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Abstract

Clubroot disease, caused by Plasmodiophora brassicae, is a major global threat, causing
severe yield losses of up to 100% in heavily infested fields. Interspecific hybridization
is essential for the transfer of clubroot resistance genes among the Brassica species. This
review aimed to describe the sources of clubroot resistance, categorize their types in
Brassica crops, and identify the most effective techniques and underutilized sources for
both intergeneric and interspecific hybridization. A systematic literature review served as
the foundation for expert analysis, encompassing a comprehensive list of known sources
of resistance and a detailed description of their characteristics, including monogenic,
polygenic, dominant, and recessive traits. In addition, this review specifies techniques
suitable for gene transfer, such as markers, embryo rescue, somatic hybridization, and
CRISPR/Cas. Based on the literature, underutilized directions for genetic crosses have been
proposed. These conclusions suggest that combining biotechnological methods, including
markers, CRISPR/Cas, and embryo rescue, with intergeneric crosses offers the potential to
transfer resistance genes from previously untapped sources.
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1. Introduction
1.1. Background

Clubroot disease, caused by the obligate biotrophic protist Plasmodiophora brassicae (P.
brassicae), is a major threat to Brassica crops worldwide, including oilseed rape (Brassica
napus), cabbage (Brassica oleracea), and Chinese cabbage (Brassica rapa). The disease is
characterized by the formation of galls on the roots, which leads to reduced nutrient and
water uptake and, ultimately, severe yield losses [1–3]. Symptoms of clubroot primarily
affect the roots, leading to the development of galls (clubs) in the infected root tissues,
which are characterized by abnormal proliferation. Developing galls act as strong metabolic
sinks, actively drawing carbohydrates, amino acids, and minerals from the shoots and
surrounding healthy roots; this redirected nutrient flow, combined with disruption of
vascular tissue, markedly impairs the plant’s ability to transport water and minerals.
Consequently, the aboveground portions of afflicted plants exhibit yellowing, wilting, and
eventual demise [4].
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1.2. Significance

The socioeconomic impact of clubroot is significant as it affects major agricultural
commodities. For instance, in regions such as Latin America and Australia, where Brassica
crops are extensively cultivated, the disease poses substantial challenges, leading to eco-
nomic losses and necessitating extensive management efforts [1,5]. In China, Brassicaceae
crops suffer yield losses of 20–30% due to this disease [6]. Clubroot can cause up to 100%
yield loss in heavily infested fields planted with susceptible canola cultivars [7].

1.3. Challenges in Clubroot Management

Environmental conditions, such as temperature and soil moisture, play crucial roles in
the incidence and severity of clubroot, and climate change may exacerbate its spread by
creating more favorable conditions for P. brassicae [8].

One of the challenges in managing clubroot disease is the longevity of the resting
spores of P. brassicae, which can persist in soil for up to 20 years. This persistence combined
with the ability of the pathogen to rapidly evolve and overcome host resistance makes
clubroot a particularly challenging disease to control [8–10].

So far, there are no chemical control strategies for clubroot in Brassicaceae that can
be considered both effective and sustainable. Thus, cultivation of resistant varieties has
become the primary approach to prevent the occurrence of clubroot disease.

1.4. Genetic Resistance and Sustainable Solution

Control strategies for clubroot include integrated disease management such as crop
rotation, the application of lime to raise soil pH to levels unfavorable for pathogen de-
velopment, and the use of resistant cultivars. However, managing the disease remains
challenging due to the persistence of long-lived resting spores and the substantial genetic
diversity of Plasmodiophora brassicae, which results in multiple pathotypes with varying
virulence and host specificity [4,10–17].

This variability further complicates control efforts, necessitating the development of
broad-spectrum and durable resistance strategies. Genetic differences among regional
isolates lead to variation in pathogenicity, underscoring the need for detailed pathotype
classification. To better characterize this diversity and improve resistance breeding, several
differential systems—including the Williams system, the European Clubroot Differential
(ECD) set, the Canadian Clubroot Differential (CCD) set, the Somé et al. set, and the
Sinitic Clubroot Differential (SCD) set—enable more precise classification of clubroot
populations [18–20].

