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Abstract

Clubroot is a devastating soil-borne disease that parasitizes cruciferous crops, posing a severe threat to rapeseed production. To date,
no clubroot-resistant (CR) genes have been successfully cloned in cabbage (Brassica oleracea). This study aimed to identify CR genes and
elucidate the molecular mechanisms underlying clubroot resistance in B. oleracea. A BC1; mapping population was developed from a
cross between CR cabbage W12 and clubroot-susceptible cabbage Z5. A major CR locus, Bol.CR7.1, was identified on chromosome C07
by Bulk Segregant Analysis. Subsequently, the Bol.CR7.1 was fine-mapped to a 170.2-kb interval using linkage analysis. Two candidate
genes, Bol.TNL.2 and Bol.TNL.3, exhibiting sequence variations between the parents were induced upon Plasmodiophora brassicae infection.
Overexpression of Bol. TNL.2W (CR cabbage W12) in Arabidopsis and rapeseed significantly reduced the disease index compared to the
wild type (WT) after P. brassicae inoculation. In contrast, plants overexpressing Bol.TNL.2? (the susceptible cabbage Z5), Bol. TNL.3V,
and Bol.TNL.3? exhibited symptoms comparable to those of WT, indicating that Bol.TNL.2 is a CR gene. RNA-seq analysis revealed that
Bol.TNL.2 may mediate resistance to P. brassicae by modulating pathways related to reactive oxygen species, cell wall metabolism and
modification, as well as secondary metabolite synthesis. In addition, long noncoding RNAs were found to play a significant role in
regulating gene expression associated with P. brassicae interaction. This study broadens the repertoire of CR genes, offering a solid
foundation for breeding CR cruciferous crops. Additionally, it provides novel insights into resistance mechanisms in response to P.

brassicae infection in B. oleracea.

Introduction

In recent years, clubroot caused by Plasmodiophora brassicae has
attracted significant attention due to its devastating impact on
cruciferous crops, resulting in yield losses of at least 10%-15%
and, in severe cases, complete crop failure [1, 2]. With agricultural
practices such as irrigation, the affected area of clubroot has
expanded annually, with the pathogen now detected in more than
60 countries and regions [3]. Clubroot symptoms include swollen
roots forming galls, which impair the host’s ability to absorb water
and nutrients, leading to stunted growth, wilting, and ultimately
death. The infection process involves two stages: the first involves
primary zoospore infection of root hairs and epidermal cells, while
the second involves secondary zoospores released from root hairs,
which further infect the cortex [4].

The most cost-effective method for controlling clubroot is
the development of resistant varieties. However, the singularity
of resistance loci leads to the loss of resistance in resistant
lines. For instance, ‘Mendel’, an introduced clubroot-resistant
(CR) variety of Brassica napus, began to lose its resistance after
being cultivated in Canada for several years [3]. Therefore,

it is necessary to identify new resistance genes and develop
varieties with multiple resistance loci. To date, more than 20
loci associated with clubroot resistance have been identified
in Brassica rapa. Among these, chromosome A03 harbors the
highest number of loci, including Crr3a, Rcrl, Rer2, Rer4, Rers,
Rer8, Rer9, PbBa3.1, PbBa3.2, PbBa3.3, CRq, CRk, CRd, CRb, CRa,
CRA3.7, BraA3P5X.Cra/bKatol.1, and BraA3P5X.Cra/bKatol.2 [5-19].
Chromosome A08 follows with a considerable number of reported
loci, such as Crr1, Crr5, Rer3, Cr4Ba8.1, PbBa8.1, and CRAS8.1 [10, 15,
16, 20, 21]. Additionally, resistance loci have been mapped to other
chromosomes, including A01 (Crr2, Cr4Bal.1, PbBal.1), AO2 (CRc),
and A06 (Crr4) [9, 10, 15, 16]. Several quantitative trait loci (QTLSs)
linked to clubroot resistance, including CRQTL-GN_1, Rer7, PCR.II-
2,PbC9.1, qCRc7-1, Rer_C03-1, and BolC.Pb9.1, have been identified
in Brassica oleracea [22-28]. To date, no CR genes have been cloned
in the C subgenome, and their utilization in breeding programs
is still restricted. Hitherto, three CR genes, CRa, Crrla, and Rerl,
encoding TIR-NBS-LRR (TNL) proteins have been isolated in B.
rapa [6, 11, 29], and the CR gene BjuA03.BNT1 cloned from Brassica
juncea has also been shown to encode a TNL protein [30].
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Plants possess two primary immune responses mechanisms:
the first is activated when surface-localized receptor kinases
detect pathogen-associated molecular patterns (PAMPs), initi-
ating PAMP-triggered immunity (PTI). The second mechanism
involves intracellular resistance (R) proteins that recognize
effectors secreted by pathogens, which suppress PTI, thereby
activating effector-triggered immunity (ETI). Typical R proteins are
nucleotide-binding, leucine-rich repeat (NLR) receptor proteins
[31]. ETI induces a cascade of defense responses, including
reactive oxygen species (ROS), transcriptional reprogramming,
and cell wall fortification to prevent pathogen invasion. Tran-
scriptomics has been widely utilized to study the interactions
between hosts and pathogens. During the early stages of infection,
resistant and susceptible B. rapa exhibit distinct gene expression
patterns. In resistant B. rapa, genes related to PTI and ETI are sig-
nificantly induced, including those involved in calcium ion influx,
glucosinolate biosynthesis, cell wall thickening, salicylic acid (SA)
homeostasis, chitin metabolism, and pathogenesis-related (PR)
pathways [32]. Similarly, transcriptomic analyses of B. napus have
shown that SA and ethylene signaling play key roles in resisting P.
brassicae infection [33]. Furthermore, weighted gene co-expression
network analysis of two B. rapa accessions identified key pathways
related to plant-pathogen interactions and hormone signaling,
as well as 15 hub genes, including RIN4 and [IAA16, which are
potentially involved in resistance to P. brassicae [34].

