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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
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. These galls
severely deplete nutrient levels, disrupt the organization of vascular bundles in the roots, and
obstruct water and mineral uptake. Consequently, the aboveground portions of afflicted plants
exhibit yellowing, wilting, and eventual demise [4]

1.2. Significance

The socioeconomic impact of clubroots 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 economic 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].
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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]

To date, there is a lack of effective methods to control clubroot in Brassicaceae. 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 focus on integrated disease management, including crop rotation, liming to
maintain soil pH, and the use of resistant cultivars. However, the identification and development of
robust resistance remain critical, as the disease can persist through long-lived resting spores in the
soil and adapt rapidly to overcome existing plant defenses [11,12]). The genetic diversity of P.
brassicae populations further complicates disease management. Multiple pathotypes have been
identified with varying degrees of virulence and host specificity, which necessitatating the
development of broad-spectrum and durable resistance strategies in Brassica crops. P. brassicae
isolated from different regional sources may have different genetic backgrounds, resulting in
different phenotypic characteristics of specific host plants. P. brassicae can be classified into different
pathotypes (physiological races), based on their virulence patterns in different host plants. The
genetic diversity of P. brassicae contributes to the mutation of its field populations into multiple
pathotypes, and the large variation in the pathogenicity of different pathotypes increases the
difficulty in controlling these pathogens [4,10,13-17].

Although current strategies for clubroot resistance exist, the rapid evolution of P. brassicae
pathotypes poses significant challenges to existing disease management approaches, necessitating
the investigation of novel sources of resistance. Given these limitations, the development of resistant
cultivars through breeding programs, including interspecific and intergeneric crosses, has emerged
as a promising and sustainable approach for clubroot management. This shift towards genetic
resistance underscores the importance of exploring diverse genetic resources within the Brassicaceae
family to enhance clubroot resistance in cultivated Brassica crops [4,10,12,17-22]. Genetic resistance
offers a more durable and cost-effective solution than chemical or cultural resistance control. Once
incorporated into cultivars, resistance can offer protection to farmers without incurring additional
input costs [7,23,24]. Unlike chemical control methods, genetic resistance does not pose the risk of
soil or water contamination, aligning with the growing demand for environmentally friendly
agricultural practices. By combining multiple resistance genes, breeders can develop cultivars
resistant to various P. brassicae pathotypes thereby addressing the challenge of pathogen diversity.
Genetic resistance can be effectively integrated with other control methods as part of a
comprehensive disease management strategy that enhances the overall efficacy. The ability to
incorporate new resistance genes through breeding allows for the development of cultivars that can
keep pace with evolving pathogen populations [4,10,17,25,26].

1.5. Role of Wide Hybridization

Interspecific crosses refer to the hybridization between different species within the same genus,
whereas intergeneric crosses refer to the hybridization between species from different genera. These
approaches allow breeders to access a broader pool of genetic resources, incorporating traits from
wild relatives or related species such as disease resistance. In some cases, interspecific and
intergeneric crosses have led to the development of entirely new crop types, broadening agricultural
diversity [4,22,27,28]. Moreover, interspecific hybridization can result in genomic rearrangements
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and variability. Breeding efforts have led to the successful introgression of numerous resistant
cultivars, enhancing the resilience of Brassica crops against various pathogens and pests and
highlighting the utility of hybridization to access resistance genes not present in cultivated species
[29-31]. The success of these techniques has not only improved crop yields but also reduced reliance
on chemical pesticides, contributing to more sustainable agricultural practices.

Interspecific crosses play a crucial role in transferring clubroot resistance genes among Brassica
species [19,32-38]. The success of these techniques has not only improves crop yields but also reduces
reliance on chemical pesticides, contributing to more sustainable agricultural practices. Ongoing
research continues to explore new sources of resistance genes from wild Brassica relatives and related
species, promising further advancements in crop protection and productivity [39,40].