Classical differential-host studies documented distinct pathogenicity patterns among
races [21], whereas recent advances, including a telomere-to-telomere genome assembly of
strain Pb3A, provide a foundation for dissecting infection mechanisms [22]. Transcriptomic
analyses reveal hormone-signaling and defense pathways underlying resistance in Brassica
rapa [6,23]. Current research emphasizes developing rapid molecular pathotyping tools
to complement phenotypic assays, supporting more precise detection and sustainable
management of P. brassicae [24].

Genetic studies of Benoit Landry provided the first evidence that clubroot resistance
could be mapped to discrete loci, forming the conceptual foundation for later QTL and
marker-based analyses. Current resistance strategies face challenges from rapidly evolving
pathotypes, highlighting the need for novel resistance sources. Breeding resistant cultivars,
including interspecific and intergeneric crosses, offers a sustainable approach by tapping
diverse Brassicaceae genetic resources [4,10,12,17–22]. Genetic resistance is more durable
and cost-effective than chemical or cultural controls, providing protection without added
input costs and avoiding environmental contamination [7,23,24]. Pyramiding multiple
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resistance genes can better address pathogen diversity, and integrating genetic resistance
with other methods enhances overall disease management. Breeding allows incorporation
of new resistance genes to keep pace with evolving P. brassicae populations [4,10,17,25,26].

1.5. Role of Wide Hybridization

Wide hybridization—including both interspecific crosses and intergeneric crosses
expands the accessible genetic variation by enabling the transfer of agronomically valuable
traits from wild relatives or related species [4,27–35]. These approaches allow breeders
to introgress resistance genes and other beneficial traits into cultivated Brassica crops,
strengthening their resilience to pathogens and pests and providing access to resistance
sources absent in domesticated germplasm [36–38].

In Brassicaceae, interspecific hybridization plays a central role in transferring clu-
broot resistance genes among Brassica species [26,39–45]. Successful introgression has
improved crop performance while reducing dependence on chemical control measures.
Continued exploration of wild relatives and related genera offers the potential to uncover
additional resistance sources, supporting further progress in disease management and crop
productivity [46,47].

Wide hybridization also enhances the genetic diversity of Brassica species. Genomic
consequences such as chromosomal rearrangements, retrotransposon activation, and home-
ologous recombination contribute to novel genomic configurations that broaden phenotypic
variability [48]. This increased diversity facilitates the introduction of stress-tolerance and
agronomic traits, overcoming genetic bottlenecks in cultivated forms and supporting long-
term crop improvement [49,50].

Despite its value, wide hybridization is constrained by biological barriers that limit fer-
tilization success, embryo development, and hybrid fertility. Post-zygotic incompatibilities—
particularly endosperm failure—often cause embryo abortion, making embryo-rescue tech-
niques essential for recovering viable hybrids [17,51]. Early studies demonstrated that
intergeneric Brassica × Sinapis hybrids could be obtained only when immature ovules
were excised and cultured, greatly improving hybrid survival [52]. Similar approaches
enabled introgression of powdery mildew resistance from B. carinata into B. oleracea, con-
firming that embryos from wide crosses rarely mature without intervention [51]. Beyond
embryo recovery, chromosome doubling is critical for stabilizing recombinant genomes.
Colchicine treatment of isolated microspores in B. napus can yield doubling efficiencies up
to 70%, facilitating the production of doubled haploids that fix introgressed chromosomal
segments [53]. Nevertheless, wide hybrids frequently exhibit sterility, aneuploidy, and
irregular homeologous pairing, limiting fertility and the efficiency of introgression [54–56].
Crossability barriers are often asymmetric, as shown in Brassica × Sinapis crosses, where
viable hybrids were obtained mainly when Brassica served as the female parent [52].

Collectively, these studies highlight that embryo and ovule culture, chromosome
engineering, amphidiploid formation, and fertility restoration are essential components of
successful interspecific and intergeneric hybridization pipelines in Brassicaceae [27,57–59].

1.6. Objectives of the Review

This review aims to evaluate the success of interspecific and intergeneric hybridization
in developing clubroot-resistant Brassica crops and to identify promising yet underutilized
genetic resources and techniques for future breeding efforts.