As a class of regulatory RNA molecules exceeding 200
nucleotides in length, long noncoding RNAs (IncRNAs) lack
protein-coding capacity and modulate gene expression through
cis- and trans-acting pathways, contributing significantly to
plant responses to biotic and abiotic stresses [35]. In maize,
cis-NATZmNAC48 negatively regulates ZmNAC48, increasing
drought sensitivity [36]. In Arabidopsis thaliana, ELENA1 enhances
resistance to Pseudomonas syringae pv. tomato DC3000 by upreg-
ulating PR1 expression [37]. Summanwar et al. [38] identified 530
differentially expressed IncRNAs (DELs) in resistant and suscep-
tible B. napus, which target genes involved in phenylpropanoid
biosynthetic pathway, plant-pathogen interactions, and carbon
and amino acid biosynthesis pathways. In another resistant
locus in B. napus, 464 DELs were identified, which participate
in plant-pathogen interactions and hormone signaling regulation
[39]. Similarly, Aceto et al. found that IncRNAs target the plant-
pathogen interactions pathway in Chinese cabbage [40]. However,
the interaction between IncRNAs and P. brassicae in B. oleracea
remains largely unexplored.

In this study, we used Bulk Segregant Analysis (BSA) and fine
mapping to locate a major locus, Bol.CR7.1, contributing to resis-
tance against P. brassicae in B. oleracea. Using strand-specific RNA-
seq (ssRNA-seq) and gRT-PCR, we identified two CR candidate
genes and subsequently validated that Bol.TNL.2 confers resis-
tance to P. brassicae in W12. Additionally, we profiled the mRNA
and IncRNA expression spectra of B. oleracea at 14 days postinoc-
ulation (dpi) and identified potential disease resistance mecha-
nisms. This study provides a theoretical foundation for breeding
CR B. oleracea and offers valuable insights into the mechanisms
underlying clubroot resistance.

Results

Phenotypic characterization of parents and BC,
population

In order to understand the genetic mechanism underlying resis-
tance to clubroot in cabbage W12, a BC; population was con-
structed by crossing CR cabbage W12 and the susceptible cabbage

Z5 (Fig. 1a). The BC; population was inoculated with P. brassicae
collected from Mianxian, China. The roots of 700 BC4 individuals
were examined at 30 days postinoculation (dpi) with P. brassicae.
The results showed that 346 plants were resistant to clubroot
and 354 were susceptible (Fig. 1c), which corresponds to a ratio
of approximately 1:1 (x? =0.091, df =1 P=.76), suggesting that the
resistance to clubroot of W12 is controlled by a major locus.

Identification of a major CR locus by BSA-seq
analysis

To identify the QTL associated with CR in B. oleracea, BSA-seq was
conducted using a resistant pool, a susceptible pool, and parental
lines. A total of 99.79 Gb raw data were filtered to remove low-
quality reads, and 92.94 Gb clean data were obtained, achieving a
Q30 rate of 92.52%. The clean data of each sample were aligned to
the reference genome of B. oleracea (HDEM v1.0), and the average
mapping rate, sequencing depth, and coverage were 96.27%, 33x,
and 94.17%, respectively (Table S1).

After SNP calling and filtering, a total of 1752828 SNPs and
463226 InDels were identified between the parents, while 572610
SNPs and 166 955 InDels were found between the resistant and
susceptible pools. Among these, 103602 and 28229 nonsynony-
mous mutations resulted in SNPs in the parental lines and the
pools, respectively. In order to identify the CR locus, Euclidean
distance (ED) was calculated using a 10-kb sliding window anal-
ysis. The analysis identified a single region, from 49550000 to
54240000 bp on chromosome CO7. These findings suggest the
presence of a major locus offering CR within the interval of
49550000 to 54 240 000 bp on chromosome C07, named Bol.CR7.1

(Fig. 2).