Interspecific hybridization has significant implications for the genetic diversity of Brassica
species. This induces genomic variations, including chromosomal rearrangements and
retrotransposon activation, resulting in the formation of new genomic patterns. Such genetic
recombination can introduce novel traits and enhance the genetic diversity of Brassica crops, thereby
expanding their adaptability to various environmental challenges and improving their characteristics
such as yield and disease resistance [41]. Interspecific hybridization broadens the genetic diversity
by facilitating the crossing of different species. It introduces traits related to stress tolerance and
agronomy, thereby broadening the genetic foundation of brassica crops [42]. Interspecific
hybridization alleviates these limitations by introducing genetic diversity from related Brassica
species, thereby overcoming bottlenecks and supporting the development of crops with improved
traits [43]. This process generates phenotypic variation, which is crucial for the selection of traits for
improved yield, quality, and stress resistance. Such diversity emerges from genetic variation through
hybridization and selection pressures that stabilize desired traits.

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. Methods of Literature Review

The initial collection of literature was compiled from Scopus and Web of Science databases using
three primary criteria: (1) mentions of Brassicacea in general, or Brassica species and cultivars, or
agriculturally and industrially significant Brassicacea species, or Brassicacea species considered
underutilized in agricultural and industrial context; (2) along with mentions of Plasmodiophora
brassicae; (3) in the context of interspecific or intergeneric hybridization as a tool for introducing
resistance. Subsequently, selected publications were critically analyzed, focusing on sources of
resistance and practical constraints of their utilization. Finally, a narrative review was constructed
based on this analysis.

3. Genetic Diversity in Brassica and Related Genera

The Brassica genus, part of the Brassicaceae family, encompasses a diverse group of economically
important crops. Brassica species have undergone an additional whole genome 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 [44]. Interactions between genotypic and phenotypic
variability in Brassica are evident, demonstrating the ability of these species to adapt morphologically
and biochemically to environmental pressure [45]. The genetic relationships within this genus are
often represented by the “Triangle of U,” which illustrates the genomic connections between six
principal Brassica species: B. rapa (A genome), B. nigra (B genome), and B. oleracea (C genome), and
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three allotetraploid species: B. juncea (AB genome), B. napus (AC genome), and B. carinata (BC
genome). Reconstruction of Brassica genomes, such as that of B. napus, by incorporating subgenomic
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 [46]. This genetic framework provides a foundation for understanding
the potential for interspecific crosses within the Brassica genus [4,46-50]. 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 [4,22,49,51,52].

4. 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 [10,19,20,49,53,54].

4.1. Embryo Rescue

Embryo rescue is used to produce interspecific and intergeneric hybrids, overcome reproductive
barriers, and incorporate beneficial alleles into cultivated species [20]. 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 [42,55-59]. 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
[57,60]. 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
[20]. 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). This approach has
successfully identified true hybrids with clubroot resistance [61].

4.2. Polyploid Breeding

Polyploid breeding plays a significant role in enabling intergeneric and interspecific crosses for
clubroot resistance in Brassica species [32,61-64]. 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 [20]. 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 [65].
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 for more
complex gene interactions that contribute to resistance [22]. 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 [66]. 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 [49].
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4.3. 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 [67]. 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 [68]. Asymmetric protoplast fusion between B. nigra and B. napus, performed
by Sacristan 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 [69].
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 [70,71]. 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. [72].

4.4. Molecular Markers

Molecular markers play a crucial role in the breeding of interspecies clubroot resistance by
allowing precise mapping, identification, verification, and selection of desirable traits from wide
crosses, thereby supporting intergeneric and interspecific breeding to enhance clubroot resistance
[73-77].

4.4.1. SNP Markers

Single nucleotide polymorphisms (SNP) and gene expression markers (GEM) offer crucial data
for marker-assisted breeding to develop clubroot-resistant cultivars by pyramiding multiple
resistance genes. These markers are abundant across genomes and can be used to analyze hereditary
traits, genome-wide association studies, and population genetics. Using an associative transcriptomic
approach in B. napus, the two major loci on chromosomes A2 and A3 that control resistance to
clubroot have been identified [18].

4.4.2. RAPD Markers

Random Amplified Polymorphic DNA (RAPD) markers are a type of molecular marker used in
genetic analysis that rely on the amplification of random DNA segments using short primers of
arbitrary nucleotide sequences. This method does not require prior knowledge of the DNA sequence,
making it advantageous for work with anonymous genomes and diverse species. Random amplified
polymorphic DNA (RAPD) markers linked to clubroot resistance have been identified in Brassica rapa,
with three specific markers (RA12-75A, WE22B, and WE49B) associated with resistance loci. These
markers have been used in DH lines derived from interspecific crosses, assisting in marker-assisted
selection and breeding of resistant varieties [36].

