.,
1997; Denance et al., 2013; Deng et al., 2017, Gao et al., 2021;
Tian et al.,, 2003), but no apparent negative relationship was
observed between disease resistance and plant growth or
development due to different balance mechanisms (Chandran
et al., 2018; Cui et al., 2020; Deng et al., 2017; Li et al., 2021,
Ning et al., 2017). In addition, as for ECD0O4 with 15 CR loci but
exhibiting no obvious yield loss when acquiring the resistance
trait, it remains to be clarified whether this is a new mechanism
that coordinates the balance between resistance and growth in
ECDO4.

Functional analysis of CRA3.7.1

BraA03g012133E, one of the candidate CR genes for CRA3.7
and therefore named as CRA3.7.7, is identical to CRa from
Chinese cabbage T136-8 and CRb-o from European turnip
ECD02 (Figure 3a; Hatakeyama et al.,, 2017; Ueno et al,
2012). To test the function and particularly the pathotype
specificity of CRA3.7.1 in response to clubroot pathogens from
different regions especially in China, the full-length genomic
sequence of CRA3.7.1 was isolated and inserted into a plant
binary vector driven by the constitutive promoter of CaMV 35S
for functional analysis with stable transformation of B. napus.
Clubroot resistance tests against different field isolates indi-
cated that two independent CRA3.7.7 overexpression lines
(35S-CRa-6 and 35S-CRa-30) were resistant against Chengdu,
Huangshan and Zhijiang clubroot pathogens (pathotype 4)
(Figure 3b). We chose the resistant T, plants to propagate and
investigated plants in T, generation for both the presence and
absence of exogenous CRA3.7.1, as well as its relative
expression (Figure 3c,d). Although some susceptible T, plants
(grade 1) were positive for CRA3.7.1 gene, the fully susceptible
ones were negative (Figure 3c). Furthermore, the expression
level of CRA3.7.1 in susceptible plants was significantly lower
than those in resistant ones (Figure 3d), suggesting CRA3.7.1
as a functional CR gene. However, whether CRA3.7.1 is the
only CR gene in the region remains unclear since there are

other four tandem duplicated genes localized in this region and
at least three of them are different from those in ECDO02
(Hatakeyama et al., 2017).