Fine mapping of Bol.CR7.1

To fine-map the Bol.CR7.1, a total of 11 InDels molecular markers
were designed based on mutation information between the two
parents within the Bol.CR7.1 region (Table S2). Subsequently, a BC,
population consisting of 700 individuals was screened using the
InDels markers. A local linkage map was constructed based on
the genotypes and phenotypes of individual plants. A total of 48
recombinants were obtained, which were divided into 16 geno-
types (Fig. 3c). The results indicated varying degrees of linkage
between the markers and the phenotype, which validates the reli-
ability of the BSA results. Ultimately, Bol. CR7.1 was narrowed down
to the interval between markers InDel 5177 (chrC07: 51773364)
and InDel 519 (chrC07: 51943569), with a length of 170.2 kb.
Among these, InDel_518 co-segregated with the CR gene (Fig. 3b).

Candidate gene identification

To identify candidate genes for CR, 25 genes within Bol.CR7.1 locus
were annotated using the Arabidopsis database. As a result, 19
genes were successfully annotated, among which three genes
were identified as disease resistance proteins: BolC7t45646H
(Bol.TNL.1), BolC7t45647H (Bol.TNL.2), and BolC7t45649H (Bol.TNL.3;
Table S5). Subsequently, Pfamscan was employed to analyze the
domain structures of these 25 genes. The results show that
Bol.TNL.1 contains both TIR and NB-ARC domains, Bol.TNL.2
contains NB-ARC domains, and Bol.TNL.3 possesses partial TNL
structures. None of the remaining genes contain any of the typical
domains associated with TNL proteins, including TIR, NB-ARC,
or LRR (Table S6). NBS-LRR proteins constitute a large class of
R genes in plants that recognize pathogen effectors to activate
downstream immune responses [41]. Currently, the cloned CR
genes, CRa [11], Crrla [6] and BjuAO3.BNT1 [30], all possess TNL

202 Joquiadaq 0 uo 1sanb Aq 6/8/£28/80ZFeuUn/ | 1/Z /aI91HE/IY/Woo"dno-ojwapede//:sdny woly papeojumoq


https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhaf208#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhaf208#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhaf208#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhaf208#supplementary-data

1.00

0.75

N
S
S

0.50

Individuals
Disease Index

100

0.25

0 1 2 3
Grade

Shietal. | 3

0.00

W12 z5 BC1

Figure 1. Phenotypic characteristics of plants upon P. brassicae inoculation. (a) Phenotypic evaluation of the parental lines and BC4 progeny 30 days
postinoculation (dpi) with P. brassicae. Scale bar, 1 cm. (b) Statistical analysis of disease resistance levels in the BC; population. (c) Disease index of
W12, Z5, and the BC4 population. Significant differences were determined by t test, **P < 0.01.
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Figure 2. Scatter plot of ED? identifying the candidate region of the Bol.CR7.1 locus based on BSA-seq data, with the fitted curve generated using a
100-kb sliding window and the dashed line indicating the 99th percentile threshold.

domains, suggesting that these three genes may be candidates
for CR in Bol.CR7.1 locus.

To investigate whether Bol.TNL.1, Bol.TNL.2, and Bol.TNL.3
respond to infection by P. brassicae, we measured the expression
levels of these three candidate genes in W12 and Z5 at 7, 14,
and 21 dpi. The gRT-PCR results revealed that Bol.TNL.1 was
induced at 7 dpi only in the susceptible cabbage Z5. Bol.TNL.2
exhibited upregulation at 7 and 21 dpi in both resistant and
susceptible lines. In the resistant line W12, Bol. TNL.2 expression
was induced 3.4-fold at 7 dpi and 1.8-fold at 21 dpi. In contrast, in
the susceptible line, the gene showed a 2.0-fold increase at 7 dpi
and a 1.6-fold increase at 21 dpi. Bol. TNL.3 was upregulated by 1.8-
fold at 21 dpi in the resistant line, and by 2.7- and 3.6-fold at 7 and
21 dpi, respectively, in the susceptible line (Fig. S4). Furthermore,

we compared the sequence variations of Bol.TNL.2 and Bol.TNL.3
between the parental lines. The results showed that Bol.TNL.2
exhibited a similarity of only 59.65% (Figs S5 and S6). Notably,
Bol.TNL.2W has a length of 3978 bp and contains 4 exons, whereas
Bol.TNL.2# is 4101 bp in length and contains 7 exons. Bol. TNL.3
exhibited a similarity of 99.26%, including five nonsynonymous
mutations (Fig. S7). Based on these results, Bol. TNL.2 and Bol. TNL.3
were identified as CR candidate genes for further investigation.

Transcriptome analysis reveals the response of
cabbage lines with varying resistance to P.
brassicae inoculation

To investigate the potential pathways response to P. brassicae
in different CR varieties of B. oleracea, ssSRNA sequencing was
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Figure 3. Genetic mapping of the Bol.CR7.1 locus. (a) CO7 chromosome of cabbage. (b) Partial genetic map of Bol.CR7.1. The numbers above the bar
represent genetic distances (cM), and the highlighted bar represents the region co-segregating with Bol.CR7.1 in 700 BC; individuals. The numbers
under the bar represent physical distances (kb). (c) Haplotypes of 48 recombinant plants screened from 700 BC; individuals delimiting the Bol.CR7.1
locus to a 170.4-kb region from InDel_5177 to the end of InDel_519. R and S represent resistant and susceptible plants, respectively.

performed on the roots of W12 and Z5 at 14 dpi. A total of 155
Gb raw data were generated and filtered to 148 Gb of high-quality
data (Q30=93%), with an average mapping rate of 89.63% against
the HDEM v1.0 reference genome (Table S4).