4.4.3. SCAR Markers

Sequence-Characterized Amplified Region (SCAR) markers are DNA markers developed from
Random Amplified Polymorphic DNA (RAPD) fragments. SCAR markers are widely used in various
applications including species and cultivar identification, germplasm characterization, and marker-
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assisted selection in plant breeding. Sequence-characterized amplified region (SCAR) markers such
as tau_cBrCR404 have been used to tightly link clubroot resistance loci in Chinese cabbage, enabling
effective marker-assisted selection. This facilitates the breeding of new resistant cultivars by ensuring
that selected plants possess the desired resistance traits [37].

4.4.4. RFLP Markers

Restriction Fragment Length Polymorphism (RFLP) markers involve the use of restriction
enzymes to cut DNA at specific sequences, resulting in fragments of varying lengths due to genetic
variation among individuals. Restriction fragment length polymorphism (RFLP) markers have been
used to map clubroot resistance genes, such as CRa in Chinese cabbage. These markers enable
breeders to select for resistance by identifying plants carrying beneficial gene arrangements [63].
RFLP markers have also been used to construct a genetic linkage map in a study involving a cross
between resistant broccoli (B. oleracea var. italica) and susceptible cauliflower (B. oleracea var. botrytis).
This map identifies the major factors contributing to clubroot resistance and enables the selection of
individuals with combined resistance from both parent sources, thereby enhancing breeding
efficiency [78].

4.4.5. SNP Markers

Single Nucleotide Polymorphisms (SNPs) are among the most abundant and widely used
genetic markers for genomic studies. They represent variations at a single nucleotide position in the
DNA sequence among the individuals of a species. SNPs are frequently used in genetic studies to
identify associations with heritable traits, understand evolutionary processes, and investigate genetic
predispositions to diseases [79,80]. SNP markers are used in associative transcriptomic approaches
to map resistance loci, providing a detailed understanding of the genetic architecture of resistance
and allowing for more targeted breeding strategies [18].

4.4.6. MAS

Marker-Assisted Selection (MAS) involves the use of molecular markers to indirectly select
desirable traits in plant- and animal-breeding programs. These markers are linked to genes or
quantitative trait loci (QTL) associated with traits of interest, providing a more efficient and precise
selection process than traditional breeding methods. While Marker-Assisted Selection (MAS) offers
a precise way to select desirable traits using molecular markers, it also presents challenges, such as
linkage drag, where undesirable genes may be inadvertently selected because of their proximity to
the target genes. MAS is particularly beneficial for traits that are difficult to measure or have a low
heritability. This has significantly accelerated the breeding process by allowing the selection of
individuals carrying beneficial alleles early in the developmental stages, reducing the time required
to develop new varieties [10,73]. For instance, in B. napus, two simple sequence repeat (SSR) markers
and two intron-polymorphic (IP) markers have been identified and linked to clubroot resistance
genes, aiding the transfer and validation of resistance traits [61]. The identification and mapping of
quantitative trait loci (QTLs) associated with clubroot resistance in various species, such as radish (R.
sativus) and turnips (B. rapa), has allowed researchers to identify specific genomic regions that can be
transferred to other species within the Brassicaceae family. These studies have facilitated the use of
marker-assisted selection in breeding programs to efficiently transfer clubroot resistance traits
[19,81].

44.7.QTL

Quantitative Trait Loci (QTL) markers are identified through QTL mapping, which involves the
use of genetic markers such as Simple Sequence Repeats (SSRs), Single Nucleotide Polymorphisms
(SNPs), and Amplified Fragment Length Polymorphisms (AFLPs) to detect the genomic locations of
QTLs [82]. The identification and mapping of QTLs associated with clubroot resistance can facilitate
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breeding of resistant varieties. Genomic regions such as the novel CRs locus on chromosome A08
have been identified in B. napus and B. rapa, providing new avenues for breeding resistant cultivars
[83,84]. Molecular markers were developed for three independent dominant resistance loci identified
in the turnip accessions of B. rapa. These markers are essential for the introgression of resistance genes
into different germplasms, aiding the selection and breeding of clubroot-resistant Brassica species
[19].