Fine mapping and functional analysis of CRA8.2.4

We have previously located a dominant CR locus (PbBa8.7) to a
physical region between 8.15 and 11.22 Mb on chromosome
A08 using a BCsF, population constructed from a cross between
B. napus Huashuang5 (H5) and ECD04, with Huashuang5 as the
backcross parent (Zhan et al., 2020). To further fine map
PbBa8.1, which includes CRAS8.1, CRA8.2 and CRAS8.3 in this
study (Figure 4a,b), a bulked segregant analysis sequencing
(BSA-seq) was performed (Figure 4c). Besides, 11 independent
recombinants were identified from the segregating BCsF4
population comprising approximately 3000 plants using three
InDel markers (4346, A08-52 and A08-29) with high polymor-
phism at different chromosomal regions (Figure 4d). The self-
pollinated seeds of these recombinants were harvested, and the
progeny plants were inoculated again with Zhijiang or Huang-
shan isolates (pathotype 4) to check the disease resistance
(Figure 4e). Three heterozygous plants identified by the marker
4346 exhibited a recombination event while the resistance to
clubroot was maintained. Five homozygous plants identified by
the marker A08-52 showed susceptible phenotype (Figure 4d,e).
Based on these results, the PbBa8.1 locus was narrowed down
into a 1428 kb region between the markers 4346 and A08-52,
which included CRAS8.7 and CRA8.2. Nine candidate CR genes
were identified in these regions, including three RLKs (CRAS8.1.1,
CRA8.1.2 and CRAS8.1.3), three RLPs (CRA8.2.1, CRA8.2.2 and
CRAS8.2.3) and three NLRs (CRA8.1.4, CRA8.1.5 and CRA8.2.4).
CRA8.2.4 is an allele of the previously cloned CR gene Crr1a in
European turnip ‘Siloga’, but with significant differences from
Crria on DNA and protein levels (Figure 4b, Figure S8). The
identity of the coding sequences of two CR genes was 82.5%
and a 267-bp deletion in LRR domain was observed in Crria
compared with CRA8.2.4 (Figure S8). It can be deduced that
these differences might contribute to the obvious differences in
resistance to clubroot conferred by PbBa8.1 and Crri1a because
it has been shown that PbBa8.7 and Crr1a are dominant and
incompletely dominant genes respectively (Zhan et al., 2020).
Therefore, functional analysis of CRA8.2.4 was further per-
formed. The full-length coding sequence of CRA8.2.4 was
cloned into a plant binary vector driven by CaMV 35S promoter
and subsequently transformed into B. napus lines with a gene
transformation system in root. Phenotypic assessment at
30 days after inoculation of P. brassicae showed that out of
42 transformants with CRA8.2.4, 21 transformants were resis-
tant, while only four out of 34 transformants with vector control
were resistant (Figure 4e,f). The disease index of CRA8.2.4
transformants and the empty vector control transformants was
34.92% and 80.39% respectively (Figure 4f), suggesting a
significant CR of CRA8.2.4. We randomly selected at least three
independent CRA8.2.4 transformants from each disease index
group and checked the transgene expression. The results
revealed that transgenic plants with the highest expression of
CRA8.2.4 were not infected, while those with lower or no
expression of CRA8.2.4 showed a higher disease index (Fig-
ure 4g). These results further confirmed the CR of CRA8.2.4.
However, at present, we cannot exclude the possibility that the
other two candidate NLRs (CRA8.7.4 and CRAS8.1.5), or the
other three RLKs and three RLPs, or the interactions among
them, might also contribute to CR.
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To summarize, the assembled ECD04 genome is of high quality
and can be used for the prediction and discovery of CR genes.
Functional verification of CRa (CRA3.7.1) and CRA8.2.4 sug-
gested that the prediction of CR genes is reliable and feasible for
promoting CR breeding in Brassica species.

Evolutionary analysis of CR genes

To date, only CRA3.7.7 and CRA8.2.4 have been validated for
their CR functions, while the other 60 candidate CR genes
identified in this study by genome-wide sequencing of ECD04
remain to be validated. Since only a limited number of CR loci
have been found in European turnips, and most of B. rapa or
B. napus germplasm/accessions appeared to be susceptible to
clubroot, the factors responsible for these variabilities are still
unclear. Given that P. brassicae is an ancient pathogenic organ-
ism, it is of interests to investigate the evolution of these

resistance genes to understand the mechanism through which
they contribute to the different clubroot-resistant phenotypes we
observed among Brassica accessions (Howard et al., 2010).

Phylogenetic analysis of CR genes

To elucidate the evolution of CR genes, an neighbour-joining (NJ)
tree was constructed including all 30 NLR genes identified in the
ECD04 genome at 15 loci, mainly because both CRA3.7.1/CRa
and CRA8.2.4 validated in this study are NLRs (Figure 5). Their
distributions on the ancient crucifer karyotype (ACK) genomes
were investigated in detail (Chen et al., 2013; Lysak et al., 2016).
Interestingly, we found that 11 of the candidate CR genes derived
from the U block of the ACK genome could be grouped into
three clusters in the phylogenetic tree (Chen et al., 2013; Lysak
etal., 2016). For example, the CR genes CRA8.2.4 and CRA3.7.1
(marked with blue stars in Figure 5), along with four adjacent
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Figure 4 Mapping and functional verification of CRA8.2.4. (a) Physically mapping of CRA8.7. CRA8.1 consists of five CR candidate genes, including two
NLRs-BraA08g039211E (CRAS8.1.4), BraA08g039212E (CRAS.1.5) and three RLPs. The bars with different colors indicate different CR loci. The top three
bars indicate previously reported CR loci, and the bottom bar indicates the mapped CR loci. (b) Physically mapping of CRA8.2 and CRAS8.3. The top five bars
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markers. Brown lines represent the boundaries of CR loci after fine mapping. Deep red lines represent NLR genes; blue lines represent RLP genes; yellow
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with different infection levels and (g) relative expression level of CRA8.2.4 in different types of plants.