2. Genetic Diversity in Brassica and Related Genera
The Brassica genus, part of the Brassicaceae family, encompasses a diverse group of eco-

nomically important crops. Brassica species have undergone an additional whole genome
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triplication event compared with Arabidopsis thaliana. This triplication is instrumental in
speciation and diversification within Brassica, leading to a broad range of morphotypes,
and enabling genetic adaptation over time. Restructuring of the genome following this
polyploidy event has facilitated species richness and morphotype expansion in Brassica
species [60]. Interactions between genotypic and phenotypic variability in Brassica are evi-
dent, demonstrating the ability of these species to adapt morphologically and biochemically
to environmental pressure [61].Reconstruction of Brassica genomes, such as that of B. napus,
by incorporating sub-genomic diversity from related species (e.g., B. rapa and B. carinata)
has led to novel genetic pools with high allelic diversity. Reconstructed genomes offer new
opportunities for sustainable breeding practices and improved crop varieties [62]. This
genetic framework provides a foundation for understanding the potential for interspecific
crosses within the Brassica genus [4,62–66]. Beyond the primary Brassica species, this genus
is closely related to other genera within the Brassicaceae family, such as Raphanus (radish)
and Sinapis (white mustard), which offer opportunities for intergeneric crosses and broaden
the genetic base for traits, such as clubroot resistance [4,29,65,67,68].

3. Methods for the Interspecific and Intergeneric Hybridization for
Clubroot Resistance

Utilizing new sources of resistance genes from wild Brassica relatives and related
species often requires overcoming hybridization barriers and addressing challenges, such
as linkage drag. Advanced breeding techniques are crucial for facilitating the introgression
of resistance genes from wild relatives into cultivated Brassica crops [10,26,27,64,68,69].

3.1. Embryo Rescue

Embryo rescue is used to produce interspecific and intergeneric hybrids, overcome
reproductive barriers, and incorporate beneficial alleles into cultivated species [27]. The
advent of embryo rescue techniques in the late 20th century greatly facilitated the success
of wide crosses by overcoming the post-zygotic barriers that cause embryo abortion, which
were previously challenging [49,51,52,70–72]. This method not only aids in obtaining
interspecific and intergeneric hybrids but also supports the production of haploid and
doubled haploid plants, which are crucial for plant breeding programs [57,71]. Embryo
rescue techniques in Brassicaceae have been used to breed biotic and abiotic stress-resistant
lines, including synthetic amphidiploid and alien gene introgression lines for genetic
studies [27]. The transfer of clubroot resistance genes from resistant Chinese cabbage to
B. napus via distant hybridization and embryo rescue has been described by Liu et al.
(2018) [73]. This approach has successfully identified true hybrids with clubroot resistance.

3.2. Polyploid Breeding

Polyploid breeding plays a significant role in enabling intergeneric and interspecific
crosses for clubroot resistance in Brassica species [40,73–77]. Interspecific and intergeneric
hybridization within Brassicaceae enables the production of synthetic amphidiploids and
other engineered chromosomal lines. These lines, developed through polyploid breeding
strategies, serve as valuable genetic resources for studying the effects of chromosomes on
plant traits and for improving crop resistance to biotic stresses such as clubroot [27]. In
polyploid Brassica species, the formation of double haploid (DH) lines allows for fixation
and stability of clubroot resistance traits. DH lines are genetically uniform, facilitating
the mapping and stable expression of resistance genes across generations [39]. Several
studies have mapped clubroot resistance loci across various chromosomes of B. napus,
thereby revealing the polygenic resistance mechanisms. Polyploidy can help stabilize these
diverse resistance loci by providing multiple copies of homologous chromosomes, allowing
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for more complex gene interactions that contribute to resistance [29]. Diederichsen and
Sacristan crossed resistant B. rapa with B. oleracea and created synthetic B. napus lines that
were resistant to P. brassicae. The broad resistance of these synthetic lines suggests durable
protection against P. brassicae pathotypes [78]. Masud Karim and Yu (2024) resynthesized
B. napus lines using a B. rapa donor carrying race-specific resistance genes and B. oleracea
donors harboring race-non-specific QTLs. All resynthesized and semi-resynthesized lines
showed high resistance to multiple P. brassicae races, confirming the effective transfer
and stacking of resistance loci [79]. Polyploid breeding facilitates intergeneric crosses
between radish (Raphanus sativus) and B. oleracea and the development of allotetraploid
Brassicoraphanus (RRCC). This artificial polyploid is resistant to various clubroot pathotypes.
The significant homeologous recombination observed suggests the potential for transferring
resistance traits from radish to Brassica napus, thereby improving clubroot resistance [56].

