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Abstract 

Clubroot (Plasmodiophora brassicae) is an important disease of canola/rapeseed 

(Brassica napus) and other crucifers. In this study, resistance loci/genes effective against P. 

brassicae pathotypes 2B, 3A, 3D, 3H, 5C, 5X and 8J were identified and mapped via 

genotyping-by-sequencing, QTL analysis, conventional linkage mapping, and by exploring the 

effect of individual genes on quantitative traits in combination with marker and trait data. Four of 

34 B. napus accessions, CGN06902, CGN17369, AAFC695, and CN46235, were resistant to 

pathotypes 3A, 2B, and 3D, while 16 B. rapa families did not show any resistance. The resistant 

accession AAFC695, B. napus ‘Mendel’ (resistant to 13 of 17 pathotypes identified on the 

Canadian Clubroot Differential set), and B. rapa line ECD02 (resistant to all 17 pathotypes) were 

used to map resistance genes by developing a BC1S1 population based on ECD02 and doubled 

haploid (DH) populations based on ‘AAFC695’ and ‘Mendel’. A single QTL Rcr9ECD02 was 

identified on chromosome A08 of ECD02 using 93 BC1S1 lines; this QTL conferred resistance to 

pathotypes 3A, 3D, 3H, and 5X, accounting for 68.9-74.4% phenotypic variation explained 

(PVE). Bulked segregant and KASP analysis confirmed the QTL.  In ‘AAFC695’, a QTL 

Rcr9AAFC695 was identified on chromosome A08 using 102 DH lines; Rcr9AAFC695 explained 92.6-

95.0% PVE in response to pathotypes 3A, 3D, 3H, and 5X, with LOD values of 60.3 to 70.8. In 

‘Mendel’, the QTL Rcr3Mendel was mapped on chromosome A08 using 137 DH lines; this was a 

major locus explaining 88-90% PVE for resistance to pathotypes 3D, 5C, and 8J, with an 

additive effect of 47.2-47.3%. Testing of 60 lines from this population against pathotype 3H 

indicated that Rcr3Mendel is the Rcr3 locus, but that it also bestows resistance to pathotypes 3D, 

5C, and 8J. The identification of TIR_NBS_LRR (TNL) genes (via analysis of gene annotation 

with Blast2GO and gene ontology information) in the QTL regions of the three populations 
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confirmed that the identified QTL Rcr9ECD02, Rcr9AAFC695 and Rcr3Mendel are different from each 

other, and distinct from Rcr9. The CR loci/genes identified in this study will enrich the 

repository of resistance genes available to protect canola/rapeseed from clubroot disease. 
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Chapter 1. Introduction and literature review 

 

1. 1 General introduction 

The Brassicas include many economically important oilseed and vegetable crops (Dixon 

2009).  Historically, six Brassica species (Morinaga 1934; cited by Raymer et al. 2002) have 

been cultivated in different parts of the world as oilseeds, forages, condiments, or vegetables. 

These include Brassica juncea L. (Indian or brown mustard), B. carinata L. (Abyssinian or 

Ethiopian mustard), B. napus L. (Swede rape or oilseed rape), B. nigra L. (black mustard), B. 

rapa L. (turnip rape, turnip, Chinese cabbage) and B. oleracea L. (cabbage, cauliflower, 

broccoli, kale, Brussel sprouts, etc.). The vegetable Brassicas provide significant health benefits, 

helping to reduce the risk of cancer, heart disease, and strokes (Manchali et al. 2012). Similarly, 

the oil extracted from oilseed Brassicas is one of the major sources of “heart-healthy” 

unsaturated fatty acids, while saturated fatty acids from these species are useful for industrial 

applications (Dixon 2007). Brassica napus (oilseed rape or canola) is one of the major oil-

producing species and represents the second most widely grown edible oil crop in the world after 

soybean (Kupiec et. al. 2020; USDA 2020). 

Factors that can limit canola yield and quality include diseases and insects, as well as 

abiotic factors associated with environmental conditions or crop management practices (Canola 

Council of Canada 2019). Clubroot, a damaging soilborne disease of crucifers caused by the 

obligate parasite Plasmodiophora brassicae Wor., occurs in most of the Brassica-growing 

regions worldwide (Dixon 2009), and is a major concern for canola production in Canada; this 

crop contributes an estimated $15.4 billion annually to the national economy (Rempel et al. 

2014; Canola Council of Canada 2020). Infection by the clubroot pathogen can result in yield 
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losses of 30%–100% under conditions favorable for the disease (Strelkov et al. 2007; Tewari et 

al. 2005). Since the first identification of clubroot on canola in the Canadian Prairies in 2003, the 

disease has spread rapidly, with more than 3,300 field infestations confirmed in Alberta by 2019 

(Strelkov et al. 2020). Clubroot is also a concern for canola production across the rest of the 

Canadian Prairies (Cao et al. 2009; Dokken-Bouchard et al. 2010; Hollman et al. 2021; Strelkov 

et al. 2012) and the Northern Great Plains of the United States (Chapara et al. 2019; Chittem et 

al. 2014). 

The life cycle of P. brassicae and related species includes the production of zoospores, 

multinucleate plasmodia, and long-lived resting spores (Braselton 1995). In addition to B. napus, 

P. brassicae can attack many other hosts in the Brassicaceae family (Karling 1968; cited by 

Dixon 2009).  Infection by P. brassicae is associated with the abnormal swelling of the host root 

tissue, which is a characteristic symptom of clubroot and results in the formation of large root 

galls.  Severe clubbing of the roots inhibits water and nutrient uptake from the soil, leading to 

stunting, wilting, and premature death of infected plants (Strelkov et al. 2007). The resting spores 

are the primary inoculum of P. brassicae. Under high moisture conditions, the resting spores 

germinate to produce primary zoospores, with germination rates enhanced by the presence of 

root exudates (Rashid et al. 2013). The motile zoospores attach to and encyst on the root hairs, 

then penetrate to form a primary plasmodium inside the root hair (Kageyama and Asano 2009). 

The primary plasmodia mature to produce and release secondary zoospores, which penetrate the 

root cortical tissues to produce secondary plasmodia. Secondary infection and the physiological 

and morphological changes associated with this process result in the development of 

characteristic galling of the roots (Dixon et al. 2013). Eventually, the secondary plasmodia 

cleave into a new generation of resting spores, which are released back into the soil as the 
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clubbed roots decompose (Moxham et al. 1983). These spores can survive in the soil for many 

years (Gossen et al. 2014; Hwang et al. 2019; Karling 1968; Peng et al. 2014; Strelkov et al. 

2007; Wallenhammar 1996), and act as an inoculum source to infect the next available crop.  

The management of clubroot is a challenge for successful canola/Brassica production in 

Canada and worldwide (Dixon and Tilston 2010; Peng et al. 2011; Strelkov et al. 2006). The 

resilient structure of the resting spores protects them from unfavorable environmental conditions 

and helps P. brassicae to survive in the soil for up to 17 years (Wallenhammar 1996). This 

longevity means that once a field becomes infested with P. brassicae, it is difficult to eradicate 

the pathogen. Moreover, the cultivation of canola in the same field year after year results in 

increases in inoculum levels. Many cultural practices, including sanitation, eradication of 

alternative hosts, the use of bait crops, crop rotation, avoiding compacted soils, application of 

lime, and soil solarization, have been evaluated for the management of clubroot (Ahmed et al. 

2011; Donald and Porter 2014; Gossen et al. 2012; Hwang et al. 2014; McDonald et al. 2004; 

Murakami et al. 2002; Tremblay et al. 2005; Webster and Dixon 1991). The adoption of many of 

these practices, however, is constrained by either logistical or financial concerns (Gossen et al. 

2013; Strelkov et al. 2012). Similarly, the use of synthetic pesticides, including fungicides and 

fumigants, although potentially effective, is prohibitively expensive, or associated with 

environmental and/or health concerns (Hwang et al. 2014; Liao et al. 2021). In this context, the 

deployment of CR canola cultivars has emerged as the most important and widely used clubroot 

management strategy (Peng et al. 2014; Rahman et al. 2014; Strelkov et al. 2016). 

Clubroot-resistant canola cultivars were first introduced to Canada in 2009 and 2010, and 

until 2013 were highly effective against all pathotypes of P. brassicae reported from this country 

(Strelkov et al. 2016). However, novel strains of P. brassicae that could overcome the resistance 
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in CR canola cultivars were identified in two fields in central Alberta in 2013 (Strelkov et al. 

2016). Since then, resistance-breaking strains of the pathogen have been found in hundreds of 

fields across Alberta and at least one field in Manitoba (Hollman et al. 2021; Strelkov et al. 

2018; Strelkov et al. 2020). These strains include many new virulence phenotypes not detected 

before 2013, and the need to classify their reaction into pathotypes based on the host reactions 

led to the development of the Canadian Clubroot Differential (CCD) set (Strelkov et al. 2018).  

To date, 36 distinct pathotypes have been identified from Canadian collections of P. brassicae, 

19 of which can overcome the resistance in most/all CR canola cultivars (Askarian et al. 2021; 

Hollman et al. 2021). Pathotype 3A is most common among these new pathotypes, followed by 

pathotype 3D (Hollman et al. 2021). Pathotype 3H, which was predominant before the 

introduction of the resistance trait, is also still commonly found (Hollman et al. 2021; Strelkov et 

al. 2018). Unlike pathotypes 3A and 3D, pathotype 3H is effectively controlled by the resistance 

in all CR canola cultivars on the Canadian market. 

Given the emergence of new, highly virulent pathotypes of P. brassicae, the development 

of canola with durable resistance via the pyramiding of resistance genes could be important for 

clubroot management (Rahman et al. 2014; Yu et al. 2016). The pyramiding of multiple R-genes 

in combination with genes with a minor effect (Ellis et al. 2014; Fukuoka et al. 2015) could 

increase the durability of resistance (Li 2016; Pilet-Nayel et al. 2017). Similarly, the rotation of 

R-genes may also be helpful in clubroot management, as this strategy has been effective for the 

control blackleg of canola/oilseed rape in France and Australia (Cornelsen et al. 2021). The 

identification and mapping of CR genes is a prerequisite for the pyramiding of more than one 

gene in elite commercial canola cultivars, as well as for the rotation of R-genes in canola 
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cropping systems. Most of the Brassicas serve as good sources of CR genes, except B. juncea 

and B. carinata (Deora et al. 2013). 

Brassica rapa is an important source of clubroot resistance (Buczacki et al. 1975; 

Hatakeyama et al. 2017). In this species, several CR loci/genes have been mapped, including 

Crr1, CRs, Rcr9, Rcr3, and Rcr9wa on chromosome A08, Crr2 on A01, Crr4 on A06 (Karim et 

al. 2020; Laila et al. 2019; Suwabe et al. 2003; Suwabe et al. 2006; Yu et al. 2017), CRa, CRb, 

CRd, CRbkato, Rcr1, RCr2, Rcr4, Rcr5, Crr3, CRk, PbBa3.1 and PbBa3.3 on A03 (Chu et al. 

2014; Hirai et al. 2004; Huang et al. 2019; Huang et al. 2017; Matsumoto et al. 1998; Pang et al. 

2018; Piao et al. 2004; Saito et al. 2006; Sakamoto et al. 2008; Yu et al. 2016), and CRc and 

Rcr8 on chromosome A02 (Sakamoto et al. 2008; Yu et al. 2017) 

In addition, at least 22 quantitative trait loci (QTL) (Pb-Bn1, Pb-Bn2, PbBn-01:60-1, PbBn-

01:60-2, PbBn-01:60-3, PbBn-01:60-4, PbBn-01:07-1, PbBn-01:07-2, PbBn-01:07-3, PbBn-

e4x04-1, PbBn-a-1, PbBn-l-1, PbBn-l-2, PbBn-k-1, PbBn-k-2, PbBn-k-3, PbBn-Korp-1, PbBn-

Korp-2, PbBn-Korp-3, PbBn-Korp-4, and PbBn-Korp-5) involved in clubroot resistance have 

been identified in B. napus (Hejna et al. 2019; Piao et al. 2009), along with the major CR locus 

Pb-Bn1 (Manzanares-Dauleux et al. 2000). Nineteen QTL conferring resistance to seven isolates 

of P. brassicae were also detected on eight chromosomes of B. napus (Werner et al. 2008), 

among which four corresponded to the B. rapa genes CRa, CRb, CRk and Crr3 and are located 

on chromosome A03 (Fredua-Agyeman & Rahman 2016; Piao et al. 2004; Piao et al. 2009; 

Zhang et al. 2016). 

Major gene resistance has been identified only rarely in B. oleracea. Instead, resistance in 

this host is controlled by QTL (Laurens and Thomas 1993; Voorrips and Kanne 1997; 

Yoshikawa 1993), with a minor effect of two or more genes in the QTL (Landry et al. 1992; 
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Nomura et al. 2005; Pang et al. 2018; Rocherieux et al. 2004; Tomita et al. 2013; Voorrips and 

Kanne 1997). More than 37 QTL (CR2a, CR2, pb-3, pb-4, QTL1, QTL3, QTL9, Pb-Bo1, Pb-Bo2, 

Pb-Bo3, Pb-Bo4, Pb-Bo5a, Pb-Bo5b, Pb-Bo8, Pb-Bo9a, Pb-Bo9b, PbBo1, Pb-Bo (Anju) 1, Pb-

Bo (Anju)2, Pb-Bo (Anju)3, Pb-Bo (Anju)4, CRQTL-YC, CRQTL-GN_1, CRQTL-GN_2, DIC.I-1, 

DIC.II-1, Rcr7, PbC4.1, PbC6, PbC7.1, PbC7.2, PbC8, PbC9.1, PbC3, PbC4.2, PbC7.3, 

PbC9.2) have been reported from B. oleracea (Dakouri et al. 2018; Farid et al. 2020; Lee et al. 

2016; Nagaoka et al. 2010; Pang et al. 2018; Piao et al. 2009), which confer different degrees of 

clubroot resistance. 

Molecular markers are widely used genetic tags to identify resistance genes as well as QTL. 

Initially, first-generation molecular markers, like restriction fragment length polymorphism 

(RFLP) (Landry et al. 1992), random amplified polymorphic DNA (RAPD) (Grandclément and 

Thomas 1996), amplified fragment length polymorphisms (AFLP) (Voorrips and Kanne 1997), 

and simple sequence repeats (SSR) (Kuginuki et al. 1999; Suwabe et al. 2006), were used to map 

CR genes. More recently, single nucleotide polymorphism (SNP) markers have been used in 

studies of genetic variation, genetic map construction, population structure analysis, association 

studies, map-based gene cloning, and other plant breeding applications (Rousseau-Gueutin et al. 

2020; Dakouri et al. 2018; Song et al. 2020; Wang et al. 2020; Rajendran et al. 2022) . SNP 

markers are highly polymorphic and abundant throughout the genome, and SNP discovery with a 

reference genome is one of the most common high-throughput applications of next-generation 

sequencing (NGS) (Kumar et al. 2012). 

Genotyping-by-sequencing (GBS) is one of the most promising NGS tools. It is used to 

provide rapid, inexpensive identification of SNP variants in many crops including Brassica 

species (Yu et al. 2017). It is also a very powerful tool for mapping a single gene responsible for 
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a specific trait, using high-density markers in the population of interest (Song et al. 2020; Wang 

et al. 2020; Rajendran et al. 2022 ). In GBS analyses, the extracted DNA is treated with 

restriction enzymes (REs). The REs cut the DNA into small pieces, which are ligated with 

barcode adapters and amplified. The amplified DNA fragments are sequenced through a high-

throughput DNA sequencer and the data obtained are analyzed statistically and aligned to a 

reference genome to find variants (often SNPs). Illumina Hiseq  and Ion torrent (Ion proton) 

sequencers are widely used NGS tools for GBS (Song et al. 2020; Mundada et al. 2022; Abed et 

al. 2022) and can be used to identify tens of thousands to hundreds of thousands of SNPs (Elshire 

et al. 2011). In addition to Illumina Hiseq 2000 and Ion torrent sequencing, other more powerful, 

long read (10,000 to 100,000 base pairs long) sequencing technologies (also called third-

generation sequencing technologies), like Oxford Nanopore and PacBio Single-Molecule Real-

Time (SMRT) sequencing, have been used to examine the genetic properties of many species 

with a complex genome structure. These long reads can span the repetitive region of a complex 

genome with a single continuous read (Istace et al. 2017), eliminating the complexities of the 

repetitive region (Rousseau-Gueutin et al. 2020) of the genome. 

NGS technologies have been widely used to construct reference genomes for important crop 

species (Belanger et al. 2016;Rousseau-Gueutin et al. 2020; Song et al. 2020), including 

Arabidopsis thaliana (Schranz and Mitchell-Olds 2006), and almost all of the updated and 

published reference genomes for B. rapa, B. oleracea, B. nigra, B. juncea and B. napus (Bayer et 

al. 2017; Cai et al. 2017; Chalhoub et al. 2014; Liu et al. 2014; Parkin et al. 2014; Rousseau-

Gueutin et al. 2020; Song et al. 2020; Song et al. 2021; Wang et al. 2011; Yang et al. 2016; 

Zhang et al. 2020). These reference genomes are crucial for identifying and mapping resistance 

genes (Delourme et al. 2018). 
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Genotyping-by-sequencing is highly specific, reproducible, and applicable to species with 

large, complex genomes (e.g., Brassica species with polyploid genomes), enabling the 

simultaneous identification and genotyping of SNPs (Song et al. 2020; Wang et al. 2020; 

Rajendran et al. 2022). The construction of high-resolution genetic maps (Mammadov et al. 

2012) is also an important application of the technology, which could be used to identify linkage 

disequilibrium (LD) between loci and identify candidate genes through genome-wide association 

studies (GWAS) (Varshney et al. 2014). 

GBS can help to detect SNPs by comparison with reference genomes, and so can help to 

identify and map clubroot resistance genes in Brassica species quickly and precisely. In clubroot 

research, GBS has been successfully used to identify and map many CR major genes and QTL 

(Laperche et al. 2017; Lee et al. 2016; Pang et al. 2018; Yu et al. 2016; Yu et al. 2017), helping 

to accelerate the development of CR cultivars through the enrichment of clubroot-resistant 

germplasm. 

Canola (Brassica napus L.) is oilseed rape for human consumption and livestock feed, and 

contains with < 2% erucic acid in its oil profile and < 30 μmol glucosinolates per g of air-dried, 

oil-free meal. It is one of the most important edible oil crops worldwide, was originally derived 

from rapeseed (B. napus) through classical breeding. Erucic acid was eliminated from its oil 

profile, while glucosinolates were eliminated from the meal (the material remaining following 

extraction of the oil). Erucic acid was not of concern when rapeseed oil was used as an industrial 

lubricant, but is highly undesirable for human consumption because of its harmful effects on 

health (Bell 1982; Khachatourians et al. 2001). Similarly, glucosinolates in the meal, which is 

used as livestock feed, are harmful to animal health (Bell 1982; Khachatourians et al. 2001). 
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Today, canola is widely grown in Canada and across the world for its high-quality edible oil and 

low glucosinolate content meal. 

This chapter reviews the development of canola, its importance to the Canadian economy, 

challenges in canola production, the application of NGS technologies to overcome these 

challenges, and the identification and mapping of disease resistance genes with an emphasis on 

clubroot. 

1.2. Literature Review 

1.2.1. The Brassica genus and Triangle of U 

Brassica is a genus in the family Brassicaceae (previously known as the Cruciferae) 

(Cheng et al. 2014; Warwick et al. 2006). Brassica species are among the oldest cultivated plants 

and can be traced back to 5000 BCE in the archaeological record and 1500 BCE in the written 

record (Raymer 2002). Historically, crops in this genus were grown as oilseeds, forages, 

condiments, and vegetables. Three amphidiploid Brassica species evolved from the hybridization 

of diploid progenitors (U 1935) through natural hybridization and a subsequent doubling of 

diploid chromosomes. The Triangle of U (Figure 1.1.), first proposed in the early 20th century 

(Morinaga 1934; U 1935; cited by Raymer et al. 2002), illustrated the relationship of B. juncea, 

B. carinata and B. napus with their diploid progenitors, B. nigra, B. rapa  and B. oleracea. In 

this model, the amphidiploid species B. juncea (genome characterized as AABB, 2n = 36) 

resulted from the interspecific hybridization of two diploid species B. nigra (BB, 2n = 16) and B. 

rapa (AA, 2n = 20); B. carinata (BBCC, 2n = 34) resulted from the hybridization of B. nigra 

(BB, 2n = 16) and B. oleracea (CC, 2n = 18); and B. napus (AACC, 2n=38) resulted from the 

hybridization of B. rapa (AA, 2n = 20) and B. oleracea (CC, 2n = 18) (U 1935; Raymer 2002). 
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Among the amphidiploid species, B. napus is considered the most ancient, followed by B. juncea 

and B. carinata (U 1935). 

1.2.2. Major Brassica crops 

1.2.2.1. Brassica rapa (AA, 2n=20) 

The diploid species B. rapa originated in the Mediterranean region and gradually spread 

across Scandinavia, Germany, Central Europe, and eventually to Asia (Mizushima and Tsunoda 

1967; cited by Dixon 2007), especially Japan, China, and India. It is believed to be the first 

domesticated species of Brassica (Gómez-Campo and Prakash 1999). Different varieties or 

subspecies of B. rapa have been widely grown as vegetables and for oil production. Genetic 

diversity in B. rapa  is high, and efforts to broaden the genetic diversity in B. napus have 

included interspecific hybridization with and the exploitation of the genetic variability in B. rapa 

(Qian et al. 2006; Annisa et al. 2013)). In Canada, this species has been cultivated since the first 

half of the 20th century, when an immigrant farmer (Mr. Fred Solvoniuk) brought seeds of B. 

rapa from his native Poland to Saskatchewan (Bell 1982-). Many of the original canola-quality 

(low erucic acid and low glucosinolates) Brassica genotypes in Canada were B. rapa, and were 

often referred to as ‘Polish canola’ given the Polish origin of the original seed. 

1.2.2.2. Brassica oleracea (CC, 2n = 18) 

Brassica oleracea includes several economically important Brassica vegetables, such as 

broccoli, Brussels sprouts, cabbage, cauliflower, collards, kale, and kohlrabi. These vegetables 

are a good source of vitamins, proteins and carotenoids for human consumption. Kale and 

cabbage originated as early as 2000 BC and are believed to be the first cultivated crops of this 

species in Europe (Chiang et al. 1993), from which many leafy vegetables and heading cabbages 

have probably descended. The species was eventually introduced to Asia, where it gave rise to 
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Chinese kale (B. oleracea var. alboglabra) (Hervé 2003; Maggioni 2015). Cauliflower and 

broccoli are thought to have originated in the Mediterranean region (Branca 2008). The B. 

oleracea genome has experienced several rounds of whole-genome duplication followed by 

frequent gene shuffling and the loss of many genes. The genome is an estimated 630 Mb in size, 

with 45,758 protein-coding genes identified in an assembly providing 85% coverage of the 

whole genome (Guo et al. 2021). These included 5,107 retrotransposons and 8,527 DNA 

transposons that can produce variants through alternate splicing and intron skipping (Liu et al. 

2014; Guo et al. 2021). 

1.2.2.3. Brassica nigra (BB, 2n = 16) 

Brassica nigra is one of the progenitors of the amphidiploid species B. carinata and 

B. juncea. It is grown mainly as condiment mustard (black mustard), although it has largely been 

replaced for this purpose by B. juncea, because B. juncea produces higher yields than B. nigra of 

similar quality. It is believed that B. nigra originated in Europe and spread to Asia, especially 

India. In Canada, the species has largely been grown as an annual crop across Canada, from 

British Columbia to Newfoundland (Brouillet et al. 2010).  

The ‘B’ genome of B. nigra is an important resource for many agronomic qualities, fatty 

acid composition, and glucosinolate content in the seed meal (Chèvre et al. 1991; Struss et al. 

1991b), disease resistance (Zhu et al. 1993), and drought and heat tolerance. Therefore, 

researchers have introgressed useful genes from B. carinata or B. juncea, particularly related to 

disease resistance, by crossing with other cultivated Brassicas (Mei et al. 2022). Since the 

compatibility of the B-genome with the two other amphidiploid species is generally not a major 

issue, B. nigra is a valuable source of resistance traits. 
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1.2.2.4. Brassica juncea (AABB, 2n = 36) 

Brassica juncea is an amphidiploid species that arose by the interspecific hybridization of 

B. rapa (AA) and B. nigra (BB), followed by a spontaneous doubling of the chromosomes. The 

species has been cultivated in China from 4000 to 5000 BC and in India since 2300 BC (Yang et 

al. 2016). Many sub-varieties have been developed in this species to improve its vegetable and 

edible oil characteristics. In many parts of China, B. juncea is grown as a vegetable crop (Zhang 

et al. 2015). In India, Bangladesh, Pakistan, Nepal, western Egypt, central Asia, and southern and 

southeastern Russia, B. juncea has been mainly cultivated as a seed or oil crop (Kumar et al. 

2012; Wijesundera et al. 2008). In Canada, B. juncea has been cultivated as a mustard crop for 

many years because of its drought tolerance. Some canola-quality B. juncea cultivars also have 

been developed because of their tolerance to heat and drought, reduced pod shattering, and 

disease resistance (Burton et al. 2007; Potts et al. 2003). The crop is a complimentary oilseed 

crop to B. napus (canola) for cultivation in hot and low-rainfall areas, where canola production is 

difficult. The B. juncea genome has been sequenced and has an estimated size of 954.90 Mb 

(Yang et al. 2016).   

1.2.2.5. Brassica carinata (BBCC, 2n = 34) 

The cultivation of B. carinata began in Ethiopia around 4000 BCE and gradually spread to 

southern Europe and India (Prakash et al. 2012). Today, commercial cultivation is limited mainly 

to Ethiopia and the surrounding countries (Marillia et al. 2014; Seepaul et al. 2021). Nonetheless, 

B. carinata has been grown in Montana, North Dakota, and in southern parts of the United States 

such as Mississippi and Florida (Marillia et al. 2014). The crop was first cultivated in Canada in 

the mid-1980s, as a potential alternative to other oilseed crops (Getinet et al. 1997; Rakow and 

Getinet 1997). B. carinata is mostly self-pollinated, but cross-pollination at nearly 30% has been 
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reported in some cases (Cheung et al. 2015), likely associated with delayed anthesis. The seeds 

have about 48% oil content with a high erucic acid fraction in the oil profile, making B. carinata 

a good source of biofuels, plastics, and lubricants for industrial purposes (Velasco et al. 2003). 

The B-genome of B. carinata is a good source of resistance genes against blackleg 

(Leptosphaeria maculans) (Rimmer and Van den Berg 1992) and white rust (Albugo candida) 

(Kole et al. 2002), but it is most susceptible to Alternaria leaf spot (Alternaria brassicae) 

(Sharma et al. 2002) and clubroot (Peng et al. 2013).  

Brassica carinata can serve as a bridging species to transfer a gene from the wider Brassica 

gene pool to a specific species.  For example, a hexaploid hybrid (AABBCC) has been derived 

from an interspecific cross between B. carinata (BBCC, 2n = 34) and B. rapa (AA, 2n = 20), 

which could be used as a bridge hybrid for gene transfer as well as to develop a hybrid variety 

(Li et al. 2004; Abdeta 2022). 

1.2.2.6. Brassica napus (AACC, 2n=38) 

As noted earlier, B. napus (canola or rapeseed) is one of the most important oilseeds 

worldwide, providing 13% to 16% of the global demand for vegetable oil (Song et al. 2020). 

Most commercial canola cultivars in Canada are B. napus. Cultivated B. napus is believed to 

have arisen within the past 10,000 years (Wang et al. 2011) in the Mediterranean region (Raymer 

2002) through several rounds of natural interspecific hybridization between B. rapa and B. 

oleracea. B. napus is a self-pollinating (12% to 47% cross-pollination can occur under favorable 

conditions) (Becker et al. 1992), amphidiploid (AACC; 2n = 38) species (Gómez-Campo 1999).  

The 19 chromosomes of B. napus, comprising a genome of about 1.13 Gb, are descended 

from the progenitor species B. rapa (AA, 2n=20) and B. oleracea (CC, 2n=18). Genome 

sequencing indicated that the C genome descended from B. oleracea was larger than the A 
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genome from B. rapa, and that about a third of the genome is comprised of transposable 

elements (TEs) (Chalhoub et al. 2014). Several B. napus reference genomes obtained by short-

read (Chalhoub et al. 2014) and long-read sequencing (Rousseau-Gueutin et al. 2020; Song et al. 

2020), as well as pangenomes (Bayer et al. 2020), have been published. 

1.2.3. Canola and its development in Canada 

Lines of B. napus with high erucic acid and high glucosinolate content have been grown 

in Canada since 1936. During the Second World War, production increased sharply due to its 

high demand as a lubricant for industrial use, and research on quality improvement also 

increased to make the oil and meal suitable for consumption as food and feed (Khachatourians et 

al. 2001). The first breakthrough came in 1963, when Professor Baldur Stefansson of the 

University of Manitoba, Canada, identified B. rapa line ‘Liho’ with low erucic acid (Downey 

1990). 

Canola (‘Canadian oil low acid’) is oilseed rape for human consumption and livestock 

feed with oil that contains < 2% erucic acid and meal that contains < 30 µmol glucosinolates per 

g of air-dried, oil-free meal (Canola Council of Canada. 2014). The first low erucic acid cultivar 

of B. napus, ‘ORO’, was released in Canada in 1968 (Bell 1982; Khachatourians et al. 2001). 

However, ‘ORO’ still contained a significant amount of glucosinolates in its meal. The B. napus 

cv. ‘Bronowski’ was identified from Poland (Bell 1982; Khachatourians et al. 2001) and found to 

have a low glucosinolates content. ‘Bronowski’ was used in a backcross program to develop a 

low glucosinolate and low erucic acid canola cultivar. In 1974, the first low erucic acid and low 

glucosinolates canola cultivar 'Tower' (B. napus) was released in Canada by Dr. Stefansson of 

the University of Manitoba, Winnipeg, MB (Bell 1982), followed by the canola-quality B. rapa 
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cultivar ‘Candle’ in 1977 by Dr. R. K. Downey of Agriculture and Agri-Food Canada, 

Saskatoon, SK (Bell 1982). 