tandem duplicated genes were clustered together, while the
candidate CR genes CRAT.1.4 (BraA019024821E), CRA3.4.3
(BraA039012037E) and CRAS8.1.5 were close to each other, and
the candidate gene CRA3.4.2 (BraA039g012036E) was adjacent to
CRAS8.1.4 (Figure 5). The close clustering pattern of several CR
genes indicated that candidate CR genes in each cluster might
have originated from a common ancient CR gene before WGT.
Since CRA8.2.4 and CRA3.7.1 have been functionally validated,
based on the above results, we hypothesize that these CR genes
might have existed prior to the genome triplication. To test this
hypothesis, the genomic segments containing CR genes within
the ECDO4 genome were aligned with the homologous segments
from the A. thaliana genome. The results indicated that the
aligned segments of each cluster indeed exhibited collinearity and
retained most of the genes in the homologous regions of
A. thaliana with a similar gene distribution (Figure 6a). However,
the genes homologous to CRA8.2.4 or CRA3.7.1 were not found
in the first cluster of A. thaliana, while CRA1.1.4, CRA3.4.3 and
CRAS8.1.5 from the second cluster, and CRA8.7.4 and CRA3.4.2
from the third cluster all appeared to be synteny genes
(Figure 6a).

Origin and differentiation of CR genes

The above analysis indicated that the two confirmed CR genes,
CRA3.7.1 and CRA8.2.4, likely originated from a common
ancestral gene through WGT, considering the low probability
for two resistant genes to have evolved in syntenic regions at
random. To validate this hypothesis, we identified the homolo-
gous genes or footprint sequences of CRA3.7.1 and CRA8.2.4 in
a cruciferous genome that has not undergone WGT. After a
BLAST search of the NCBI database and construction of a
phylogenetic tree (Figure S9), two tandem duplicated NLR genes,
Thhalv10024211m and Thhalv10024234, were found to be
homologous to CRA3.7.7 and CRA8.2.4 in the genome of
Eutrema salsugineum, a cruciferous species that has not under-
gone WGT (Wu et al., 2012). The coding sequences of CRA3.7.1
and CRAS8.2.4 have higher similarity to that of Thhalv10024234
than to that of Thhalv10024211m. The sequences encoding the
TIR domain of CRA3.7.17 and CRA8.2.4 had 82% and 84.5%
similarities to that of Thhalv10024234, respectively, while those
sequences encoding the NBS domain showed 81.9% and 79.5%
similarities (Figure S10). In addition, this result was further
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Figure 5 Neighbor-joining tree of NLR genes from ECD04 genome. Clades with different colors represent different types of NLR genes including TIR-NBS-
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dots indicate candidate CR genes. The blue stars indicate CR genes (CRA3.7.7 and CRA8.2.4).

validated by the microsynteny analysis (Figure 6b). Taken
together, these CR genes might have already existed in the
Brassica species progenitor prior to WGT.

Most Brassica species are susceptible to clubroot, and CR genes
have been found mostly in a few subspecies of European turnips.
To better understand this phenomenon, the genomic structures
of homologous genes in Brassica species susceptible to clubroot
were compared with that of CRA3.7.1 and CRA8.2.4. To this end,
an NJ tree was constructed using 38 genes, including the two
validated CR genes, four tandem duplicated genes in CRA3.7,
two orthologous genes in E. salsugineum, five tandem duplicated
genes (CRb-a, CRb-B, CRb-y, CRb-6 and CRb-¢) from ECDO2,
Crria from Siloga and 24 orthologous genes from the sequenced
genomes of susceptible Brassica spp. (Figure 7a). In the NJ tree,
these genes could be divided into five clades (clades 1-5): clade 1
mainly consisted of CRA3.7.1, CRb-a, BraA03g012134E,