3.3. Protoplast Fusion

Somatic hybridization is a prominent method that utilizes protoplast electrofusion,
resulting in hybrid plants that exhibit a high resistance to clubroot. This technique has
been employed in interspecific or intergeneric crosses to overcome sexual incompatibility
and introduce desired traits such as clubroot resistance. This allows the merging of genetic
material from different species, such as B. rapa and B. oleracea, to enhance resistance traits
against diseases [80]. The integration of clubroot resistance traits from various Brassica
species through protoplast fusion allows the combination of different resistance loci. This
technique effectively creates hybrids with enhanced disease resistance by providing genetic
diversity that stabilizes resistance traits against multiple pathotypes of Plasmodiophora
brassicae [81]. Asymmetric protoplast fusion between B. nigra and B. napus, performed by
Sacristán et al. (1989), resulted in asymmetric somatic hybrids with the aim of co-transfer of
disease-resistance traits, such as resistance to Phoma lingam and Plasmodiophora brassicae [82].
Protoplast fusion has been used to create intergeneric hybrids of red cabbage (B. oleracea)
and radish (R. sativus). The resulting hybrids inherited chloroplasts from radish and
exhibited male sterility and other traits, demonstrating cytoplasmic inheritance patterns.
Notably, some hybrids from Japanese radish and cauliflower (B. oleracea) have demonstrated
the ability to produce seeds when backcrossed with the parent species, indicating their
potential for transferring clubroot resistance genes to Brassica crops [83,84]. Using protoplast
fusion, resynthesized B. napus lines were developed to incorporate clubroot resistance
from B. rapa and B. oleracea. These lines exhibited broad resistance against P. brassicae,
with effectiveness depending on the combination of resistance genes from both parental
species [85].

3.4. Molecular Markers

Molecular markers are essential tools for transferring and validating clubroot resis-
tance across Brassica species and intergeneric hybrids. They enable precise mapping of
resistance loci, assist in tracking desirable alleles during wide crosses, and accelerate breed-
ing through marker-assisted selection. Various marker systems—including SNPs, RAPDs,
SCARs, RFLPs, SSRs, IPs, and QTL-associated markers—have been applied to identify,
map, and introgress clubroot resistance genes from diverse Brassicaceae germplasm, greatly
improving the efficiency and accuracy of resistance breeding [42,86–89] (Table 1).
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Table 1. Overview of molecular markers used in clubroot resistance breeding in Brassica crops.

Marker Type Key Features Use in Clubroot Resistance Research Examples/Notes

SNP
(Single-Nucleotide
Po-lymorphism)

Highly abundant,
high-resolution, genome-wide;
suitable for GWAS and
population studies

Precise mapping of CR loci; supports
pyramiding; used in associative
transcriptomics

Major CR loci mapped on A2
and A3 in B. napus [25]

RAPD (Random
Amplified
Polymorphic DNA)

Fast, low-cost, no prior
sequence required; low
reproducibility

Early identification of markers linked
to CR; useful for diverse germplasm

RA12-75A, WE22B, WE49B
linked to CR in B. rapa [44]

SCAR (Sequence-
Characte-rized
Amplified Region)

Derived from RAPD; more
specific and reproducible

Marker-assisted selection of CR
alleles

SCAR marker tau_cBrCR404
linked to CR in Chinese
cabbage [45]

RFLP (Restriction
Fragment Length
Polymorphism)

Reliable but labor-intensive;
requires high-quality DNA

Mapping CR genes (e.g., CRa);
linkage map construction for
interspecific crosses

Used in broccoli × cauliflower
CR mapping [75,90]

SSR (Simple Sequence
Repeat)

Co-dominant, reproducible,
widely used in MAS

Accelerates selection of CR traits and
reduces breeding time

CR QTL mapping in B.
oleracea and B. rapa [91]
mapping CRd in B. rapa [92]
used in MAS for CR
introgression into B. napus [73]
used for high-density
mapping of CRb [93]
QTL analyses of CR in B.
napus [94]
SSRs/SCARs used for
pyramiding CRa, CRk, CRc
[69]
analysis of P. brassicae isolate
variation and resistance
responses [95]

AFLP (Amplified
Fragment Length
Polymorphism)

Highly polymorphic, no prior
sequence required; good
genome coverage

Useful in detecting polymorphisms in
wild relatives and supporting
introgression of CR from related
species

AFLP markers included in
maps identifying CR QTL in B.
oleracea (e.g.,
pb-Bo(Anju)1) [91].
Used in classical BSA
workflows relevant to CR
gene mapping [92].
Method validated for
resistance-gene mapping in
other crops [96].