The development of ‘Tower’ and ‘Candle’ opened the way for the commercial cultivation 

of canola in Canada, with the name ‘Canola’ registered as a trademark to refer to “Seeds of the 

genus Brassica (B. napus, B. rapa or B. juncea) from which the oil shall contain less than 2% 

erucic acid in its fatty acid profile and the solid component shall contain less than 30 µmol of 

any one or any mixture of 3-butenyl glucosinolate, 4-pentenyl glucosinolate, 2-hydroxy-3 

butenyl glucosinolate, and 2-hydroxy- 4-pentenyl glucosinolate per gram of air-dry, oil-free 

solid” (Canola Council of Canada 2014a). The United States Food and Drug Administration 

(FDA) granted canola oil Generally Recognized as Safe (GRAS) status for human consumption 

in 1985 (Brown 2008). 

1.2.4. Economic importance of canola in Canada 

Canada is the largest producer of canola worldwide, with about 18.6 million metric 

tonnes of grain produced per year (Canola Council of Canada, 2019). Since the development of 

canola in the 1970s, the cultivation of canola in Canada has increased sharply with some minor 

fluctuations (Figures 1.2 & 1.3). The crop contributes about $26.7 billion CAD to the national 

economy (Canola Council of Canada 2020). The crop is grown mainly on the Prairies, where 

Saskatchewan contributes 54% of production, Alberta 29%, and Manitoba 16% (Canola Council 

of Canada, 2019 /). Prior to 2019, China was the number one importer of canola seed and oil 

from Canada; but in 2019, the United States become the major importer of Canadian canola 

(Canola Council of Canada 2020-). 
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1.2.5. Major challenges in canola production 

Canola is an economically important and nutritionally rich crop, in Canada and 

worldwide (Dixon 2014). Winter-type canola is grown mainly in Europe and semi-winter type in 

southern China, while the spring-type is grown in Canada, Australia, the USA, northern Europe, 

and northern China (Friedt et al. 2007). Many factors influence canola production, including the 

cultivars, agronomic practices, environmental conditions, diseases and pests, and vernalization 

requirements (for winter types) (Canola Council of Canada 2020). Among these factors, clubroot 

disease has emerged as one of the most important issues for canola in Canada. Clubroot, caused 

by the obligate parasite Plasmodiophora brassicae Wor., causes significant yield losses, 

estimated at 15% to 30% in susceptible crops, but occasionally resulting in total (100%) loss 

(Strelkov et al. 2007; Tewari et al. 2005). 

1.2.6. Clubroot and its causal agent 

1.2.6.1 Clubroot disease 

Clubroot is believed to have originated in the Mediterranean region, together with many 

of its Brassica hosts (Howard et al. 2010). The disease has been known for many centuries.  

Symptoms resembling clubroot were described on cabbage in Spain in 1539, and the disease was 

first reported in England in 1736, where it was found to cause yield loss in turnip (Watson and 

Baker 1969). By the late 1860s, clubroot was causing significant yield losses near St. Petersburg, 

Russia, and in 1878, the Russian botanist Mikhail Woronin first described the detailed 

characteristics of the disease and its causal agent, P. brassicae (Woronin 1878). Clubroot now 

occurs in most Brassica-growing regions worldwide, including the Americas, Australia, Europe, 

and Asia (Dixon 2009). The disease was likely introduced to Canada by European settlers 
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(Sedaghatkish et al. 2019) and was primarily reported on cabbage, cauliflower, and turnip crops 

in Ontario, British Columbia, Quebec, and Atlantic provinces (Conners 1945) for many decades.  

Despite the widespread cultivation of canola since the 1970s, clubroot was not identified 

in this crop on the Prairies until 2003, when a dozen infested fields were found near Edmonton, 

Alberta (Tewari et al. 2005). The disease has continued to spread over the past 18 years, with 

over 3000 confirmed field infestations in Alberta, and increasing numbers of cases in 

Saskatchewan, Manitoba, and North Dakota (Cao et al. 2009; Chapara et al. 2019; Chittem et al. 

2014; Hollman et al. 2021; Strelkov et al. 2020). 

Initially, management strategies were limited mainly to sanitization of field equipment 

and long rotations out of canola (Strelkov and Hwang 2014). In 2009–2010, however, the first 

clubroot-resistant (CR) commercial canola cultivars were released. These cultivars provided 

excellent protection against the predominant pathotypes of P. brassicae, and soon became the 

most important clubroot management tool.  Unfortunately, new pathotypes of P. brassicae able 

to overcome this resistance quickly emerged and proliferated (Strelkov et al. 2016; Strelkov et al. 

2018), and now represent a challenge for sustainable management of the crop (Hollman et al. 

2021; Strelkov et al. 2020). 

1.2.6.2. Taxonomy and pathotypes of Plasmodiophora brassicae 

The clubroot pathogen can grow and reproduce only on living hosts (see below) and 

cannot (to date) be cultured on an axenic medium. It is classified in the Rhizaria supergroup of 

the Eukaryota (Burki et al. 2010), and shares numerous characteristics with other 

Plasmodiophorids like Spongospora subterranea (powdery scab of potato) and Polymyxa 

graminis (parasite of various cereals and a vector of the Barley yellow mosaic virus).  

Plasmodiophora brassicae exhibits cruciform nuclear division, produces zoospores with two 
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anterior whiplash-like flagella, and forms multinucleate plasmodia and resting spores (cysts) 

with chitin in the cell walls (Braselton 1995; Dylewski and Miller 1983; Ingram and Tommerup 

1972; Kageyama and Asano 2009). 

Physiologic specialization occurs in P. brassicae, meaning that the parasite exists as 

multiple races or pathotypes that differ in their capacity to infect specific host genotypes (Karling 

1968). Isolates of P. brassicae are classified into pathotypes based on their virulence patterns on 

defined groups of hosts, referred to as differential sets.  Numerous differential sets have been 

developed over the past 60 years to identify P. brassicae pathotypes. The most widely used 

differentials include those of (Williams 1966), which consist of two rutabagas and two cabbage 

cultivars, the differentials of (Somé et al. 1996), originally developed to identify pathotypes 

recovered from oilseed rape in France, and the European Clubroot Differential (ECD) set 

(Buczacki et al. 1975), which was an attempt to develop an international classification system. In 

Canada, all three systems have been used at different times to characterize P. brassicae isolates 

recovered from canola and vegetable Brassicas (reviewed in Strelkov and Hwang 2014). 

Recently, the Canadian Clubroot Differential (CCD) set (Strelkov et al. 2018) was 

developed for Canada in response to the identification of isolates that could overcome the 

resistance in CR cultivars, but which could not be distinguished from existing pathotypes based 

on their virulence on the existing differential systems (Strelkov et al. 2016). The CCD set 

consists of 13 host genotypes, including the differentials of Williams and Somé et al., selected 

hosts of the ECD set, and several additional B. napus canola/rapeseed hosts of particular interest 

to canola production in Canada. The inclusion of the differentials of Williams and Somé et al. 

allows pathotype designations to be obtained as per those systems, providing continuity with 

existing literature and earlier studies.  Originally, P. brassicae isolates were assigned a single 
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uppercase letter to designate their CCD classification (Strelkov et al. 2018). Given the rapid 

identification of many new pathotypes, however, the pathotype nomenclature was revised 

slightly to include both a number denoting the Williams’ designation, followed by a letter 

indicating the CCD classification (Askarian et al. 2021). The entire alphabet may be applied to 

distinguish different variants of a single Williams’ pathotype (e.g., pathotype 2A, 2B, 2C), 

thereby accommodating a very large number of potential pathotypes. To date, 36 pathotypes of 

P. brassicae have been identified from Canada (Askarian et al. 2021; Hollman et al. 2021; 

Strelkov et al. 2018; Strelkov et al. 2020), 19 of which can overcome the resistance in at least 

some CR canola cultivars. 

1.2.6.3. Lifecycle of Plasmodiophora brassicae 

Resting spores of P. brassicae can survive in the soil for many years in the absence of a 

host (Dixon 2009; Wallenhammar 1996). However, more recent work indicates that up to 90% of 

the resting spores may disappear in the two years following a canola crop, with a small 

proportion of the spore population surviving much longer (Ernst et al. 2019; Gossen et al. 2019; 

Peng et al. 2015). The pathogen life cycle consists of three distinct stages: 1) survival and 

germination of the resting spores in the soil, 2) infection of the host root hairs, and 3) infection of 

the root cortex (Ingram and Tommerup 1972). Following resting spore germination, primary 

zoospores are released to infect the root hairs.  Once in the root hairs, the pathogen forms 

primary plasmodia that give rise to secondary zoospores. These zoospores infect the root cortical 

tissue, forming intracellular secondary plasmodia. This stage is associated with the formation of 

the root galls and visible symptoms. Eventually, the plasmodia are cleaved into new resting 

spores, which are released into the soil when the galls decompose (Braselton 1995; Ingram and 
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Tommerup 1972; Kageyama and Asano 2009).  The lifecycle of P. brassicae is summarized in 

Figure 1.4. 

Soil moisture, temperature, the depth of the spores in the soil profile, host susceptibility, 

and soil pH influence the longevity and germination rate of the resting spores. Among these 

various factors, soil pH plays a particularly important role. The rate of spore germination 

increases in acidic soil compared with alkaline soil. The most suitable pH for zoospore 

development is between 5.4 and 7.1 (Myers and Campbell 1985; cited by Donald et al. 2009). 

The resting spore density also depends on the depth of the soil. Most (> 97%) resting spores are 

found in the upper layer (0-5 cm depth) of the soil, with fewer spores found below a depth of 40 

cm (Cranmer et al. 2017; Dixon 2009; Kim et al. 2000). Temperature, soil moisture, and the 

presence or absence of plant root exudates also greatly influence resting spore germination and 

movement of zoospores. The resting spore germination rate is highest at 24°C at a pH of 6.0–6.7 

(Myers and Campbell 1985; cited by Donald et al. 2009). Soil moisture also plays a significant 

role, facilitating the passive movement of the zoospores without the need to spend much energy 

to reach the root hairs (Horiuch & Hori 1980; Kageyama and Asano 2009). This might be a 

reason why zoospores need sufficient soil moisture to colonize the root hairs successfully. 

Resting spore germination is also enhanced by the presence of root exudates released by host 

(and some non-host) plants (Dixon 2009; Friberg et al. 2005; Rashid et al. 2013).  

A primary zoospore is spindle-shaped or pyriform, biflagellate, about 2.8 µm to 5.9 µm 

long, and sometimes spiny in structure (Kageyama and Asano 2009). One flagellum of the 

biflagellate zoospores is short with a blunt end and the other one is longer with a whiplash 

structure or tailpiece. After germination of the resting spores, the zoospores reach the root and 

attach to the root hairs (Kageyama and Asano 2009). Each zoospore, with all of its contents, 
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flattens and the flagella coil around the flattened zoospore. The zoospore then develops a sharp 

structure, along with a tubular vesicle, called the ‘rohr’. The ‘rohr’ is a sharp-tipped structure in 

which one end is bounded by a plasma membrane and the sharp end, called the ‘stachel’, is 

pointed towards the host cell to inject the spore material into the root cell. The process of 

injecting pathogen protoplasm into the host cell relies primarily on the physical force created by 

the spore; no enzymatic activity is required to complete infection (Ingram and Tommerup 1972; 

Kageyama and Asano 2009; Laila et al. 2020). 

Following infection by the resting spores, the second stage of the life cycle is the 

colonization in the root hairs. In each root hair, the pathogen forms a primary plasmodium (a 

naked mass of protoplasm with multiple nuclei in the single-cell of an obligate parasite). Several 

nuclear divisions occur synchronously in the plasmodium to produce the multinucleate primary 

plasmodium over several days, followed by its cleavage into zoosporangia. Each sporangium 

contains 14-16 secondary zoospores, which are released back into the soil to infect the root 

cortex (Howard et al. 2010; Ingram and Tommerup 1972). The secondary zoospores cannot be 

visually differentiated from the primary zoospores and, to date, no differences in the structure of 

primary and secondary zoospores have been described (Ingram and Tommerup 1972; McDonald 

et al. 2014). 

Following penetration of the cortical tissues, P. brassicae initiates the formation of 

intracellular secondary plasmodia.  Physiological and morphological changes associated with 

this secondary stage of infection result in the development of the galls or clubs typical of 

clubroot disease (Garber and Aist 1979; Kageyama and Asano 2009). In the root cortex, the 

pathogen causes hormonal imbalances (particularly cytokinin and auxin) that play a significant 

role in the progress of the disease and symptom expression (Figure 1.4) (Laila et al. 2020). The 
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changing auxin and cytokinin concentrations stimulate host cell division, cell expansion, and loss 

of host tissue differentiation, ultimately leading to the development of root galls. The root galls 

become nutrient sinks, reducing the grain fill and quality, while at the same time also reducing 

root functionality and restricting water and nutrient uptake by the plant. Finally, the 

multinucleate plasmodia undergo a cleavage process to develop into resting spores (Ikegami 

1992; cited by Kageyama and Asano 2009), which are released back into the soil after the 

decomposition of the infected roots. These resting spores serve as the inoculum for future 

infections (Kageyama and Asano 2009; Williams and McNabola 1967).  

1.2.7. The emergence of clubroot in Canadian canola 

The history of clubroot in Canada is obscure, but P. brasssicae was likely introduced in 

infected fodder turnips brought by European settlers (Howard et al. 2010). The presence of the 

disease on vegetable Brassicas was documented by the early 20th century in British Columbia 

(Rankin & Fraser 1920; cited by Howard et al. 2010), Quebec, the Maritimes, and Ontario 

(Conners 1945; cited by Howard et al. 2010).  In 1997, clubroot was detected for the first time on 

canola in the Lac St. Jean region of Quebec (Howard et al. 2010).  However, while there were 

sporadic reports of the disease in home and market gardens on the Prairies going back decades 

(Howard et al. 2010), clubroot was not observed on canola in western Canada until 2003 (Tewari 

et al. 2005). That year, the disease was identified in a dozen fields near Edmonton, Alberta.  

Since then, it has continued to spread across the province, with more than 3300 confirmed field 

infestations by 2019 (Strelkov et al. 2020). It is now also found with increasing frequency in 

Saskatchewan, Manitoba, and North Dakota (Chapara et al. 2019; Chittem et al. 2014), as well as 

in Ontario (Al-Daoud et al. 2018), indicating that clubroot is becoming an issue across much of 

Canada (McDonald et al. 2021) and the Northern Great Plains.  



 

23 

 

When clubroot was first identified on canola in western Canada, few management 

options were available to growers. These were restricted mainly to long rotations out of 

susceptible hosts, and the sanitization of field equipment to slow down the spread of the 

pathogen (Strelkov et al. 2012). Other management methods were explored, including the 

application of soil fumigants, deployment of bait crops, and the use of soil amendments such as 

wood ash and lime (Hwang et al. 2014). However, while these strategies may have had some 

success in the reduction of clubroot on cruciferous vegetables, they were not practical or 

economical in canola cropping systems (Hwang et al. 2014). As such, the use of genetic 

resistance to clubroot in Canadian canola cultivars has become the cornerstone of clubroot 

management in canola in Canada. 

The first CR canola cultivar became available in 2009, followed by many other cultivars 

in 2010 and subsequent years.  All of these cultivars were highly resistant to the predominant 

pathotypes of P. brassicae found in Canada, including pathotype 3 as defined on the system of 

Williams (1966), which was most common on canola before the introduction of the resistance 

trait (Strelkov et al. 2007; Strelkov et al. 2006; Xue et al. 2008). The CR canola cultivars soon 

became the main (and in many cases the only) clubroot management tool used by farmers (Peng 

et al. 2014; Rahman et al. 2014). Unfortunately, the cultivation of resistant hosts in short-rotation 

can exert strong selection pressure on P. brassicae populations, resulting in rapid shifts in 

virulence and a loss in the effectiveness of resistance (LeBoldus et al. 2012; Peng et al. 2014). In 

2013, novel strains of P. brassicae that could overcome the resistance in most CR canola 

cultivars were identified from two fields in central Alberta (Strelkov et al. 2016). Over the past 8 

years, resistance-breaking pathotypes of P. brassicae have been recovered with increasing 

frequency from hundreds of fields across Alberta, and in at least one field in Manitoba (Hollman 
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et al. 2021; Strelkov et al. 2018; Strelkov et al. 2020). As noted earlier, 36 pathotypes have been 

identified in Canada, of which 19 can overcome the resistance in at least some CR canola hosts.  

These include pathotypes 3A and 3D, which are among the most prevalent, as well as pathotype 

5X, which was the first of the resistance-breaking pathotypes to be identified (Hollman et al. 

2021; Strelkov et al. 2018). The original pathotype 3, now classified as pathotype 3H, is also still 

commonly found, particularly in regions where CR canola has not been extensively deployed 

(Hollman et al. 2021). It is clear that with the rapid emergence of new pathotypes, there must be 

an effort to identify novel sources of resistance and to improve understanding of the genetics of 

the host-pathogen interaction. 

1.2.8. Resistance to clubroot 

1.2.8.1 General model of resistance 

Resistance is the inherent capacity of a host to prevent, suppress, or slow-down disease 

development (Arya and Sharma 2016). Resistance in plants includes several layers of defense. In 

the first line of defense, the plant recognizes a pathogen through various receptors, known as 

pattern recognition receptors (PRRs), which interact with conserved microbe-associated 

molecular patterns (MAMPs) (Jones and Dangl 2006). When recognition occurs, a general 

defense response is initiated, which can include mechanisms such as cell wall alterations and the 

accumulation of defense-related compounds. Some pathogens can overcome this generalized 

resistance response by producing molecules (effectors) that suppress host defenses. This is 

known as effector-triggered susceptibility (ETS). Plants, in turn, have evolved other receptors, 

which are often R-proteins encoded by R-genes, that recognize these effectors and trigger 

effector-triggered immunity (ETI). This consists of a very strong resistance response that 
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prevents infection. Pathogens may alter or delete the recognized effectors to avoid eliciting ETI, 

but this could have a fitness cost to the pathogen in the absence of the host R-genes. 

1.2.8.2 Genetic resistance to clubroot  

The primary zoospores of P. brassicae can infect root hairs of both susceptible and 

resistant hosts, as well as many non-host (i.e., non-crucifer) species (Deora et al. 2013; Feng et 

al. 2012; Ludwig-Müller et al. 1999). It is during secondary infection of the cortex that 

differences in the reaction of resistant and susceptible hosts become evident. There is no or little 

development of the pathogen in the cortex of resistant cultivars (Deora et al. 2013; Gossen et al. 

2013; Kroll et al. 1983).  

A hypersensitive response was reported as an important disease resistance mechanism in 

B. rapa (turnip) and Arabidopsis (Deora et al. 2012), but was not observed in Chinese cabbage, 

cauliflower (Donald et al. 2008; Kroll et al. 1983; Tanaka et al. 2006) or canola (Gossen et al. 

2013). Nonetheless, the production of reactive oxygen species (ROS) near the endodermis 

creates an extra barrier (Deora et al. 2012) to colonization by the pathogen and disease 

progression in resistant hosts. The ROS activate oxidative burst-related enzymes and signaling 

molecules that modulate transcription factors to cause cell death and activate defense responses 

in the P. brassicae-Brassica interaction (Agarwal et al. 2011; Stael et al. 2015; Zhao et al. 2017). 

Restriction of gall enlargement, associated with the development of spheroid galls (Buczacki et 

al. 1975; Osaki et al. 2008; Rennie et al. 2013; Williams 1966;), represents another resistance 

mechanism in host plants.  While P. brassicae development is severely constrained in the 

spheroid galls, the pathogen can proliferate and infected tissues can expand in the more typical 

spindle-shaped galls (Rennie et al. 2013). Since starch plays a vital role in providing energy 

(carbon) to the pathogen (Donald et al. 2008; Keen and Williams 1969), resistant plants may also 
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reduce starch production to restrict the growth of P. brassicae and slow clubroot progression 

(Tanaka et al. 2006). 

Resistant plants that carry R-genes often upregulate jasmonate and ethylene metabolism, 

increase callose deposition in the cell walls, and produce indole-containing metabolites as 

defense mechanisms against P. brassicae (Galindo-González et al. 2020). The upregulation of a 

salicylic acid (SA)-mediated response, together with defense-related proteins such as chitinases 

and thaumatins, has also been reported as part of the resistance reaction of host plants to P. 

brassicae (Galindo-González et al. 2020; Zhou et al. 2020). 

Resistance to clubroot can be qualitative (controlled by major (R) genes) (Crute et al. 

1980) or quantitative (controlled by quantitative trait loci (QTL)) (Figdore et al. 1993; Voorrips 

and Kanne 1997). Qualitative resistance controlled by R-genes provides strong resistance to 

specific pathotypes of P. brassicae, while quantitative resistance provides some level of 

resistance to a wider range of pathotypes. At present, almost all of the CR canola cultivars in 

Canada appear to carry pathotype-specific resistance (R-gene) controlled by a single dominant 

gene (Peng et al. 2014; Rahman et al. 2014). The source of this resistance is believed to be 

derived from the European winter B. napus ‘Mendel’ (Fredua‐Agyeman et al. 2018). The 

monogenic CR cultivars developed and released in 2009, with a dominant resistant gene from the 

winter cultivar ‘Mendel’, showed strong resistance to almost all of the known pathotypes before 

2013.  The identification of a growing number of pathotypes able to overcome resistance, 

beginning in 2013 and continuing to the present, likely reflects the selection pressure imposed on 

P. brassicae populations by the monogenic resistant cultivars (Fredua‐Agyeman et al. 2018; 

Strelkov et al. 2016). Given the widespread cultivation of CR canola cultivars, ‘Mendel’-derived 
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resistance has been overcome in an increasing number of fields in Canada (LeBoldus et al. 2012; 

Peng et al. 2014; Strelkov et al. 2016). 

1.2.9. Identification and mapping of clubroot resistance genes  

Resistance genes function primarily against specific pathotypes of P. brassicae (Ayers 

and Lelacheur 1972; Diederichsen et al. 2003; Piao et al. 2004; Voorrips and Visser 1993), but 

QTL have also been identified (Diederichsen et al. 2009; Hirai 2006; Voorrips and Kanne 1997) 

that confer resistance to the pathogen.  While almost all of the Brassica species have been 

studied to identify resistance genes effective against clubroot, most studies have focused on the 

three most economically important Brassicas: B. rapa, B. oleracea, and B. napus. The A genome 

of B. rapa is the primary source of R-genes (Crute et al. 1980; James and Williams 1980; Wit 

and Van de Weg 1964). In contrast, B. oleracea (C genome) primarily carries QTL for 

resistance, while B. napus carries both major genes and QTL on the A and C genomes (Figdore 

et al. 1993; Grandclément and Thomas 1996; Voorrips 1996). Clubroot resistance gene 

identification has been extended to the B genome of B. nigra, with the resistance QTL Rcr6 

identified from B. nigra homologous to the position of chromosome A08 in B. rapa (Chang et al. 

2019). There is limited information regarding clubroot resistance in B. juncea or B. carinata 

(Diederichsen et al. 2009; Fredua‐Agyeman et al. 2019).   

1.2.9.1 Clubroot resistance in B. rapa  

Early studies of European fodder turnip demonstrated that it is a strong source of clubroot 

resistance genes (Buczacki et al. 1975; Crute et al. 1983; Karling 1968; Matsumoto et al. 1998). 

Similarly, B. rapa genotypes were selected for inclusion in the ECD set (ECD 01, ECD 02, ECD 

03, and ECD 04 in particular) because they carried important sources of resistance (Buczacki et 

al. 1975; Toxopeus and Janssen 1975; Diederichsen et al. 2003; Hirani et al. 2018; Fredua-
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Agyeman et al. 2020; Yu et al. 2021) mediated by R-genes (Ueno et al. 2012). Since then, many 

additional CR loci/genes (CRa, CRb, Crr3, Rcr1, Rcr2, Rcr9, Rcr9wa, and others) have been 

identified in B. rapa. These CR loci/genes mainly encode the NBS-LRR family of genes (Chu et 

al. 2014; Hatakeyama et al. 2013, 2017; Ueno et al. 2012), although not all of the genes have 

been cloned; the NBS-LRR proteins encoded by these genes may recognize pathogen effectors to 

activate the plant immune system (Bernoux et al. 2011). 

The introgression of a clubroot resistance gene from turnip to Chinese cabbage indicated 

that the turnip cultivars ‘Gelria’, ‘Mommersteeg’, and ‘Waaslander’ carried at least three 

dominant, pathotype-specific genes for resistance to P. brassicae (Toxopeus and Janssen 1975; 

Wit and Van de Weg 1964). Another European turnip cultivar ‘Siloga’ carried the Crr1, Crr2, 

and Crr4 QTL/genes for resistance to specific isolates of P. brassicae (Hatakeyama et al. 2013; 

Suwabe et al. 2003; Suwabe et al. 2006). Based on these studies, it is clear that clubroot 

resistance in B. rapa is controlled by one gene or more than one gene. 

More recent publications have identified and mapped 18 resistance loci on the A genome 

of B. rapa (Diederichsen et al. 2009; Hatakeyama et al. 2017; Karim et al. 2020; Piao et al. 2009; 

Sakamoto et al. 2008; Yu et al. 2017), which provide pathotype-specific resistance to P. 

brassicae. Most of these loci have been identified on chromosome A03, followed by A08, A02, 

A01, and A06. The resistance genes/loci on chromosome A03 include CRa (Matsumoto et al. 

1998), CRb (Piao et al. 2004), CRd (Pang et al. 2018) CRk (Sakamoto et al. 2008), Crr3 (Hirai et 

al. 2004; Saito et al. 2006), PbBa3.1 and PbBa3.3 (Chen et al. 2013), Rcr1 (Chu et al. 2014), 

Rcr2 (Huang et al. 2017), Rcr4 (Yu et al. 2017), and Rcr5 (Huang et al. 2019). On chromosome 

A08, the resistance gene/loci include Crr1 (Suwabe et al. 2003), CRs (Laila et al. 2019), Rcr9 

(Yu et al. 2017), Rcr3 (Karim et al. 2020), and Rcr9wa (Karim et al. 2020). Resistance loci on 
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chromosome A02 include CRc (Sakamoto et al. 2008) and Rcr8 (Yu et al. 2017), while on 

chromosomes A01 and A06, they include Crr2 (Suwabe et al. 2006) and Crr4, respectively 

(Suwabe et al. 2006). 

1.2.9.2. Clubroot resistance in Brassica oleracea 

Unlike B. rapa, clubroot resistance in B. oleracea is mainly controlled by QTL rather 

than major genes (Landry et al. 1992; Pang et al. 2018; Voorrips and Kanne 1997). One study 

reported that all of the cabbage and cauliflower accessions tested were completely susceptible to 

clubroot (Manzanares-Dauleux et al. 2000), but that report is not consistent with other published 

assessments. To date, 37 QTL/genes conferring resistance to P. brassicae have been identified 

on the C-genome of B. oleracea (Farid et al. 2020; Figdore et al. 1993; Grandclément and 

Thomas 1996; Landry et al. 1992; Peng et al. 2018; Voorrips and Kanne 1997).  These include 

CR2a, CR2, pb-3, pb-4, QTL1, QTL3, QTL9, Pb-Bo1, Pb-Bo2, Pb-Bo3, Pb-Bo4, Pb-Bo5a, Pb-

Bo5b, Pb-Bo8, Pb-Bo9a, Pb-Bo9b, PbBo1, Pb-Bo (Anju) 1, Pb-Bo (Anju)2, Pb-Bo (Anju)3, Pb-

Bo (Anju)4, CRQTL-YC, CRQTL-GN_1, CRQTL-GN_2, DIC.I-1, DIC.II-1, Rcr7, PbC4.1, PbC6, 

PbC7.1, PbC7.2, PbC8, PbC9.1, PbC3, PbC4.2, PbC7.3, and PbC9.2.  While a large number of 

B. oleracea genotypes have been screened for clubroot resistance (Carlsson et al. 2004; Crute et 

al. 1980; Manzanares-Dauleux et al. 2000; Voorrips and Kanne 1997), complete resistance has 

rarely been found. Crisp et al. (1989) evaluated more than 1000 B. oleracea accessions for 

clubroot resistance and found that some of the kale and Brussel sprouts carried moderate 

resistance. Most studies of the inheritance of clubroot resistance in B. oleracea have indicated 

that it is controlled by more than one gene (polygenic) (Laurens and Thomas 1993; Voorrips and 

Kanne 1997b). However, Dakouri et al. (2018) identified a major gene loci Rcr7 in a cabbage 
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variety ‘Tekila’ for resistance to pathotype 3, the most abundant and virulent pathotype of P. 

brassicae on the Canadian Prairies prior to the introduction of CR canola.  

1.2.9.3. Clubroot resistance in B. napus 

Studies of the genetics of clubroot resistance in B. napus indicated that most of the major 

clubroot resistance genes in B. napus are found on the A-genome (derived from B. rapa), while 

most QTL conferring resistance are found on the C-genome (Neik et al. 2017; Piao et al. 2009; 

Rahman et al. 2014; Song et al. 2020;Diederichsen et al. 2006; Gustafsson and FALT 1986). 

In early assessments, segregation analysis of CR genes from a resynthesized B. napus line 

indicated that clubroot resistance was controlled by the combined effect of at least two dominant, 

unlinked genes (Diederichsen and Sacristan 1996). These genes were assumed to be the same as 

those from European turnip (Bradshaw et al. 1997; Gowers 1982; Lammerink 1970) and the B. 

rapa ECD 04 (Frauen 1999; Gowers 1982). Ayers and Lelacheur (1972) also suggested that the 

genetic resistance in B. napus was controlled by one or two single independent genes from B. 

rapa. Manzanares-Dauleux et al. (2000) identified one major gene (Pb-Bn1) on chromosome 

A03 of B. napus ‘Darmor-bzh’ that conferred resistance to P. brassicae isolate Pb137-522.  