BraA03g012135E and other homologous genes and clade 5
comprised CRA8.2.4 and its homologous genes (Figure 7a). The
genes in these two clades were from Chinese cabbage Chiifu and
Z1 as well as the rapeseed varieties Darmor-bzh and ZS11. Four
materials were confirmed for their susceptibility to clubroot
(Figure 7b). Gene structural comparison was performed for genes
in clade 1 and clade 5, which included functionally validated CR
genes in this study. For genes in clade 1, a homologous sequence
(BnaA039g45000D) was found only in the Darmor-bzh genome,
yet with a large deletion (~7.4 kb) (Hatakeyama et al., 2017)
(Figure S11). As for genes in clade 5, the homologous sequences
of CRA8.2.4 were found in the genomes of all four susceptible
materials, but with transposon insertions observed at different
positions (Figures 7c and Figure S12). Therefore, all susceptible
materials differ from ECDO4 in the coding sequence of the
validated CR genes. Based on these results, it can be speculated
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that most Brassica species fail to possess resistance to clubroot
mainly due to the loss of function of CR genes after WGT.

Based on the above analysis, it remains unclear how functional
CR genes have been lost in most of Brassica species after genome
triplication. Due to the lack of clear evidence, it is unclear how the
CR genes in the progenitors of the current Brassica evolved since
20 million years ago, and whether there are other selective
pressures on CR genes except for clubroot pathogens during the
evolution. Many hypotheses have been proposed to explain why
CR genes only exist in some Brassica accessions such as the
European fodder turnip. Here, we would also raise one hypothesis
for discussion (Figure 8). Chinese cabbage, which is widely
cultivated in Asia and has no functional CR genes, evolved from
European turnip, which is regarded as closer to the ancestor of
the A genome. Since the current CR of CR Brassica lines was
derived from the CR European turnip by crossing, it can be
therefore hypothesized that clubroot disease may not be a global
disease either in the past or in the present world. In addition, after
WGT, triplicated CR genes in Brassica species might greatly
enhance their survival ability against different pathogens, includ-
ing P. brassicae. As a result, the dispersal of soil-borne P. bras-
sicae is reduced (Figure 8, purple color). Therefore, either the lack
or disappearance of clubroot pathogen in Asia and some other
places or areas might lead to the functional loss of CR genes by
the random insertion of TEs or other ways in some susceptible
plants such as ZS11 and Chiifu.

Overall, these findings indicate that the development of durable
resistance varieties may require pyramiding of different CR genes
and/or increasing the copy number or expression level of CR genes
through genetic engineering. Additionally, it is possible that more
CR genes may be found from the germplasms with close associ-
ations to the ancestor progenitor with diverse CR functions.

Conclusion

In this study, a high-quality genome of European turnip ECD04
(B. rapa) was developed via de novo assembly, which contains

multiple CR loci. A total of 28 CR loci reported previously from
Brassica A genome were mapped to 15 loci in the ECD04 genome
and a uniform nomenclature was proposed to reconcile gene
names and rectify confusion. In addition, 62 candidate genes
were identified at these CR loci, with 12 of them being associated
with at least one candidate CR gene, demonstrating the high
quality of this reference genome for CR gene mapping and
cloning. Besides, we validated the function of two candidate CR
genes, CRA3.7.1 and CRA8.2.4, which have been widely used in
elite rapeseed and Chinese cabbage varieties in China. Genomic
and phylogeny comparison of these two CR genes in this study
helped to explain why a lack of CR was observed in most Brassica
species, a phenomenon possibly resulting from the transposable
element (TE) insertion that would disrupt the gene function.
Furthermore, the phylogenetic and microsyntenic analyses indi-
cated that CRA3.7.7 and CRA8.2.4 might have originated from a
common ancestral gene before WGT event, as evidenced by their
homologues in one of the cruciferous species without experienc-
ing WGT. Taken together, these results may help to explain how
most present Brassica species have become susceptible to
clubroot after WGT and why CR genes are retained only in a
few European turnip genotypes after WGT.