5. Sources of Clubroot Resistance

Genetic resistance to clubroot has been identified in most Brassicaceae species, suggesting
potential sources for the development of durable resistance [85]. This genetic diversity reduces the
risk of pathogen resistance breakdown and ensures sustainability of crop production, particularly in
regions heavily affected by this disease [18,61]). Efforts to use wide crosses for breeding Brassica have
been ongoing for several decades. The transfer of clubroot resistance (CR) across different species
and genera has been explored using various breeding techniques, including distant hybridization,
genetic mapping, and the use of molecular markers. Through these efforts, the genetic diversity of
clubroot resistance can be expanded beyond the usual barriers of species and genera, thereby
providing a broader basis for developing resistant cultivars. This cross-species and cross-genera
transfer remains a key strategy for managing clubroot disease across various cruciferous crops
globally.

5.1. Transfer of Clubroot Resistance Inside Triangle of U
5.1.1. Brassica Rapa

Brassica rapa (European Turnip) is known for its high level of resistance to clubroot, and serves
as a robust source of resistance genes that are utilized across other Brassica crops, including B. napus
and Brassica vegetables. The European clubroot differential set includes turnip accessions with high
resistance levels and serves as a key genetic resource for breeding resistant cultivars [19]. Resistance
in B. rapa is frequently characterized by race-specific, single-dominant R genes, in contrast to the more
continuous resistance profile observed in B. oleracea species. Thus, B. rapa is a promising source of
resistance genes for future breeding programs in the future [4,12,22,28,37,38,86-92]. Several major
clubroot resistance genes have been mapped, predominantly on chromosome A3, including CRa,
CRb, CRb, Kato, CRk and Crr3. The Crrl locus on chromosome A8 comprises two genes: Crrla and
Crrlb. Additional resistance loci include Crr2 on chromosome Al and Crr4 on chromosome A6. Rerl,
also referred to as Rpb1, has been mapped to chromosome A3, in proximity to CRa and CRb, and is
predicted to be a TIR-NBS-LRR-type resistance gene. Two CR genes were cloned from B. rapa, Crrla
and CRa, both of which encode TIR-NB-LRR proteins. Recent studies have identified additional
resistance loci including Rer2, Rer4, Rer8, and Rer9. Wild B. rapa accessions, particularly turnip types,
have been identified as a significant source of clubroot resistance genes [19,33,36,93].

Through interspecific hybridization and marker-assisted selection, the clubroot resistance locus
CRd from Chinese cabbage (B. rapa) was successfully transferred to canola (B. napus). The European
turnip cultivar ECD04, which is recognized for its robust clubroot resistance, has been used as a
source of resistance [18,49,61,66]. A clubroot R gene was also transferred from B. rapa Chinese cabbage
“Qulihuang” into B. napus “Topas” using marker-assisted selection [94]. Dominant resistance loci
such as Crrl and Crr2 have been identified in B. rapa and mapped to distinct chromosomes. These
loci are complementary, ensuring stronger resistance when both loci are present [91]. Crrl and Crr2
from B. rapa have been transferred to B. oleracea using interspecific hybridization and embryo rescue
techniques [95]. The transfer of CR genes from B. rapa to cabbage provides strong evidence that
homoeologous exchange facilitates this transfer, and validates the effectiveness of the resulting
resistant cabbage lines, offering valuable materials and insights for future clubroot breeding
programs [90]. Three clubroot resistance genes (CRa, CRb, and Pb8.1) have been successfully
transferred from B. rapa to B. oleracea, providing a crucial germplasm for breeding clubroot-resistant
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vegetable crops [38,96]. This approach is partly required because resistant F1 hybrids are generated
only when one of the inbred parents carries dominant resistance. Furthermore, B. rapa has been
extensively studied for its clubroot resistance and numerous QTLs have been identified. The CRa
gene in B. rapa, which is characterized by clubroot resistance, is an example of the targeting and
utilization of specific resistance genes in breeding programs [12]. A significant milestone was the
creation of resynthesized B. napus by crossing B. rapa and B. oleracea, which has been used to introduce
diverse traits including clubroot resistance [52,97]. A clubroot resistance gene, which is believed to
be present in the A genome of B. rapa, has also been transferred from B. napus to B. oleracea [98].