More recently, the B. napus cv. ‘Mendel’ was reported to carry one major gene and two 

recessive genes with efficacy against the widely distributed P. brassicae pathotypes in Europe 

(Diederichsen et al. 2006; Diederichsen et al. 2009). Furthermore, a single dominant CR locus 

effective against pathotypes 2, 3, 5, 6, and 8, classified according to Williams (1966), was 

identified on A08 chromosome of rutabaga, as well as the highly virulent pathotype 3, identified 

on chromosome A03 of ‘Mendel’ (Fredua-Agyeman & Rahman 2016; Hasan & Rahman 2016). 
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1.2.10. Genotyping-by-sequencing (GBS) and its application in mapping CR genes  

Advances in next-generation sequencing (NGS) technologies for the sequencing of 

animal and plant genomes have helped to unlock the genetic properties of many species (Feuillet 

et al. 2011). These technologies have also been used to identify single nucleotide polymorphisms 

(SNPs), study genetic diversity, construct haplotype maps, and conduct genome-wide association 

studies (Metzker 2010). NGS has been used successfully to sequence and construct reference 

genomes of many important plant species, including Arabidopsis thaliana (Schranz and 

Mitchell-Olds 2006), B. rapa (Cai et al. 2017; Wang et al. 2011), B. oleracea (Liu et al. 2014; 

Parkin et al. 2014), B. nigra (Yang et al. 2016), B. napus (Chalhoub et al. 2014; Bayer et al. 

2017, Song et al. 2020; Rousseau-Gueutin et al. 2020) and B. juncea (Yang et al. 2016). The 

availability of these genomes has enabled the identification of QTL and genes controlling yield, 

quality, and disease and pest resistance (Delourme et al. 2018). The NGS-based Brassica 

reference genomes have been used to identify genome-wide variants and genotype SNPs, 

construct high-resolution genetic maps, identify specific loci and predict candidate genes linked 

to the target loci (Yu et al. 2016; Yu et al. 2017; Dakouri et al. 2018; Pang et al. 2018). Identified 

SNPs can also be used to identify linkage disequilibrium (LD) between and among the loci in a 

population through GWAS and to accelerate the identification of candidate genes (Varshney et 

al. 2014) that are in LD in the population. 

Genotype by sequencing technology is simple, quick, highly specific, reproducible, and 

applicable to genetically diverse species with large, complex genome, such as canola, to identify 

variants and explore genetic diversity. In GBS, genomic DNA is cut into thousands of small 

pieces using restriction enzymes or by sonication (ion torrent), and each DNA fragment is ligated 

to an adapter on each end (a short strand of DNA oligonucleotides that binds to the 5′ and 3′ end 
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of each fragmented DNA sequence in a sequencing library) to prepare the DNA libraries used for 

sequencing. Each sequence obtained from sequencing a DNA fragment + adapter (conducted in 

large batches called runs) is an individual read. The reads are processed through the removal of 

the adaptersand aligned to a pre-existing reference genome. Once aligned the software, SeqMan 

Pro 13 (DNASTAR, Madison, WI, USA), can quickly identify SNPs that represent small 

differences among isolates. 

GBS technology has been used in GWAS to identify QTL or genes underlying traits in 

many species. GWAS of 472 B. napus accessions was used to identify nine QTL and 28 genes 

for clubroot resistance (Li et al. 2016). Similarly, GWAS was used to identify two resistance 

loci, C09 and A03b, associated with the nitrogen effect on clubroot development in B. napus 

(Laperche et al. 2017). Dakouri et al. (2021) used GBS-GWAS to identify 13 important SNP loci 

that were associated with clubroot resistance against four major resistance-eroding pathotypes, 

3A, 2B, 3D and 5X. 

Lee and others (2016) used GBS technology to identify two major QTL (CRQTL-GN_1 

and CRQTL-GN_2) in B. oleracea that were associated with clubroot resistance based on a 

saturated genetic map of 4,103 SNPs from an F2 population. Similarly, Yu et al. (2017) used 

GBS to identify and map three clubroot resistance loci, Rcr4 on chromosome A03, Rcr8 on A02, 

and Rcr9 on A08, which were effective against pathotypes 2, 3, 5, 6, 8, and 5X of P. brassicae.  

Genotype by sequencing data obtained from a BC1S1 population developed from a cross between 

the B. rapa lines T19 (CR) and ACDC (susceptible) was used to construct the reference genome 

map to locate the genes. One thousand five hundred and eighty-four high-quality SNP variants 

were identified and used to construct a genetic map to identify and map the QTL conferring 

resistance to the pathotypes in the study (Yu et al. 2017). 
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1.2.11. Durable clubroot resistance in canola 

The number of clubroot resistance genes in canola identified to date is limited, and the 

judicious deployment of these genes is important for the durability of CR canola.  Gene 

pyramiding (the stacking of two or more resistance genes in the same variety) is a common and 

very effective R-gene deployment strategy (Lof and van der Werf 2017; Mundt 2014) and could 

extend the durability of clubroot resistance. The sequential use of R-genes (deployment of two 

single-gene resistant cultivars in a sequential way, where the second resistant variety comes into 

use after the resistance of the first resistant variety is overcome), as well as the simultaneous use 

of R-genes (two R-gene varieties deployed at the same time), could also contribute to prolonging 

the effectiveness of resistance in canola. Moreover, rotation of R-genes and a combination of all 

four strategies (gene pyramiding, sequential use of R-genes, R-gene rotation, and simultaneous 

use of resistant varieties), known as a ‘mixed strategy’, could help to protect the durability of the 

resistance genes (Lof and van Der Werf 2017; Dolatabadial et al. 2021). Such approaches could 

be combined with longer rotations out of CR canola to reduce selection pressure on P. brassicae 

populations or even the rotation of specific resistance genes in time or space.  Regardless of the 

particular approach, the identification and mapping of major R-genes or QTL will become 

increasingly important for the sustainable production of canola. 

1.2.12 Hypotheses and objectives 

The research presented in this thesis was undertaken to test four main hypotheses: 

1. Canola-quality B. rapa and B. napus do not possess resistance against some of the most 

important, virulent new pathotypes of P. brassicae identified in Alberta, Canada; 

2. The clubroot-resistant B. rapa line ECD02 does not possess a resistance gene in its genome 

profile that is effective against the resistance-breaking pathotypes 3A, 3D, 3H, and 5X; 
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3. The B. napus cvs. ‘AAFC695’ and ‘Mendel’ do not possess resistance genes effective against 

the resistance-breaking pathotypes 3D, 3H, 5C, 5X, and 8J; and 

4. Resistance to pathotypes 3A, 3D, 3H, and 5X in B. rapa is not controlled by a major gene; 

and the SNP markers developed to identify genes against pathotypes 3A, 3D, 3H, 5X, 5C, and 

8J are not tightly linked.  

 

From a more practical perspective, and given the development of genetic resources for 

resistance to clubroot in canola, these studies were undertaken with the following primary 

objectives: 

1) To evaluate B. napus and B. rapa lines for resistance to the major new pathotypes of P. 

brassicae identified in Alberta;  

2) To identify and map clubroot resistance genes in B. napus and B. rapa that were effective 

against the new pathotypes of P. brassicae through mapping by sequencing; and  

3) To develop SNP markers that were tightly linked to clubroot resistance genes. 
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1.2.13. Figures 

 

 

Figure 1. 1. The Triangle of U (1935), showing the genetic relationship among three diploid 

(Brassica rapa, B. nigra, and B. oleracea) and three amphidiploid Brassica species (B. carinata, 

B. juncea, and B. napus). 
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Figure 1. 2. Seeded acres, seed production, and yield of canola in Canada over time (source: 

Canola Council of Canada 2020). 
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Figure 1. 3. Canola production across Canada (source: Canola Council of Canada 2020). 
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Figure 1. 4. Different stages of the Plasmodiophora brassicae life cycle (adapted from Ingram 

and Tommerup 1972; Kageyama and Asano 2009; Laila et al. 2020), from resting spore 

germination to infection, root gall development and pathogen multiplication in the roots.  
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Chapter 2. Evaluation of Brassica napus and B. rapa genotypes for reaction to resistance-

breaking pathotypes of Plasmodiophora brassicae  

 

2.1. Introduction 

Clubroot disease of crucifers (family Brassicaceae) is caused by the soilborne obligate 

parasite Plasmodiophora brassicae (Woronin 1878). Infection of the roots of susceptible hosts 

results in the formation of large galls or clubs, which interfere with water and nutrient uptake and 

can lead to significant yield and quality losses (Strelkov & Hwang 2014; Laila et al. 2020). 

Clubroot has been spreading rapidly throughout Brassica-growing regions worldwide, with the 

occurrence of the disease confirmed in more than 60 countries (Dixon 2009). It is now one of the 

major and most devastating diseases of canola (rapeseed; Brassica napus L.) on the Canadian 

prairies (Tewari et al. 2005; Strelkov et al. 2018), where it causes yield losses of about 30%, 

although losses of up to 100% can occur under conditions favorable for the disease (Strelkov et 

al. 2007; Strelkov & Hwang 2014).  The most effective and widespread strategy for clubroot 

management involves the planting of clubroot-resistant (CR) canola cultivars, which first became 

available in Canada in 2009 (Strelkov & Hwang 2014).   

These CR cultivars show excellent resistance to many pathotypes of P. brassicae, 

including pathotype 3H (as defined on the Canadian Clubroot Differential (CCD) set; Strelkov et 

al. 2018), which was predominant on canola prior to the introduction of the resistance trait 

(Strelkov et al. 2006; Xue et al. 2008; Cao et al. 2009).  Nonetheless, the resistance in most CR 

canola cultivars in Canada is believed to be based on a single-gene (Rahman et al. 2014; Peng et 

al. 2014), while the virulence of pathogen populations can shift quickly in response to the 

selection pressure imposed by resistant hosts (Diederichsen et al. 2003; LeBoldus et al. 2012).  
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As such, resistance-breaking pathotypes of P. brassicae were identified within 4 years of the 

introduction of CR canola (Strelkov et al. 2016). The first of the new, ‘resistance-breaking’ 

pathotypes was designated 5X on the CCD set (Strelkov et al. 2018); this pathotype is highly 

virulent on most CR canola. The identification of 5X and other resistance-breaking pathotypes, 

including 3A, 2B and 3D, has underscored the need to identify novel sources of resistance to P. 

brassicae.  

About 74 clubroot resistance loci/genes have been identified in B. rapa (22), B. oleracea 

(37) and B. napus (20) (Piao et al. 2009; Yu et al. 2016; Lee et al. 2016; Li et al. 2016; Chen et 

al. 2016), including the Crr and CR series in B. rapa, the CR2, Pb, and Pb-Bo series in B. 

oleracea, and the Pb-Bn and PbBn series in B. napus (Piao et al. 2009; Chen et al. 2013; Kato et 

al. 2013; Yu et al. 2016). This study was undertaken to evaluate a collection of B. napus and B. 

rapa lines for resistance to some of the major new pathotypes of P. brassicae identified on the 

Prairies in recent years, to help with the identification and mapping of clubroot resistance genes 

that could be used in rotations to manage and reduce selection pressure on P. brassicae.  

2.2. Materials and Methods 

2.2.1. Plant and pathogen material 

A total of 50 B. napus and B. rapa lines/accessions were included in this study (Figure 

2.2). These consisted of 34 B. napus lines resistant to P. brassicae pathotype 5X (Dakouri et al 

2021) and 16 B. rapa lines (Tables 2.1- 2.2 and Tables S2.1-S2.2) resistant to pathotypes 3H or 

5X (LG-2) (Yu et al. 2017). The B. rapa included 16 BC1S1 [ACDC × (ACDC × T19)] families 

developed from the B. rapa turnip breeding line T19 (Yu et al. 2017); these families carried three 

clubroot resistance loci (Rcr4 for resistance to 3H, and Rcr8 and Rcr9 for resistance to 5X) 

individually or in combination. Seeds of the host genotypes were obtained from Agriculture and 
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Agri-Food Canada (AAFC), Saskatoon Research and Development Center (SRDC), Saskatoon, 

SK, or from the Plant Genetic Resources Centre (PGRC) of AAFC, Saskatoon, SK.  In addition 

to the test genotypes, B. rapa subsp. pekinenses cv. ‘Granaat’ (European Clubroot Differential 

(ECD) 05), and two B. napus genotypes, ‘Westar’ and the line DH16516, were included as P. 

brassicae-susceptible checks.     

Three field isolates of P. brassicace, representing pathotypes 3A (field isolate F3-14), 2B 

(F183-14), and 3D (F1-14) (Strelkov et al. 2018), were used to screen the Brassica families for 

clubroot resistance.  Pathotype 3A is the predominant resistance-breaking pathotype in western 

Canada, while pathotype 3D is second-most common (Strelkov et al. 2018; Hollman et al. 2021). 

Pathotype 2B, while rare, has the widest virulence range among the hosts of the CCD set 

(Strelkov et al. 2018). The field isolates were maintained as frozen canola root galls, and were 

not multiplied further during the study to avoid shifts in the virulence of the inoculum.   

2.2.2. Inoculum preparation 

Inoculum was prepared from frozen root galls following Strelkov et al. (2006). Briefly, 

approximately 2.0-2.5 g of galled root tissue was ground in a mortar with a pestle in 50 ml of 

sterile, deionized distilled water (sdH2O). The resulting homogenate was filtered through six 

layers of cheesecloth (American Fiber and Finishing Inc., Albemarle, North Carolina) into a 

glass beaker. The spore concentration was estimated with a hemocytometer (VWR, Mississauga, 

Ontario) and adjusted to 1 × 107 resting spores per mL-1 with sterile distilled water (Voorrips and 

Visser 1993). The inoculum was used immediately after its preparation as described below.          

2.2.3. Inoculation 

Seeds were surface-disinfected in 1% sodium hypochlorite for 1 min, washed 3-4 times 

with distilled water, and placed on wet Whatman No. 1 filter paper in Petri dishes. After 7 days, 
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the newly germinated seedlings were inoculated by dipping the roots in a freshly prepared P. 

brassicae resting spore suspension following Strelkov et al. (2016). The inoculated seedlings 

were then planted in 6 cm × 6 cm × 6 cm plastic pots filled with Sunshine LA4 potting mixture 

(Sunshine Growers, Vancouver, BC), at a density of one seedling per pot (Strelkov et al. 2016). 

To ensure successful inoculation, an additional 5 ml of inoculum solution was applied to the base 

of each seedling with a micropipette (Lamers and Toxopeus 1977). The seedlings were watered 

thoroughly and transferred to a greenhouse kept at 20 °C ± 2 °C with a 16 h photoperiod. The 

potting mixture was maintained at pH 6.5 for the first week after inoculation, with the pots kept 

in water-filled trays to ensure sufficient moisture for infection. The pots were then fertilized with 

20 N:20 P:20 K and watered as needed for the proper growth and development of the seedlings 

(Strelkov et al. 2016). Each treatment was replicated three times, with 12 pots per replicate. 

Experiments were arranged in a completely randomized design (CRD).   

2.2.5. Disease assessment 

The seedlings were maintained in the greenhouse for six weeks, at which point they were 

carefully removed from the potting mix and the roots were washed under running water.  The 

roots were then scored individually for clubroot symptom severity on a 0-3 scale (Kuginuki et al. 

1999), where: 0 = no galls, 1 = a few small galls, 2 = moderate galls, and 3 = severe galling on 

the roots. A disease severity index (DSI) was calculated for each replicate using the formula of 

Horiuchi and Hori (1980) as modified by Strelkov et al. (2006):  

DSI (%) =
∑(𝑛 × 0 + 𝑛 × 1 + 𝑛 × 2 + 𝑛 × 3)

N × 3
 × 100% 

Where, n indicates the number of plants in each symptom severity class, N is the total number of 

plants, and 0, 1, 2, and 3 are the symptom severity classes. A mean DSI ± standard error (SE) 

was calculated across replicates for each treatment (host genotype/pathotype combination), with 



 

43 

 

a DSI <60% regarded as resistant (R) and a DSI ≥60% regarded as susceptible (S) (Yu et al. 

2017; Yu et al. 2021).   

2.3. Results 

2.3.1. Reaction of B. rapa lines  

None of the 16 B. rapa families evaluated were resistant to pathotypes 3A, 2B, or 3D 

(Table 2.1, and Table S2.1). The DSI on the host lines ranged between 91.2% ± 8.8% to 100% ± 

0.0% (Table 2.1). In response to inoculation with pathotype 3A, the DSI ranged from  97.2% to 

100%. Similarly, in response to inoculation with pathotype 2B, the DSI ranged from 91.2% to 

100%.  In response to inoculation with pathotype 3D, all of the tested families developed a DSI = 

100%, with the exception of T19-X79 which had an ID = 97.2% ± 2.8%. As expected, the 

susceptible B. rapa check, ECD 05, developed a DSI = 100% ± 0.0% against each of pathotypes 

3A, 2B, and 3D.  

2.3.2. Reaction of B. napus lines 

Among the 34 B. napus accessions tested, three (CGN06902, CGN17369, and 

AAFC695) were found to be highly resistant to all three of the pathotypes 3A, 2B, and 3D, with 

DSI values ranging between 0% ± 0.0% and 13.9% ±2 .8% (Table 2.2, Figure 2.1, and Table 

S2.2). The accession CN46235 was resistant to pathotypes 3A (DSI = 21.3% ± 3.7%) and 3D 

(DSI = 19.4% ± 13.9%), but susceptible to pathotype 2B (DSI = 46.3% ± 0 .0%). Similarly, 

accession PI 284859 also showed a differential reaction to the pathotypes; it was resistant to 

pathotype 3D (DSI = 11.1%±8.4%), but susceptible to 3A and 3D (DSI values of 56.5% ± 13.0% 

and 100 ± 0.0%, respectively). The remaining 29 B. napus accessions were susceptible or highly 

susceptible to pathotypes 3A, 2B and 3D, with DSI values ranging from 57% to 100% (Table 
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2.2). The susceptible B. napus checks ‘Westar’ and line DH16516 developed a DSI = 100% ± 

0.0% in response to all pathotypes. 

2.4. Discussion 

The B. rapa genotypes represented BC1S1 families developed from the B. rapa line T19, 

which was also included in the current study.  None of the BC1S1 families nor line T19, however, 

showed any resistance to pathotypes 3A, 2B or 3D. Yu et al. (2017) identified and mapped a 

major QTL Rcr4 on chromosome A03 of this line, which was effective against the ‘original’ 

pathotypes 2, 3, 5, 6, and 8 (Williams 1966), which correspond to the CCD pathotypes 2F, 3H, 

5I, 6M and 8N, respectively, and cannot overcome ‘Mendel’ type resistance (Strelkov et al. 

2018). Two other QTL, Rcr8 and Rcr9 on chromosomes A02 and A08 and conferring resistance 

to pathotype 5X, were also mapped from the population developed from T19 (Yu et al. 2017).  

Given the high degree of susceptibility observed in T19 and all of the BC1S1 families in this 

study, it appears that Rcr4, Rcr8 and Rcr9 are not effective against pathotypes 3A, 2B and 3D.    

More promising results were obtained with some of the B. napus accessions. The 

accessions CGN06902, CGN17369, and AAFC695were found to be highly resistant to P. 

brassicae pathotypes 3A, 2B and 3D.  Many studies have examined the genetics of clubroot 

resistance in B. napus (Ayers and Lelacheur 1972; Gustafsson and Fält 1986; Bradshaw et al. 

1997; Manzanares-Dauleux et al. 2000; Diederichsen et al. 2006; Hasan & Rahman 2016; Peng 

et al. 2014; Fredua-Agyeman et al. 2020), which has been found to be mediated mostly by genes 

on the A-genome (Gustafsson & Fält 1986; Diederichsen et al. 2006). Indeed, CR germplasm has 

been identified from B. napus genetic backgrounds and used as a genetic resource for the 

development of Brassica varieties with resistance against multiple pathotypes of P. brassicae 

(Dakouri et al. 2021; Liu et al. 2018; Peng et al. 2014; Hasan et al. 2012). Clubroot resistance in 
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B. napus is mostly oligogenic (Crute et al. 1980), with more than one gene responsible and 

complex genetic segregation. Further studies are planned to identify and map the CR genes 

present in the resistant B. napus genotypes identified in this study.  Ultimately, the identification 

of host genotypes carrying effective resistance against 3A, 2B, and 3D will be critical for the 

sustainable management of clubroot of canola.   
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2.5. Tables 

Table 2. 1. Clubroot Disease Severity Index (DSI) on Brassica rapa genotypes following 

inoculation with field isolates representing pathotypes 3A, 2B and 3D of Plasmodiophora 

brassicae.    

Genotype 

  

Species Type CR loci/genes 

present 

Host reaction to each pathotype* 

3A 2B 3D 

DSI(%) DSI(%) DSI(%) 

T19-X17 B. rapa  BC1S1 Rcr4,Rcr8,Rcr9 97.2±2.8 95.6±4.4 100±0.0 

T19-X27 B. rapa  BC1S1 Rcr4,Rcr9 100±0.0 98.9±1.1 100±0.0 

T19-X28 B. rapa  BC1S1 Rcr4,Rcr8,Rcr9 98.1±1.9 96.3±2.7 100±0.0 

T19-X33 B. rapa  BC1S1 Rcr8,Rcr9 100±0.0 100±0.0 100±0.0 

T19-X38 B. rapa  BC1S1 Rcr4,Rcr9 99.8±0.2 100±0.0 100±0.0 

T19-X46 B. rapa  BC1S1 Rcr4,Rcr8 99.8±0.2 98.9±1.1 100±0.0 

T19-X59 B. rapa  BC1S1 No    100±0.0 97.8±2.2 100±0.0 

T19-X65 B. rapa  BC1S1 Rcr9 97.2±2.8 93.3±6.7 100±0.0 

T19-X66 B. rapa  BC1S1 Rcr8 100±0.0 100±0.0 100±0.0 

T19-X71 B. rapa  BC1S1 Rcr4,Rcr8 97.8±2.2 100±0.0 100±0.0 

T19-X78 B. rapa  BC1S1 Rcr4 100±0.0 91.2±8.8 100±0.0 

T19-X79 B. rapa  BC1S1 Rcr9 97.2±2.8 100±0.0 97.2±2.8 

T19-X80 B. rapa  BC1S1 Rcr4 100±0.0 100±0.0 100±0.0 

T19-X82 B. rapa  BC1S1 Rcr8 100±0.0 100±0.0 100±0.0 

T19-X84 B. rapa  BC1S1 Rcr8,Rcr9 100±0.0 100±0.0 100±0.0 

T19-X92 B. rapa  BC1S1 No   100±0.0 100±0.0 100±0.0 

ECD 05**  B. rapa Cultivar No   100±0.0 100±0.0 100±0.0 

*Values represent the mean ± standard error across replicates 

**Susceptible check, European Clubroot Differential (ECD) 05 
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 Table 2. 2. Clubroot Disease Severity Index (DSI) on Brassica napus genotypes following 

inoculation with field isolates representing pathotypes 3A, 2B and 3D of Plasmodiophora 

brassicae.    

Genotype 

  

Species Type Host reaction to each pathotype* 

  3A 2B 3D 

  DSI% DSI% DSI% 

ECD 06 B. napus Oilseed rape 93.5±4.5 83.3±16.7 100±0.0 

ECD 09 B. napus Oilseed rape 71.2±6.4 100±0.0 100±0.0 

DH6756-5 B. napus Oilseed rape 100±0.0 100±0.0 100±0.0 

CN31153 B. napus Rutabaga 100±0.0 100±0.0 100±0.0 

CN31154 B. napus Rutabaga 100±0.0 88.9±11.1 100±0.0 

CN31304 B. napus Rutabaga 97.2±2.8 95.4±6.6 100±0.0 

CN31391 B. napus Rutabaga 57.4±6.5 71.3±28.7 97.2±2.8 

CN31403 B. napus Rutabaga 100±0.0 100±00 100±0.0 

CN31417 B. napus Rutabaga 89.8±11.2 100±0.0 100±0.0 

CN31450 B. napus Rutabaga 100±0.0 95.8±4.2 97.2±2.8 

CN31451 B. napus Rutabaga 100±0.0 100±0.0 100±0.0 

CN31452 B. napus Rutabaga 100±0.0 100±0.0 100±0.0 

CN31454 B. napus Rutabaga 98.1±1.9 100±0.0 100±0.0 

CN31457 B. napus Rutabaga 59.6±7.0 91.7±8.2 84.3±15.7 

CN35993 B. napus Oilseed rape 100±0.0 100±0.0 97.2±2.8 

CN39440 B. napus Oilseed rape 85.2±14.8 100±0.0 74.5±17.2 

CN39441 B. napus Oilseed rape 100±0.0 100±0.0 100±0.0 

CN39443 B. napus Oilseed rape 97.0±3.0 100±0.0 100±0.0 

CN43206 B. napus Oilseed rape 91.1±9.9 100±0.0 100±0.0 

CN46235 B. napus Oilseed rape 21.3±3.7 46.3±0.0 19.4±13.9 

Ames1669 B. napus Oilseed rape 100±0.0 100±0.0 100±0.0 

Ames6075 B. napus Oilseed rape 97.0±3.0 100±0.0 100±0.0 

PI284859 B. napus Oilseed rape 56.5±13.0 100±0.0 11.1±8.4 

PI305280 B. napus Oilseed rape 100±0.0 100±0.0 97.2±2.8 

PI311727 B. napus Oilseed rape 97.2±2.8 100±0.0 95.4±14.6 

CGN06822 B. napus Oilseed rape 100±0.0 100±0.0 100±0.0 
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Genotype 

  

Species Type Host reaction to each pathotype* 

  3A 2B 3D 

  DSI% DSI% DSI% 

CGN06902 B. napus Oilseed rape 4.3±1.23 0±0.0 13.9±2.8 

CGN07237 B. napus Oilseed rape 100±0.0 100±0.0 100±0.0 

CGN06896 B. napus Oilseed rape 99.1±0.9 100±0.0 100±0.0 

CGN17369 B. napus Oilseed rape 0±0.0 0±0.0 0±0.0 

AAFC695 B. napus Oilseed rape 6.48±4.6 3.7±7.3 4.6±6.5 

CGN17381 B. napus Oilseed rape 98.0±2.0 100±0.0 100±0.0 

CGN13919 B. napus Oilseed rape 100±0.0 100±0.0 100±0.0 

Laurentian B. napus Rutabaga 100±0.0 100±0.0 100±0.0 

DH16516** B. napus Oilseed rape 100±0.0 100±0.0 100±0.0 

Westar** B. napus Oilseed rape 100±0.0 100±0.0 100±0.0 

*Values represent the mean ± standard error across replicates 

**Susceptible checks  
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2.6. Figures 

 

Figure 2. 1. Four resistant Brassica napus genotypes, CN46235, CGN06902, CGN17369, and 

AAFC695, were identified in an evaluation of 50 B. rapa and B. napus genotypes tested against 

pathotypes 3A, 2B, and 3D of Plasmodiophora brassicae under greenhouse conditions. 

Symptom development on the susceptible checks, B. napus ‘Westar’ and B. rapa European 

Clubroot Differential (ECD) 05, is shown for comparison. 
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Figure 2. 2. Photograph showing the experimental set-up during phenotyping of 50 Brassica 

rapa and B. napus genotypes for resistance to pathotypes 3A, 2B, and 3D of Plasmodiophora 

brassicae. 
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Chapter 3. Identification of a major gene for resistance to four pathotypes of 

Plasmodiophora brassicae in Brassica rapa turnip ECD02 

 

3.1. Introduction 

Brassica rapa (genome designated as AA, 2n = 20) is one of the diploid progenitors of B. 

napus (AACC, 2n = 38) (U, 1935), a species which plays a significant role in vegetable oil 

production in Canada and worldwide. The A genome also occurs in B. juncea (AABB, 2n = 36) 

(U, 1935), contributing to the genetic diversity of these amphidiploid species (Chen et al. 2013; 

Qian et al. 2006). B. rapa is thought to have originated in the Mediterranean region and 

gradually spread to Scandinavia, Central Europe, Japan, China, and India (Prakash et al. 1980; 

Gomez-Campo, 1999).  

Clubroot disease caused by the obligate parasite Plasmodiophora brassicae Woronin is 

a threat to canola production in Canada (Strelkov and Hwang, 2014), where it can cause average 

yield losses of 10-15% (Dixon 2009; Botero-Ramirez et al. 2022) and losses as high as 30-100% 

in severe infections (Tewari et al. 2005; Strelkov et al. 2007a). Clubroot was first identified on 

canola in Alberta in 2003 (Tewari et al. 2005) and is spreading rapidly across the Canadian 

Prairies (Gossen et al. 2015; Hollman et al. 2021). As a result, clubroot represents an important 

potential constraint to canola production in Canada and could have a significant economic 

impact, as this crop is valued at $15.4 billion (CDN) annually (Rempel et al. 2014). Clubroot 

also occurs in many other regions of the world, including Australia, southeast Asia, northern and 

central Europe, the USA, and Latin America (Donald, 2005; Yang et al. 2012; Tanaka et al. 

2001; Diederichsen et al. 2014; Wallenhammar, 1996; Howard et al. 2010; Chittem et al. 2014; 

Botero-Ramirez et al. 2019). 
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The release of the first clubroot-resistant (CR) canola cultivar, ‘45H29’(Pioneer Hi-

Bred, ON, Canada), in Canada in 2009 (Strelkov et al. 2018) was quickly followed by other CR 

cultivars with a similar resistance profile (Deora et al. 2012). In 2013, the breakdown of the 

existing clubroot resistance by a new and virulent pathotype, named pathotype 5X, was 

confirmed in Canada near Edmonton, Alberta (Strelkov et al. 2018). The identification of 

additional new virulent pathotypes that could not be characterized using the existing differential 

systems led to the development of a new differential system known as the Canadian Clubroot 

Differential (CCD) set (Strelkov et al. 2018). Using the CCD, a number of new virulent 

pathotypes of P. brassicae have been identified in Canada (Strelkov et al. 2018; Hollman et al. 

2021). Many of these pathotypes, including 3A, 3D and 5X, are highly virulent on the initial 

group of CR canola cultivars (Strelkov et al. 2016; Strelkov et al. 2018). Researchers across the 

region are working to develop durable clubroot management strategies to reduce the losses 

caused by these new pathotypes. 