Materials and methods
Plant materials

Aneliteline of clubroot resistant European turnip ECD04 was derived
from the European Clubroot Differential set, which consisted of five
genotypes each of B. rapa, B. napus and B. oleracea, and have been
widely used to identify strains of P. brassicae (Buczacki et al., 1975;
Pang et al., 2020; Toxopeus et al., 1986). Seeds of ECD04 were
obtained from Shenyang Agricultural University. The seeds of CR
variety Huashuang 5R including PbBa8.1 derived from ECD04 were
generated in Huazhong Agricultural University (Zhan et al., 2020).
The seeds of the rest of the plants in this study were collected and
kept at National Key Laboratory of Crop Genetic Improvement,
Huazhong Agricultural University, Wuhan.
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Illumina and PacBio library construction and sequencing

High-molecular weight DNA was extracted from 3-week-old
seedlings. lllumina library construction and sequencing were
performed at Novogene, China. lllumina paired-end sequencing
libraries were constructed following the manufacturer’s standard
protocol (lllumina) and sequenced on the lllumina HiSeq platform.
Paired-end reads of 150-bp were generated with an insert size of
350 bp. Construction and sequencing of PacBio library were
performed at BGI, China. DNA fragments larger than 20 kb were
selected by BluePippin electrophoresis (Sage Sciences). SMRThell
libraries were constructed as previously described and sequenced
on the PacBio Sequel platform (Pacific Biosciences; Pendleton
et al., 2015).

Hi-C library construction and sequencing

About 1.5 g of 3-week-old plant seedlings was extracted for Hi-C
experiment. The Hi-C experiment procedure was similar to that in
the previous study with some steps being improved for efficiency
(Xie et al., 2015). To digest extra protein and make the nuclei
more permeable, the nuclei were resuspended in 150 plL of 0.5%
SDS buffer and incubated at 62 °C for 5 min. Chromatin was
digested for 12 h with 20 units of Dpnll restriction enzyme (NEB)
at 37 °C and the resuspended mixture was incubated at 62 °C
for 20 min to inactivate the restriction digestion. The DNA pieces

between 300 and 500 bp were excised and purified using
Ampure XP beads (Beckman Coulter). The library was constructed
by an lllumina TruSeq DNA Sample Prep Kit and sequenced by
lllumina Hiseq Xten with 2 x 150-bp reads.

Genome assembly of ECD04

The de novo assembly of the ECD04 genome was performed
using Canu (v1.5) based on PacBio reads with default parameters
(Koren et al., 2017). The assembled contigs were self-polished
with PacBio reads using the arrow program of GenomicConsen-
sus package (https://github.com/PacificBiosciences/
GenomicConsensus). The contigs were then polished using Pilon
(v1.22) with default parameters (Walker et al., 2014). The final
contigs were used for Hi-C scaffolding. For Hi-C scaffolding, the
clean Hi-C reads were first mapped to the contigs using Juicer
(Durand et al., 2016). The contigs were then corrected, clustered,
ordered and oriented using the 3D-DNA pipeline (Dudchenko
et al., 2017). Centromeric repeat sequences, including CentBr,
CRB, TR238 and PCRBr, were mapped to the ECD04 genome
using NUCmer to identify the locations of centromeres (Table S1;
Mason et al., 2016).

Genome annotation of ECD04

The repeat sequences of the ECD04 genome were identified
using a combination of database-based and de novo approaches.
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A repeat library of ECD0O4 was constructed using RepeatModeler
(v1.0.11)  (http://www.repeatmasker.org/RepeatModeler/). In
addition, LTR retrotransposons were identified using LTR_FINDER
(v1.0.5) with default parameters and added to the library (Xu and
Wang, 2007). For the determination of DNA level, RepeatMasker
(v4.0.9) (http://www.repeatmasker.org/RepeatMasker/) was used
to search against RepBase as the repeat library. For protein-level
determination, RepeatProteinMask was used to perform an
RMBlast search by mapping to the TE protein database. Tandem
repeats were identified using the TRF software (v2.5) (Benson,
1999).