5.1.2. Brassica Oleracea

The C genome of B. oleracea with varying levels of clubroot resistance can exploit these genetic
variations and integrate genomic insights into intercrosses and traditional breeding techniques, to
achieve successful disease management. [53,96,99]. Evaluation of the B. oleracea germplasm has
identified new sources of resistance, particularly in European kale and cabbage varieties. In contrast
to the single dominant genes found in the A genome, clubroot resistance in the C genome is usually
controlled by several quantitative trait loci (QTLs) and exhibits continuous resistance profiles
[14,22,100-102]. Numerous clubroot resistance (CR) genes and QTLs are present in B. oleracea, with
QTLs mapped to chromosomes C2, C3, C5, C7, and C9, conferring resistance to various pathotypes
[28,96,103]. For instance, significant QTLs such as qCRc7-2, qCRc7-3, and qCRc7-4 have been
identified on chromosome CO07 of B. oleracea. These QTLs contribute significantly to resistance against
specific pathotypes of clubroot, and candidate genes associated with these loci show differential
expression upon pathogen challenge, suggesting their vital role in conferring resistance [100]. Karim
and Yu (2023) identified major and minor QTLs across multiple chromosomes, including prominent
loci such as Rer_C03-1 and Rer_C08-1, which together explain the substantial phenotypic variance in
resistance to multiple pathotypes of the pathogen [101]. Functional analysis of specific QTLs, such as
BolC.Pb9.1, identified in a wild B. oleracea relative, revealed key genes, such as BOUGT76C2, involved
in clubroot resistance. This highlights the importance of integrating wild genotypes to improve the
resistance of cultivated B. oleracea to clubroot [92]. Crs1, a resistance gene derived from R. sativus, was
also associated with the C genome. Wild relatives of B. oleracea, such as B. macrocarpa, have shown
promise for identifying novel resistance genes. Several studies have identified and utilized
quantitative trait loci (QTLs) for clubroot resistance in B. oleracea, which serves as a basis for breeding
programs aimed at introducing these resistances into other Brassica species.[14,26,90,92,101,104,105].

Efforts to utilize the resistance found in B. oleracea have occasionally resulted in resistance being
overcome by more virulent races [4,15,106,107]. Despite this, seed companies do not breed recessive
forms of resistance because this requires resistance alleles to be present in both inbred parents used
for F1 hybrid production. The C genome of B. oleracea with varying levels of clubroot resistance can
exploit these genetic variations and integrate genomic insights into intercrosses and traditional
breeding techniques to achieve successful disease management [53,96,99].

5.1.3. Brassica Nigra and Related Genera

The B genome of B. nigra has significantly fewer clubroot resistance genes than the A and C
genomes [108]. The presence of pathotype-specific resistance in B. nigra provides a strategic
advantage for broadening the genetic base of resistance in commercial cultivars, potentially
enhancing resilience against diverse pathotypes encountered in agricultural settings [73-77].

The first dominant clubroot resistance gene in the B genome, Rcr6, was identified and mapped
to a region homologous to chromosome A08 in the A genome of B. rapa. Rcr6 can potentially be
integrated into B. napus using marker-assisted selection technology, with SNP markers tightly linked
to Rer6 developed during the screening process [89,108,109]. However, the potential susceptibility of
its hybrids indicates challenges in directly transferring CR resistance. According to Hasan et al.
(2021), amphidiploids such as B. juncea (AABB) and B. carinata (BBCC), with the B genome
incorporated from B. nigra, were found to be completely susceptible to clubroot [110]. Therefore,
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although B. nigra shows promise as a source of resistance, its utilization in CR breeding requires
further exploration and innovative breeding strategies to overcome the limitations observed in the
hybrids [4,109].

5.1.4. Brassica Juncea

The development of clubroot-resistant Brassica juncea through interspecific crosses primarily
involves the utilization of distant hybridization and embryo rescue techniques in various Brassica
species. Although B. juncea traditionally lacks inherent resistance to clubroot, efforts have been made
to introduce resistance genes from other Brassica species into B. juncea. Resistance in B. juncea is
achieved by crossing it with other species such as B. rapa, which carries dominant resistance genes.
Mapping studies have identified resistance loci across Brassica genomes that confer resistance to P.
brassicae pathotypes [19,83].