Soil amendments (Wellman,1930; Campbell et al. 1989; Donald & Porter, 2014; Fox et 

al. 2021), cultural practices (Dixon, 1991; Murakami et al. 2002; McDonald et al. 2004; 

Tremblay et al. 2005; Ahmed et al. 2011; Donald & Porter, 2014), fungicides and fumigants 

(Naiki and Dixon, 1987; Hwang et al. 2011; Peng et al. 2014; Donald and Porter, 2014) as well 

as biological control methods (Peng et al. 2014) have been all assessed for their efficacy against 

clubroot. However, the planting of CR cultivars remains the most effective, inexpensive and 

environmentally friendly approach (Rahman et al. 2014; Peng et al. 2014; Strelkov et al. 2016), 

which is why it has become the most commonly used clubroot management strategy in Canada. 

After infection of the root hairs by the pathogen, resistant host plants initially show 

basal resistance (Dekhuijzen, 1979; Fuchs and Sacristan, 1996; Kobelt et al. 2000; Gravot et al. 
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2011; Lahlali et al. 2017) to all pathotypes, followed by race or pathotype-specific resistance (R- 

gene-mediated resistance) (Crute et al. 1980; Rahman et al. 2014; Peng et al. 2014). More than 

20 CR loci, including about eight major genes and 12 QTL, have been identified and mapped 

(Sakamoto et al. 2008; Diederichsen et al. 2009; Piao et al. 2009; Hatakeyama et al. 2017; Yu et 

al. 2017; Karim et al. 2020) in the A genome against pathotypes of P. brassicae. Most of the CR 

loci have been identified on chromosome A03, including CRa (Matsumoto et al. 1998), CRb 

(Piao et al. 2004), CRd (Pang et al. 2018) CRk (Sakamoto et al. 2008), Crr3 (Hirai et al. 2004; 

Saito et al. 2006), PbBa3.1 to PbBa3.2 (Chen et al. 2013), Rcr1 (Chu et al. 2014), Rcr2 (Huang 

et al. 2017), Rcr4 (Yu et al. 2017), and Rcr5 (Huang et al. 2019). Others have been mapped to 

chromosome A08, including Crr1 (Suwabe et al. 2003), CRs (Laila et al. 2019), Rcr9 (Yu et al. 

2017), Rcr3 (Karim et al. 2020) and Rcr9wa (Karim et al. 2020), chromosome A02, including 

CRc (Sakamoto et al. 2008) and Rcr8 (Yu et al. 2017), and chromosomes A01 (Crr2; Suwabe et 

al. 2006) and A06 (Crr4; Suwabe et al. 2006). 

Vegetable turnips (B. rapa subsp. rapifera) have proven to be one of the best sources for 

identifying CR genes effective against many pathotypes of P. brassicae in Canada and across the 

world. Several turnip lines have been included in the European Clubroot Differential (ECD) set 

for differentiating pathotypes of P. brassicae (Buczacki et al. 1975; Jones et al. 1982). One of 

these turnip lines, ECD02, is also included in the CCD set. ECD02 was resistant to all 36 

pathotypes identified in Canada to date (Strelkov et al. 2018; Askarian et al. 2021; Hollman et al. 

2021). Therefore, this genotype represents a very important source for developing canola 

cultivars with resistance to clubroot in Canada. 

The CRa resistance gene, originating from ECD02 (reviewed by Piao et al. 2009) and 

providing resistance to Japanese isolates of P. brassicae, was identified (Matsumoto et al. 1998) 
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in Chinese cabbage (B. rapa subsp. pekinensis) and located on chromosome A03. Molecular 

markers linked to CRa were developed (Matsumoto et al. 2005) and the gene, which encodes a 

toll-interleukin-1 receptor, nucleotide binding site and leucine-rich repeat (TIR-NBS-LRR, TNL) 

protein (Ueno et al. 2012), was isolated from the Chinese cabbage donor. A study of resistance to 

the Canadian pathotypes 3H, 5X, and 5G confirmed the presence of CRa and Crr1 in the ECD02 

F2 population, based on phenotypic and molecular data, and resistance/susceptibility segregation 

ratios (Fredua-Agyeman et al. 2020). Two genes for resistance to a field isolate (likely pathotype 

3H) of P. brassicae, BraA.CR.a (A03) and BraA.CR.b (A08), were also identified in ECD02 

(Hirani et al. 2018). However, no research on the identification and mapping of resistance genes 

to important new pathotypes in ECD02 has been reported. 

The current study was undertaken to identify and map CR genes/loci in B. rapa ECD02 

with efficacy against the most prevalent pathotypes (3A, 3D, 3H, and 5X) of P. brassicae on the 

Prairies, using genotyping-by-sequencing (GBS), QTL analysis and conventional linkage 

mapping approaches. Potential candidate gene(s) in the target region were identified and bulked 

segregant analysis (BSA) was performed to identify SNP markers and develop markers tightly 

linked to the gene(s). The mapping of gene(s) effective against these important new pathotypes 

will assist breeders in developing Brassica crop cultivars for effective clubroot management.  

3.2. Materials and Methods 

3.2.1.  Parental lines and development of BC1/BC1S1 population 

Seed of ECD02, a turnip (B. rapa) cultivar, was provided by Dr. G. R. Dixon (The 

University of Warwick, Wellesbourne, Warwick, UK). ECD02 was crossed with a highly 

susceptible B. rapa line, ACDC, which was a self-compatible, doubled haploid (DH) line 

developed by Dr. K. Falk at the Saskatoon Research and Development Centre (SRDC), 
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Agriculture and Agri-Food Canada (AAFC). ECD02 is a winter-type vegetable, so vernalization 

was needed to induce flowering. After 8 weeks of vernalization (4°C;16 hr light/ 8 hr dark), the 

plants were brought back to the greenhouse (21°C/18°C) to flower. The plants were covered with 

a transparent plastic pollination bag at the bud initiation stage to exclude pollen from other 

plants. Line ACDC was also planted in the greenhouse and allowed to flower, with each flower 

cluster covered with a pollination bag to prevent cross-pollination. The F1 population was 

produced by crossing the lines ACDC × ECD02 where the line ECD02 served as a pollen donor. 

The resulting F1 plants were backcrossed with line ACDC to develop a BC1 population using the 

same protocol as for the initial cross. The F1 plants were vernalized for 8 weeks as described 

previously. Some of BC1 lines did not produce buds until 6 weeks after planting, so those plants 

were vernalized at  4°C and 16 hr light / 8 hr dark for 8 weeks. All the BC1 lines were selfed by 

covering each plant with a plastic pollination bag to produce a BC1S1 population. The BC1 were 

self-incompatible, so a 3% NaCl solution was sprayed to each of the BC1 lines to overcome the 

self-incompatibility barrier (Yu et al. 2017). This provided a sufficient amount of seed from each 

plant for phenotyping against the selected pathotypes of P. brassicae. Ninety-three BC1S1 lines 

were developed.  

3.2.2. Evaluating reaction to pathotypes 

Seed from the 93 BC1S1 lines and the parental lines (ECD02 and ACDC) was used to 

assess the reaction to four important P. brassicae pathotypes from Canada, 3A, 3D, 3H, and 5X 

(field isolate F.3-14 for pathotype 3A; field isolate F.1-14 for 3D; field isolate P.41-14 for 3H; 

and field isolate LG02 for 5X). 

A universally susceptible line, DH16516, originating from the B. napus cultivar ‘Topas’, 

which was provided by Dr. G. Séguin-Swartz at AAFC, SRDC, Saskatoon, was included as a 
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susceptible check. A DH line, NRC11-24, developed by Nutrien Ag Solutions (Saskatoon, SK) 

and with known resistance to the pathotype 3H, but susceptible to 3A, 3D, and 5X, was used as a 

second susceptible check to verify the pathogenicity of pathotypes 3A, 3D, and 5X, and as a 

resistant check for 3H. Two DH lines (AAFC-Y12 and AAFC-Y68) developed at AAFC, 

Saskatoon, which carry the resistance loci Rcr9ECD01 and Rcr10ECD01 and are highly resistant to 

pathotypes 3A, 3D, 3H and 5X (Yu et al. 2021), were included as resistant controls.  

Twelve seedlings of each plant, including the parents, were inoculated individually with 

each of the four pathotypes under controlled conditions in a growth chamber. The inoculum 

suspension was prepared following a standard protocol (Strelkov et al. 2016) modified by Karim 

et al. (2020). Briefly, frozen galls were cut into small pieces and soaked in water in a glass 

beaker for 20–30 min, then homogenized in a blender for 2–3 min and strained through two 

layers of nylon cloth. The spore concentration was estimated using a hemocytometer, adjusted to 

1×107 resting spores mL-1, as described in Chapter 2, and stored at -20°C until required. 

Seedlings of each plant were grown in 10 cm × 10 cm plastic pots filled with a 

commercial soil-less mix (Sunshine Mix 3, TerraLink Horticulture Inc. BC, Canada), packed and 

set in a plastic tray to catch and contain any runoff, with 12 seedlings per pot and 32 pots per 

tray. The pots were thoroughly soaked with water, allowed to drain and excess water was 

removed. After seeding, each tray was covered with a transparent plastic dome in a growth 

chamber set at 21°C ± 2°C under 16 hr light / 8 hr dark for one week. At one week after planting, 

the seedlings were inoculated with 15 ml of spore solution per pot. Immediately after 

inoculation, the trays were covered again and moved back to the growth chamber. Watering of 

the seedlings and trimming of leaves were carried out as needed. At 5 weeks after inoculation, 

the plants were uprooted, washed under tap water, and scored using the 0–3 rating scale 
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described by Kuginuki et al. (1999), where: 0 = no club symptoms on roots, 1 = a few small 

clubs, 2 = moderate clubbing, and 3 = severe clubbing on the whole roots (Figure S3.1). 

Clubroot severity was calculated for each line as a Disease Severity Index (DSI) following 

Horiuchi and Hori (1980) as modified by Strelkov et al. (2006), based on the following formula: 

DSI (%) =
∑(𝑛 × 0 + 𝑛 × 1 + 𝑛 × 2 + 𝑛 × 3)

N × 3
 × 100% 

Where DSI is the overall severity on a line; n is the number of plants in each class; N is the total 

number of plants assessed; and 0, 1, 2 and 3 are the disease severity classes. 

The lines from the BC1S1 population were separated into two categories: resistant (R) or 

susceptible (S). A line was regarded as R when the DSI < 60% and susceptible when the DSI ≥ 

60% (Yu et al. 2017). The segregation ratio of R and S was calculated and goodness of fit was 

tested with a χ2 test using Microsoft Excel. In addition, the correlation coefficients among DSI 

values of the tested plants were calculated and the significance of the correlation was tested with 

a t-test (Iversen et al. 1997) using Microsoft Excel. The study was repeated and the results of the 

second repetition were used to identify and map QTL from the population  

3.2.3. DNA extraction, sequencing and alignment of short reads to a reference genome 

DNA was extracted from young leaf tissues of the 93 BC1 lines and the parental lines 

using QIAGEN DNeasy kits following the manufacturer’s directions. The quality of the 

extracted DNA and concentration was evaluated with Qubit Fluorometer, NanoDrop (Thermo 

ScientificTM) and Microplate Reader and sample integrity was confirmed by gel electrophoresis, 

and the amount of DNA was adjusted to provide high-quality sequences from each sample. 

Genotyping-by-sequencing (GBS) was performed on an Illumina platform with pair-end 

sequencing at BGI Americas Corp (Cambridge, MA, USA). Whole genome sequencing of the 

parent lines ECD02 and ACDC was performed at the Plant Biotechnology Centre (Saskatoon, 
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SK, Canada). A DNA library was constructed following the protocol of Dakouri et al. (2018). 

The complexity of the extracted DNA was reduced by digesting the DNA with a methylation-

sensitive restriction enzyme ApeKI. The fragments produced from the enzymatic digestion were 

ligated to enzyme-specific adapters and amplified by PCR. The ApeKI-GBS libraries were 

constructed, and 100-bp long GBS reads generated. The short readssequences obtained from the 

two parental lines and 93 BC1 lines were aligned using SeqMan NGen 16 (DNASTAR, Madison, 

WI) against the B. rapa reference genome v3.0 (Chiifu) downloaded from 

http://brassicadb.org/brad/downloadOverview.php (Zhang et al. 2018). 

3.2.4. SNP filtering, linkage map construction and QTL detection 

The assembled and aligned sequences were analyzed using ArrayStar 16 (DNASTAR) to 

identify SNP variants in the sequences when compared with the B. rapa reference genome v3.0. 

The sequences of the 93 BC1 lines were filtered to leave only high-quality SNPs; the variants 

were reduced by at least 50% based on the SNP criteria of depth coverage > 5, quality score (Q) 

>30, and the SNP percentage > 10 on the ArrayStar platform. The remaining SNPs were further 

filtered on JoinMap 4.1 to select tightly linked SNPs, and a linkage map was drawn using 

Mapchart 2.1 (Voorrips, 2002) using only SNPs with < 20 cM distance; SNPs > 20 cM were not 

regarded as tightly linked, and hence not used, as there would be a chance of recombination, 

between the adjacent markers. The GBS-SNP sites were named based on the chromosome name 

and position of the SNPs on the chromosome sequence on the reference genome (CF: ‘Chiifu’). 

SNP loci from the R parent (ECD02) were scored as ‘H’ and those from the susceptible parent 

(ACDC) as ‘A’. The filtered SNPs were used in association with the phenotypic data to map 

QTL associated with the clubroot-resistance trait using the IciMapping Inclusive Composite 

Interval Mapping (ICIM) method (Meng et al. 2015). IciMapping was run at 1,000-permutations 

http://brassicadb.org/brad/downloadOverview.php
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(known as bootstrapping) with a type I error rate of 0.01 for QTL declaration. The QTL 

identified in this analysis were authenticated based on a maximum LOD value with the 

phenotypic variation (%PVE), additive (Add) effect of the QTL and confidence interval (CI) on 

the trait of interest. 

3.2.5. Bulked segregant analysis (BSA) and Kompetitive Allele Specific PCR (KASP) 

The phenotype (R or S) of each BC1 plant was determined, based on the mean DSI 

against each of the four pathotypes (3A, 3D, 3H and 5X) assessed on the BC1S1 population. As 

noted above, since the lines in the BC1 population are heterozygous, a line was regarded as R 

when the DSI < 60% and susceptible when the DSI ≥ 60% (Yu et al. 2017). An R plant was 

scored as ‘H’ and an S plant as ‘A’. Linkage analysis was performed with the SNP markers and 

phenotypes using JoinMap 4.1 (Van Ooijen, 2001). 

To identify SNP sites tightly linked to the QTL and develop robust SNP markers for use 

in marker-assisted selection, 43 resistant BC1 lines were combined to form an R bulk and 50 

susceptible BC1 lines to form an S bulk, and the GBS short reads from each bulk were then 

aligned with the B. rapa ‘Chiifu’ reference genome using SeqMan NGen 16. SNP genotyping 

was conducted using the KASP method (http://www.lgcgroup.com/) following the 

manufacturer’s instructions. Polymerase chain reactions were performed in a StepOne Plus Real 

Time PCR System (Applied Biosystem, Mississauga, ON). Linkage analysis with the confirmed 

SNP markers was performed using KASP analysis and the phenotypes were determined based on 

the mean DSIs of the four pathotypes using JoinMap 4.1 (Van Ooijen, 2001). 

3.2.6.  Identification of genes encoding disease resistance proteins in the target region 

Genes encoding disease resistance proteins, Receptor-like protein (RLP), Receptor-like 

kinase (RLK), and TIR-NB-LRR genes (TNL), were identified using BLAST2GO 4.1.9 with a 

http://www.lgcgroup.com/
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minimum E-value of 1 × 10−3 (Conesa et al. 2005) against the annotated Arabidopsis thaliana 

gene model. This process annotated the function of the genes in the QTL target region using the 

CDS of genes of the B. rapa ‘Chiifu’. Genes encoding disease resistance proteins in the targeted 

region were examined to identify potential candidate genes for each QTL. To keep the 

comparison consistent in the CR gene comparisons, all of the previously identified genes/loci 

identified using other forms of the reference genome were converted to the latest version (v3.0; 

Chiifu) and compared with the QTL identified in the current study. The most probable 

Arabidopsis homolog corresponding to each disease resistance gene, and the class of disease 

resistance proteins were determined using the CDS of the disease resistance genes in B. rapa by 

Blast search at www.arabidopsis.org. If there was more than one gene, both were taken into 

consideration. 

3.3. Results 

3.3.1. Clubroot disease reaction 

In the assessment of the reaction to pathotypes 3A, 3D, 3H, and 5X, all of the plants of 

the R parent ECD02 were resistant (0% DSI) to all four pathotypes, while all plants of the S 

parent ACDC were highly susceptible (100% DSI). All of the F1 plants were resistant to all four 

pathotypes with 0% DSIs (Table 3.1, Figure 3.1). The BC1S1 population showed a range of 

reactions (Figure 3.2). Lines with DSI < 60% were regarded as ‘R’ and those with DSI ≥ 60% as 

‘S’ (Yu et al. 2017). Based on these criteria, the BC1 derived from ACDC × (ACDC × ECD02) 

had a 1:1 (R:S) segregation ratio against each pathotype, based on the DSIs of their BC1S1 

families (Table 3.1). The 1:1 ratio in BC1 and resistance reaction of the F1 plants indicated that a 

single dominant gene derived from ECD02 controlled the resistance to each pathotype. 

http://www.arabidopsis.org/
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The DSI values to the pathotypes in the BC1S1 population derived from ACDC × 

ECD02 were highly correlated (Table 3.2). The strong correlation indicated that the resistance to 

all four pathotypes (3A, 3D, 3H and 5X) might be controlled by the same or a group of closely 

linked genes derived from the resistant parent. 

As shown in Table S3.1, all plants of the susceptible control DH16516 were also highly 

susceptible (100% DSI) to each pathotype. NRC11-24 was highly susceptible to pathotypes 3A, 

3D, and 5X (100% DSI), but resistant to 3H (0 % DSI). The B. napus breeding lines Y12 and 

Y68 were highly resistant to all four pathotypes (0% DSI).  

3.3.2. Alignment with reference genome 

DNA short reads from whole-genome sequencing of the parental lines ECD02 and 

ACDC, and GBS from the 93 BC1 lines, were aligned with the B. rapa reference genome v3.0. 

The total number of short reads was 214.3 million (M) with 192.1 M sequences aligned (depth 

coverage 68×), and 96% coverage of the genome for the resistant parent ECD02, and 552.9 M 

with 478.9 M sequences aligned (depth coverage 169×) and  92% coverage for ACDC (Table 

S3.2). A total of 432.9 M GBS short reads in the 93 BC1 lines were obtained, ranging from 1.6 to 

9.2 M sequences per line. The mean number of reads aligned with the reference genome from 

each line was 4.0 M (range 1.4 to 8.5 M, Table S3.2). The coverage ranged from 4.0–8.0% with 

a mean of 5.7%. (Figure S3.2, Table S3.2). 

3.3.3. Identification of SNPs and construction of linkage groups 

After sequence assembly, the data were assessed to identify variants and to create a SNP 

table. There were 93,454 SNPs present in at least 50% of the progeny lines. Of these, 17.9% 

highly polymorphic markers were selected based on their LOD values; markers with > 15 LOD 

values were used to create a linkage map. The 16,702 SNPs were further analyzed and tightly 
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linked markers were selected based on a LOD value of 15–20, which selected 2,539 high-quality 

markers that were distributed across the 10 chromosomes. The mean number of SNPs on each 

linkage group was 254, with 306 SNPs on linkage group A10, and 189 SNPs on A07. The mean 

linkage group length was about 620 cM, and ranged from 530 cM to 820 cM (Figure 3.3). 

Among the 2,539 filtered SNPs, 1,195 redundant markers were identified and deleted 

using QTL IciMapping. The remaining 1,344 high quality, unique SNPs were distributed into 10 

chromosomes of A-genome, with 105 to 159 SNPs per chromosome and an average missing rate 

of 0.27% (Table S3.3). Each SNP was positioned about 3 to 5 cM apart along each chromosome 

(Table 3.3). The estimated length of the chromosomes ranged from 452 to 757 cM with a mean 

length of 452 cM. These SNPs were used to identify the association between the clubroot 

reaction of each line and QTL associated with resistance. 

3.3.4. Mapping QTL for resistance to pathotypes 3A, 3D, 3H, and 5X 

 QTL mapping was performed using 1,344 high quality, polymorphic SNPs in association 

with the DSI value for each line to each pathotype. A single QTL for resistance to all four 

pathotypes, designated as Rcr9ECD02, was mapped on linkage group A08, with a strong peak 

associated with SNP markers CF_A08_10575267 and CF_A08_11903476. The SNP marker on 

the left CI was CF_A08_11903476 (399.5 cM) and on the right CI it was CF_A08_10575267 

(402.5). These markers were located in the interval of Rcr9, a CR locus identified previously (Yu 

et al. 2017). However, Rcr9ECD02 conferred resistance to all four of the pathotypes assessed, 

whereas Rcr9 conferred resistance only to 5X. Rcr9ECD02 was associated with a phenotypic 

variation explained (PVE) of 68.9 to 77.4% in response to the individual pathotypes, with 

corresponding LOD values of 24.3 to 31.1 (Table 3.4, Figure 3.4). The Add values of the QTL to 

resistance were in the range of 64.2 to 74.7 against the pathotypes (Table 3.4, Figure 3.4). 
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3.3.5. DNA variants and SNP markers in the target region 

To confirm the location of Rcr9ECD02, the BC1-BC1S1 population was analyzed using 

conventional linkage mapping. There were 43 R lines and 50 S lines in the BC1, based on the 

mean DSIs of four pathotypes in the BC1S1 populations. There were 135 high-quality SNP 

markers identified on chromosome A08, but only two SNP markers (CF_A08_10575267 and 

CF_ A08_11903476) were closely associated with Rcr9ECD02. 

To identify more SNP sites in the target region and develop robust SNP markers that 

could potentially be used for marker-assisted selection, GBS short reads from the R bulk and the 

S bulk were aligned with the B. rapa ‘Chiifu’ reference genome. There were 5.5 M short reads 

and 6.8 M assembled into chromosome A08 with template coverage of 14.9% from the R bulk 

and 15.3% from the S bulk. Further analysis to identify high quality variants uniquely from the R 

bulk was performed in the target region (10,575,267 to 11,903,476 bp of A08) and an extended 

region to 12,326,805 bp that included the previously cloned Crr1 (Suwabe et al. 2003), which 

was homologous to BraA08g014480.3C (12,271,553 to 12,276,276 bp of A08). There were 44 

DNA variants consisting of 41 SNPs and 3 InDels in this region (Table S3.4). 

A KASP assay was carried out for 22 of the 41 SNPs. Of these 22 SNPs, 14 were 

polymorphic between the parental lines used for genotyping the 93 BC1 lines. A linkage map 

consisting of the 14 SNPs identified with the KASP assay and 2 SNPs identified by QTL 

analysis was constructed (Figure 3.5 & S3.3). Rcr9ECD02 co-segregated with CF_A08_11021839, 

CF_A08_11059924, CF_A08_11466518, CF_A08_11672817, CF_A08_11855997, and 

CF_A08_11903476, and was flanked by CF_A08_10721706 and CF_A08_12230973, in an 

interval of 2.2 cM. This interval was upstream of BraA08g014480.3C (12,271,553 to 12,276,276 

bp of A08), where Crr1 is located. 
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3.3.6. Identification of genes encoding disease resistance proteins 

Rcr9ECD02 was associated with two SNP markers (CF_A08_10721706 and 

CF_A08_12230973) in the KASP assay. The region between these two markers, which spanned 

1.5 Mb on the chromosome, included 219 B. rapa genes identified on the reference genome 

(Table S3.5). Among these 219 genes, there were four potential resistance genes: 

BraA08g012910.3C, BraA08g012920.3C, BraA08g013130.3C and BraA08g013630.3C (Table 

3.5). 

The first three genes were homologous to the Arabidopsis gene AT3G05360, which 

encodes receptor-like protein 30. The fourth gene was homologous to AT5G11250, encoding an 

atypical TNL protein, BraA08g014480.3C, which was homologous to the previously cloned 

resistance gene Crr1. However, this gene was not in the interval previously reported for Crr1 

(Table 3.5). 

3.4. Discussion 

 Clubroot, caused by P. brassicae, is an important disease of canola in Canada. All of the 

initial CR canola cultivars released in Canada have proven to be susceptible to many of the new 

pathotypes of P. brassicae that have emerged in recent years, including 3A, 3D, and 5X 

identified from CR canola (Strelkov et al. 2018). Pathotype 3A is currently predominant among 

the new pathotypes, followed by 3D (Strelkov et al. 2018; Hollman et al. 2021).  

The B. rapa line ECD02 was highly resistant to all four of the pathotypes tested in the 

current study. All of the F1 plants were resistant to all four of the pathotypes. Based on the 

previous observations (Yu et al. 2016; Yu et al. 2017), BC1S1 lines with DSI < 60% were likely 

from resistant BC1 lines. Therefore, the BC1S1 families with DSI < 60% were classified as R and 

those families with DSI ≥ 60% as S families in this study (Figure 3.3).  The BC1S1 families 
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segregated for R:S at a 1:1 ratio. This indicated that resistance was controlled by one dominant 

gene from the resistant parent ECD02. The DSI values for each line were highly correlated for 

each of the pathotypes. This indicated that resistance was controlled by a single gene or tightly 

linked genes. Analysis identified a single QTL, Rcr9ECD02, on chromosome A08 conferring 

resistance to pathotypes 3A, 3D 3H and 5X, which was consistent with the conventional 

analysis. Both QTL analysis and linkage mapping indicated that Rcr9ECD02 mapped to the 

10,575,267 to 12,331,263 base region of chromosome A08 in B. rapa ‘Chiifu’ v3.0. The name 

Rcr9ECD02 was selected because the gene was mapped into the genetic region of Rcr9 and was 

originally derived from B. rapa line ECD02. 

Clubroot severity in the DH lines in response to the individual pathotypes was highly 

correlated, which indicated that the same or tightly linked genes likely controlled resistance to 

these pathotypes. However, the identification of QTL in this study was based on relatively coarse 

gene mapping, so it could not be determined if resistance to the pathotypes was controlled by a 

single gene or tightly linked genes. Additional studies are in progress. However, strong 

resistance to Canadian clubroot pathotypes is generally controlled by single dominant genes/loci 

such as Rcr1–Rcr9 (Chu et al. 2014; Yu et al. 2016; Huang et al. 2017; Yu et al. 2017; Dakouri 

et al. 2018; Chang et al. 2019; Huang et al. 2019; and Karim et al. 2020). 

Previous studies identified CRa on chromosome A03 in ECD02 (Matsumoto et al. 1998; 

Matsumoto et al. 2005; Ueno et al. 2012; Fredua-Agyeman et al. 2020). However, CRa was not 

found in the current mapping population. In nature, B. rapa is self-incompatible and requires 

cross-pollination. As a result, it is unlikely that ECD02 is a homogenous line. It is therefore 

possible that the mapping population derived from the donor plant used for this study did not 

carry CRa. 
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A previous study has identified three QTL in B. rapa line T19 that conferred resistance to 

several pathotypes (Yu et al. 2017). T19 had originated from the German turnip ‘Pluto’. A single 

QTL on chromosome A03, designated Rcr4, conferred resistance to pathotypes 2F, 3H, 5I, 6M 

and 8N (Yu et al. 2017), but was not effective against 3A, 3D or 5X (Table S3.1). Although Rcr8 

on chromosome A02 and Rcr9 on A09 also conferred resistance to pathotype 5X (Yu et al. 

2017), they did not confer resistance to 3A, 3D or 3H (Table S3.1). Therefore, Rcr9ECD02 from 

ECD02 is likely different from the three CR loci from T19. 

Previously, Rcr9 for resistance to pathotype 5X had been identified in the B. rapa 

breeding line T19 (Yu et al. 2017). The proposed position of Rcr9 spanned a large interval (6.48 

Mb) of chromosome A08, including the genome region of Rcr3, Rcr9wa (Karim et al. 2020), 

Rcr9ECD01 (Yu et al. 2021) and a QTL identified in Rutabaga (Hasan & Rahman 2016). However, 

the BC1S1 families that carried Rcr9 were resistant to 5X but not to 3A, 3D or 3H (Table S3.1). 

This difference in phenotype indicated that Rcr9 differed from Rcr9ECD02. In addition, another 

resistance locus, designated as Rcr9wa, has been identified from a differential line in the ECD set. 

It originated from the turnip ‘Waaslander’ (ECD04), was mapped to the same interval as Rcr9 

and provided resistance to pathotype 5X (Karim et al. 2020). Based on flanking markers, Rcr9wa 

was mapped to the 12.3–12.6 Mb region of chromosome A08 (a smaller interval than Rcr9), 

which is distinct and separate from Rcr9ECD02. Similarly, another resistance QTL/gene that 

originated from ‘Waaslander’ and conferred resistance to pathotype 3H, designated Rcr3, was 

mapped to chromosome A08 and was flanked by SNP markers on the 11.3–11.6 Mb region in 

the B. rapa ‘Chiifu’ reference genome v3.0 (Karim et al. 2020). The position of Rcr3 was in the 

interval of Rcr9ECD02. However, it conferred resistance to pathotype 3H, but not to 5X (Karim et 

al. 2020). Moreover, the QTL identified in the Rutabaga was resistant to pathotype 2, 3, 5, 6, and 
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8 (Hasan & Rahman 2016). There were no information on resistant reaction to the new clubroot 

resistance-breaking pathotypes. Therefore, it was not possible compare the identified QTL 

position with currently identified Rcr9ECD02. Finally, there has been a QTL identified from 

ECD01, designated as Rcr9ECD01, which conferred resistance to 3D, 3H and 5X, but resistance to 

3A was only apparent when resistance alleles were present at both loci Rcr9ECD01 and Rcr10ECD01 

(Yu et al. 2021). It was mapped to the 12.0 to 14.5 Mb region of A08 in B. rapa ‘Chiifu’ v3.0, 

partially overlapping with Rcr9ECD02 (Figure 3.11). 