QTL-based markers
Identify genomic regions
controlling quantitative
resistance

Mapping major and minor CR loci for
introgression

CRs on A08 (B. napus/B. rapa);
qCRc7-2(3,4) on C07; Crr1-3;
Cr4Ba1.1 on A01; Cr4Ba8.1 on
A08; Pb-Bo1 [19,83,84]

4. Sources of Clubroot Resistance
Genetic resistance to clubroot occurs across numerous Brassica species [97] and remains

a cornerstone of sustainable disease management [25,73]. Interspecific hybridization and
genetic mapping have greatly expanded the accessible diversity of resistance, enabling
gene transfer both within and beyond the Triangle of U.

The following section summarizes the principal resistance sources and their relevance
for resistance breeding (Table 2).
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Table 2. Sources of clubroot resistance.

Source/Species Genome Key CR Genes/Loci Type of Resistance Notes/Identified CR Sources

Brassica rapa A

CRa, CRb, CRk,
Crr1a/b, Crr2, Crr3,
Crr4, Rcr1 (Rpb1),
Rcr2, Rcr4, Rcr8, Rcr9,
CRd

Mostly dominant,
race-specific

Turnips (ECD set), wild
accessions, major donor
species

Brassica oleracea C

Multiple QTLs: C2,
C3, C5, C7, C9;
qCRc7-2/3/4;
Rcr_C03-1,
Rcr_C08-1; BolC.Pb9.1

Quantitative
resistance

Kale, cabbage; wild relatives
(e.g., B. macrocarpa)

Brassica nigra B Rcr6, Rcr1 Pathotype-specific Limited CR; donor for B
genome introgression

Brassica juncea AB Introgressed loci
from B. rapa Depends on donor Acquires CR via distant

hybridization
Resynthesized
Brassica spp. A+C; A+B; B+C QTLs in A and C

genomes (various) Broad, combined Resynthesized B. napus with
CR from B. rapa, B. oleracea

Raphanus sativus R
Crs1; CRd-like loci on
A03 & A08 (in
Brassicoraphanus)

Strong,
broad-spectrum

Valuable CR donors; resistant
accessions and MAALs

Other crucifers – RPB1, other loci
(Arabidopsis) Broad-spectrum Wild relatives; potential but

underexplored sources

4.1. Marker-Assisted Selection (MAS)

Marker-assisted selection (MAS) enhances the efficiency of breeding for clubroot
resistance by enabling the selection of alleles linked to CR genes or QTLs. MAS is particu-
larly valuable for traits with complex inheritance or difficult phenotyping and supports
early-generation selection, thereby accelerating breeding progress [10,86].

In B. napus, SSR and intron-polymorphic (IP) markers linked to clubroot resistance
loci have been developed and successfully used for trait introgression and validation [73].
Mapping efforts in B. rapa, R. sativus, and other Brassica species have identified multiple CR
QTLs, providing marker sets that facilitate the targeted transfer of resistance across species
and breeding pools [26,98].

Although MAS increases precision, its effectiveness may be constrained by linkage
drag and marker–trait recombination, emphasizing the need for fine mapping and high-
resolution markers in clubroot resistance breeding.

4.2. Cloned Clubroot Resistance (CR) Genes and Their Relevance for Resistance Breeding

Several clubroot resistance (CR) genes have been cloned from Brassica species, most
of them belonging to the TIR–NB–LRR (Toll/interleukin-1 receptor–nucleotide-binding–
leucine-rich repeat) family and serving as core resources for marker-assisted breeding. In B.
rapa, the CRa/CRb locus on chromosome A03 comprises a cluster of NLR genes; CRa has been
shown to be identical to CRb and confers resistance to pathotype group 3. This locus has
been finely mapped and is routinely deployed in Chinese cabbage improvement [45,99,100].
The Crr1a gene encodes a TIR–NB–LRR protein active in hypocotyls and roots, and gain-
of-function analyses confirmed its role in race-specific resistance, while a truncated allele
underlies susceptibility [101].