Based on the criteria of exon count >1, length >200 bp, FPKM
>0.5, and gffcompare annotation, 26427 IncRNAs were obtained.
Coding potential was assessed using CNCI, CPC, and Pfamscan,
by which 9690, 8365, and 10907 IncRNAs were identified,
respectively. The overlap of these predictions identified a total of
6656 IncRNAs (Fig. 4a). The majority of IncRNAs were 237-bp long
and had 2 exons (Fig. 4b and c). Based on chromosomal locations,
these IncRNAs were classified as intergenic (3483, 52.33%), sense
(1726, 25.93%), antisense (695, 10.44%), and intronic (752, 11.30%)
(Fig. 4d).

Differential expression analysis revealed that, in the compar-
ison between W12-T (inoculation with P. brassicae) and W12-CK
(control), 526 genes were upregulated and 639 genes were down-
regulated. In the comparison between Z5-T and Z5-CK, 233 genes
were upregulated and 204 were downregulated. In the differential
expression IncRNA (DEL) analysis, W12 had 78 upregulated and
143 downregulated DELs (W12-T vs W12-CK), while Z5 had 48
upregulated and 46 downregulated DELs (Z5-T vs Z5-CK). There
were 147 commonly DEGs and 8 commonly DELs across these two
varieties. The consistency between gRT-PCR and RNA-seq data
supports the reliability of the transcriptome analysis (Fig. S1). GO
and KEGG enrichment analyses of the DEG were performed for
W12 and Z5, respectively. In W12, the enriched terms included
oxidoreductase activity, cell wall, and oxidation-reduction pro-
cess, with KEGG pathways such as phenylpropanoid biosynthesis,
plant hormone signal transduction, and plant-pathogen interac-
tion (Fig. 5a and c). By contrast, the DEGs of Z5 were enriched
in identical protein binding, chloroplast stroma, and response to
drug terms, and enriched in protein processing in the endoplasmic
reticulum, spliceosome, and plant hormone signal transduction
KEGG pathways (Fig. 5Sb and d). These results suggest that W12

may activate ROS signaling and cell wall thickening to combat P.
brassicae infection.

IncRNAs regulate gene expression through both cis-acting
(upstream/downstream) and trans-acting mechanisms. Postinoc-
ulation with P. brassicae, 51 IncRNAs in W12 regulated 60 cis-
acting and 101 trans-acting target genes, while in Z5, 14 IncRNAs
regulated 13 cis-acting and 41 trans-acting target genes. GO
enrichment analysis of these target genes in W12 revealed
enrichment in oxidation-reduction processes, immune system
processes, postembryonic plant morphogenesis, and innate
immune response (Fig. S2). In Z5, no significant enrichment was
observed due to the limited number of target genes.

Cytoscape was used to construct a network diagram of DELs
and target genes in W12 and Z5 at 14 dpi with P brassicae. In
W12, MSTRG.9315.1, MSTRG.23714.1, and MSTRG.26126.1 had the
highest numbers of target genes (39, 23, and 19, respectively,
Fig. 6a).In Z5,MSTRG.21265.3, MSTRG.19494.1, and MSTRG.12015.1
had the highest numbers of target genes (14, 14, and 7,
respectively, Fig. 6b). These genes are potential core IncRNAs
involved in interactions with P. brassicae and warrant further
investigation.

Functional validation of candidate genes

To further identify the candidate genes, we examined the expres-
sion of genes within the Bol.CR7.1 interval using ssRNA data
of W12 and Z5 at 14 dpi with P. brassicae. We found that in
W12, BoL.TNL.2 and BolC7t45653H (disulfide isomerase-like pro-
tein) were induced, whereas in Z5, only BolC7t45641H was upreg-
ulated (Fig. S3). These findings provide additional evidence that
Bol.TNL.2 is associated with CR in the resistant cabbage W12.
Combining the results from gRT-PCR and structural variation
analysis, Bol.TNL.2 and Bol.TNL.3 were identified as CR candidate
genes for further verification.