In addition, the gene BraA.CR.b for resistance to pathotype 3H was previously identified 

from the turnip differentials ECD01, ECD02, ECD03 and ECD04 and mapped to chromosome 

A08 (Hirani et al. 2018), but no information on the genome region corresponding to the B. rapa 

‘Chiifu’ reference genome v3.0 was provided. Similarly, several genes/loci for resistance to 

collections of P. brassicae from Japan and China, including Crr1 (Suwabe et al. 2003), CRs 

(Laila et al. 2019), PbBa8.1 (Chen et al. 2013) and qBrCR38-2 (Zhu et al. 2019), have also been 

mapped to chromosome A08. The cloned CR gene Crr1 was highly homologous to Bra020861 

in the B. rapa reference genome v1.5 and to BraA08g014480 in the B. rapa reference genome 

v3.0, which is not located in the Rcr9ECD02 genomic region. In addition, breeding lines carrying 

Crr1 were not resistant to the pathotypes of P. brassica assessed in this study (unpublished data). 

Therefore, Rcr9ECD02 is unlikely the same as Crr1. The relationship between Rcr9ECD02 and CRs 

(Laila et al. 2019), PbBa8.1 (Chen et al. 2013) and qBrCR38-2 needs to be determined. 

The CR genes CRa, CRkato and Crr1 in B. rapa have been cloned. They all encoded TNL 

class disease resistance proteins (Ueno et al. 2012; Hatakeyama et al. 2013; Hatakeyama et al. 

2017). There were four genes annotated as disease resistance proteins in the Rcr9ECD02 interval. 

One of them (BraA08g013630.3C) belongs to the TNL class, while the other three 
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(BraA08g012910.3C, BraA08g012920.3C and BraA08g013130.3C) encode receptor-like protein 

30. Further studies are required to identify which of these genes is the main gene responsible for 

clubroot resistance, and to determine whether all four genes are necessary for resistance to the 

four pathotypes. This can be addressed when the gene is cloned. 

3.5. Conclusion 

 In the current study, a single co-localized QTL Rcr9ECD02 was identified on chromosome 

A08 of the B. rapa line ECD02 using 93 BC1S1 lines; this QTL conferred resistance to P. 

brassicae pathotypes 3A, 3D, 3H, and 5X. A set of high quality markers consisting of 1,344 

SNPs distributed across the 10 chromosomes was developed and used for QTL mapping. The 

identified QTL Rcr9ECD02 explained 68.9-74.4% of the phenotypic variation with LOD values of 

24.3 to 31.1.  Bulked segregant analysis and KASP genotyping were also used to identify 14 

robust SNP markers linked to Rcr9ECD02, with six markers completely associated with the QTL, 

and four markers flanking the loci in an interval of 2.2 cM in the population. Four TNL genes 

encoding disease resistance proteins were found in the QTL region. The QTL Rcr9ECD02 

represents a valuable genetic resource for the development of new CR canola cultivars. The 

availability of multiple resistance genes can provide opportunities for the rotation of sources of 

resistance, thereby contributing to resistance stewardship and more sustainable management of 

clubroot of canola. 
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3.6. Tables 

Table 3. 1. Correlation matrix for clubroot severity (disease severity index, DSI) in BC1S1 lines 

derived from ACDC × (ACDC × ECD02) inoculated with four pathotypes (3A, 3D, 3H, and 5X) 

of Plasmodiophora brassicae under controlled conditions. 

Pathotypes 3A 3D 3H 5X 

3A 1.00    

3D 0.93** 1.00   

3H 0.95** 0.92** 1.00  

5X 0.89** 0.91** 0.86** 1.00 

** significant at P ≤ 0.01. 

 

Table 3. 2. Marker distribution throughout the Brassica rapa parent genotypes ACDC and 

ECD02, and BC1 population derived from ACDC × (ACDC × ECD02). 

Materials Total # of 

sequence 

(× 105) 

Assembled 

sequence  

(× 105) 

Fold  

coverage 

# of bases / 

sequence  

(× 103) 

Total # of SNPs  

(× 105) 

Parental 

lines 

ACDC 5529 4789 0.92 86.7 62 

ECD02 2143 1921 0.96 89.6 78 

BC1 Mean  

± SE 

44.6 

 ± 1.75 

40.3  

± 1.56 

0.006 

± 0.0003 

0.09 ±  

0.004 

2.38 ±  

0.043 

Total 4329 3911 0.57 90.3 231 
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Table 3. 3. Distribution of SNPs on linkage groups of a BC1S1 population of Brassica rapa 

[ACDC × (ACDC × ECD02)] used to identify QTL for resistance to pathotypes 3A, 3D, 3H, and 

5X of Plasmodiophora brassicae. 

Linkage group Number of 

Markers 

Total Length 

(cM) 

Mean Length 

between Adjacent 

Markers(cM) 

A01 136 515.4 3.79 

A02 130 756.6 5.82 

A03 159 547.0 3.44 

A04 115 630.1 5.48 

A05 146 648.2 4.44 

A06 141 693.3 4.92 

A07 131 743.8 5.68 

A08 135 561.8 4.16 

A09 105 451.9 4.30 

A10 146 475.7 3.26 

Total 1344 6023.8 - 

Maximum 159 756.6 5.82 

Minimum 105 451.9 3.26 

Mean 134 602.4 4.53 
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Table 3. 4. Additive QTL effect on clubroot severity of a Brassica rapa BC1S1 population, derived from ACDC × (ACDC × ECD02), 

after inoculation individually with four pathotypes (3A, 3D, 3H, 5X) of Plasmodiophora brassicae and corresponding markers linked 

to the QTL ‘Rcr9ECD02’ on chromosome A08. 

Pathotype Interval 

(cM) 

Peak Flanking markers Nearest SNP to peak 

LOD Position PVE 

(%) 

Addit.* 

(%) 

Left marker Right marker Name position 

3A 400.5–402.5 30.1 401 73.8 72.7 A08_11903476 A08_10575267 A08_11903476 400.5 

3D 400.5–402.5 31.1 401 76.6 74.7 A08_11903476 A08_10575267 A08_11903476 400.5 

3H 400.5–402.5 28.0 401 73.1 74.0 A08_11903476 A08_10575267 A08_11903476 400.5 

5X 400.5–402.5 24.3 401 68.1 64.2 A08_11903476 A08_10575267 A08_11903476 400.5 

*Alleles from ECD02  
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Table 3. 5. Identified major genes near QTL ‘Rcr9ECD02’, on chromosome A08, and their characteristics with functions. 

Gene name B. rapa  gene location 

(base) 

Length 

(base) 

Gene description from 

Blas2Go 

Gene functions from Blast2Go 

BraA08g012910.3C 11232393….11235117 2724 Disease resistance Defense response to fungus- oomycetes, 

signal transduction, detection of a 

molecule of fungal origin.   

BraA08g012920.3C 11248087….11250727 2640 Disease resistance Defense response to fungus- oomycetes, 

signal transduction, detection of a 

molecule of fungal origin. 

BraA08g013130.3C  11388577….11391460 2883 Disease resistance Defense response to fungus, signaling 

pathway, kinase activity 

BraA08g013630.3C 11696216….11696785 569 Disease resistance (TIR-

NBS-LRR class) family 

Signal transduction, regulation of 

cellular response to stress, ADP 

binding, and defense response. 

 

 

 



 

73 

 

3.7. Figures 

 

Figure 3. 1. Steps in testing a BC1S1 population for reaction to four pathotypes of 

Plasmodiophora brassicae under controlled conditions. Panels 1–6 illustrate the sequential steps 

followed in the protocol.                                      

 

Figure 3. 2. Clubroot disease severity rating scale, where: 0 = no galls on roots, 1 = a few small 

galls, 2 = moderate galls, and 3 = severe galls. 
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Figure 3. 3. Clubroot severity (disease severity index, DSI) of 93 lines of a BC1S1 population 

derived from ACDC × (ACDC × ECD02) and inoculated with pathotypes 3A, 3D, 3H and 5X of 

Plasmodiophora brassicae in a growth chamber. 

 

 

 

Figure 3. 4. The proportion of SNPs within the sequence of 93 BC1 lines (orange bars are 

sequences with SNPs, blue bars are sequences without SNPs). 
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Figure 3. 5. Linkage map of the sequences of a BC1S1 population derived from ACDC × (ACDC 

× ECD02) consisting of 2,539 SNPs. The vertical scale on the left indicates the genetic distance 

in centimorgans (cM). 
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Figure 3. 6. LOD plot and the additive effect of clubroot resistance QTL against pathotypes 3A, 3D, 3H, and 5X of Plasmodiophora 

brassicae with a linkage group of a BC1S1 population derived from ACDC × (ACDC × ECD02). 

 

(3A, 3D, 3H, and 5X) 
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Figure 3. 7. The peak in the LOD score indicates the QTL position and additive effect of QTL on 

chromosome A08 of Brassica rapa cultivar ECD02 that provide the resistance reaction to the 

four pathotypes (3A, 3D, 3H, and 5X) of Plasmodiophora brassicae. 
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Figure 3. 8. The QTL likelihood profile of four QTL for clubroot resistance, the genetic position 

intervals between those QTL, and physical positions of the marker on chromosome A08 of 

Brassica rapa line ECD02. The vertical scale on the left indicates the genetic distance in 

centimorgans (cM). 
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Figure 3. 9. Linkage map of A08 based on 14 SNPs from a KASP assay and 2 SNPs identified 

by QTL analysis, illustrating the relative position of Rcr9ECD02 on this chromosome. 
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 an 

Figure 3.10. Allelic discrimination plots of KASP SNP marker analysis of Brassica rapa BC1S1 

populations, derived from ACDC × (ACDC × ECD02), where ACDC is the susceptible parent, 

and ECD02 is the resistant parent of the population. 
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Figure 3.11. Location of the identified QTL Rcr9ECD02 on A08 chromosome Brassica rapa genome v3.0 (Chiifu) in relation to the 

previously identified QTL Rcr9 (Yu et al. 2017), Rcr9wa (Karim et al. 2020) and Rcr9ECD01 (Yu et al. 2021) from different populations.  
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Chapter 4. Genotyping-by-sequencing reveals a major QTL for resistance to four virulent 

pathotypes of Plasmodiophora brassicae in the winter oilseed rape (Brassica napus) 

‘AAFC695’  

 

4.1. Introduction 

Oilseed rape or canola (Brassica napus L.) is one of the most important edible oil crops 

worldwide. In Canada, canola contributes $29.9 billion annually to the national economy 

(Canola Council of Canada 2020).  Unfortunately, clubroot disease, caused by the obligate 

parasite Plasmodiophora brassicae Wor., represents a significant threat to the sustainable 

production of this and other cruciferous crops (Dixon 2009). In western Canada, clubroot has 

been spreading through the main canola-growing regions of Alberta, Saskatchewan and 

Manitoba since the 2000s (Strelkov & Hwang 2014); the disease is most severe in Alberta, where 

clubroot had been confirmed in over 3300 fields by 2020 (Strelkov et al. 2021). Infection by P. 

brassicae results in the formation of large galls on the roots of susceptible hosts, which interfere 

with water and nutrient uptake from the soil.  Under conditions favorable for disease 

development, yield losses on canola may approach 100% (Pageau et al. 2006; Botero-Ramírez et 

al. 2022). The management of clubroot can be difficult, since P. brassicae produces very large 

numbers of resilient resting spores that persist in the soil for many years (Braselton 1995; 

Wallenhammar 1996), serving as inoculum for future infections.  

 While a variety of strategies have been evaluated for the control of clubroot in canola, 

including, among others, liming of the soil to increase its pH (Hwang et al. 2014; Fox et al. 

2022) and planting of bait crops to deplete soil resting spore concentrations (Ahmed et al. 2011), 

the deployment of genetically resistant cultivars is the most effective and economical 
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management approach (Peng et al. 2014; Rahman et al. 2014).  Clubroot-resistant (CR) canola 

was first introduced to Canada in 2009, and quickly became the most widely used tool to manage 

the disease (Strelkov & Hwang 2014).  The genetic basis for this resistance, while not in the 

public domain, appeared to be similar in most cultivars and was derived from the European 

winter oilseed rape cultivar ‘Mendel’ (Fredua-Agyeman et al. 2018).  Unfortunately, the 

virulence of P. brassicae populations can shift quickly in response to the selection pressure 

exerted by resistant hosts (LeBoldus et al. 2012), and ‘novel’ pathotypes of P. brassicae able to 

overcome host resistance were detected in Alberta by 2013 (Strelkov et al. 2016).  The 

distribution and number of new pathotypes has been increasing yearly, with approximately 17 

resistance-breaking pathotypes, as defined on the Canadian Clubroot Differential (CCD) set, 

reported to date (Strelkov et al. 2018; Strelkov et al. 2021; Hollman et al. 2021).  These include 

pathotypes 3A (predominant resistance-breaking pathotype), 2B (widest host range), 3D (second 

most-common after 3A) and 5X (first resistance-breaking pathotype identified in Canada). 

Clubroot resistance in B. napus (AACC, 2n = 38) is primarily descended from the A-

genome of B. rapa (Diederichsen et al. 2006; Peng et al. 2014). Brassica rapa (AA), especially 

turnip (B. rapa ssp. rapifera), possesses multiple independent and race or pathotype-specific CR 

genes in its genome profile (Crute et al. 1980; Toxopeus and Janssen 1975). Indeed, to date, 

more than 18 CR loci/genes have been identified and mapped in B. rapa: CRa, CRb, CRd, CRk 

Crr3, PbBa3.1, PbBa3.3, Rcr1, Rcr2, Rcr4, Rcr5, Crr1, CRs, Rcr9, Rcr3, Rcr9wa, Rcr9ECD01, 

CRc, Rcr8, Crr2, and Crr4 (Chen et al. 2013; Chu et al. 2014; Hirai et al. 2004; Huang et al. 

2019; Huang et al. 2017; Karim et al. 2020; Laila et al. 2019; Matsumoto et al. 1998; Pang et al. 

2018; Piao et al. 2004; Saito et al. 2006; Sakamoto et al. 2008; Suwabe et al. 2003; Suwabe et al. 

2006; Yu et al. 2017; 2021), with most of these genes found in European fodder turnip 
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(Sakamoto et al. 2008; Yu et al. 2017; Karim et al. 2020; Diederichsen et al. 2009a; Piao et al. 

2009). Based on several B. rapa gene mapping studies, chromosome A03 is a hotspot for most of 

the CR genes, followed by chromosomes A08, A02, A01, and A06. 

In contrast to the major resistance genes on the A-genome, the C-genome of B. napus 

includes many QTL for clubroot resistance (Piao et al. 2009; Rahman et al. 2014; Dakouri et al. 

2018). Around 37 resistance QTL and major genes have been identified and mapped in the C-

genome, namely CR2a, CR2, Pb-Bo1, Pb-Bo2, Pb-Bo3, -o4, Pb-Bo5a, Pb-Bo5b, Pb-Bo8, Pb-

Bo9a, Pb-Bo9b, PbBo1, Pb-Bo (Anju) 1, Pb-Bo (Anju)2, Pb-Bo (Anju)3, Pb-Bo (Anju)4, pb-3, 

pb-4, QTL1, QTL3, QTL9, CRQTL-YC, CRQTL-GN_1, CRQTL-GN_2, DIC.I-1, DIC.II-1, Rcr7, 

PbC4.1, PbC6, PbC7.1, PbC7.2, PbC8, PbC9.1, PbC3, PbC4.2, PbC7.3, and PbC9.2 (Farid et 

al. 2020; Figdore et al. 1993; Grandclément and Thomas 1996; Landry et al. 1992; Peng et al. 

2018; Strelkov et al. 2018; Voorrips and Kanne 1997). As resistance mediated by CR genes plays 

an important role in protecting Brassica crops from clubroot, the identification and mapping of  

these genes is important for the development of clubroot-resistant canola varieties (Ce et al. 

2021).  

High throughput Next-Generation Sequencing (NGS) has enabled a new era in the 

genome sequencing of many plant species, including Arabidopsis thaliana L. Heynh. (Schranz 

and Mitchell-Olds 2006) and polyploid Brassica species such as B. napus (Rousseau-Gueutin et 

al. 2020). Next-Generation Sequencing, especially genotyping-by-sequencing (GBS), is a cheap 

and highly efficient technology to map specific gene loci (Mammadov et al. 2012; Wang et al. 

2020; Rajendran et al. 2022) and identify candidate genes linked to the mapped loci. This 

technology has been widely used to identify single nucleotide polymorphisms (SNPs) (Elshire et 

al. 2011; Song et al. 2020; Wang et al. 2020), construct reference genomes and haplotype maps, 



 

85 

 

evaluate genetic diversity and conduct association studies of many important crops including 

canola (Wang et al. 2011; Yu et al. 2017; Dakouri et al. 2021; Mundada et al. 2022). 

Given the recent emergence of new pathotypes of P. brassicae able to overcome host 

resistance, gene mapping to identify novel resistance sources and incorporate them into breeding 

programs is important for the effective management of clubroot. While the development of 

clubroot-resistant canola can be achieved via the introgression of resistance from allied species, 

the introduction of resistance from the same species is an easier approach. Dakouri et al. (2021) 

identified various B. napus accessions with good resistance to several new pathotypes of P. 

brassicae. One of these accessions, AAFC695 (corresponding to the winter oilseed rape cv. 

‘AAFC695’ from France; https://cgngenis.wur.nl), was resistant to a collection of 12 P. 

brassicae pathotypes, including pathotypes 3A, 2B and 3D (Chapter 2) and 5X (Dakouri et al. 

2021). The present study was undertaken to identify and map the CR genes in this host via the 

use of high throughput NGS technology, and to develop molecular markers to accelerate canola 

breeding programs for the development of CR cultivars. Moreover, the identified and mapped 

genes could also be used to pyramid resistance genes within the same host genotypes, thereby 

increasing the durability of resistance against newly emerging pathotypes of P. brassicae.    

4.2. Methods 

4.2.1 Parent selection and F1 development 

Brassica napus accession AAFC695, the winter oilseed rape cv. ‘AAFC695’, was 

obtained from the Centre for Genetic Resources, the Netherlands 

(https://www.wur.nl/en/Research-Results/Statutory-research-tasks/Centre-for-Genetic-

Resources-the-Netherlands-1.htm). It is resistant to many P. brassicae pathotypes, including 

pathotypes 3A, 2B, 3D, and 5X, which are able to overcome the resistance found in many 

https://cgngenis.wur.nl/
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Canadian canola cultivars (Chapter 2; Dakouri et al. 2021).  Given its nature as a winter type, 

‘AAFC695’ plants were vernalized for 6 weeks at 4°C. Following vernalization, some of the 

plants were selected to make a cross with a spring type, the doubled haploid (DH) B. napus line 

DH16516 (a universally clubroot-susceptible DH line originating from the B. napus ‘Topas’), to 

produce the F1 hybrids. 

4.2.2. Development of a DH population from F1 plants 

Four resistant F1 plants from the cross above were selected for microspore culture to 

develop the DH population. The plants were transferred to 15 cm-diam. pots and allowed to 

grow under controlled conditions (21°C ± 2°C with a 16 h photoperiod) for seven weeks, 

followed by a vernalization period at 4°C for six-weeks. After vernalization, the plants were 

transferred to a growth chamber maintained at 10°C with a 14 h/10 h day/night cycle. The 

development of the DH population was carried out following Coventry et al. (1988) with some 

modifications.  At bud formation, the buds were collected in Falcon tubes, and buds 3.5 to 4.5 

mm in length were selected under a dissecting microscope and washed with distilled water in a 

100 mL beaker. After washing, the buds were soaked in 3% bleach (sodium hypochlorite) for 10 

min and then rinsed three times with sterile Milli-Q Millipore water. The buds were subsequently 

placed in a 50 mL glass beaker and homogenized in 25 mL liquid Gamborg B5 medium 

(Gamborg et al. 1968) with a sterile glass rod. The homogenized bud suspension was passed 

through two-layers of nested sterile filters [(64 µm top (NTX64) and 41 µm bottom (NTX41)] 

into a sterile Falcon tube. The Falcon tube was centrifuged three times at 130g for 3 min each 

time, with the supernant decanted and the pellet washed with B5 liquid washing medium in 

between centrifugations. Following a final wash, the microspore pellet was resuspended in a 25 

mL NLN 13 (pH 6.0-6.2) medium (Lichter, 1982) and poured into individual Petri dishes, with 5 
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ml of microspore suspension per dish. The Petri dishes were sealed with parafilm and incubated 

under darkness in an incubator at 32°C for 72 h to provide a heat shock treatment. They were 

then transferred to an incubator maintained at 30°C for 14 days. Following this incubation 

period, the Petri dishes were placed in a cardboard box, sealed to ensure darkness inside, and 

placed on a rotary shaker at 60 rpm for 3 days.  They were then moved under light and kept 

under aerobic conditions for the next 4-7 days to allow the growth of the embryos. Once the 

embryos developed into a torpedo shape, the Petri dishes were removed from the shaker and 

placed in a refrigerator at 4°C for 2-7 dyas.  The well-developed embryos were then transferred 

to solid B5 medium in Petri dishes and placed at room temperature under a 16/8 h day/night 

regime, so the embryos could develop into plantlets.  

Plantlets with well-developed roots and true leaves were transferred to a soilless growth 

medium (Sunshine Mix 3, TerraLink Horticulture Inc., Abbotsford, BC) and covered with 

transparent cups for about a week. At that point, the bigger plantlets were transferred to larger 

pots and were grown under standard conditions (21°C ± 2°C, 16 h photoperiod) in a greenhouse 

for 6 weeks.  

Some DH plants did not initiate bud production until 6 weeks after planting, so those 

plants were vernalized in a growth chamber at 4°C and16 hr light / 8 hr dark for 8 weeks. All of 

the plants were individually covered with a plastic pollination bag to prevent outcrossing and to 

produce a DH population. Plants with visible pollen production were regarded as DH plants, and 

seeds from one plant were harvested and stored as a DH line. The plants with smaller-sized 

flowers or petals and lacking pollen grains were considered haploid individuals and were 

discarded from the population. One hundred and two DH lines were obtained from the F1 donor 

plants of the cross between ‘AAFC695’ and DH16516.  
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4.2.3. Inoculum preparation and phenotyping plants for resistance to clubroot 

The parents ‘AAFC695’ and DH16516, the F1 plants, and the 102 DH lines were tested 

for their reaction to each of the P. brassicae pathotypes 3A (field isolate F.3-14), 3D (F.1-14), 

3H (P.41-14), and 5X (field isolate LG02).  The DH lines AAFC-Y12 and AAFC-Y68, carrying 

the CR QTL/genes Rcr9ECD01 and Rcr10ECD01 and resistant to pathotypes 3A, 3D, 2B and 5X (Yu 

et al. 2021), were included as resistant controls; the DH line NRC11-24 (Nutrien Ag Solutions, 

Saskatoon, SK) and a Canadian canola cultivar ‘45H29’ (Pioneer Hi-Bred, Caledon, ON), 

resistant to pathotype 3H but susceptible to pathotypes 3A, 3D and 5X, were included as 

susceptible checks for the latter three pathotypes.  The pathotypes were maintained as frozen root 

galls on NRC11-24 (3A, 3D, and 5X) or DH16516 (3H).   

Inoculum was prepared following Karim et al. (2020).  Briefly, about 100 g of frozen 

galls infected with each of the pathotypes was soaked in 200 mL distilled water in a beaker for 

30-60 min.  The thawed galls were then cut into small pieces while still under water, and 

homogenized in a stainless steel blender for three mins. The resulting homogenate was strained 

through two-layers of fine mesh nylon cloth, and the P. brassicae resting spore concentration 

was estimated with a hemocytometer.  The spore concentration was adjusted to 1 × 107 resting 

spores mL-1 solution with sterile distilled water as needed (Strelkov et al. 2006), and the 

inoculum was stored in at -20°C until use. 

Seedlings were grown in 10 cm × 10 cm cells in 32 cell trays filled with Sunshine Mix 3 

potting medium (TerraLink Horticulture Inc.).  The potting medium was saturated with water, 

any excess water was drained off, and 6-8 seeds were sown in each cell to obtain at least six 

seedlings per cell.  The seeds were then covered by pressing the potting mix around each seed, 

and the trays was covered with a transparent lid and moved to a greenhouse maintained at 21°C 
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± 2°C with a 16 h photoperiod. Seven days after seeding, each cell received 15 ml of P. 

brassicae inoculum, prepared as described above, with the volume of the spore suspension 

selected to ensure that it was sufficient to soak the roots of all of the seedlings. The seedlings 

were then grown in the greenhouse for another six-weeks, with watering as required. At this 

point, the plants were uprooted and evaluated for clubroot severity on a 0-3 scale based on 

Kuginuki et al. (1999), where: 0 = no galls, 1 = a few small galls, 2 = moderate galling, and 3 = 

severe galling of the roots.  The individual clubroot severity ratings were used to calculate a 

Disease Severity Index (DSI, 0-100%) for each treatment following Horiuchi and Hori (1980) as 

modified by Strelkov et al. (2006).   

A host genotype was regarded as resistant (R) if the DSI was ≤ 30% or as susceptible (S) 

if the DSI > 30%.  Six seedlings per host genotype were tested with each pathotype in the first 

round of screening. In most cases, the clubroot reaction of the tested lines was clear, with 

seedlings showing similar and consistent disease development.  However, for some treatments, 

additional testing was required to confirm the host reaction.  In these cases, the genotypes were 

tested an additional three times with each pathotype, following the same procedure described 

above.  Only those lines showing consistent results across all three repetitions of the experiment 

were included in further analyses, with the highest DSI obtained taken as the reaction of the 

validated line(s) to the tested pathotypes to run the mapping work.  

4.2.4. Basic statistics and correlation study  

Statistical analysis of the phenotypic data was run on the QTL IciMapping platform 

(Meng et al. 2015) to confirm its quality for QTL analysis. Correlation analysis of reactions to 

pathotypes 3A, 3D, 3H, and 5X was performed with Microsoft excel. A Chi-square (χ2) test for 
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goodness of fit was carried out to calculate the inheritance pattern of the resistance to the tested 

pathotypes. 

4.2.5. Genotyping-by-sequencing 

Genomic DNA from 3-4 week-old seedlings of the 102 DH lines and the two parental 

lines was extracted with a DNeasy Plant Mini Kit (Qiagen) as per the manufacturer’s 

instructions. The quality of the extracted DNA was evaluated on a Nanodrop2000 (Thermo 

Scientific), Qubit Fluorometer, and Microplate Reader and sample integrity was confirmed by 

spectrophotometer and by agarose gel electrophoresis. A DNA library was constructed following 

the protocol of Dakouri et al. (2018). The complexity of the extracted DNA was reduced by 

digesting the DNA with a methylation-sensitive restriction enzyme ApeKI. The 100 bp 

fragments produced from the enzymatic digestion were ligated to enzyme-specific adapters and 

amplified using PCR. Following library construction, the high-quality DNA from the 102 lines 

and the parent genotype ‘AAFC695’ was sequenced on an Illumina platform with pair-end 

sequencing at BGI Americas Corp (Cambridge, MA, USA). Whole genome sequencing of the 

parent line DH16516 was performed at the Plant Biotechnology Centre (Saskatoon, SK, 

Canada). The obtained sequences were aligned on the SeqMan NGen 16 (DNASTAR, Madison, 

WI, USA) platform with the B. napus reference genome ZS11 (Song et al. 2020) downloaded 

from: http://cbi.hzau.edu.cn/rape/download_ext/zs11.genome.fa   

4.2.6. Linkage map construction and QTL detection 

  Variants among the sequenced population were identified by comparing the aligned 

sequence with the high-quality B. napus reference genome ZS11 (Table S4.1) (Song et al. 2020) 

on the ArrayStar 16 (DNASTAR, Madison, WI, USA) platform. High-quality SNP sites in the 

population were identified by filtering SNP variants following the criteria of Depth coverage >5, 

http://cbi.hzau.edu.cn/rape/download_ext/zs11.genome.fa
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Quality score (Q) >10 and the SNP percentage >10% of the SNPs in the population. All of the 

monomorphic markers that did not differentiate between the parental genotypes, insertion-

deletion markers, and any markers with error coding were removed from the data file. Moreover, 

any marker with > 20% missing bases was also removed from the marker genotype file. Linkage 

analysis among the markers and genetic map was constructed using JoinMap 4.1 (Ooijen and 

Voorrips 2001) with the filtered SNPs variants obtained from the population. The SNPs used in 

the linkage map were further analyzed and filtered on the QTL IciMapping (Meng et al. 2015) 

platform using ‘binning’ to remove redundant markers from the SNP file. The input file to run on 

QTL IciMapping was prepared by converting the SNP allele of the resistant parent genotype to 

‘0’, the susceptible parent genotype to ‘2’, and the missing alleles to ‘-1’ in the file. The QTL 

associated with resistance to pathotypes 3A, 3D, 3H, and 5X were identified using the input file. 

The segregation pattern of the markers and marker distortion was also calculated on the QTL 

IciMapping platform by performing the χ2 test for goodness of fit. The QTL was declared based 

on the output of IciMapping run at 1,000-permutations with a type I error rate of 0.01. The 

suggestive QTL,  QTL which exceeded the LOD threshold 3.0, was identified in association with 

tightly linked markers to the QTL and phenotypic variation caused by the QTL. The marker 

sequences in the QTL region were blasted with Blast2GO (Conesa et al. 2005) against the 

Arabidopsis gene model, and candidate genes associated with clubroot resistance in the region 

were searched within the QTL.  

4.2.7. Kompetitive Allele-Specific PCR (KASP) analysis 

The previously identified SNP markers, linked to Rcr9ECD02, on chromosome A08 of B. 

rapa and B. napus were used for KASP analysis. The analysis was performed following the 

manufacturer’s instructions (http://www.lgcgroup.com/), with PCR carried out in a StepOne Plus 

http://www.lgcgroup.com/
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Real Time PCR System (Applied Biosystem, Mississauga, ON). Linkage analysis with the 

confirmed SNP markers and phenotypes based on the mean DSIs was performed using JoinMap 

4.1 (Van Ooijen, 2001). The homologous position of the genes, mapped using ZS11, was 

identified on the A08 chromosome of the updated and widely used B. rapa genome v3.0 (chiifu). 

The markers developed from v3.0 chiifu were used to locate the homologous position on the A08 

chromosome via KASP analysis. 