The Rcr1 gene, also located on A03, mediates a distinct, calcium-independent de-
fense pathway supported by proteomic and transcriptomic studies and is widely used in
breeding resistant canola cultivars [102,103]. The dominant CRd gene, mapped upstream
of Crr3, provides resistance to local race 4 isolates and enables efficient marker-assisted
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selection [104]. In B. oleracea, QTL-seq and RNA-seq approaches identified three major
QTLs on C07, with two inducible candidate genes allowing the development of functional
markers for cabbage [105].

4.3. Transfer of Clubroot Resistance Inside the Triangle of U
4.3.1. Brassica rapa

Numerous accessions included in the European clubroot differential (ECD) set show high
levels of resistance [26], and the species has been the major contributor of dominant, race-
specific resistance genes used across Brassica breeding programs [4,12,29,35,44,45,101,106–111].
Resistance loci are distributed across several chromosomes, with the A3 and A8 regions
representing major hotspots. Continued screening has identified additional loci in diverse
wild B. rapa accessions [26,41,44,112].

Interspecific hybridization and MAS have enabled efficient transfer of B. rapa re-
sistance into B. napus and B. oleracea. The locus CRd has been introgressed into canola
backgrounds, including transfers from highly resistant turnip cultivar ECD04 and Chinese
cabbage sources [25,56,73,78,113]. Complementary loci originating from B. rapa, including
Crr1 and Crr2, have also been successfully introduced into cabbage via embryo rescue
approaches [110,114]. Resistance alleles derived from B. rapa have been incorporated into
synthetic and natural amphiploids such as resynthesized B. napus [68,115], although some
alleles may be diluted depending on genome context [116].

4.3.2. Brassica oleracea

Although resistance in B. oleracea is generally more quantitative than that of the A genome,
extensive germplasm evaluations—especially of kale and cabbage types—have revealed mul-
tiple valuable QTLs across the C2, C3, C5, C7, and C9 regions [14,29,105,117–120]. Several
major-effect QTLs on C07 and C08 (e.g., qCRc7-2, qCRc7-3, qCRc7-4) have been functionally
characterized, with candidate genes showing resistance-associated expression following
infection [105,111,118]. Wild relatives such as B. macrocarpa further expand the available
diversity, providing loci that can be integrated into cultivated backgrounds [111].

Despite occasional breakdown of resistance by virulent pathotypes [4,15,100,121], B.
oleracea remains essential for pyramiding strategies, particularly for combining quantitative
resistance with major genes transferred from B. rapa [68,117,122].

4.3.3. Brassica nigra and Related Genera

The B genome carries fewer documented resistance loci than the A or C genomes [123],
yet B. nigra possesses pathotype-specific resistance that enhances the diversity of available
sources [42,86–89]. The dominant gene Rcr6, identified in a region syntenic to A08 [108,123,124],
represents the first major CR gene described for the B genome. Its introgression into B. napus
is feasible with MAS, although amphidiploids containing the B genome (e.g., B. juncea, B.
carinata) often show susceptibility [125], indicating that additional strategies are required
for stable transfer. A recently identified CR locus in the B genome, together with the work
of Hu et al. (2024), who demonstrated the efficient, marker-free CRISPR/Cas9-mediated
incorporation of Rcr1 from B. rapa into B. napus, highlights the growing potential of genome
editing in CR breeding [41].

4.3.4. Brassica juncea

B. juncea generally lacks inherent resistance but can acquire it through crosses with B.
rapa and other Brassica species. Distant hybridization and embryo rescue enabled stable
integration of resistance loci into the AABB background, with mapping studies identifying
several genomic regions associated with resistance to Plasmodiophora brassicae [26,125].
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4.3.5. Resynthesis of Brassica Species for Clubroot Resistance

Resynthesized Brassica species enable the combination of multiple resistance alleles,
improving resilience through allele stacking and diversification. Resynthesized B. napus
derived from B. rapa × B. oleracea crosses is particularly valuable for overcoming species
barriers in resistance introgression [67,115]. Numerous QTLs detected via associative
transcriptomics and classical mapping—including major loci on A02 and A03—serve as
targets for pyramiding in modern canola breeding [18]. However, the expression of A- and
C-genome resistance can vary depending on epistatic interactions [26,29,39,115,126].