5.1.5. Resynthesis of Brassica Species for Clubroot Resistance

The resynthesis of Brassica species significantly contributes to the development of durable
clubroot resistance by expanding the genetic diversity, combining multiple sources of resistance, and
facilitating the creation of novel genetic combinations. A significant milestone was the creation of
resynthesized B. napus by crossing B. rapa and B. oleracea, which has been used to introduce diverse
traits including clubroot resistance [52,97]. This approach provides breeders with valuable tools for
developing cultivars with more robust and potentially longer-lasting resistance to clubroot diseases
[61,66,111-114]. The primary aim was to incorporate resistance traits from different Brassica
germplasms and related species into widely grown cultivars such as canola (B. napus). This involves
identification and mapping of quantitative trait loci (QTLs) responsible for clubroot resistance across
various species. For instance, a study of B. napus identified two major QTLs and several minor QTLs
using associative transcriptomics. These loci are potential targets for breeding programs aimed at
combining multiple resistance genes into new cultivars [18]. Both clubroot resistance (CR) sources
were less efficient in the B. napus background than in the original parent. In particular, CR from B.
oleracea appears to be strongly diluted, indicating the presence of epistatic factors in the B. rapa
genome [19,22,32,97,115].

5.2. Transfer of Clubroot Resistance Outside Triangle of U
5.2.1. Raphanus Sativus

The radish (Raphanus sativus) has the potential to confer clubroot resistance when hybridized
with Brassica spp. The introduction of resistance genes from R. sativus into Brassica species is
considered a viable strategy for improving disease resistance [70,116-119]. Several radish accessions
exhibit high resistance to clubroot disease, cover a wide range of horticultural traits, and have the
potential to serve as novel sources of resistance genes for breeding programs [103]. Systematic
evaluations have identified accessions showing strong resistance to clubroot, enriching the genetic
diversity of resistance genes available in the radish gene pool, and indicating their utility in breeding
programs aimed at enhancing resistance in Brassica crops [27]. Another significant approach involves
the development of a synthetic allotetraploid, Brassicoraphanus (RRCC, 2n = 36), derived from a cross
between R. sativus and B. oleracea. The creation of Raphanobrassica, an intergeneric hybrid of Raphanus
and Brassica, has opened new avenues for trait introgression in these crops [4,20,22,49,118,120]. This
allotetraploid demonstrated resistance to multiple strains of clubroot pathogens. Interspecific
hybridization efforts have also highlighted the potential of radish to transfer its resistance traits to B.
napus (canola), illustrating its high potential for genetic exchange and improvement via distant
hybridization approaches, by ensuring successful chromosome pairing and recombination [49].
Research on F1 hybrids derived from crosses between Brassicoraphanus and B. napus has revealed a
substantial degree of chromosomal recombination between the genomes of these plant species,
suggesting promising potential for incorporating resistance traits into B. napus. Development of B.
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napus-R. sativus monosomic alien addition lines (MAALs) have facilitated the investigation and
potential transfer of clubroot resistance genes. Additionally, backcrossed progenies have
demonstrated clubroot resistance, offering a genetic resource for breeding resistant cultivars of B.
napus [22,49,81]. Overall, the identified resistant radish accessions and associated QTLs enriched the
genetic resources available for clubroot resistance breeding, making radish a valuable contributor to
the development of resistant cultivars in cruciferous crops. These loci are important for
understanding resistance mechanisms, and serve as targets for marker-assisted selection in breeding
programs. For example, a CR locus, distinguished as Crsl1, has been identified in the radish genome
with genetic markers showing sequence homology to similar regions in Arabidopsis thaliana and B.
rapa [103]. Notably, a high-density genetic linkage map has helped identify several QTLs responsible
for resistance, which can be leveraged for breeding clubroot-resistant varieties of radish as well as
other cruciferous crops [81].