4.3. Results 

4.3.1. Population development and evaluation of resistance to pathotypes 3A, 3D, 3H and 

5X 

The parental lines DH16516 (Parent 1), ‘AAFC695’ (Parent 2), and their F1 progeny 

were tested against pathotypes 3A, 3D, 3H and 5X of P. brassicae. Line DH16516 was highly 

susceptible (DSI = 100%) to all four pathotypes, whereas ‘AAFC695’ was highly resistant (DSI 

= 0 %). Lines Y12 and Y68 were also highly resistant (DSI = 0%) to all the pathotypes. In 

contrast, NRC11-24 and ‘45H29’ were highly susceptible (DSI = 100%) to pathotypes 3A, 3D 

and 5X,  but highly resistant to 3H (Table 4.1; Figure 4.1; Figures S4.1 & S4.2). Among the 102 

lines of the DH population derived from the F1 of the cross DH19516 × ‘AAFC695’, 52 were 

resistant and 50 were susceptible to pathotype 3A, while 51 were resistant and 51 were 

susceptible to pathotypes 3D, 3H and 5X. Segregation of the R and S reactions fit a 1:1 ratio for 

all the pathotypes (Table 4.1; Table S4.5; Figure 4.2). The DSI values of the lines in response to 

the pathotypes were also highly correlated in the population.  

4.3.2. Statistical analysis of the phenotypic data 

The sample means, variance, and standard error of the mean for the 102 DH lines were 

calculated on the QTL IciMapping (Table S4.2) platform to test the normality of the distribution 
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of the samples. The skewness of the sample mean and kurtosis were also calculated to check the 

quality of the distribution of the data. The skewness values ranged from 0.0 to 0.1, indicating that 

the data were symmetrical and normally distributed. The calculated skewness also showed that 

the data tended to lie in the middle, closer to the mean value without many outliers. The 

skewness values were -2 for all of the samples, indicating that the samples were platykurtic with 

a thinner tail, and that the data were normally distributed with very few outliers from the 

normally distributed data point (Table S4.2). The data sample ranged from 0 to 100.  

4.3.3. DNA sequencing and genotyping 

The two parents DH16516 and ‘AAFC695’ produced approximately 219.9 M (from 

WGS) and 7.4 M (from GBS) short reads, respectively. Approximately 79% of the short reads 

(depth coverage 18×) from DH16516 and 84% of the short reads (depth coverage 1.3×) from the 

parent ‘AAFC695’ were aligned to the reference genome ZS11. The parent DH16516 produced 

9.02 M of SNPs (52.2 SNPs/1000 reads), and the reads covered 84.6% of the whole genome. In 

the same way, the parent ‘AAFC695’ genome showed 0.024 M SNPs, with 39.01 SNPs/1000 

reads, and the aligned reads providing 4.21% coverage of the whole genome (Table S4.3).  More 

than 520 M short reads were obtained from the population (102 lines), of which approximately 

78% of the reads (~405 M) were aligned to the reference genome ZS11 on SeqMan NGen 16 

(DNASTAR, Madison, WI, USA). The reads covered 3.72% of each templates, with 0.71-fold 

coverage of the whole genome. A total 2.12 M of SNPs were identified in the population, with 

approximately 52 SNPs per 1000 assembled short reads (Table S4.3).     

4.3.4. Identification of polymorphic SNPs and construction of linkage maps 

A total of 8,391,140 SNPs were detected in the whole population prior to filtering.  

Insertion-deletion, heterozygous and monomorphic markers from at least 50% of the population 
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(51 of 102 DH lines) were removed with the ArrayStar 16 (DNASTAR, Madison, WI) pipeline, 

leaving 58,859 SNP sites. After removing insertion-deletion, heterozygous and monomorphic 

markers, 5,652 high-quality SNPs were identified and run on the QTL IciMapping platform. The 

binning command of the QTL IciMapping removed an additional 3,170 redundant markers from 

the marker profile based on missing markers rate, anchor information, and missing values. This 

left 2,482 high-quality markers that were further filtered in Excel based on the interval between 

adjacent markers and missing SNPs rate, and the markers with > 25 cM distance were removed. 

Ultimately, 2,380 SNPs with intervals < 20 cM (Table S4.4) and a missing rate ≤ 3.77% were 

used for the QTL mapping. These 2,380 SNPs were distributed throughout 19 chromosomes with 

an average of 125 SNPs on each chromosome (Table S4.4; Figure 4.3). The SNPs covered 

2138.77cM of the whole genome with an average length of 112.57 cM per chromosome (Table 

S4.4) and an average distance of 1.47 cM between adjacent markers.     

4.3.5. QTL Mapping 

 A single QTL, Rcr9AAFC695, associated with SNP markers ZS_A08_18117664 and 

ZS_A08_20072807 on linkage group A08, was identified for resistance to the four tested 

pathotypes 3A, 3D, 3H, and 5X (Figure S4.3). This QTL explained 92.6% of the phenotypic 

variation in resistance to pathotype 3A, with an additive effect (independent effect of each allele 

at a locus) of 47.2% and a LOD value of 60.3 (Table 4.3; Figure 4.4). Rcr9AAFC695  also explained 

95.0%, 94.9%, and 93.4% of the resistance to pathotypes 3D, 3H, and 5X, respectively, with 

additive effects of 48.7%, 48.7%, and 47.7% corresponding to LOD values of 70.8, 70.4, and 

63.3 (Table 4.3; Figure 4.4). The identified QTL spanned between 76.74 cM and 83.44 cM on 

the linkage group A08. The peak position was found at 82.0 cM of the linkage group, where the 
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nearest flanking marker ZS-A08_18117664 was located at 82.45 cM of the linkage group A08 

(Table 4.3; Figure 4.4).    

4.3.6. QTL analysis and candidate gene annotation 

The coding sequences (cds) from the 1.96 Mb region between the two flanked markers 

ZS_A08_18117664 and ZS_A08_20072807 were pulled from the reference genome, without 

going beyond the flanking markers, and run on the Blast2GO and NCBI Blast platforms to 

identify candidate genes. There were 283 B. napus genes identified in the 1.96 Mb QTL region 

of the reference genome, of which two, BnaA08T0141000ZS ( ZS_A08_19001038 ─ 

ZS_A08_19002195) homologous to BraA08g017130.3C (B. rapa v3.0 Chiifu) and 

BnaA08T0142200ZS (ZS_A08_19068453 ─ ZS_A08_19071577) homologous to 

BraA08g016670.3C (B. rapa v3.0 Chiifu), were NBS_LRR (Nuclear Binding Site-Leucine Rich 

Repeat) genes (Table 4.4) encoding disease resistance proteins. None of the RLP and RLK genes 

were identified in the region. 

4.3.7. KASP analysis  

Kompetitive Allele-Specific PCR was performed to genotype the 102 DH lines with the 

33 markers associated with resistance to the different pathotypes, which had previously been 

identified on B. napus and chromosome A08 of B. rapa (Figure 4.5 & 4.6). Among these 

markers, nine (CF_A08_ 11385371, CF_A08- 11627096, CF_A08_10850975, 

CF_A08_10855744, CF_A08_11038256, CF_A08_11059924, CF_A08_11219809, 

CF_A08_11672817, and CF_A08_11855997) were found to co-segregate with the QTL 

Rcr9AAFC695 flanked by the left and right markers ZS_A08_18117664 and ZS_A08_20072807 of 

the ZS11 reference genome. 
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4.3.8. Comparing the identified QTL region with B. rapa V3.0 ‘Chiifu’ reference genome 

As the B. napus reference genome ZS11 has not been widely used to map CR genes in the 

Brassicas, the identified QTL Rcr9AAFC695 position was compared with the A08 chromosome of 

B. rapa genome v3.0 (Chiifu). Chromosome A08 of B. rapa is a hot spot of identified CR genes 

(Hasan & Rahman 2016; Hirani et al. 2018; Yu et al. 2021). The identified 1.96 Mb QTL region 

flanked by the left and right markers ZS_A08_18117664 and ZS_A08_20072807 in ZS11 was 

homologous to a 2.0 Mb region on the A08 chromosome of B. rapa genome v3.0 (Chiifu) 

(Figure 4.6) 

4.4. Discussion 

The deployment of genetically resistant canola is one of the most effective, 

environmentally friendly and convenient methods to manage clubrooot.  This study was carried 

out to identify and map the clubroot resistance in the B. napus cultivar ‘AAFC695’, which is 

strongly resistant to some of the new resistance-breaking pathotypes of P. brassicae (Chapter 2; 

Dakouri et al. 2021). A DH population developed from the F1 progeny of a cross between 

‘AAFC695’ and the accession DH16516 showed a typical bimodal distribution [1:1 (R:S)] for 

segregation of resistance to pathotypes 3A, 3D, 3H and 5X, while the F1 plants were highly 

resistant (DSI ~0%).  These findings suggest the involvement of a major dominant gene. In 

addition, the resistance reactions to each of the pathotypes were highly correlated (r = 0.97-0.99), 

indicating the control of resistance by a single gene or cluster of tightly linked genes.  In a 

previous study, a similar distribution was observed in a rutabaga-BF (B. napus) population and a 

major gene was identified on chromosome A08, which conferred resistance to pathotypes 2, 3, 5, 

6, and 8 (Hasan & Rahman 2016) as defined on the differentials of Williams (1966).   
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Genotype-by-sequencing produced 520.7 M reads from the population, with 58,859 SNPs 

that were used to identify and map the CR genes by the construction of a robust linkage map. A 

single QTL (Rcr9AAFC695) was mapped, which showed more than 90% PV with > 47% additive 

effects for the tested pathotypes 3A, 3D, 3H, and 5X. The positive additive values confirmed the 

presence of the resistance gene in the resistant parent (Yu et al. 2017), ‘AAFC695’, used in the 

study. The location of the identified QTL was homologous to the 11.9 to 13.9 Mb region of 

chromosome A08 in B. rapa ‘Chiifu’ v3.0 (Figure 4.7). This QTL was named Rcr9AAFC695 

because it was identified in the same genetic region where Rcr9 was mapped in a B. rapa 

breeding line T19 (Yu et al. 2017). Rcr9 was shown to confer resistance to pathotype 5X (Yu et 

al. 2017), but not pathotypes 3A, 2B, 3D (Chapter 2) or 3H (Yu et al. 2017). In contrast, 

Rcr9AAFC695 bestowed resistance to all of the pathotypes in this study, including 5X. This suggests 

that Rcr9AAFC695 is not the same as Rcr9. Moreover, the Rcr9 genomic region spanned a relatively 

large interval (6.48 Mb) on chromosome A08, where some other CR QTL/genes, including Rcr3, 

Rcr9DBR, Rcr9wa, and Rcr9ECD02, have previously been identified and mapped (Yu et al. 2017; 

Hasan & Rahman 2016; Karim et al. 2020; Yu et al. 2021; Rahaman et al. 2022)  

The QTL Rcr3 mapped to the 11,385,371-11,627,069 Mb region of chromosome A08 of 

B. rapa v3.0, which is beyond the region where Rcr9AAFC695 was identified in this study. 

Moreover, Rcr3 conferred resistance to pathotype 3H but not 5X (Karim et al. 2020), indicating 

that it is different from Rcr9AAFC695.  The Rcr9wa was identified in the B. rapa European Clubroot 

Differential (ECD) 04, in a region spanning 12.3-12.6 Mb of chromosome A08 and conferring 

resistance to pathotype 5X (Karim et al. 2020); the resistance of this gene to pathotypes 3A and 

3D was not tested. Nonetheless, the genetic position of Rcr9wa was slightly smaller than for 

Rcr9AAFC695, suggesting that Rcr9wa and Rcr9AAFC695 are not the same gene. This should be 
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confirmed by testing Rcr9wa against pathotypes 3A and 3D, and fine mapping and cloning the 

resistance gene(s) in the QTL. Another QTL, Rcr9ECD01, which is distinct from Rcr9 (Yu et al. 

2021), was identified on the A08 chromosome of B. rapa ECD 01, in a similar region to 

Rcr9AAFC695. However, while Rcr9ECD01 conferred resistance to pathotypes 3D, 3H and 5X, which 

were also used to map Rcr9AAFC695 in this study, resistance to pathotype 3A was controlled by the 

genes in two QTL Rcr9ECD01 and Rcr10 ECD01 (Yu et al. 2021). In contrast, Rcr9AAFC695 alone 

conferred resistance to 3A in the current analysis.  Therefore, Rcr9AAFC695 appears to be different 

from Rcr9ECD01 (Figure 4.7).  

In B. rapa ECD 01, Rcr9ECD01 was identified using the reference genome ‘Darmor-bzh’, 

while Rcr9AAFC695 was identified in B. napus using the reference genome ZS11.  Both of the 

genetic regions were compared to the location in the B. rapa genome v3.0 and corresponded to 

the region where Rcr9 was mapped. While both of these QTL are in the same Rcr9 genomic 

region, the location on v3.0 differs slightly (Rcr9DBR: 12.0 to 14.5 Mb of chromosome A08; 

Rcr9AAFC695: 11.9 to 13.9 Mb of A08), and the QTL were identified in two different species (B. 

rapa, and B. napus). The QTL/gene Rcr9ECD02 was also found in the B. rapa genotype ECD 02 

and conferred resistance to pathotypes 3A, 3D, 3H, and 5X of P. brassicae; however, the NBS-

LRR genes identified in the QTL were different. The two NBS-LRR genes (BnaA08T0141000ZS 

and BnaA08T0142200ZS) identified in the Rcr9AAFC695 region, which were homologous to 

BraA08g017130.3C and BraA08g016670.3C in B. rapa chiifu v3.0, were different from the four 

NBS-LRR genes in Rcr9ECD02. Another major gene, CRs (11.3 – 12.2 Mb), was identified in the 

Rcr9 genomic region and conferred resistance to pathotype 4 (Laila et al. 2019) as classified on 

the differentials of Williams (1966). There is no information, however, on the reaction of CRs to 

the new pathotypes 3A, 3D, 3H, or 5X.  In the same way, a major CR locus was identified in the 
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12.1-13.0 Mb region of the rutabaga A08 chromosome (Hasan & Rahman 2016) that conferred 

resistance to Williams’ pathotypes 2, 3, 5, 6, and 8, but which has not been tested against 

pathotypes 3A, 3D, 3H, or 5X.   A major QTL was also identified in the 9.96-11.09 Mb region of 

A08 (Wang et al. 2022), which was effective against pathotypes 3H, 3A, and 3D. This QTL, 

however, only showed a non-allelic resistance reaction with another QTL on chromosome A03. 

Therefore, since only a non-allelic interaction of genes from A03 and A08 resulted in resistance 

to the pathotypes, further analysis is needed to make any conclusions regarding the similarities 

between these QTL and the identified genes. 

 The gene BraA.CR.b was also identified on chromosome A08 of the B. rapa hosts ECD 

01, ECD 02, ECD 03 and ECD 04, and conferred resistance to pathotype 3H (Hirani et al. 2018).  

However, there is no information regarding the corresponding location of this gene in the B. rapa 

v3.0 genome. Therefore, comparisons between BraA.CR.b and Rcr9AAFC695 are not possible at 

present, but could be the focus of future studies. Another QTL termed qBrCR38-2, which 

conferred resistance to race 7 of P. brassicae, was identified in the 20.3-21.8 Mb region of 

chromosome A08 (Zhu et al. 2019), far from the currently identified Rcr9AAFC695. The cloned CR 

gene Crr1 is also located in the Rcr9 region, but a breeding line carrying only Crr1 was 

susceptible to pathotypes 3A, 3D, 3H, and 5X (Yu et al. 2021). Thus, based on the phenotypic 

reaction of the gene to the pathotypes, it could be concluded that Crr1 is not the same as 

Rcr9AAFC695 in ‘AAFC695’. This must be confirmed, however, by sequencing of the gene.  

Plant NBS-LRR genes represent the largest class of disease resistance genes and are 

involved in the detection of many plant pathogens, including P. brassicae (Akira and Hemmi 

2003). Within this class, TIR-domain containing NBS-LRR proteins (TNL) trigger host 

resistance against biotrophic pathogens via induction of the hypersensitive response, 
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programmed cell death (apoptosis), and signal transduction (Nandety et al. 2013) (Ueno et al. 

2012; Hatakeyama et al. 2013). The two NBS-LRR genes identified in the Rcr9AAFC695 region 

were of the TNL subclass, and would be expected to provide strong resistance to P. brassicae, as 

observed in this study, unless targeted by effectors produced by specific pathotypes. They could 

be fine-mapped and cloned for further characterization and use in clubroot resistance-breeding 

activities. 

4.5. Conclusion 

The current study identified and mapped a major clubroot resistance locus effective 

against four resistance-breaking pathotypes of P. brassicae, 3A, 3D, 3H, and 5X, which have 

recently emerged in western Canada. The segregation ratio in the 102 DH lines was 1:1 

resistant:susceptible, with the reactions to the pathotypes found to be highly correlated.  

Collectively, these results indicate that the clubroot resistance in the B. napus genotype 

‘AAFC695’ is controlled by a major gene or tightly linked genes. A high throughput GBS 

approach was used to construct a high-resolution genetic map and to identify and map the 

resistance genes. A single QTL, Rcr9AAFC695, was detected and mapped to the 1.96 Mb region of 

chromosome A08 of ‘AAFC695’.  KASP analysis identified nine markers that cosegregated with 

Rcr9AAFC695 . The QTL region identified was homologous to the 11.9-13.9 Mb region on the A08 

chromosome of B. rapa genome V3.0 (Chiifu). Among the 283 genes identified in the QTL 

region, two NBS-LRR class genes encoded disease resistance proteins. These genes could be 

cloned and transformed into canola to confirm their role.  Ultimately, Rcr9AAFC695 may be an 

important resource in the development of canola cultivars with improved resistance to clubroot 

in western Canada and other regions. Its identification in a B. napus background would facilitate 

introgression into commercial B. napus canola cultivars.  
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4.6. Tables  

Table 4. 1. Segregation patterns in Brassica napus ‘AAFC695’ doubled-haploid (DH) lines, derived from the F1 of DH16516 × 

AAFC695, their parents and the F1 generation in comparison with the resistant control lines Y12 and Y68, and the susceptible controls 

NRC11-24, ‘45H29’, and DH16516.  

Lines/ crosses Pathotypes/ number of plants 

3A 3D 3H 5X 

R S R S R S R S 

‘AAFC695’ (P2) 12 0 29 0 12 0 12 0 

DH16516 (P1) 0 18 0 84 0 13 0 13 

F1 (DHT × ‘AAFC695’) 13 0 12 0 12 0 12 0 

Y12  25 0 29 0 30 0 24 0 

Y68 6 0 - - - - - - 

NRC11-24 0 12 0 16 - - 0 12 

45H29 - - 0 13 - - - - 

‘AAFC695’ DH 51 51 51 51 51 51 50 52 

χ2 0.00 0.00 0.00 0.00 

Calculated p-value 0.370 1.00 1.00 0.804 

P-value (at 0.05, 1df) 3.84 3.84 3.84 3.84 
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Table 4. 2. Correlations in reactions of a Brassica napus ‘AAFC695’ doubled-haploid population, derived from the F1 of DH16516 × 

AAFC695, to pathotypes 3A, 3D, 3H, and 5X of Plasmodiophora brassicae. 

 Pathotypes 3A 3D 3H 5X 

3A 1 

   
3D 0.986** 1 

  
3H 0.984** 0.997** 1 

 
5X 0.978** 0.990** 0.990** 1 

** Significance level at P≤0.01. 

 

Table 4. 3. Identified QTL and the phenotypic effect explained by the QTL in a Brassica napus ‘AAFC695’ doubled-haploid 

population, derived from the F1 of DH16516 × AAFC695, in response to pathotypes 3A, 3D, 3H, and 5X of Plasmodiophora 

brassicae. 

Pathotypes QTL/gene Chrom. Position Left Marker Right Marker LOD PVE (%) Add.(%)  

3A Rcr9AAFC695  8 82 ZS_A08_18117664 ZS_A08_20072807 60.3 92.6 47.2 

3D Rcr9AAFC695  8 82 ZS_A08_18117664 ZS_A08_20072807 70.8 95.0 48.7 

3H Rcr9AAFC695  8 82 ZS_A08_18117664 ZS_A08_20072807 70.4 94.9 48.7 

5X Rcr9AAFC695  8 82 ZS_A08_18117664 ZS_A08_20072807 63.3 93.4 47.7 
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Table 4. 4. Identified TIR-NB-LRR (TNL) genes in Rcr9AAFC695 on chromosome A08 of a Brassica napus ‘AAFC695’ doubled-

haploid population, derived from the F1 of DH16516 × AAFC695. The genes were identified based on Blast2Go and NCBI output 

against the Arabidopsis gene model. 

Gene name B. napus (ZS11) 

gene location (base) 

Length 

(base) 

Gene description from 

Blast2Go and NCBI 

Homolog in B. rapa (v3.0 

Chiifu) 

R gene 

class 

BnaA08T0141000ZS 19001038 ─ 

19002195 

1157 Disease resistance protein 

(TIR-NBS-LRR class) family  

BraA08g017130.3C   NBS-LRR 

class 

BnaA08T0142200ZS 19068453 ─ 

19071577 

3124 Disease resistance protein 

(TIR-NBS-LRR class) family  

BraA08g016670.3C NBS-LRR 

class 

 

 

 

 

 



 

104 

 

4.7. Figures 

  

           DHT (P1)                   ‘AAFC695’  (P2)                          DHT × ‘AAFC695’ (F1) 

Figure 4. 1. Clubroot symptom development on resistant and susceptible parents and their F1 

progeny; DHT = DH16516 (susceptible parent), ‘AAFC695’ = winter oilseed rape ‘AAFC695’ 

(resistant parent), and DHT × ‘AAFC695’ = F1 progeny of DH16516 × AAFC695.     
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Figure 4. 2. Clubroot disease severity index (DSI, %) on 102 Brassica napus ‘AAFC695’ 

doubled haploid lines, derived from the F1 of DH16516 × AAFC695, in response to inoculation 

with pathotypes 3A, 3D, 3H, and 5X of Plasmodiophora brassicae.  
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Figure 4. 3. Genetic linkage map of a Brassica napus doubled haploid population, derived from 

the F1 of DH16516 × AAFC695, consisting of 2,380 markers distributed on 19 chromosomes 

with an average distance of 1.47 cM between the adjacent markers. The vertical scale on the left 

indicates the genetic distance in centiMorgan (cM). 
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Figure 4. 4. The complete linkage map of chromosome A08 and the significant QTL position 

identified in the linkage group in a Brassica napus ‘AAFC695’ doubled-haploid population 

derived from the F1 of DH16516 × AAFC695.  
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Figure 4. 5. Allelic discrimination plot from KASP SNP markers analysis of 102 doubled haploid 

lines developed from the F1 progeny of DH16516 × ‘AAFC695’ of Brassica napus. The red 

cluster indicates the homozygous alleles from susceptible lines and the blue cluster indicates the 

homozygous alleles from resistant lines. 
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Figure 4. 6. A linkage map drawn from the KASP marker analysis to link SNPs identified from 

Brassica rapa in the Brassica napus genotype ‘AAFC695’. CF indicates the SNP markers 

developed using B. rapa genome v3.0 (Chiifu); ZS-indicates the SNP markers identified using B. 

napus reference genome ZS11. 
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Figure 4. 7. Corresponding location of the identified QTL Rcr9AAFC695 on A08 chromosome of B. rapa genome v3.0 (Chiifu) in 

relation to the previously identified QTL Rcr9 (Yu et al. 2017), Rcr9ECD02 (Rahaman et al. 2022), Rcr9wa (Karim et al. 2020), and 

Rcr9ECD01 (Yu et al. 2021) from different populations. 
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Chapter 5. Identification of a second gene for resistance to four pathotypes of 

Plasmodiophora brassicae in the Brassica napus cultivar ‘Mendel’ 

 

5.1. Introduction 

Canola or rapeseed (primarily Brassica napus L.) is an oilseed crop grown in temperate 

regions worldwide to produce heart-healthy edible oil. The global production of edible oil from 

canola is second only to soybean (Kupiec et. al. 2020; USDA 2020). Canada is one of the major 

canola-producing countries, and this crop contributes an estimated $29.9 billion CAD annually to 

the national economy (Canola Council of Canada, 2020). Clubroot, caused by the obligate 

parasite Plasmodiophora brassicae, is an important soilborne disease of canola and other 

cruciferous crops.  The management of clubroot is challenging, as the pathogen produces long-

lived resting spores that can persist in the soil for many years, and the disease can cause yield 

losses as high as 30–100% under conducive conditions (Tewari et al. 2005; Strelkov et al. 2007).  

Since the first identification of clubroot on the Canadian Prairies in 2003, the disease has 

continued to spread (Strelkov & Hwang 2014; Gossen et al. 2015), with more than 3300 field 

infestations confirmed by 2020 (Strelkov et al. 2020; Hollman et al. 2021). Fortunately, genetic 

resistance to clubroot, used in combination with crop rotation, can reduce clubroot severity 

(Rahman et al. 2014; Peng et al. 2014; Strelkov et al. 2016) for successful production of canola. 

Clubroot-resistant (CR) canola cultivars were first released in Canada in 2009–2010 and 

were highly effective against all of the major pathotypes of P. brassicae that had been identified 

up to that point (Strelkov et al. 2016). However, severe symptoms of clubroot were observed on 

CR canola in two fields in Alberta in 2013 (Strelkov et al. 2016). The isolates recovered from 

these fields were classified as pathotype 5 based on the differential system of Williams (1966), 
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but differed from other pathotype 5 isolates in their ability to overcome the CR trait; hence, 

isolates with this new virulence profile were designated as pathotype 5X (Strelkov et al. 2018). 

Many more fields with resistance breakdown have been identified in Alberta since 2013, and the 

Canadian Clubroot Differential (CCD) set was developed to characterize the pathotypes 

responsible (Strelkov et al. 2018). In the CCD system, isolates are assigned a number based on 

their Williams’ classification, followed by a letter to indicate their CCD designation (Askarian et 

al. 2021; Strelkov et al. 2018).  This enables the identification of multiple variants of the same 

Williams’ pathotype.   

The identification of novel P. brassicae pathotypes able to overcome the resistance in CR 

canola cultivars indicated the need for novel sources of resistance and/or pyramiding of 

resistance genes (Rahman et al. 2014; Yu et al. 2016). Brassica rapa is an important source of 

clubroot resistance (Buczacki et al. 1975; Hatakeyama et al. 2017).  More than 20 CR loci/genes 

have been mapped to specific chromosomes in B. rapa, including chromosome A03: CRa, CRb, 

CRd, CRk, Crr3, PbBa3.1, PbBa3, Rcr1, Rcr2, Rcr4, and Rcr5 (Matsumoto et al. 1998; Piao et 

al. 2004; Pang et al. 2018; Sakamoto et al. 2008; Hirai et al. 2004; Saito et al. 2006; Chen et al. 

2013; Chu et al. 2014; Huang et al. 2017; Yu et al. 2017; Huang et al. 2019); chromosome A08: 

Crr1, CRs, Rcr9, Rcr3, Rcr9wa, Rcr9DBR, Rcr9ECD02 (Suwabe et al. 2003; Laila et al. 2019; Yu et 

al. 2017; Karim et al. 2020; Yu et al. 2021; Rahaman et al. 2022); chromosome A02: CRc, Rcr8 

(Sakamoto et al. 2008; Yu et al. 2017); chromosome A06: Crr4 (Suwabe et al. 2006); and 

chromosome A01: Crr2 (Suwabe et al. 2006). In addition, numerous QTL involved in clubroot 

resistance, many of which correspond to genes identified in B. rapa, have been reported in B. 

napus (Piao et al. 2009; Manzanares-Dauleux et al. 2000; Werner et al. 2008; Piao et al. 2004; 

reviewed in Piao et al. 2009). 
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Single nucleotide polymorphisms (SNPs) have been widely used as molecular markers to 

identify QTL and resistance genes, as well in studies of genetic variation, genetic map 

construction, population structure analysis, association studies and map-based gene cloning 

(Kumar et al. 2012). Genotyping-by-sequencing (GBS) is a simple and promising tool that 

enables the inexpensive and rapid discovery of SNP variants in Brassica species (Yu et al. 2017) 

and many other crops. Genetic markers from GBS provide a high-throughput but precise 

technology to map clubroot resistance genes in Brassica genotypes, including the winter B. 

napus cultivar ‘Mendel’. 

‘Mendel’ was developed for resistance to clubroot from a re-synthesized B. napus line by 

crossing B. oleracea line ECD15 (CC, 2n = 18) with B. rapa line ECD04 (AA, 2n = 20) 

(Diederichsen and Sacristan, 1996). The A genome in ‘Mendel’ (from ECD04) carries the 

clubroot resistance (Diederichsen et al. 2006; Fredua-Agyeman & Rahman 2016; Hirani et al. 

2018). The gene in ‘Mendel’ for resistance to the initial group of pathotypes known in Canada 

was linked to the clubroot resistance loci/genes CRk, Crr3, and CRb (Fredua-Agyeman & 

Rahman 2016) on chromosome A03. Genetic mapping of CR loci/ genes from the ECD04-

derived line 96-6990 led to the identification of two tightly linked CR loci on chromosome A08, 

including Rcr3 for resistance to pathotype 3H and Rcr9wa for resistance to pathotype 5X (Karim 

et al. 2020). ‘Mendel’ was resistant to 13 of 17 pathotypes of P. brassicae identified in Alberta 

and so was included as a differential in the CCD set (Strelkov et al. 2018). 

This study was undertaken to identify and map any gene(s) present in ‘Mendel’ for 

resistance to selected new and clubroot resistance-breaking pathotypes of P. brassicae, and to 

develop SNP markers tightly linked to the CR gene(s).Tightly-linked SNP markers could be used 
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to improve selection for clubroot resistance that is effective against newly identified pathotypes 

of P. brassicae in Canada. 

5.2. Methods 

5.2.1. Plant materials and DH development 

A study was carried out to identify the genes responsible for the clubroot resistance of B. 

napus cv. ‘Mendel’. The study was initiated by crossing ‘Mendel’ with DH16516, a doubled 

haploid (DH) line of B. napus provided by Dr. G. Séguin-Swartz (Agriculture and Agri-Food 

Canada (AAFC), Saskatoon Research and Development Centre, Saskatoon, SK); DH16516 was 

derived from the clubroot-susceptible B. napus cv. ‘Topas’. ‘Mendel’ is a winter type, so it was 

vernalized in a growth chamber under controlled conditions (4°C;16 hr light/ 8 hr dark) for 8 

weeks to induce flowering. Following vernalization, the plants were returned to normal growth 

conditions (21°C/18°C) in the greenhouse for flowering. The susceptible parent, DH16516, was 

spring type in nature, and hence seeding was timed so that greenhouse-grown plants flowered at 

the same time as ‘Mendel’. To prevent unintended pollination, plants were covered with a 

transparent plastic pollination bag at the time of bud initiation. The F1 progenies were produced 

from the cross between the two parental lines, and the F1 plants were assessed for clubroot 

reaction.  