4.4. Transfer of Clubroot Resistance Outside the Triangle of U
4.4.1. Raphanus sativus

Radish provides the most significant non-Brassica source of clubroot resistance, with
broad-spectrum resistance documented across many accessions [59,83,127–129]. Several
QTLs and loci—such as Crs1—have been mapped in radish germplasm [34,98,120]. In-
tergeneric hybrids such as Brassicoraphanus (RRCC) have facilitated stable introgression
of radish-derived resistance into B. napus and B. oleracea [4,27,29,59,65,130]. Cytogenetic
studies have demonstrated recombination between radish and Brassica chromosomes,
confirming the feasibility of transferring radish-derived loci [65,97,131,132]. MAALs and
backcrossed progenies have enabled targeted introgression of radish resistance regions,
expanding the genomic toolkit for resistance breeding [29,65,98] (Table 3).

Table 3. Examples of successful interspecific introgression of clubroot resistance.

Recipient
Species Donor Species Transferred CR

Gene(s)/Locus Method Outcome/Notes

B. napus B. rapa (Chinese
cabbage) CRd Interspecific

hybridization, MAS
Stable CR introgression;
used in canola breeding

B. napus B. rapa (“Qulihuang”) CR gene linked to
CRb/CRa region MAS Resistance transferred

into ‘Topas’

B. oleracea B. rapa Crr1, Crr2
Distant
hybridization,
embryo rescue

Complementary
resistance; stable lines
obtained

B. oleracea B. rapa CRa, CRb, Pb8.1 Wide crossing Major CR donor for
cabbage and broccoli

B. napus (resynth.) B. rapa × B. oleracea Multiple QTLs from
A and C genomes Resynthesis

Broader CR base,
though diluted in B.
napus background

B. napus R. sativus Crs1 (and additional
radish QTLs)

Interspecific
hybridization,
MAALs,
backcrossing

Broad-spectrum CR;
chromosome
recombination
confirmed

B. napus Brassicoraphanus
(R–C allotetraploid)

CRd (A03) + A08
locus Hybridization

Strong resistance;
successful gene transfer
potential

B. juncea B. rapa Dominant CR loci
Distant
hybridization,
embryo rescue

Enables CR in otherwise
susceptible species

4.4.2. Arabidopsis and Other Cruciferous Species

No major resistance sources have yet been identified outside Brassica and radish, but
ongoing exploration of wild crucifers continues to expand the genetic basis for resistance
breeding. A range of species—including B. juncea, has been screened as potential donors
in hybridization programs with B. napus [73]. Mechanistic studies of Arabidopsis thaliana



Agronomy 2025, 15, 2827 10 of 17

identified genes such as RPB1 and regulators such as SnRK1.1 as contributors to partial or
broad-spectrum resistance [126–137], offering insights into conserved pathways relevant to
Brassica breeding.

5. Perspectives and Future Directions
Future progress in developing durable clubroot resistance will depend on effectively

integrating diverse genetic resources with advanced genomic and gene-editing technologies.
A central priority will be the continued expansion of the genetic base through interspecific
and intergeneric introgression, which offers access to additional CR genes from cruciferous
species beyond Brassica and Raphanus [101]. The use of synthetic hybrids and distant crosses
complements this effort by enabling the transfer of resistance alleles that are otherwise
inaccessible through conventional breeding, thereby enhancing resilience to diverse P.
brassicae pathotypes.

At the same time, advances in genomic mapping will play a pivotal role in guiding
more targeted resistance introgression. Approaches such as QTL-Seq and BSA provide
rapid means of identifying CR loci suitable for strategic intercrossing [101], while high-
density linkage maps, QTL analyses, and synteny comparisons with A. thaliana deepen
understanding of conserved resistance mechanisms and support the efficient deployment
of beneficial alleles [12,101]. These tools are complemented by transcriptomic strategies,
including associative transcriptomics, which continues to be instrumental in identifying
candidate genes underlying resistance variation [25]. As genomic platforms evolve, next-
generation sequencing and GWAS will further accelerate the discovery of novel loci and
enhance the predictive capacity of modern breeding pipelines [42,138–140].

A key issue in interpreting newly reported clubroot resistance genes is the strong
possibility that several of them are not truly novel but correspond to previously described
loci. Because many studies use different mapping populations, marker systems, and
race differentials, resistance loci appearing under new names—especially those repeat-
edly detected on chromosomes A02, A03, and A08—may represent the same underlying
gene [26,81,113,130]. This ambiguity is further amplified by high synteny and the presence
of homeologous genome regions across Brassica species, which frequently place resistance
factors in conserved chromosomal blocks [12,25,42,106,140].