RNA was collected from the roots, stems and leaves of ECD04
plants and subjected to transcriptome sequencing. The gene
structures of the ECD04 genome were annotated by a combina-
tion of three approaches (ab initio prediction, homologue
proteins and transcriptome data) using MAKER (v2.31.10)
(Cantarel et al., 2008). Ab initio gene prediction was performed
using AUGUSTUS (v3.3.2) (Stanke et al., 2004) and GlimmerHMM
(v3.0.4) (Majoros et al., 2004). Protein sequences from B. rapa,
B. oleracea, B. napus and A. thaliana were used for the gene
annotation based on homologous proteins of the ECD04 genome
using Exonerate (v2.2.0). RNA-seq data were mapped to the
ECD04 genome and assembled into transcripts using HISAT2
(v2.1.0) (Kim et al., 2015) and StringTie (v1.3.5) (Pertea et al.,
2015), respectively. Gene functions were annotated by mapping

to the GO, KEGG_ALL, KEGG_KO, Swiss-Prot, TrEMBL, NR and
COG databases using InterProScan and BLASTP (—evalue = 1e-5)
(Camacho et al., 2009; Mulder and Apweiler, 2007).

Phylogenetic tree construction and divergence time
estimation

All genes from 10 genomes including B. rapa (Chiifu-401-41,
v3.0), B. rapa (Z1), B. nigra, B. oleracea (HDEM), B. oleracea
(To1000, v2.0), B. napus (Darmor, v4.1), B. napus (Z511),
R. sativus (XYB-2), E. salsugineum and A. thaliana (TAIR10) were
clustered using OrthoFinder (v2.2.6) (Emms and Kelly, 2019) with
the parameter ‘-p blast’. Subsequently, 3043 single-copy gene
groups aligned using MUSCLE (v3.8.1551). Then, the best-fit
model of protein evolution was estimated by ProtTest (v3.4.2)
(Darriba et al., 2011), and the JTT+G+I+F module was estimated
to be the best model. For determination of likelihood, we used
RAXML (v8.2.12) with the JTT+G+I+F model and 1000 replicate
searches (Stamatakis, 2014). The divergence time for the species
was then estimated based on alignment among all single-copy
orthologous genes using the MCMCTree program in the PAML
package (v4.9h) (Yang, 2007).

Comparative genome analysis

Comparative analysis of ECD04, Chiifu and Z1 genomes was
performed using the NUCmer program of the MUMmer package
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(v4.0.0beta2) (Marcais et al., 2018) with the parameter ‘--mum -c
700', and then the blocks with one-to-one alignment were
filtered using the delta-filter program with the parameter -1'. All
one-to-one alignment blocks were extracted using show-coords
for manual checking. Those blocks with different directions were
identified as inversions. In addition, the alignment blocks in
different positions were extracted to assess their flanking blocks.
If the alignment blocks were noncollinear flanking sequences,
they were retained as putative translocations.

Gene synteny analysis

The raw orthologues were identified using blastp with the
parameter ‘-evalue 1e-10 -num_alignments 1’. Syntenic blocks of
A. thaliana and ECD04 were constructed using MCScan (https:/
github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)) based
on the raw orthologues with the parameter ‘--cscore=.99'.
Multiple ECD04 chromosomal segments that matched the
A. thaliana chromosomal segment were then partitioned into
three subgenomes: LF, MF1 and MF2.