Bol.TNL.2W (from W12, resistant), Bol. TNL.2? (from Z5, suscep-
tible), Bol. TNL.3W, and Bol. TNL.3% were overexpressed in the roots
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Figure 4. Strand-specific transcriptome analysis. (a) Predicted protein-coding potential of the preliminarily identified IncRNAs using CNCI, Pfam, and
CPC. (b) Frequency distribution of the length of IncRNAs. (c) Statistics of exon numbers in IncRNAs. (d) Classification of IncRNAs. (e) Expression
changes in mRNAs and IncRNAs at 14 dpi. (f) Differentially expressed genes (DEGs) and differentially expressed IncRNAs (DELs) between resistant and

susceptible materials.

of A. thaliana. The results showed that the average disease index
of plants overexpressing Bol.TNL.2W (from W12, resistant) was
0.05, indicating high resistance to clubroot (Fig.7a and c). In
contrast, the disease index of transgenic plants Bol. TNL.2? was
0.89, indicating high susceptibility. The average disease index of
the transgenic plants Bol. TNL.3W and Bol. TNL.3% was 0.86 and 0.74,
respectively, both resembling the wild type (0.85) (Fig. 7a and c). To
further validate these findings, we overexpressed these candidate
genes in B. napus. The results in B. napus are consistent with those
observed in A. thaliana. Overexpression (OE) of Bol.TNL.2W (OE-
Bol.TNL.2W) exhibited no obvious symptoms, with a disease index
of 0.04, indicating strong resistance to P. brassicae pathotype 4.
Bol.TNL.3W exhibited club-shaped symptoms in the roots, with
a disease index of 0.86, similar to the wild type (Fig. 7b and d).
These findings align with those observed in Arabidopsis. Overall,
Bol. TNL.2W is confirmed as a key gene for resistance to club-
root. Furthermore, based on sequence polymorphisms of Bol. TNL.2
between the two parental lines, we developed a functional marker
(Table S2), which was successfully validated in the BC; population

(Fig. 8).

Investigation of Bol.TNL.2 function through
RNA-seq analysis

To further investigate the function of Bol.TNL.2, RNA-seq was
conducted on Bol.TNL.2" OE lines and WT plants at 7, 14, and
21 dpi with P. brassicae pathotype 4. A total of 28 samples yielded
190.76 Gb of clean data, with an average Q30 score of 96.27%. The

alignment rate to the reference genome ranged from 75.48% to
87.80%, with an average of 85.44% (Table S7).

DEGs were identified between the OE lines and WT after P.
brassicae inoculation at different time points, and a total of 35341
DEGs were obtained (Fig. S8). At the three inoculation time points,
498, 289, 383, and 692 common DEGs were identified in OE-T
(T represents inoculation, Fig. S9a), OE-CK (CK represents mock,
Fig. S9b), WT-T (Fig. S9c), and OE-T vs WT-T (Fig. S9d), respectively.
These common DEGs may have functional roles at different stages
of pathogen infection.

GO enrichment analysis of DEGs between OE-T and WT at
these three stages revealed several significant BP, CC, and MF
involved in the response to P. brassicae infection. At 7 dpi, sig-
nificant enrichment was observed in processes related to sul-
fur starvation and aromatic amino acid catabolism, along with
enrichment in kinesin complexes and microtubule-associated
complexes in OE-T vs WT-T. At 14 dpi, enriched processes included
responses to high light intensity and xenobiotic stimuli, with
key cellular components such as ER bodies and protein storage
vacuoles showing significant enrichment in OE-T vs WT-T. At
21 dpi, enrichment in processes such as monooxygenase activity
and xenobiotic transmembrane transporter activity was observed,
along with secondary cell wall and casparian strip-related com-
ponents in OE-T vs WT-T (Fig. S10). KEGG pathway analysis fur-
ther revealed enrichment in pathways such as plant secondary
metabolite biosynthesis and cyanoamino acid metabolism across
all time points. (Fig. S11).
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Figure 6. Network regulation diagrams of DELs and target genes in cabbage at 14 dpi with P. brassicae. (a) Network diagram of DELs regulating target
genes in W12. (b) Network diagram of DELs regulating target genes in Z5. Oval nodes represent target genes, and rectangular nodes represent IncRNAs.
Darker colors indicate higher degree values.
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resistant individuals and S indicates susceptible individuals.

Collectively, these results suggest that Bol.TNL.2 contributes
to resistance against P. brassicae through modulation of cell wall
metabolism, ROS signaling, and the metabolism of bioactive com-
pounds, such as glucosinolates. These findings align with the
RNA-seq data from W12 and Z5 at 14 dpi, further confirming the
role of Bol.TNL.2 in the defense response.

Discussion

Clubroot poses a serious threat to the sustainable production
of cruciferous crops such as B. oleracea. Developing CR varieties
remains the most cost-effective and practical approach to control-
ling this disease. Over the past two decades, more than 30 CR QTLs
have been identified in the A genome. Yang et al. [42] integrated
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28 published loci into the European fodder turnip ECD04 genome,
resulting in 15 integrated QTLs distributed across A03, A08, A06,
A01, and A02. In B. oleracea, the trait of CR is considered complex
and controlled by multiple genes. In the cabbage inbred line
GZ84, six QTLs were identified, distributed across chromosomes
C04, CO7, and CO08 [26,43]. In the cabbage cultivar ECD11, two
major-effect QTLs and five minor-effect QTLs were identified
[27]. Dakouri et al. [23] identified a major QTL, Rer7, on CO7.
Three QTLs were identified on chromosome C09 [25,28], including
BoUGT76C2, which was validated as the CR gene BolC.Pb.9.1.
In this study, a major locus, Bol.CR7.1, conferring resistance to
pathotype 4, was identified through QTL-seq and delimited to
a 170.2-kb physical interval from 51773364 to 51943569 bp
on CO7 (Fig.3). Upon alignment to the reference genome
(Braol_HDEM_V1.0), Rer7 was located in the physical interval from
52636076 to 52922603 bp on CO7. This indicates that Bol.CR7.1 is
different from Rer7.