5.2.2. Other Cruciferous Species

To date, no substantial study has specifically targeted non-Brassica and non-Raphanus
cruciferous species for clubroot resistance. Further research on cruciferous plants may reveal
unexplored resources. Ongoing research and screening of wild relatives and less common species
within the Cruciferae family are crucial for expanding the genetic basis of resistance breeding. A
collection of species within the Cruciferae family, including B.juncea, Chinese cabbage, radishes, and
kales, has been evaluated and used in hybridization efforts to confer clubroot resistance to B. napus
(Liu et al., 2018). This endeavor could uncover novel resistance genes that could be utilized in
breeding programs to develop robust disease-resistant cultivars. The model organism study of
Arabidopsis thaliana shares several commonalities with clubroot resistance, particularly concerning
research and genetic insights, despite not being commercially significant for breeding programs [121].
For example, specific genes in A. thaliana have been shown to play a role in clubroot resistance.
Resistance to the P. brassicae (RPB1) gene, which is essential for clubroot resistance in Arabidopsis, has
been reported by Ochoa et al., 2023 [122]. The absence of a functional RPB1 gene in certain A. thaliana
accessions results in susceptibility to P. brassicae, highlighting its critical role in defence mechanisms.
This study also identified a broad-spectrum clubroot resistance gene isolated from Arabidopsis
[122,123]. Recent studies have explored the genetic and physiological responses of A. thaliana to
clubroot infection. For example, the role of SnRK1.1-mediated resistance and the effect of trehalose
metabolism on partial resistance have been evaluated, providing insights into how A. thaliana
responds to P. brassicae infection at the molecular level [124,125]

6. Perspectives and Future Directions
6.1. Integrating Multiple Clubroot Resistance

Integrating multiple clubroot resistance (CR) genes from various sources into intercrosses is an
effective strategy to enhance resistance against diverse races of P. brassicae. Research using associative
transcriptomics in B. napus has identified several major and minor loci associated with clubroot
resistance that are suitable for the integration of clubroot genes and broadening of the genetic base.
These findings facilitate pyramiding of resistance genes by combining multiple loci to create new
varieties with enhanced resistance [18]. Detailed mapping of CR loci, such as CRb in B. rapa, has
revealed their position alongside other closely linked CR genes CRa and CR [93]. This highlights the
possibility of stacking of these genes in breeding programs to develop robust resistance [92,126].
Additionally, comparative studies characterizing QTLs for clubroot resistance across B. rapa and B.
oleracea may facilitate the transfer and integration of resistance genes across Brassica species. This
approach enables breeders to exploit existing resistance from a wider genetic pool [96]. The
exploration of a broader genetic base for intercrosses is becoming increasingly feasible with the
advent of advanced genomic tools such as quantitative trait loci sequencing (QTL-Seq) and bulked
segregant analysis. These methodologies are instrumental in identifying and integrating additional
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CR resistance genes, thereby enhancing the efficacy of intercrosses and facilitating the development
of cultivars with comprehensive resistance profiles [88].

6.2. Employing Advanced Technologies

Employing advanced technologies, such as CRISPR/Cas9, for precise gene editing may
accelerate breeding by rapidly introducing clubroot resistance through interspecific and intergeneric
hybridization and reducing the development time for new resistant cultivars [127]. CRISPR/Cas9-
based vector systems are powerful tools for breeding crops with enhanced clubroot resistance,
through interspecific and intergeneric crosses. CRISPR/Cas9 enables precise modifications at specific
genomic sites to introduce resistance traits against clubroot disease, which is crucial for integrating
resistance genes into the desired species [128-131]. This system can be used to develop selection-
marker-free plants, avoid traditional transgenesis issues, and facilitate regulatory approval of
genetically edited plants [132]. CRISPR/Cas9’s high specificity minimizes off-target effects, while
enabling the stacking of resistance traits across species, making it feasible to integrate resistance
mechanisms into crop genomes [133].

6.3. Exploration of Genetic Resources

Exploration of genetic resources in cruciferous species beyond Brassica and Raphanus presents
an opportunity to integrate multiple CR resistance genes to improve the durability and spectrum of
resistance against clubroot in Brassica crops through strategic intercrossing. Genetic resistance studies
have generally focused on Brassica species; however, examining other cruciferous species offers the
potential to discover novel resistance genes and mechanisms. Advanced genomic tools, such as
quantitative trait loci sequencing (QTL-Seq) and bulked segregant analysis (BSA), enable researchers
to identify and integrate valuable traits such as clubroot resistance (CR) genes from a wider range of
cruciferous species. By expanding the genetic pool and leveraging advanced genomic tools,
researchers can potentially develop cultivars with enhanced resistance profiles and other desirable
traits that can contribute to the overall improvement of cruciferous crops [88].