5.2.2. DH population development 

A DH population from three clubroot-resistant F1 plants from the DH16516 × ‘Mendel’ 

cross was developed via microspore culture (Coventry et al. 1988, cited by Hasan & Rahman 

2016). As described in Chapter 4, three F1 plants were grown in a growth chamber set at 10°C 

with a 14 h light /10 h dark cycle. Buds of 3.5-4.5 mm in length were collected in a 50 mL 

Falcon tube (Glendale, AZ) partially filled with ice to protect the microspores from degeneration 
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and to inhibit meiosis. The isolated buds were surface-sterilized in a 3% calcium hypochlorite 

(Ca(OCl)2) solution for 10 min, then rinsed three times with cold sterile Milli-Q Millipore water. 

The sterilized flower buds were then homogenized in 25 mL liquid Gamborg B5 medium 

(Gamborg et al. 1968) with a mortar and pestle. The homogenate was filtered through two nested 

layers of sterile filters [64 µm top (NTX64) and 41 µm bottom (NTX41)] in a sterile 15 mL 

Falcon tube (Corning). The tube containing the pellet was centrifuged at 1000 rpm for 3 min and 

the supernatant was discarded. The pellet was washed three times with B5 washing medium. The 

cleaned microspore pellet was re-suspended in 25 mL NLN 13 medium (Lichter 1982 cited by 

Hasan & Rahman 2016) with 50 mg/L colchicine and the suspension was poured into sterile 

Petri dishes (8.9-cm diam.) and then sealed with parafilm. 

The Petri dishes containing the microspores were incubated in darkness at 32°C for 72 h, 

then transferred to an incubator set at 30°C for 14 days. Afterward, the dishes were placed in a 

paper box that was sealed to exclude light and placed on a shaker rotating at 60 rpm for 3 days. 

The Petri dishes were then removed from the sealed box and exposed to a 16/8 h day/night 

regime to allow the embryos to grow. 

The embryos were grown under light until they developed a torpedo shape at about 8 

days, and were then transferred to a refrigerator at 4°C for 2–7 days. The embryos were then 

transferred again, to Petri dishes containing solid B5 medium and incubated at room temperature 

(21°C ± 2°C) with 16/8 h day/night until plantlets began to develop. When the seedlings 

produced well-developed roots and true leaves, they were transplanted into pots filled with a 

soil-free growth medium (Sunshine Mix 3, TerraLink Horticulture Inc., Abbotsford, BC) and 

covered with transparent cups for 1 week to maintain the high humidity needed to encourage 

strong growth. The cups were then removed and the plantlets were exposed to ambient 
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conditions and allowed to grow until flowering. Plants that produced visible pollen were 

considered doubled haploids, while plants with smaller flowers/petals and lacking pollen grains 

in the flower were considered to be haploid and were discarded. Seeds from each of the 

remaining 137 DH lines were harvested and stored for phenotyping. 

5.2.3. Phenotyping 

Evaluation of plants for resistance to clubroot was conducted in the growth chambers and 

greenhouse of the AAFC Saskatoon Research and Development Center from 2018 to 2020. The 

assessment method was similar to that of Yu et al. (2021) with some modifications. In all, the 

reactions of 137 DH lines developed from microspore culture were assessed. In addition, two 

clubroot-resistant DH B. napus lines carrying the CR loci Rcr9ECD01 and Rcr10ECD01 (AAFC-Y12 

and AAFC-Y68) (Yu et al. 2021), and the clubroot-susceptible DH line DH16516, were included 

as controls. 

‘Mendel’ has been reported to be resistant to 13 pathotypes of P. brassicae, including 5C, 

3D, 8E, 2F, 5G, 3H, 5I, 8J, 5K, 5L, 6M, 8N, and 3O (Strelkov et al. 2018). As the identification 

of CR genes has been conducted previously in the ECD04-derived line 96-6990 with pathotypes 

3H and 5X (Karim et al 2020), and in ‘Mendel’ with pathotypes 2F, 3H, 5I, 6M and 8N (Hasan 

& Rahman 2016; Fredua-Agyeman & Rahman 2016), the clubroot reaction to the three other 

pathotypes, 5C, 3D, and 8J, was initially evaluated in this study. After identifying QTL for these 

three pathotypes in all 137 DH lines, the clubroot reaction of a subset of DH lines to pathotype 

3H also was assessed. 

Inoculum of pathotype 3H was produced in the B. napus line DH16516. Inoculum of 

pathotypes 5C, 3D, and 8J was produced in the B. napus line NRC11-24 (Nutrien Ag. Solutions, 

Saskatoon, Saskatchewan), which is resistant to pathotype 3H but susceptible to pathotypes 3A, 
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3D and 5X (C. Franke, personal communication; Yu et al. 2021). Six weeks after inoculation of 

the seedlings, the infected roots were harvested and stored at -20°C for preparing the inoculum 

for the phenotyping study. 

Inoculum was prepared following Karim et al. (2020). For each pathotype, about 100 g of 

frozen galled roots was soaked into 200 mL of water for 1 h and then homogenized in a blender 

for 2–3 min. The homogenized suspension was strained through two layers of nylon cloth, and 

the spore concentration in the filtrate was estimated with a hemocytometer and then diluted to 1 

× 107 resting spores mL-1 with water.  The resting spore suspension was stored at -20°C until 

needed for inoculation. Seedlings were grown in 10 cm × 10 cm plastic plant pots in trays 

containing 32 pots. The pots were filled with saturated soilless mix (Sunshine Mix 3, TerraLink 

Horticulture Inc.). Any extra water was drained off the tray. Each pot was seeded with 6–9 seeds 

of a single line, and each tray included one resistant and one susceptible line as a control. 

Immediately after seeding, the seeds were covered with the potting mix, compacted to ensure 

good seed-to-growth mix contact, and the tray was covered with a transparent lid to minimize 

drying. The trays were placed in a growth chamber at 21°C ± 2°C with a 16-h photoperiod for 7 

days to allow the seeds to germinate and the seedlings to produce well-developed root hairs.  

Each pot was then inoculated with 15 mL of thawed inoculum suspension and the trays 

were covered with transparent lids for another 2 weeks. After the lids were removed, the 

seedlings were watered from the bottom of the tray. Seedlings were maintained in a greenhouse 

until five weeks after inoculation, then uprooted, washed, and scored for clubroot symptoms on a 

0–3 scale (Kuginuki et al. 1999), where: 0 = no galls, 1 = a few small galls, 2 = moderate galls, 

and 3 = severe galling on the roots (Figure S5.1). The individual ratings were used to calculate a 

disease severity index (DSI) according to the formula of Horiuchi and Hori (1980) as modified 
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by Strelkov et al. (2006), and as described in Chapter 2 of the thesis. The evaluated seedlings 

were classified as resistant or susceptible based on the DSI (%), where a DSI ≤ 30% was 

regarded as resistant (R) and a DSI >30% as susceptible (S). The inheritance pattern of resistance 

to the tested pathotypes was calculated by the Chi-Square (χ2) test for goodness of fit. 

Each line with a resistant (DSI ≤ 30%) reaction in the initial study was re-assessed twice 

more. Each of these repetitions provided a similar result in most cases. For those lines with 

inconsistent results, the highest DSI among the three repetitions of the assessment was 

considered to be the most accurate, and was used to characterize the resistance response of the 

line. 

5.2.4. DNA sequencing and short reads assembly 

DNA samples from the 137 DH lines and the two parents, ‘Mendel’ and DH16516, were 

extracted from young seedlings with a DNeasy Plant Mini Kit (Qiagen, Toronto, ON) following 

the manufacturer’s instructions. The quality and concentration of the extracted DNA were 

determined with a Qubit Fluorometer, NanoDrop (Thermo ScientificTM) and Microplate Reader. 

The sample integrity was evaluated by gel electrophoresis. The extracted DNA was disgested 

with a methylation-sensitive restriction enzyme ApeKI to reduce the complexity of the DNA and 

to prepare the DNA library for sequencing. The fragmented DNA, produced from the digestion, 

was ligated to enzyme-specific adapters and amplified through PCR (Dakouri et al. 2018). GBS 

was performed on the 137 DH lines and parent ‘Mendel’ on an Illumina platform with pair-end 

sequencing at BGI Americas Corp (Cambridge, MA, USA). The susceptible parental line 

DH16516 was sequenced at the Plant Biotechnology Centre (Saskatoon, SK, Canada). The 

sequenced short reads were aligned with SeqMan NGen 16 (DNASTAR, Madison, WI) 

following standard filtering parameters (DNASTAR, Madison, WI, USA; Yu et al. 2017) using 
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the B. napus reference genome ZS11, which was downloaded from: 

http://cbi.hzau.edu.cn/rape/download_ext/zs11.genome.fa. 

5.2.5. Variant identification, linkage map construction, and QTL detection 

GBS-SNP variants of the sequenced population were identified in comparison with the 

B. napus reference genome ZS11 (Song et al. 2020) using SeqMan NGen 16, and the GBS-SNP 

sites were compared using ArrayStar 16 (DNASTAR). The identified SNP sites in the population 

were filtered by setting the criteria of Depth coverage > 5, Quality score (Q) > 10, and the SNP 

percentage > 10%. 

The SNP alleles identified from each resistant DH line were scored with ‘0’, the 

susceptible DH lines were scored with ‘2’, and missing values were scored with ‘-1’ for use of 

the SNPs file in QTL IciMapping (Meng et.al. 2015) for the detection of QTL associated with 

the trait. QTL IciMapping was also used to construct the linkage map and to examine the 

Mendelian segregation distortion of each marker through a χ2 test. The maximum likelihood in 

Kosambi’s model with a minimum LOD value of 3.0 was used to order the marker positions on 

the map, and the map was drawn with Mapchart 2.1 (Voorrips, 2002) based on the marker 

position on the genetic map determined by QTL IciMapping. QTL IciMapping was also used to 

identify and declare the QTL with a minimum LOD threshold of 3.0 with 1,000-permutations. 

The IciMapping program was run at 1,000-permutations, called bootstrapping, with a type I error 

rate of 0.01 to declare the QTL. The QTL for a particular trait and the effect of the QTL on the 

particular trait were estimated based on the phenotypic variation explained (PVE) and additive 

(Add) effect caused by the QTL. 

http://cbi.hzau.edu.cn/rape/download_ext/zs11.genome.fa.
http://cbi.hzau.edu.cn/rape/download_ext/zs11.genome.fa.
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5.2.6. Gene tagging in the targeted QTL region  

The coding sequences (CDS) associated with the QTL mapped by IciMapping were 

annotated against the Arabidopsis gene model to identify candidate genes using Blast2GO 

(Conesa et al. 2005). Genes in the region associated with disease resistance, signal transduction 

associated with disease resistance, and plant defense response were identified from the Blast2Go 

output. The RLP, RLKs, and TIR-NBS-LRR genes in the region were searched as candidate 

genes, given their widely reported roles in plant disease resistance.  

5.2.7. Kompetitive Allele-Specific PCR (KASP) 

KASP analysis was performed to validate the loci/genes identified through GBS, as well 

as to identify more SNPs in the QTL region. Markers identified from different populations of B. 

rapa and B. napus on chromosome A08 in previous studies were used to run the KASP and 

genotype the entire population. Tightly linked marker(s) were identified and a genetic linkage 

map was constructed using joinMap 4.1.  Since most of the genes or QTL for clubroot resistance 

have been identified from B. rapa, the corresponding position of the identified QTL was mapped 

on the current and updated version of the B. rapa reference genome ‘Chiifu’ v3.0 using the 

previously developed markers from B. rapa chromosome A08 (Yu et al. 2017; Karim et al. 2020; 

Yu et al. 2021). 

5.3. Results 

5.3.1. Clubroot resistance of the parental lines and the F1 

In total, 137 DH lines were developed from the F1 progeny of a cross between DH16516 

× ‘Mendel’. The reaction of the DH lines, the parents ‘Mendel’ and DH16516, the F1 progeny, 

and the three lines used as controls (AAFC-Y12, AAFC-Y68 and NRC11-24) to pathotypes 5C, 

3D, and 8J was evaluated. The susceptible parent DH16516 and the susceptible control line 
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NRC11-24 were highly susceptible to all three pathotypes (100% DSI), whereas ‘Mendel’, the 

resistant control lines AAFC-Y12 and AAFC-Y68 and the F1 plants were highly resistant to all 

three pathotypes (0% DSI) (Table 5.1). The DSI values for all three pathotypes were highly 

correlated. However, the segregation pattern for resistance among the DH lines differed for the 

three pathotypes (Table S5.3). The Chi-square (χ2) test indicated a 3:1 segregation ratio of 

resistant (R) to susceptible (S) for all of the three pathotypes (Table 5.1; Figure S5.2). 

5.3.2. GBS analysis and SNP identification 

GBS short-read sequence analysis of the resistant parental cultivar ‘Mendel’ generated 

0.99 M (million) short-read sequences, of which 0.88 M reads were aligned (depth coverage 

0.2×)  with the reference genome ZS11 of B. napus. The aligned reads were approximately 89% 

of the total read sequences. There were 40,000 SNPs identified in the aligned sequences with 

~45 SNPs/ 1000 assembled reads. There were 219.9 million (M) short reads generated from the 

susceptible parental line DH16516, of which approximately 92.1% (202.5 Million) of the total 

number of short reads were aligned with the reference genome (depth coverage 21×). The 

aligned read sequences provided ~91.1% of coverage of the whole genome. A total of 11.9 M 

SNPs were identified within the assembled sequences with ~63.3 SNPs/ 1000 read sequences. 

The 137 DH lines generated ~704.5 M short reads, of which ~635.6 M (~90.2%) reads were 

aligned with the reference genome (Table S5.1). A total of ~37.9 M SNPs were identified from 

the assemblies with ~60.0 SNPs/1000 assembled short reads. 

5.3.3. Variant analysis and construction of a linkage map 

After filtering on Array Star, 81,453 SNPs remained, which were further reduced by 

removing insertion-deletion, heterozygous, monomorphic markers, and those with missing SNPs 

>20% using Microsoft Excel. The remaining 2,642 tightly linked markers were distributed 
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among the 19 chromosomes, with an average of 139 SNPs per chromosome. The whole genome 

was 5834.7 cM with an average of 307.1 cM per chromosome. The average missing rate of the 

remaining SNPs was 4.5%, and the average distorted markers were ~111 markers per 

chromosome (Figure 5.2; Table S5.2). 

5.3.4. QTL detection and mapping 

QTL mapping was performed on QTL IciMapping (Meng et al. 2015) in association 

with the filtered and tightly-linked markers and phenotype (DSI) values of the population for 

pathotypes 5C, 3D and 8J. A single QTL for resistance to pathotypes 3D, 5C, and 8J on 

chromosome A08 (located close to gene Rcr3; Karim et al. 2020) was identified and named 

Rcr3Mendel (Table 5.3; Figure S5.3). The QTL position was tagged with flanking markers 

ZS_A08_15999175 (left marker) and ZS_A08_16316110 (right marker). The LOD, PVE and 

Add values for Rcr3Mendel varied among the pathotypes, ranging from 63 to 68 for LOD, 88 to 

90% for PVE, 47.2 to 47.3% for Add, and 86.4 to 90.5 cM for CI (Table 5.3) 

The identified QTL was positioned on linkage group A08, with a confidence interval 

(CI) of 116.7 to 117.6 (Table 5.3; Figure S5.3). One of the flanking markers, 

ZS_A08_15999175, was located at the position of the QTL. The values of the Additive effect for 

the QTL were positive, indicating that the resistance loci were derived from the resistant parent 

‘Mendel’. 

5.3.5. Candidate gene identification 

Blast2Go and NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) were used to search for 

candidate genes in the Rcr3Mendel QTL region. The coding sequences (CDS) from the 0.3 Mb 

region between the flanking markers ZS_A08_15999175 (left marker) and ZS_A08_16316110 

(right marker) were used as the query sequences. Eighty-two candidate genes were identified in 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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the region, including a single TIR_NBS_LRR (TNL) gene BnaA08T0102200ZS 

(ZS_A08_16222504 – ZS_A08_16225680) homologous to BraA08g016670.3C in B. rapa v3.0 

(Chiifu) (Table 5.4). None of the RLP or RLK genes were found in the region. 

5.3.6. KASP analysis and validation of identified QTL 

The position of the identified QTL was validated using 40 KASP primers developed from 

B. rapa and B. napus that had been linked to CR genes identified on the A08 chromosome. In 

this KASP, 16 markers co-segregated with Rcr3Mendel. A linkage map was constructed with the 

co-segregated markers and six markers were tightly linked to the Rcr3Mendel QTL: 

A08_ZS_16705472, A08_CF_12275702, A08_CF_11021839, A08_CF_11466518, 

A08_CF_12063499, and A08_CF_12230973 (Table 5.4; Figure S5.4). The two tightly linked 

markers (A08_CF_11021839, A08_CF_11466518) that co-segregated with Rcr3Mendel had 

previously been shown to co-segregate with Rcr3 in B. rapa (Karim et al. 2020). 

5.3.7. Identified QTL position corresponding to B. rapa reference genome v3.0 (Chiifu) 

The region associated with the identified QTL, Rcr3Mendel, was compared and aligned 

against the most recent version of the B. rapa reference genome v3.0 (Chiifu) to identify its 

corresponding position on the reference genome. A 0.3 Mb region of the Rcr3Mendel QTL on 

chromosome A08 of B. napus was homologous to the region of 11.0-12.3 Mb in B. rapa (Figures 

5.4 and 5.5).  

5.3.8. Rcr3Mendel for resistance to pathotype 3H 

Rcr3 was identified for resistance to pathotype 3H, while Rcr3Mendel was identified by 

testing for resistance to pathotypes 5C, 3D and 8J. A subset of the population consisting of 60 of 

the 137 DH lines in the DH population was tested for resistance to 3H, and it was observed that 
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resistance to 3H (Table S5.4; Figure S5.5) co-segregated with the resistance phenotypes against 

pathotypes 5C, 3D and 8J. The result indicates that Rcr3Mendel is likely the same as Rcr3. 

5.4. Discussion 

In the current study, a gene responsible for the resistance of the B. napus cv. ‘Mendel’ to 

pathotypes 3D, 5C, and 8J of P. brassicae was identified and mapped through GBS and KASP 

analysis from a segregating DH population consisting of 137 lines from F1 plants. These 

pathotypes were selected for study because the resistance in ‘Mendel’ had not been genetically 

mapped with them previously. ‘Mendel’ was previously reported as resistant to the initial cohort 

of clubroot pathotypes identified on the Canadian Prairies (Fredua-Agyeman & Rahman 2016; 

Hasan & Rahman 2016) and was used to develop the first generation of CR canola cultivars 

(Rahman et al. 2011; Hasan & Rahman 2016; Fredua-Agyeman et al. 2018). It was also resistant 

to many of the new resistance-breaking pathotypes, including 3D, 5C, and 8J (Strelkov et al. 

2018). 

The DSI values of the DH lines to pathotypes 3D, 5C, and 8J were highly correlated 

suggesting that the traits were likely controlled by a major gene or a cluster of tightly linked 

genes (Yu et al. 2017; Karim et al. 2020). The resistant lines showed strong, consistent resistance 

to all three pathotypes (DSI = 0%), which supported the hypothesis that resistance was controlled 

by a major gene (Karim et al. 2020; Yu et al. 2021; Rahaman et al. 2022). The segregation ratio 

of the DH lines was used to analyze the segregation pattern of the gene and to estimate the 

number of gene(s) associated with the trait. Based on a threshold DSI of 30% (Yu et al. 2021), a 

3:1 ratio (R:S) was observed in the DH population in response to inoculation with pathotypes 

3D, 5C and 8J. This threshold to distinguish resistant from susceptible reactions is more stringent 

than for out-crossed phenotypes, which are more variable than DH lines. The 3:1 ratio also 
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supports the hypothesis that the resistance trait is likely controlled by more than one, 

independently segregating gene (Yu et al. 2017; Yu et al. 2021). However, only one resistance 

QTL/gene was identified for all of the tested pathotypes. This could reflect segregation distortion 

of the traits in the population through microspore culture, potentially due to embryogenesis in 

favor of the resistance allele. 

A single QTL was identified as the major QTL responsible for resistance to the three 

pathotypes. This QTL was named Rcr3Mendel because it mapped in ‘Mendel’ to a similar region of 

chromosome A08 where the Rcr3 had been identified in the B. rapa ‘Wasalander’ (ECD04) 

(Karim et al. 2020). Rcr3Mendel was tagged in the 316.9 kb region of the A08 chromosome, 

flanked by the left marker ZS_A08_15999175 and right marker ZS_A08_16316110; the nearest 

marker was ZS_A08_15999175. 

The reaction to pathotype 3H was subsequently assessed in 60 of the DH lines, since this 

had been the pathotype used originally to identify Rcr3. Resistance to 3H co-segregated with 

resistance to pathotypes 5C, 3D and 8J, indicating that Rcr3Mendel was likely the same as Rcr3. In 

total, 42 genes were identified in the Rcr3Mendel region, but only one gene, BnaA08T0102200ZS 

(ZS_A08_16222504 – ZS_A08_16225680), was identified as a TIR_NBS_LRR  (TNL) gene; 

TNL genes play a significant role in resistance to clubroot (Akira and Hemmi 2003; Wang et al. 

2022; Kopec et al. 2021), by inducing disease resistance proteins (Nandety et al. 2013; Kopec et 

al. 2021) and signal transduction (Ueno et al. 2012; Hatakeyama et al. 2013; Wang et al. 2022). 

The TNL gene identified in this study is homologous to AT5G51630 in Arabidopsis and 

BraA08g016670.3C in B. rapa (Chiifu v3.0).  

Segregation distortion (deviation of observed genotypic frequencies from the expected 

frequencies) has been observed in many crop species, including Brassica crops (Kianian and 
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Quiros, 1992; Cloutier et al. 1995; Zhang et al. 2003). The level of distortion depends on the 

plant species, population, and the parental lines used in the crosses (Prince et al. 1993; Lu et al. 

2002). DH populations, especially those generated by androgenesis from microspore culture, 

often show more extreme segregation distortion than F2 or backcross populations (Lashermes et 

al. 2001). The ‘Mendel’ population was developed by androgenesis (microspore culture) and, 

therefore, the extreme segregation could be caused by environmental influences or chromosome 

instability of the microspores. Several researchers have found that environmental influences, 

recombination, transgenic silencing (Pawlowski et al. 1998), chromosome instability (Tonguc et 

al. 2003), pollen tube competition, and competitive fertilization with gametic or zygotic selection 

pressure (Kreike and Stiekema, 1997; Xian-Liang et al. 2006) would be driving forces for 

segregation distortion by altering the gamete ratio by the segregation distortion locus (SDL) of 

the population. 

Segregation distortion of the SNP loci on chromosome A08 was observed in the DH 

population (Table S5.2). Since segregation distortion is a common phenomenon in the evolution 

of many crop species, removal of the segregation distortion markers could reduce genome 

coverage by the markers, and QTL might be missed in linkage mapping (Xu et al.1997; Taylor 

and Ingvarsson 2003; Zhang et al. 2003).  Nonetheless, while segregation distortion was 

observed in the population, plants were found that showed strong resistance (DSI~0) to the tested 

pathotypes. This indicates that the trait was controlled by a single dominant gene in the host. 

Similar strong resistance reaction results were obtained previously for the clubroot resistance 

QTL/genes Rcr1–Rcr7 (Yu et al. 2017; Chu et al. 2014; Huang et al. 2017; Huang et al. 2019; Yu 

et al. 2016; Karim et al. 2020; Dakouri et al. 2018; Chang et al. 2019). 
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GBS can be used to find large numbers of SNPs throughout the genome (Lee et al. 2016; 

Mundada et al. 2022; Rajendran et al. 2022), which are in turn used to identify and map 

QTL/genes for a specific trait. While GBS can produce erroneous SNP calling and missing data 

points (Spindel et al. 2013), stringent filtering of the data is applied to minimize the error and 

identify high-quality SNPs (Spindel et al. 2013; Yu et al. 2017). The technology has been widely 

used to map genes and QTL in various crop species including maize, wheat, rice, barley, 

soybean, cotton, broccoli, cabbage, and canola (Elshire et al. 2011; Crossa et al. 2013; Romay et 

al. 2013; Poland et al. 2012; Spindel et al. 2013; Sonah et al. 2013; Qi et al. 2017; Branham et al. 

2017; Lee et al. 2016; Yu et al. 2017; Karim et al. 2020; Mundada et al. 2022; Wang et al. 2020; 

Rajendran et al. 2022). A high-quality reference genome, denoted as ZS11 (Song et al. 2020), 

was used in this study to assemble and map the QTL/gene. GBS in combination with KASP 

analysis is a highly effective approach to mapping QTL (Chapter 3; Karim et al. 2020). 

The identified QTL Rcr3Mendel region was homologous to the 11.0–12.3 Mb of 

chromosome A08 in the B. rapa reference genome v3.0 (Chiifu). Many clubroot resistance genes 

have been identified and mapped in the A genome of B. rapa, so an updated version (v3.0) of the 

B. rapa genome (Zhang et al. 2018) was used to identify the corresponding location of 

Rcr3Mendel. In that assessment, Rcr3Mendel was homologous to the region of B. rapa v3.0 where 

other CR genes and QTL have been identified, including Rcr9 (Yu et al. 2017), Rcr9ECD01 (Yu et 

al. 2021), Rcr9wa (Karim et al. 2020), Rcr9ECD02 (Chapter 3), Rcr9AAFC695 (Chapter 4), and Rcr3 

(Karim et al. 2020) and a major QTL in Rutabaga (Hasan & Rahman 2016, 2021; Wang et al. 

2022). The differential reaction to several pathotypes in the current study suggests that Rcr3Mendel 

is different from Rcr9; the latter provided resistance to pathotype 5X but not to 3H (Yu et al. 

2017), while Rcr3 provided resistance to 3H. In addition, the QTL region associated with Rcr9 
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spanned a larger interval (6.48 Mb) than the QTL for Rcr3. Similarly, Rcr3Mendel is not the same 

as Rcr9ECD01 because Rcr9ECD01 was identified as conferring resistance to pathotypes 3A, 3D, 3H, 

and 5X (Yu et al. 2021; Chapter 4), while ‘Mendel’, the resistant genotype used to map 

Rcr3Mendel, is susceptible to pathotypes 3A and 5X (Strelkov et al. 2018).  Furthermore, 

Rcr9AAFC695 (Chapter 4) is not the same QTL/gene as Rcr3Mendel (Table 5.5 and Table 5.6). There 

is another QTL Rcr9ECD02 that was also identified in the Rcr9 QTL region and found to confer 

resistance to pathotypes 3A, 3D, 3H, and 5X, but again, ‘Mendel’ is susceptible to pathotypes 3A 

and 5X. Hence, Rcr3Mendel cannot be the same QTL as Rcr9ECD02 (Table 5.5 and Table 5.6; Figure 

5.5). 

Finally, the B. rapa genotype ECD04, which was one of the diploid progenitors of the B. 

napus cv. ‘Mendel’, is resistant to pathotype 5X (Karim et al. 2020) while ‘Mendel’ is 

susceptible (Strelkov et. al. 2018). The QTL Rcr9wa, which confers resistance to pathotype 5X, 

was identified and mapped in the Rcr9 region of ECD04 (Karim et al. 2020). Therefore, the 

resistance gene identified in ‘Mendel’ in this study is likely different from Rcr9wa. Possible 

reasons why the Rcr9wa does not occur in ‘Mendel’ is that the gene was not inherited during 

hybridization between ECD04 × ECD15. A previous study demonstrated that the CR gene Crr1 

was also lost or not inherited from ECD04 at the time of hybridization to develop ‘Mendel’ 

(Agyeman et al. 2018).  

Still other CR loci/genes have been identified in the A08 chromosome of B. rapa and 

B. napus, and their relationship to Rcr3Mendel is not known. For example, CRs lies in a similar 

region to both Rcr9 and Rcr3 and conferred resistance to pathotype 4 (Laila et al. 2019).  

However, no data are available regarding its influence on the reaction to pathotypes 3D, 5C, and 

8J.  Similarly, a major QTL resistance to pathotypes 2, 3, 5, 6, and 8 were identified in the Rcr9 
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region in Rutabaga (Hasan & Rahman 2016), but no information regarding the resistance 

reaction to the new pathotypes 3D, 5C, and 8J. Further studies are required to be able to make 

inferences regarding the genetic position of CRs and the QTL identified in Rutabaga relative to 

the currently identified Rcr3Mendel. The gene BraA.CR.b was mapped in ECD01, ECD02, ECD03 

and ECD04 and conferred resistance to pathotype 3H (Hirani et al. 2018). While the gene was 

identified on the A08 chromosome, its position on B. rapa genome v3.0 is not known, making it 

difficult to compare its position with that of Rcr3Mendel.  In contrast, the clubroot resistance QTL 

qBrCR38-2, conferring resistance to pathotype 7, was identified at 20.3– 21.8 Mb (Zhu et al. 

2019) of chromosome A08, far from the position of Rcr3Mendel. 

Finally, the cloned gene Crr1 has also been mapped to the Rcr9 QTL region of 

chromosome A08. Crr1 gene did not confer resistance to four major pathotypes of P. brassicae 

from Canada, including 3H (Yu et al. 2021); in contrast, Rcr3Mendel provided resistance to 3H, 

and hence (based on this resistance reaction), Rcr3Mendel must be different from Crr1. 

Rcr3Mendel was identified as a major gene for resistance to pathotypes 3D, 5C, and 8J with 

88-90% phenotypic variation against the pathotypes. Any QTL that shows a consistent PVE of 

>10% is termed a major QTL (Wang et al. 2019; Yu et al. 2021) for that trait. Moreover, the DSIs 

in response to the three pathotypes among the DH lines were highly correlated, further indicating 

that the trait is controlled by a major gene or a cluster of tightly linked genes (Yu et al. 2017; Yu 

et al. 2021). This study was designed and conducted to map CR genes through rough mapping. 