In the A genome, the CR genes CRa [11] and Crrla [6]
encode TIR-NBS-LRR (TNL) proteins that are induced upon
infection by P. brassicae. In plants, NLR proteins function as
intracellular immune receptors that recognize pathogen-secreted
effectors, triggering an immune response known as ETI [43].
Bo7g108760 is a TNL gene that serves as a CR candidate gene
for Rer7 and is induced upon inoculation with the 5X pathotype
[23]. In this study, three NLR genes were identified within the
Bol.CR7.1 interval: Bol.TNL.1, Bol.TNL.2, and Bol.TNL.3. Among
these, Bol.TNL.2 displayed upregulated expression at 7 and 21 dpi
in both parental lines. Bol. TNL.3 exhibited upregulated expression
at 21 dpiin W12 and at 7 and 21 dpi in Z5. These findings suggest
that Bol.TNL.2 plays a prominent role in conferring clubroot
resistance.

Gene structural variations are a key factor contributing to
phenotypic differences. For instance, in rice, a variation at amino
acid residue 187 in COLD1 leads to differences in cold resistance
between indica and japonica cultivars [44]. Similarly, BOUGT76C2
contains 10 nonsynonymous mutations in CR materials [28]. In
this study, we found that Bol.TNL.2 exhibits only 56% similar-
ity between the two parents and contains multiple variations;
Bol.TNL.3 has 98% similarity but contains five nonsynonymous
mutations, none of which are located in the Tir, NBS, or LRR
domains. Upon OE of these genes in A. thaliana and B. napus, it
was found that Bol. TNL.2W confers resistance to pathotype 4 in
both A. thaliana and B. napus, confirming that BoL.TNL.2W is a CR
gene. These findings provide a valuable resource for breeding CR
crops in the Brassicaceae family.

To investigate the mechanisms underlying interactions with P.
brassicae, strand-specific transcriptome analysis was conducted
at 14 dpi to profile IncRNA and mRNA expression in different
CR resistant cabbage lines. GO enrichment analysis of DEGs
in W12 at 14 dpi revealed that categories such as oxidoreduc-
tase activity, cell wall, and oxidation-reduction process were
highly enriched. These findings highlight their crucial roles in
resistance to clubroot. Previous studies have shown that plant
hormones, such as SA, ethylene, and jasmonic acid (JA), along
with phenylpropanoid metabolism, are involved in clubroot
resistance [32]. Among them, SA plays a crucial role in resistance
against P. brassicae, whereas the contribution of JA is relatively
minor, and its efficacy is insufficient for practical control
measures [45]. Additionally, Ferdausi et al. [46] found that the
synthesis of polyphenols and flavonols is critical for resistance to
clubroot. Consistent with these studies, our results also indicate
the involvement of phenylpropanoid metabolism and plant
hormones in clubroot resistance. ROS are known to play a crucial

role in plant responses to biotic stress. For example, in the
Arabidopsis double mutant bpl13-2/pire-1, elevated expression of
RBOHD and increased ROS levels led to resistance to bacterial
infection [47].

To further elucidate the potential regulatory network of
Bol. TNL.2%, we conducted RNA-seq on B. napus overexpressing
Bol.TNL.2W (OE) and WT plants at three critical stages: root hair
infection, cortical infection, and protoplast development. GO
enrichment analysis of DEGs between OE-T and WT-T at these
three stages revealed that the interaction between P. brassicae
and the host varies significantly at different developmental
stages of the pathogen. Common DEGs across all stages
were enriched in BP terms related to response to insect, cell
wall modification, S-glycoside, and glucosinolate metabolic
processes, suggesting that these components play a crucial
role in resistance to P brassicae. KEGG enrichment analysis
also highlighted the importance of secondary metabolites, such
as cyanoamino acids and glucosinolates, in either resisting P
brassicae or facilitating its development (Fig. S11). Glucosinolates
are considered important secondary metabolites in plant defense
against pathogens and pests. In A. thaliana, glucosinolates
are required for the innate immune response [48]. Studies
have shown that the hydrolysis products of glucosinolates
exhibit inhibitory effects against pathogens [49]. For instance,
indole glucosinolates enhance resistance to Alternaria brassicicola
in both Arabidopsis and Brassica crops [50]. However, despite
these promising findings, there is currently no direct evidence
that glucosinolates, particularly aliphatic or indole derivatives,
confer resistance to clubroot. In transcriptome analyses of
resistant and susceptible B. napus, glucosinolate biosynthesis
was found to be involved in regulating clubroot disease [51].
Metabolomic studies of resistant and susceptible Chinese cabbage
revealed that resistant varieties accumulated higher levels of
glucosinolates [52]. Interestingly, susceptible materials showed
elevated levels of indole glucosinolates, which may be linked to
the complex relationship between these compounds and [AA
synthesis [53]. Aliphatic glucosinolate levels increase in resistant
plants after P. brassicae inoculation, and exogenous JA treatment
promotes their synthesis in B. napus, suggesting a potential role
in conferring resistance to clubroot disease [54]|. Thus, while
glucosinolates may play a role in clubroot resistance, further
investigation is needed to clarify whether they act directly or
indirectly.