Identification and phylogenetic analysis of RGA genes

Resistance gene analogue genes of three types including RLKs,
RLPs and NLRs were identified using the RGAugury pipeline as
previously described (Li et al., 2016b; Tirnaz et al., 2020). NLRs
were divided into eight subgroups according to their domain
architecture, named as NBS(N), CNL, TNL, TN, CN, NL, TX (TIR
with unclassified domains) and Other by RGAugury pipeline.
Then, the RPW domain (PF05659) was identified using hmm-
search in HMMER(v3.1b2) (Mistry et al.,, 2013) with default
parameters (Bateman et al., 2000). Finally, NLRs were divided into
10 subgroups including RNL, CNL, TNL, NL, RN, CN, TN, N, TX
and Other. The phylogenetic tree was constructed for the NLRs.
NLRs were first aligned using ClustalwW (v2.1) (Thompson et al.,
2002), and a NJ tree was constructed using TreeBeST (v1.9.2)
with 1000 bootstrap replicates and visualized using iTOL (Letunic
and Bork, 2019). As for RLKs and RLPs, the Lys domain (PFO0062)
was identified using hmmsearch program, and then RLKs and
RLPs were divided into three subclasses: LRR-RLK/RLP, LysM-RLK/
RLP and other-RLK/RLP as previously described (Tirnaz et al.,
2020).

Physically mapping of CR loci and identification of
candidate genes

A total of 28 CR loci were published in 16 previous studies (Chen
et al., 2013; Fredua-Agyeman et al., 2020; Hatakeyama et al.,
2013; Hirai et al., 2004; Hirani et al., 2018; Huang et al., 2017,
2019; Laila et al., 2019; Matsumoto et al., 1998; Pang et al.,
2018; Piao et al., 2004; Sakamoto et al., 2008; Suwabe et al.,
2003, 2006; Ueno et al., 2012; Yu et al., 2017). The close primer
pairs of 28 CR loci were mapped to the ECD04 genome. To
physically map these loci from different studies, the following
standard was performed in general: if the two close loci on the
same chromosome share no candidate CR genes, they would be
defined as independent loci. After physically mapping, the locus
was named as CRAxy according to the following rules: (i) CRA
represents the CR from A-genome Brassica species; (i) x
represents the 10 different chromosome numbers of the A
genome; and (iii) y represents the different and sequent loci on
the same chromosome from one end to the other.

Primer sequences used to locate these loci from different
studies were mapped to the ECD04 genome by e-PCR to locate
these loci in the ECD04 genome (Schuler, 1997). Then, these loci
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were integrated according to whether the two loci contained the
same R genes. In total, 28 CR loci were physically mapped to 15
loci.

DNA and RNA extraction

DNA extraction was performed from young leaves using a CTAB
protocol as previously described (Bowers et al., 2003). The quality
and quantity of DNA were determined by spectrometry using the
260/280 nm absorbance ratio, and the DNA concentration was
determined at 260 nm with a DS-11 spectrophotometer (DeNovix
Inc, Wilmington, DE 19810USA). Roots of ECD04 plants after
inoculation with P. brassicae pathotype 4 were collected for RNA
extraction. The extracted RNA was mixed in equal amounts and
then converted into ¢cDNA, which was used as a template for
gene cloning.

Vector construction

To construct pCAMBIA1305-35S:CRa, the full-length coding
sequence (4609 bp) of CRA3.7.7 (gCRa) was amplified with
primer pairs CRaF1 and CRaR1 using genomic DNA of ECD04 as
templates, and cloned into the pBINRED3 vector digested by
EcoRI/Xhol. Then, the integrated fragment containing the 35S
promoter, gCRa and T-NOS was amplified using CRaF2 and
CRaR2 from the pBINRED3-CRa plasmid and cloned into
pCAMBIA1305 binary vector digested by BamHI/Pstl. All vectors
were constructed using One Step Cloning Kit (Vazyme, China)
and all primer sequences were listed in Table S16. Primers
designed according to both ends of CRA8.2.4 were used to
amplify the full-length CDS of CRAS8.2.4 using cDNA as tem-
plates. The cloned fragments were then ligated into the multiple
cloning site after the 35S promoter of the pBinGlyRed3 vector via
homologous recombination, resulting in pBinGlyRed3-35S:
CRA8.2.4.