To avoid redundant naming and overestimating the diversity of available resistance
sources, future work should emphasize high-resolution mapping, comparative genomics,
and sequence-level validation. Functional confirmation through allele sequencing, hap-
lotype comparison, or CRISPR-mediated gene disruption will be essential to determine
whether a locus is genuinely novel [69,99,100,108]. Clarifying these relationships is critical
for breeding programs, as misidentification of CR genes can compromise pyramiding
strategies and lead to ineffective combinations of resistance sources.

CRISPR/Cas9 should be viewed as a potential alternative to interspecific crosses for the
development of clubroot resistance (CR). In contrast to conventional introgression, which
requires wide crosses and is constrained by linkage drag, genome editing enables direct
modification of resistance loci within adapted genetic backgrounds. Effective application
of this approach in polyploid Brassica species depends on precise characterization of the
targeted CR locus and its homeologous copies at the sequence level, as similar challenges
have been widely documented for other polyploid crops [141–146]. Because multiple
homeologous gene copies must often be edited simultaneously, guide RNA design must be
informed by sequence comparison among all alleles, and target sites require validation for
on-target activity [136,137]. Additional methodological considerations include appropriate
delivery of CRISPR/Cas reagents and strategies to ensure efficient editing across complex
polyploid genomes [138]. When these requirements are met, CRISPR/Cas9 provides a
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means to reconstruct or modify known CR alleles and to combine multiple resistance factors
without the genetic constraints associated with interspecific hybridization.

Taken together, these developments point toward a future in which Brassica breeding
programs can more effectively assemble broad and durable resistance to clubroot. The
convergence of expanded germplasm exploration, high-resolution genomic tools, and
precision gene editing will be essential not only for enhancing cultivar resilience but also
for ensuring long-term agricultural sustainability in clubroot-affected production systems.
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144. Erdoğan, İ.; Cevher-Keskin, B.; Bilir, Ö.; Hong, Y.; Tör, M. Recent Developments in CRISPR/Cas9 Genome-Editing Technology
Related to Plant Disease Resistance and Abiotic Stress Tolerance. Biology 2023, 12, 1037. [CrossRef]

145. Dong, G.; Fan, Z. CRISPR/Cas-Mediated Germplasm Improvement and New Strategies for Crop Protection. Crop Health 2024, 2,
2. [CrossRef]

146. Chen, K.; Wang, Y.; Zhang, R.; Zhang, H.; Gao, C. CRISPR/Cas Genome Editing and Precision Plant Breeding in Agriculture.
Annu. Rev. Plant Biol. 2019, 70, 667–697. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su141912285
https://doi.org/10.3389/fpls.2017.01364
https://doi.org/10.1007/s00299-017-2125-0
https://doi.org/10.3389/fgeed.2022.830178
https://doi.org/10.1093/bfgp/elz041
https://www.ncbi.nlm.nih.gov/pubmed/31915817
https://doi.org/10.3390/biology12071037
https://doi.org/10.1007/s44297-023-00020-x
https://doi.org/10.1146/annurev-arplant-050718-100049

	Introduction 
	Background 
	Significance 
	Challenges in Clubroot Management 
	Genetic Resistance and Sustainable Solution 
	Role of Wide Hybridization 
	Objectives of the Review 

	Genetic Diversity in Brassica and Related Genera 
	Methods for the Interspecific and Intergeneric Hybridization for Clubroot Resistance 
	Embryo Rescue 
	Polyploid Breeding 
	Protoplast Fusion 
	Molecular Markers 

	Sources of Clubroot Resistance 
	Marker-Assisted Selection (MAS) 
	Cloned Clubroot Resistance (CR) Genes and Their Relevance for Resistance Breeding 
	Transfer of Clubroot Resistance Inside the Triangle of U 
	Brassica rapa 
	Brassica oleracea 
	Brassica nigra and Related Genera 
	Brassica juncea 
	Resynthesis of Brassica Species for Clubroot Resistance 

	Transfer of Clubroot Resistance Outside the Triangle of U 
	Raphanus sativus 
	Arabidopsis and Other Cruciferous Species 


	Perspectives and Future Directions 
	References