The cell wall serves as a natural physical barrier in plants,
effectively preventing the invasion and spread of pathogens.
Both ssRNA-seq and mRNA-seq results revealed that cell wall
metabolism and modification play a significant role against P.
brassicae. After inoculation, increased lignin accumulation was
observed in the CR B. napus, while the lignin content decreased in
susceptible varieties [55]. This underscores the critical role of the
cell wall in defending against P. brassicae.

In addition, we identified a total of 6656 IncRNAs in cab-
bage, among which, 307 were induced by P. brassicae infection.
Enrichment analysis of their target genes revealed significant
enrichment in the oxidation-reduction process, immune system
process, and innate immune response. Consistent with previous
studies, our results suggest that IncRNAs play a crucial role in reg-
ulating key pathways involved in clubroot defense [38,39]. These
findings highlight the potential of IncRNAs as pivotal regulators
of clubroot resistance.

This study provides valuable insights into the genetic mech-
anisms underlying clubroot resistance and its implications for
Brassicaceae crop protection. The identification of novel loci and
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Bol.TNL.2W through combined QTL-seq and RNA-seq approaches
offers a robust theoretical foundation for further investigation on
the genetic regulation of clubroot resistance, paving the way for
improved crop resilience strategies.

Materials and methods
Plant materials and culture conditions

Two cabbage varieties, CR W12 and susceptible Z5, were used in
this study. A BC; population was developed from a cross between
W12 and Z5, using Z5 as the recurrent parent. The planting was
initiated by sterilizing the seeds with 75% ethanol for 3 min,
followed by three rinses with sterile water. The seeds were then
placed on filter paper in petri dishes filled with an adequate
amount of sterile water. The petri dishes were incubated at 24°C
with 16 hours of light and 20°C with 8 hours of darkness. After
germination, the seedlings were transplanted into small pots
(6 x 6 x 7 cm) filled with a nutrient soil mixture (substrate/vermi-
culite/perlite=3:1:1) and maintained in an incubator for further
growth.

Phenotypic identification

Once the plants reached the three-leaf stage, they were inocu-
lated with P. brassicae, which has been identified as pathotype 4
and collected from Mianxian, China. The inoculum was prepared
following the method described by Piao et al. [56]. The number
of resting spores was counted using a hemocytometer, and the
final concentration was adjusted to 1 x 107 spores/ml. Each plant
was inoculated with 2 ml of the inoculum solution, while the
control group was treated with 2 ml of sterile water. At 30 days
postinoculation (dpi), plants were uprooted, gently washed to
remove soil, and assessed for disease severity using a four-grade
scale: Grade 0 (no symptoms), Grade 1 (small galls on lateral
roots), Grade 2 (galls on the main root), and Grade 3 (exten-
sive galling on both main and lateral roots). The infection rate
and disease index were then calculated following the method of
Strelkov et al. [57].

Whole-genome resequencing and Bulk
Segregant Analysis

DNA was extracted from leaves using a modified CTAB method
[58], and it was used for BSA sequencing after pooling 30
resistant and 30 susceptible plants along with the parents. DNA
concentration and integrity were assessed using a NanoDrop
One/OneC. Qualified samples were fragmented (~350 bp) by
sonication, prepared into sequencing libraries through adapter
ligation and PCR amplification, and sequenced on the Illumina
HiSeq platform. Adapter sequences, reads with more than 50%
bases below Q10 quality, and reads with over 5% N content were
removed using Fastp v 0.23.4 [59]. Clean reads were aligned to the
reference genome Braol HDEM V1.0 (BRAD; http://brassicadb.
cn/#/Download/) using BWA-MEM [60]. SAM files were converted
to BAM format and sorted using samtools v1.9 [61]. Duplicate
reads were removed with Picard (http://broadinstitute.github.io/
picard/), and variant calling was conducted using GATK 4.0 [62].
SNPs and InDels were filtered through the GATK VariantFiltration
module with the following criteria: cluster window size of 35,
cluster threshold of 3, FS <60, and QD >2.0. To identify regions
linked to resistance to CR, the ED algorithm was applied with a
sliding window of 1 kb to assess the association between SNPs
and traits. The 99th percentile was used as the threshold for QTL
detection [63].
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Molecular marker linkage analysis and fine
mapping

Within the mapping interval, primers flanking InDels were
designed using Primer3 Plus (https://www.primer3plus.com/
index.html) based on the resequencing results of the parents.
The primer sequences and their positions are listed in Table S2.
Polymorphisms were detected using polyacrylamide gel (6%)
electrophoresis, and primers showing polymorphisms were used
for amplification in the 700 BC; individuals. PCR was performed
using Green Taq Mix (Vazyme, Nanjing, China) as per the
manufacturer’s instructions. Marker bands consistent with W12
were assigned as A, those matching Z5 as B, heterozygous bands
as H, and undefined bands as U. The genetic map was built using
JoinMap 4.0 [64] with the Kosambi function to calculate map
distances in cM. The annotation information for the 25 candidate
genes located within the mapping interval was obtained from the
reference genome of B. oleracea (Braol_HDEM_V1.0). The functions
of these candidate genes were predicted using the Basic Local
Alignment Search Tool (BLAST) [65].