6.4. High-Density Genetic Linkage Maps

A critical approach involves creating high-density genetic linkage maps and conducting QTL
analyses similar to those applied to map resistance in radish [81]. Synteny analysis using model
organisms such as A. thaliana could also provide insights into conserved genetic mechanisms across
diverse cruciferous species [12]. Utilizing associative transcriptomics, such as that of Brassica napus,
could aid in identifying candidate genes linked to resistance traits in other cruciferous plants [18].

6.5. Advanced Genomic Technologies

Moreover, employing advanced genomic technologies, such as next-generation sequencing and
genome-wide association studies (GWAS), will facilitate the discovery of novel resistance genes and
inform marker-assisted breeding programs aimed at developing clubroot-resistant cultivars
[35,127,134]. These efforts will mark a significant step toward improving the agricultural
sustainability and productivity of cruciferous crop species globally.

7. Implications for Breeding Programs:

1. Interspecific and intergeneric hybridization allows for the broadening of the genetic base,
which is essential for developing resistance to clubroot. The addition of genetic material from
related species or genera can introduce novel alleles for resilience against diseases and enhance
breeding programs [49]. The most promising types of clubroot resistance in Brassica species for
intercrosses are those that employ a combination of genetic and molecular approaches to
address the challenges posed by various pathotypes of P. brassicae. The key strategies that
show promise are as follows.
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2. Combining resistance traits: By integrating resistance traits from multiple species,
hybridization can lead to the development of cultivars with enhanced and durable resistance
to various pathotypes of P. brassicae [20].

3. Combination of dominant resistance loci: The use of multiple resistance loci such as those on
different chromosomes can lead to durable resistance. For example, integration of several
resistance loci (such as Crr and CR) through marker-assisted breeding offers a robust approach
for Chinese cabbage [37].

4. Production of synthetic hybrids: Synthetic amphidiploids and other types of hybrids provide
valuable platforms for breeding programs. For example, synthetic hybrids enable the transfer
of resistance genes across species barriers, which is vital for developing resistant varieties [61].

5. Quantitative trait locus (QTL) mapping: Identification and mapping of QTLs associated with
resistance can facilitate the breeding of resistant varieties. Genomic regions, such as the novel
CRs locus on chromosome A08, have been identified in B. napus and B. rapa, providing new
avenues for breeding resistant cultivars [83,84].

6. Utilization of European Fodder Turnips: Resistance genes from European fodder turnips that
exhibit broad-spectrum resistance have been introduced into susceptible Brassica lines. For
example, CRa gene confers specific resistance to B. rapa and has been characterized using
molecular techniques [12].

7. Diverse genetic backgrounds: Screening of diverse Brassica germplasms revealed pathotype-
specific resistance, which is crucial for identifying different strains of P. brassicae. For instance,
B. oleracea has shown promising QTLs associated with resistance to pathotypes sourced from
both its acephala and capitata varieties [14,83].

8.  Associative transcriptomics: This approach involves a combination of genome-wide
association studies (GWAS) and gene expression data to identify resistance genes. In B. napus,
Two major loci that control resistance have been identified in B. napus, providing essential
information for marker-assisted breeding [18].

9. CRISPR/Cas9: The proposed use of CRISPR/Cas9 gene editing technology is a forward-
thinking technique. This tool offers unparalleled precision in genome modification, allowing
for the rapid introduction of resistance traits with minimal off-target effects and potentially
avoiding complex regulatory hurdles associated with traditional GMOs. This technique
overcomes sexual incompatibility and creates hybrids for transferring desired traits such as
clubroot resistance.

By integrating these resistance strategies with interspecific or intergeneric hybridization,
breeders can develop Brassica cultivars with enhanced durability and adaptability to various P.
brassicae pathotypes, thereby ensuring a sustained crop yield and economic viability.
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