Plant transformation, transgenic plant identification
and pathogen inoculation

Brassica napus plant J9709 was used as the transgenic receptor
material for pCAMBIA-35S:CRa by Agrobacterium tumefaciens-
mediated genetic transformation of explanted hypocotyl tissue
culturing as previously described (Moloney et al., 1989), and the
transformants were selected on the medium containing hygro-
mycin (50 mg/mL). The T, offspring of two different positive Ty
plants (355-CRa-6 and 35S5-CRa-30) were inoculated with
P. brassica (pathotype 4 determined by William’s system) col-
lected from Huangshan, Zhijiang and Chengdu. The resistance of
the plants to P. brassicae was assessed as previously described
(Pang et al., 2020). The T, plants were used for transgene
validation with the primers of CRa-2F and CRa-2R (Table S16).
The PCR reaction conditions were 95 °C for 3 min; 95 °C for
30 min, 55 °C for 30's, 72 °C for 1 min, 35 cycles; 72 °C for
10 min.

The expression levels of transgenes in different transformants
were detected with gPCR. Total RNA was extracted from per sample
using Eastep Super Total RNA Extraction Kit (Promega Biotech Co,
Ltd. Beijing, China). The RevertAid First Strand cDNA Synthesis Kit
(Vazyme) was used for cDNA synthesis, following the manufacturer’s
protocol. Sequences of qRT primers are provided in Table S16.
CFX384 Touch Real-Time PCR Detection System (BioRad Laborato-
ries, Shanghai, China) was used for gPCR reaction with ChamQ
Universal SYBR gPCR Master Mix (Vazyme). PCR parameters were set
as follows: initial denaturation at 95 °C for 3 min; 40 cycles of
denaturation step at 95 °C for 10 s, annealing step at 52 °C for
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20 s, extension step at 72 °C for 30 s, followed by melting curve
measurement with 0.5 °C increment from 65 to 95 °C. The
amplification results were analysed by LinRegPCR (Academic Med-
ical Centre, Amsterdam, The Netherlands). The AAC; method was
used for quantification of gene relative expression (Livak and
Schmittgen, 2001), using Actin-7 (LOC106418315) as reference
gene. Mean value and standard deviation (STDEV) were calculated
from three biological replicates.

To transform CRAS8.2.4 into B. napus plants, clubroot suscep-
tible B. napus 409S was sown on MS solid medium. Seven days
later, the lower hypocotyl was excised, and the upper cotyledon
part was infected with Agrobacterium rhizogenes bacterial
solution containing the empty pBinGlyRed3 vector and the
pBinGlyRed3-35S:CRA8.2.4 overexpression vector. After co-
cultivation on MS medium in dark for two days, the explants
were rinsed several times with MS liquid medium containing
cefotaxime (100 mg/L), blotted dry on sterile filter paper and then
cultivated on MS solid medium containing 100 mg/L cefotaxime
at 25 °C under light. Once the length of new roots reached
2 mm, the plants were transferred to soil containing P. brassicae
for inoculation. After 30 days of cultivation in the greenhouse,
the resistance of the plants to P. brassicae was assessed as
previously described (Pang et al., 2020). The expression levels of
transgenes in different transformants were detected with gPCR
by using the primers of CRA8.2.4F and CRA8.2.4R (Table S16)
with an anneal temperature of 52 °C.

Conservation analysis of the resistance genes

To compare the orthologous genes of CRA3.7.7 (BraA039012133E)
and CRA8.2.4 (BraA089039305E), mVISTA was used to align these
sequences and identify the conserved regions (Poliakov et al.,
2014). In particular, the CRA3.7.1 and CRAS8.2.4 orthologous gene
in the Z1 genome were too short, but high conservation was
detected in these regions. Hence, Fgenesh (http:/linux1.softberry.
com/berry.phtml) was used for the prediction of genes on the
orthologous fragment in the Z1 genome (Solovyev et al., 2006).
Orthologous genes of CRA3.7.1 and CRA8.2.4 were named as
BraA03gfgenesh01Z and BraA08gfgenesh01Z respectively.
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