Strand-specific RNA-seq, mRNA-seq, and
comparative transcriptome analysis

To investigate the regulatory pathways underlying the response to
P. brassicae, RNA-seq was performed on the roots of both parental
lines at 14 dpi, and on Bol. TNL.2" OE lines in B. napus at 7, 14, and
21 dpi. Three biological replicates were included, with three plants
per replicate.

Total RNA was extracted using the RNAprep Pure Plant Kit
(TIANGEN, China), and quality was assessed using NanoDrop
One/OneC. For ssRNA-seq, TRNA was removed using the Epicentre
Ribo-Zero™ Kit, followed by fragmentation to ~150-200 bp. First-
strand cDNA was synthesized using random hexamers, followed
by second-strand synthesis with DNA Polymerase I and RNase
H. After end repair, and adapter ligation, the ssRNA libraries
were sequenced on an [llumina HiSeq 4000 platform at Novogene
Biotech (Beijing, China). For mRNA-seq, RNA libraries were pre-
pared with the TruSeq RNA Sample Prep Kit (Illumina, USA) and
sequenced on the Illumina HiSeq 2500 at BGI.

The low-quality reads were filtered using fastp v0.23.4 [59] with
default parameters, and clean data were mapped to reference
genome Braol HDEM_V1.0 or Brana ZS_HZAU V1.0 (http://
brassicadb.cn/#/Download/). For ssRNA-seq, transcripts were
reconstructed using StringTie v2.1.5, with merged transcripts
filtered for exon count >1, length >200 bp, and FPKM >0.5 [66].
Subsequently, the transcripts were selected based on annotation
categories (j, I, o, u, or x) using gffcompare v0.12.6 [67]. The
selected transcripts were further evaluated for protein-coding
potential using CNCI [68], CPC2 [69], and Pfamscan [70] to
ultimately determine IncRNAs.

Differential expression analysis of genes (DEGs) and IncRNAs
(DELs) was performed using the R package DESeq2 v1.34.0 [71],
with |log, Fold Change|> 1 and adjusted P value (P adjust) <0.05
as thresholds. Gene annotation was conducted using the eggNOG
v5.0 database [72]. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analyses
were performed using the ClusterProfiler package [73]. To predict
the target genes of IncRNAs, we considered protein-coding genes
located within 100 kb upstream or downstream of the IncRNAs
as cis-regulated targets. We used LncTar [74] to predict the trans-
regulated target genes of IncRNAs. Pearson’s correlation coeffi-
cient was used to analyze the correlation between the expression
levels of IncRNAs and genes, with a correlation value greater than
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0.8 selected for further analysis. The regulation network was built
using Cytoscape v3.10.1 [75].

Quantitative real-time PCR (qQRT-PCR) was performed using
the ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing,
China) on a QuantStudio™ 7 Flex Real-Time PCR System (Applied
Biosystems, USA). Relative expression levels of the genes were
calculated using the 2744¢t method [76]. Primer sequences are
listed in Table S3.

Plasmid construction and
Agrobacterium-mediated transformation

The sequences of Bol.TNL.2 and Bol.TNL.3 were predicted using
FGENESH (http://www.softberry.com/berry.phtml?topic=fgenesh).
Both Bol.TNL.2 and Bol.TNL.3 in the parental lines were amplified
individually by PCR using Phanta Max Super-Fidelity DNA
Polymerase, following the manufacturer’s protocol. Subsequently,
the resulting PCR products were ligated with the root-specific
promoter pro-PYK10 into a modified pCAMBIA1300 vector using
the ClonExpress MultiS One Step Cloning Kit to construct
PYK10:Bol.TNL.2 and PYK10:Bol.TNL.3 [77]. The successfully ligated
vector was verified by PCR and then sent to Tsingke (Beijing,
China) for Sanger sequencing. Sequence alignment between
the two parental alleles was carried out using MAFFT [78].
The PYK10:Bol.TNL.2 and PYK10:Bol.TNL.3 constructs from both
parents were introduced into Agrobacterium tumefaciens strain
GV3101. Wild-type A. thaliana ecotype Col-0 was infected using
the floral dip method. Transformation of B. napus line 1423 was
carried out using hypocotyls as explants, as described by Dai
et al. [79]. Positive transgenic plants were selected with 25 mg/1
hygromycin and further verified by PCR using a hyg-specific
marker (Table S3).
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