Fine mapping with a larger population size is needed to determine whether a single CR gene or 

cluster of tightly linked genes controls the resistance reaction in this system. 
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5.5. Conclusion 

A population consisting of 137 DH lines was developed from the winter B. napus cv. 

‘Mendel’ and used to identify and map CR genes effective against pathotypes 3D, 5C, and 8J of 

P. brassicae. A single, resistance QTL, Rcr3Mendel, was identified and mapped by genotyping-by-

sequencing and KASP analysis, showing 88–90% resistance to pathotypes 3D, 5C, and 8J. A 

subset of the population consisting of 60 lines were used to determine if Rcr3Mendel was the same 

as Rcr3, which had been identified previously. Rcr3Mendel was positioned in the 316.9 kb region 

of the A08 chromosome flanked by the left marker ZS_A08_15999175 and right marker 

ZS_A08_16316110. KASP analysis identified eight more tightly linked markers that co-

segregated with Rcr3Mendel. Rcr3Mendel also co-segregated with Rcr3, which conferred resistance 

to pathotype 3H. Rcr3Mendel was homologous to the 11.0 to 12.3 Mb region in the B. rapa 

genome Chiifu. Among the 82 genes identified in the Rcr3Mendel region, only one, 

BnaA08T0102200ZS (ZS_A08_16222504 – ZS_A08_16225680), was identified as a TNL gene. 

The identified region of Rcr3Mendel overlapped with the QTL region of Rcr9ECD01, Rcr9wa, 

Rcr9ECD02, and Rcr9AAFC695, but there are several lines of evidence that indicate that it is different 

from those QTL. Further investigation, including fine mapping and cloning of the gene, is 

needed to characterize Rcr3Mendel fully. 
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5.6. Tables 

Table 5.1. Segregation patterns of a B. napus doubled haploid (DH) population derived from the 

parental genotypes ‘Mendel’ and DH16516, two resistant checks (AAFC-Y12 and AAFC-Y68), 

and a DH line NRC11-24 resistant to Plasmodiophora brassicae pathotype 3H and susceptible to 

pathotypes 3D, 5C, and 8J. 

Pathotypes DSIs No. of DH 

lines 

χ2 

(Calculated) 

 P-value))  

Mendel DHT NRC

11-24  

Y12 Y68 R  S 3:1 
 

3D 0 100 100 0 0 107 30 0.63 0.43 

5C 0 100 100 0 0 108 29 0.98 0.32 

8J 0 100 100 0 0 110 27 1.92 0.17 

 

 

 

Table 5.2. Correlation coefficient for clubroot severity (disease severity index) in doubled 

haploid (DH) lines, derived from F1 of Brassica napus DH16516 × ‘Mendel’, and inoculated 

with pathotypes 3D, 5C and 8J of Plasmodiophora brassicae. 

Pathotypes  3D 5C 8J 

3D 1.00 
  

5C 0.97** 1.00 
 

8J 0.97** 0.98** 1.00 

**Significance at P ≤ 0.01 
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Table 5.3. Estimated position of Rcr3Mendel on chromosome A08 of the Brassica napus cv. ‘Mendel’, with the corresponding LOD 

value, phenotypic variation explained (PVE), additive effect, and flanking markers associated with the gene in doubled haploid (DH) 

lines inoculated with Plasmodiophora brassicae pathotypes 3D, 5C and 8J. 

Pathotype QTL LOD PVE 

(%) 

Add. 

(%) 

Left markers Right markers Left CI Right CI 

3D Rcr3Memdel 63 88.4 47.2 ZS_A08_15999175 ZS_A08_16316110 86.4 90.5 

5C Rcr3Memdel 66 89.2 47.3 ZS_A08_15999175 ZS_A08_16316110 86.4 90.5 

8J Rcr3Memdel 68 90.1 47.2 ZS_A08_15999175 ZS_A08_16316110 86.4 90.5 
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Table 5. 4. TIR-NBS-LRR class resistance gene identified in the Rcr3Mendel region of Brassica napus cv. Mendel associated with 

resistance to Plasmodiophora brassicae pathotypes 3D, 3H, 5C and 8J.  

Gene name B. napus (ZS11) gene 

location (base) 

Length 

(base) 

Gene description from 

Blas2Go and NCBI 

Homolog in B. rapa 

(v3.0-Chiifu) 

R gene class 

BnaA08T0102200ZS 16222504---16225680 3176 Disease resistance protein 

RPP4-like  

BraA08g016670.3C TIR-NBS-LRR 

class 

 

 

Table 5. 5. Identified QTL/genes in the Brassica napus genotypes ‘AAFC695’ and ‘Mendel’ and the Brassica rapa genotype ECD02, 

with corresponding genes and their positions in the A08 linkage group of B. rapa reference genome v3.0 (Chiifu). The LOD value, 

PVE, additive effect, and flanking markers associated with the QTL are also listed in the corresponding pathotypes.  

Pathotypes QTL Chrom Position LOD PVE (%) Add. (%) Left Marker Right Marker 

3D, 5C, 8J Rcr3Memdel A08 87 63-68 88-90 40-47 ZS_A08_15999175 ZS_A08_16316110 

3A, 3D, 5X, 3H Rcr9’AAFC695’ A08 82 60-70 92-95 47-48 ZS_A08_18117664 ZS_A08_20072807 

3A, 3D, 3H, 5X Rcr9ECD02 A08 401 24-30 68-77 64-74 CF_A08_11903476 CF_A08_10575267 
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Table 5. 6. Disease resistance genes identified in the QTL Rcr3Memdel and Rcr9’AAFC695’ and their homologous genes in the Brassica 

rapa genome (v3.0. Chiifu).  

QTL Identified genes in 

B. napus (ZS11) 

Gene location 

(ZS11/ v3.0 

Chiifu) 

Length 

(base) 

Gene description 

(Blas2Go/ NCBI) 

Homolog in B. rapa 

(v3.0 Chiifu) 

Gene class 

Rcr3Memdel BnaA08T0102200ZS 16222504─ 

16225680 

3176 Disease resistance 

protein RPP4-like  

BraA08g016670.3C TIR-NBS-LRR 

class 

Rcr9AAFC695 BnaA08T0141000ZS 19001038─ 

19002195 

1157 TIR-NBS-LRR class  BraA08g017130.3C NBS-LRR class 

BnaA08T0142200ZS 19068453─ 

19071577 

3124 TIR-NBS-LRR class  BraA08g016670.3C NBS-LRR class 

Rcr9ECD02 - 11232393─ 

11235117 

2724 receptor-like protein 30 BraA08g012910.3C disease resistance 

 - 11248087─ 

11250727 

2640 receptor-like protein 30 BraA08g012920.3C disease resistance 

 - 11388577─ 

11391460 

2883 receptor-like protein 30 BraA08g013130.3C  disease resistance 

 - 11696216─ 

11696785 

569

  

a typical TIR-NBS-LRR  BraA08g013630.3C disease resistance 
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Table 5. 7. List of identified clubroot resistance genes/QTL on the A08 chromosome of B. rapa and B. napus. 

Cultivar/species Identified 

genes/QTL 

Type Physical 

position  

Pathotypes References 

B. rapa ssp. chinensis cv. Akimeki CRs Major 

gene 

11.3 – 12.2 Mb 4 Laila et al. 2019 

B. rapa ssp. rapifera cv. Waaslander Rcr3 Gene 11.4 – 11.6 Mb 3 Karim et al. 2020 

B. rapa ssp. rapifera cv. Siloga Crr1a Major 

gene 

12.3 – 12.3 Mb 2 Swabe et al. (2003; 

Hatakeyama et al. 2013 

B. rapa ssp. rapifera cvs. Pluto & 

Waaslander 

Rcr9/Rcr9wa QTL 12.3 – 12.6 Mb 5X Yu et al. 2017; Karim 

et al. 2020 

B. rapa ssp. rapifera cv. Siloga Crr1b Gene …. 2 Hatakeyama et al. 2013 

B. rapa ssp. chinensis cv. (Pakchoi) qBrCR38-2 QTL 20.3 – 21.7 Mb Race 7 Zhu et al. 2019 

B. napus var. napobrassica cv. 

Brookfield 

Single gene Major 

gene 

12.1 – 13.0 Mb 2, 3, 5, 6 & 8 Hasan & Rahman, 

2016 

B. rapa turnip cv. ECD01  Rcr9ECD01 QTL 12.0 – 14.5 Mb 3A, 3D, 3H, 5X Yu et al. 2021 

B. rapa (Chineese cabbage) PbBa8.1 QTL … Pb4 Chen et. al. 2013 

B. rapa cv ECD01 Bra.CR.b,  QTL .. .. Hirani et al. 2018 

B. rapa cv ECD02 Rcr9ECD02 QTL 10.7 – 12.2 Mb 3A, 3D, 3H, 5X Rahaman et al. 2022 

B. napus cv. AAFC695 Rcr9AAFC695 QTL 10.8 – 11.6 Mb 3A, 3D, 3H, 5X Rahaman et al. 2022 

B. napus cv Mendel Rcr3Mendel QTL 11.0 – 12.3 Mb 3D, 3H, 5C, 5J Rahaman et al. 2022 

B. napus L. subsp. rapifera Metzg.  Major QTL QTL 9.96 –11.09 Mb 3A, 3D, 3H Wang et al. 2022 

**Physical position has been determined with B. rapa v3.0 (cv. Chiifu) 
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5.7. Figures 

 

Figure 5. 1. Clubroot disease development on the clubroot-resistant Brassica napus cv. ‘Mendel’ 

and F1 of DH16516 × ‘Mendel’ shown in comparison with the susceptible parent DH16516 

(‘DHT’) used in the study.  
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Figure 5.2. Genetic linkage map of 137 doubled haploid (DH) Brassica napus lines of a 

population derived from DH16516 × ‘Mendel’. The linkage map consists of 2,642 high-quality 

SNP markers distributed to the B. napus genome profile of 19 chromosomes. The vertical scale 

on the left indicates the genetic distance in centiMorgan (cM).  
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Figure 5. 3. The effect of Rcr3
Mendel

 on the phenotypic expression of resistance to pathotypes 3D, 5C, and 8J of Plasmodiophora 

brassicae, based on LOD value and additive effect of the identified QTL considering the whole genome of Brassica napus ‘Mendel’.  
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Figure 5. 4. The position of the identified QTL/gene Rcr3Mendel on chromosome A08 is illustrated 

by the linkage map drawn using 10 SNPs from a KASP assay and 4 SNPs identified by QTL 

analysis in the current study. 
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Figure 5. 5. Corresponding location of the identified QTL Rcr3/Rcr3Mendel on chromosome A08 of the Brassica rapa genome v3.0 

(Chiifu) in relation to the previously identified QTL Rcr9 (Yu et al. 2017), Rcr9ECD02 (Rahaman et al. 2022), Rcr9AAFC695 (Chapter 4), 

Rcr9wa (Karim et al. 2020), and Rcr9ECD01 (Yu et al. 2021) from different populations. 



 

141 

 

Chapter 6. General discussion 

Brassica species are one of the largest eudicot groups in the Brassicaceae family, 

consisting of around 338 genera and 3709 species (Warwick et al. 2006; Cheng et al. 2014). The 

leaves, buds, roots, stems, and seeds of the Brassicas are used as oilseed, forage, condiments, 

and vegetables. Studies indicate that three amphidiploid species developed naturally from wild 

diploid species (U 1935) through natural hybridization and doubling of diploid chromosomes. 

For example, B. napus, which carries the genomes AACC, 2n = 38, developed from interspecific 

hybridization between B. rapa (AA, 2n = 20) and B. oleracea (CC, 2n = 18) (Nagaharu 1935; 

Raymer 2002). Brassica napus canola (≡ oilseed rape) supplies 13% to 16% of the global market 

for edible oil (Song et al. 2020), second only to soybean (Kupiec et al. 2020; USDA, 2020). In 

Canada, canola is one of the most important cash crops, contributing $29.9 billion annually to the 

national economy (Rempel et al. 2014; Botero et al. 2019; Canola Council of Canada 2020). 

Clubroot, caused by Plasmodiophora brassicae, has become an important constraint to 

canola production in Canada (Strelkov & Hwang 2014; Strelkov et al. 2016). The resting spores 

of the pathogen can survive in infested soil for many years (Braselton 1995; Wallenhammar 

1996; Peng et al. 2015) and can cause yield losses of up to 30–100% (Tewari et al. 2005; 

Strelkov et al. 2007). More than 36 pathotypes of P. brassicae have been identified from Canada 

(Strelkov et al. 2018; Hollman et al. 2021), and resistance to many of these pathotypes is not 

available in commercial canola cultivars (Strelkov et al. 2016; Strelkov et al. 2018; Hollman et 

al. 2021). In addition to its impact on the Canadian canola industry, clubroot is also an important 

disease of B. napus and/or other cruciferous crops in Australia, China, Japan, Germany, France, 

the Czech Republic, Indonesia, Thailand, Vietnam, Sweden, Britain, Latin America, and the 

USA (Donald 2005; Donald and Porter 2014; Tanaka et al. 2001; Diederichsen et al. 2014; 
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Wallenhammar 1996; Botero-Ramirez et al. 2019; Chittem et al. 2014). The focus of this thesis 

was on the identification and mapping of clubroot resistance genes effective against some of the 

most important resistance-breaking pathotypes of P. brassicae in Canada.  

The clubroot response of lines of B. rapa and B. napus to pathotypes 2B, 3A, and 3D 

were assessed, and one of the best performing lines, ‘AAFC695’, was selected for detailed 

analysis. A segregating population from ‘AAFC695’ was developed for use in genetic mapping. 

Similar studies were conducted with two other clubroot-resistant (CR) genotypes, ECD02 and 

‘Mendel’. Among the 50 B. napus and B. rapa lines tested, the B. napus lines ‘AAFC695’ and 

CGN06874 were found to be highly resistant. In contrast, none of the B. rapa lines were resistant 

to the pathotypes assessed.  

Doubled haploid (DH) lines were developed via microspore culture and doubling 

chromosomes. This approach allowed for gene mapping in a population descended from a wild 

progenitor in a single generation (Cao et al. 2016). It also allowed for the assessment of the 

reaction to several pathotypes in a replicated trial. There is a single cycle of meiosis in DH 

populations, which results in fewer crossover and larger chromosomal blocks in the genome 

relative to BC populations. Moreover, B. napus species have a complex amphidiploid genome 

profile, so mapping genes from a DH population is less difficult relative to a segregating 

population. Therefore, the DH population was selected to map genes in B. napus populations, but 

a BC population was used for the diploid species B. rapa. 

Genotype-by-Sequencing (GBS) was used to identify one major QTL, Rcr9ECD02, on the 

A08 chromosome of B. rapa line ECD02; this QTL conferred resistance to four pathotypes of P. 

brassicae, 3A, 3D, 3H, and 5X. The results were confirmed by BSA and KASP genotyping. The 

QTL was tagged by SNP markers; on the left, marker CF_A08_12331263 (399.5 cM) and on the 
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right, marker CF_A08_10575267 (402.5). The QTL explained 68.9 to 77.4% of PVE to the 

individual pathotypes, with corresponding LOD values of 24.3 to 31.1 with a type I error rate of 

0.01, and additive values of 64.2 to 74.7%. This QTL differed from several CR loci recently 

identified on A08 of B. rapa (Yu et al. 2017; Karim et al. 2020; Yu et al. 2021; Hirani et al. 

2018).  However, it could not be assessed against the position of the QTL/genes Crr1, CRs, 

PbBa8.1, and qBrCR38-2 (Suwabe et al. 2003, Laila et al. 2019; Chen et al. 2013; Zhu et al. 

2019), because no information regarding the corresponding region for these genes on the B. rapa 

‘Chiifu’ reference genome v3.0 is available. 

Two other QTL, Rcr9AAFC695 and Rcr3Mendel, were identified from the B. napus cultivars 

‘AAFC695’ and ‘Mendel’. Rcr9AAFC695 explained 92.6% of the phenotypic variation for reaction 

to inoculation with pathotype 3A, with an additive effect of 47.2% and a LOD value of 60.3. 

This QTL also explained 95.0%, 94.9%, and 93.4% of the resistance to pathotypes 3D, 3H, and 

5X, respectively, with an additive effect of 48.7%, 48.7% and 47.7%, and corresponding LOD 

values of 70.8, 70.4, and 63.3. The identified QTL spanned between 76.74 cM and 83.44 cM on 

the linkage group A08. 

The QTL Rcr9Mendel explained 88% of the phenotypic variation for the reaction to 

pathotype 3D, with an additive effect of 47% and LOD value 63. It also explained 89% of the 

phenotypic variation in response to pathotype 5C and 90% of the variation to pathotype 8J, with 

an additive effect of 47% for both pathotypes and LOD values of 66 and 68, respectively. The 

reaction of a subset of the population to pathotype 3H was used to determine if the Rcr3Mendel 

region was homologous to the Rcr3 identified previously. The QTL Rcr3/Rcr3Mendel explained 

33.2% PVE with a corresponding LOD value 5.3, and the nearest marker, ZS_A08_15999175, 

was the same as the marker identified to tag Rcr3Mendel for pathotypes 3D, 5C and 8J. KASP 
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analysis to identify closely linked markers indicated that Rcr9AAFC695 co-segregated with several 

SNP markers: CF_A08_ 11385371, CF_A08- 11627096, CF_A08_10850975, 

CF_A08_10855744, CF_A08_11038256, CF_A08_11059924, CF_A08_11219809, 

CF_A08_11672817, and CF_A08_11855997. It also showed that Rcr3Mendel co-segregated with 

ZS_A08_16705472, CF_A08_11385371, CF_A08_12063499, CF_A08_12230973, 

CF_A08_11038256, CF_A08_12275702, CF_A08_11021839, and CF_A08_11466518. These 

results suggested that the Rcr3 and Rcr3Mendel regions are homologous. 

The Rcr3Mendel region was shown to be homologous to the genomic region of B. rapa v3.0 

where Rcr9ECD02 and Rcr9AAFC695 have been identified (Chapters 3 and 4). However, it was 

concluded that Rcr9ECD02 and Rcr9AAFC695 are different from Rcr3Mendel based on the resistance 

reactions to several pathotypes; Rcr9ECD02 conferred resistance to pathotypes 3A, 3D, 3H, and 

5X, but lines carrying Rcr3Mendel were susceptible to 3A and 5X. Therefore, Rcr3Mendel is not the 

same as Rcr9ECD02. Similarly, Rcr3Mendel and Rcr9ECD02 are different from Rcr9AAFC695; while 

Rcr9ECD02 conferred resistance to the same pathotypes (3A, 3D, 3H, and 5X) used to map 

resistance genes in the B. napus ‘AAFC695’, the TIR-NB-LRR (TNL) genes identified in 

Rcr9ECD02 and Rcr9AAFC695 were different. Two TNL genes, BnaA08T0141000ZS and 

BnaA08T0142200ZS, were identified in the region of Rcr9AAFC695 (homologous to 

BraA08g017130.3C and BraA08g016670.3C in B. rapa Chiifu v3.0), but four other disease 

resistance genes were identified in the region of Rcr9ECD02. Although the QTL/genes Rcr9ECD02, 

Rcr9AAFC695 and Rcr3Mendel were all mapped to the A08 chromosome of B. rapa and B. napus, it 

was difficult to separate the genes based on location. This supports the conclusion from previous 

studies that there is a cluster of genes on chromosome A08 associated with clubroot resistance 
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(Suwabe et al. 2003, 2006; Hatakeyama et al. 2013; Laila et al. 2019; Zhu et al. 2019; Karim et 

al. 2020; Hasan & Rahman 2016). 

Most CR canola cultivars are believed to carry a single major gene for clubroot 

resistance. Previous studies have indicated that single-gene resistance can quickly be eroded by 

novel pathotypes of P. brassicae (Fredua-Agyeman et al. 2018; LeBoldus et al. 2012; Peng et al. 

2014; Rahman et al. 2014; Strelkov et al. 2016, 2018). Pyramiding multiple clubroot resistance 

genes in a single host genotype (Matsumoto et al. 2012; Tomita et al. 2013) may provide more 

durable resistance against P. brassicae.  Using high-throughput NGS technology in combination 

with BSA and KASP analysis, the current study identified several novel QTL/genes with strong 

efficacy against some important new pathotypes. These genes could be used in combination to 

develop more durable CR canola cultivars. 

The rapid emergence of new pathotypes of P. brassicae in Canada since 2013 represents 

a threat to the successful production of canola. To help manage this changing pathogen 

population, several new QTL/genes for resistance were identified that were effective against 

resistance-breaking pathotypes of P. brassicae. All of the QTL/genes were located on the A08 

chromosome, where a cluster of genes conferring clubroot resistance has been reported 

previously. The novel resistance genes identified in this study represent an important resource, as 

they could be introgressed and combined in commercial canola cultivars for improved clubroot 

resistance. Fine mapping and cloning of these genes should also be carried out in the future, to 

determine whether it is the cluster of genes or specific genes that are responsible for the clubroot 

resistance. Ultimately, an integrated approach, combining different resistance genes with other 

clubroot management strategies, will be required for the sustainable management of this disease. 
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Conclusions 

The research presented in this thesis: 

I. Identified B. napus genotypes resistant to new resistance-breaking pathotypes of P. 

brassicae identified in Canada  

II. Developed a backcross population from the clubroot resistant B. rapa line ECD02 

crossed with a highly susceptible B. rapa DH line ACDC [ACDC × (ACDC × ECD02)], 

mapped a major QTL conferring resistance to pathotypes 3A, 3D, 3H and 5X, and 

identified six markers tightly linked to and co-segregating with the QTL 

III. Developed a B. napus DH population through microspore culture from the F1 of 

DH16516 × AAFC695, identified and mapped a major QTL on the A08 chromosome for 

resistance to pathotypes 3A, 3D, 3H, and 5X, identified markers tightly linked to and co-

segregating with the QTL, and identified and mapped the QTL position in B. napus 

corresponding to the region in the B. rapa genome v3.0 (Chiifu) 

IV. Developed a B. napus DH population through microspore culture from the F1 of 

DH16516 × Mendel, mapped a new QTL on chromosome A8 conferring resistance to 

pathotypes 3D, 5C, and 8J, identified eight co-segregated and tightly linked markers with 

the QTL, and determined the QTL position in B. napus corresponding to the region in the 

B. rapa genome v3.0 (Chiifu) 

 

Future research 

A number of potential new studies could stem from the research presented in this thesis, which 

could help to advance our knowledge further. These include: 

I. Fine mapping of the genes in the identified QTL with a large number of populations  
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II. Cloning of the resistance genes in the identified QTL to determine whether the cluster of 

genes or a specific gene is responsible for conferring resistance 

III. Introgression and stacking of the resistance gene(s) in the identified QTL into 

commercial canola cultivars for more durable clubroot resistance 

IV. Use of developed SNP markers for MAS that can be genotyped through KASP 

technology 

 

  

  

  



 

148 

 

Literature cited 

Abed, A., Badea, A., Beattie, A., Khanal, R., Tucker, J., & Belzile, F. 2022. A high-resolution 

consensus linkage map for barley based on GBS-derived genotypes. Genome 65(2): 83-94. 

Abdeta, T. M. 2022. Genetic variability and heritability in Ethiopian mustard (Brassica carinata 

A. braun). International Research Journal of Plant Science 13(1):1-6. 

http://doi.org/10.14303/irjps.2022.002 

Agarwal, A., Kaul, V., Faggian, R., Rookes, J. E., Ludwig-Müller, J. and Cahill, D. M. 2011. 

Analysis of global host gene expression during the primary phase of the Arabidopsis 

thaliana–Plasmodiophora brassicae interaction. Functional Plant Biology 38(6):462-478. 

https://doi.org/10.1071/FP11026 Ahmed, H.U., Hwang, S.F., Strelkov, S.E., Gossen, B.D., 

Peng, G., Howard, R.J., and Turnbull, G.D. 2011. Assessment of bait crops to reduce 

inoculum of clubroot (Plasmodiophora brassicae) of canola. Canadian Journal of Plant 

Science 91:545‒551. https://doi.org/10.4141/cjps10200 

 Akira, S., Hemmi, H. 2003. Recognition of pathogen-associated molecular patterns by TLR 

family. Immunology letters 85(2):85-95. https://doi.org/10.1016/S0165-2478(02)00228-6 

Al-Daoud, F., Moran, M., Gossen, B. and Mcdonald, M. R. 2018. First report of clubroot 

(Plasmodiophora brassicae) on canola in Ontario. Canadian Journal of Plant Pathology 

40(1):96-99. https://doi.org/10.1080/07060661.2017.1393696 

Annisa, Chen, S. and Cowling, W. A. 2013. Global genetic diversity in oilseed Brassica rapa. 

Crop and Pasture Science 64:993–1007. http://dx.doi.org/10.1071/CP13206  

Arya, A. and Sharma, G. 2016. Management of host plant resistance through immunization: an 

overview. Journal of Hill Agriculture 7(1):12-27. http://10.5958/2230-7338.2016.00004.5 

http://doi.org/10.14303/irjps.2022.002
https://doi.org/10.1071/FP11026
https://doi.org/10.4141/cjps10200
https://doi.org/10.1016/S0165-2478(02)00228-6
https://doi.org/10.1080/07060661.2017.1393696
https://001gc-my.sharepoint.com/personal/fengqun_yu_agr_gc_ca/Documents/Mizan's/.%20http:/dx.doi.org/10.1071/CP13206
http://10.0.23.70/2230-7338.2016.00004.5


 

149 

 

Askarian, H., Akhavan, A., Manolii, VP., Cao, T., Hwang, S.F., Strelkov, S.E. 2021. Virulence 

spectrum of single-spore and field isolates of Plasmodiophora brassicae able to overcome 

resistance in canola (Brassica napus). Plant Disease 105(1):43-52. 

https://doi.org/10.1094/PDIS-03-20-0471-RE 

Ayers, G.A., and Lelacheur, K. 1972. Genetics of resistance in rutabaga to two races of 

Plasmodiophora brassicae. Canadian Journal of Plant Science 52(6):897-900. 

https://doi.org/10.4141/cjps72-155 

Bayer, P. E., Golicz, A. A., Scheben, A., Batley, J., & Edwards, D. 2020. Plant pan-genomes are 

the new reference. Nature plants 6(8): 914-920. https://doi.org/10.1038/s41477-020-0733-0 

Bayer, P. E., Hurgobin, B., Golicz, A. A., Chan, C. K. K., Yuan, Y., Lee, H., Renton, M., Meng, 

J., Li, R. and Long, Y. 2017. Assembly and comparison of two closely related Brassica 

napus genomes. Plant Biotechnology Journal 15(12):1602-1610. 

https://doi.org/10.1111/pbi.12742 

Becker, H., Damgaard, C. and Karlsson, B. 1992. Environmental variation for outcrossing rate in 

rapeseed (Brassica napus). Theoretical and Applied Genetics 84(3):303-306. 

https://doi.org/10.1007/BF00229487 

Beissinger, T.M., Hirsch, C.N., Sekhon, R.S., Foerster, J.M., Johnson, J.M., Muttoni, G., 

Vaillancourt, B., Buell, C.R., Kaeppler, S.M., and de Leon, N. 2013. Marker density and 

read depth for genotyping populations using genotyping-by-sequencing. Genetics 

193(4):1073-1081. https://doi.org/10.1534/genetics.112.147710 

Belanger, S., Clermont, I., Esteves, P. and Belzile, F. 2016. Extent and overlap of segregation 

distortion regions in 12 barley crosses determined via a Pool-GBS approach. Theoretical 

and Applied Genetics 129(7):1393-1404. https://doi.org/10.1007/s00122-016-2711-5 

https://doi.org/10.1094/PDIS-03-20-0471-RE
https://doi.org/10.4141/cjps72-155
https://doi.org/10.1038/s41477-020-0733-0
https://doi.org/10.1111/pbi.12742
https://doi.org/10.1007/BF00229487
https://doi.org/10.1534/genetics.112.147710
https://doi.org/10.1007/s00122-016-2711-5


 

150 

 

Bell, J. M. 1982. From rapeseed to canola: A brief history of research for superior meal and 

edible oil. Poultry Science 61(4):613–622. https://doi.org/10.3382/ps.0610613 

Bernoux, M., Ellis, J. G. and Dodds, P. N. 2011. New insights in plant immunity signaling 

activation. Current Opinion in Plant Biology 14(5):512-518. 

https://doi.org/10.1016/j.pbi.2011.05.005 

Blanc, G., Barakat, A., Guyot, R., Cooke, R., and Delseny, M. 2000. Extensive duplication and 

reshuffling in the Arabidopsis genome. The Plant Cell 12(7):1093-1101. 

https://doi.org/10.1105/tpc.12.7.1093 

Botero-Ramírez, A., Hwang, S.F., and Strelkov, S.E. 2022. Effect of clubroot (Plasmodiophora 

brassicae) on yield of canola (Brassica napus). Canadian Journal of Plant Pathology 44(3): 

372-385. https://doi.org/10.1080/07060661.2021.1989801 

Botero, A., García. C., Gossen, B.D., Strelkov, S.E., Todd, C.D., Bonham‐Smith, P.C., and 

Pérez‐López, E. 2019. Clubroot disease in Latin America: distribution and management 

strategies. Plant Pathology 68(5):827–833. https://doi.org/10.1111/ppa.13013 

Bradshaw, J. E., Gemmell, D. J., and Wilson, R. N. 1997. Transfer of resistance to clubroot 

(Plasmodiophora brassicae) to swedes (Brassica napus L. var. napobrassica peterm) from 

B. rapa. Annals of Applied Biology 130(2):337-348. https://doi.org/10.1111/j.1744-

7348.1997.tb06837.x 

Branca, F. 2008. Cauliflower and broccoli. In Vegetables I (pp. 151-186). Springer, New York, 

NY.  

Branham, S.E., Levi, A., Farnham, M.W., and Wechter, W.P. 2017. A GBS-SNP-based linkage 

map and quantitative trait loci (QTL) associated with resistance to Fusarium oxysporum f. 

https://doi.org/10.3382/ps.0610613
https://doi.org/10.1016/j.pbi.2011.05.005
https://doi.org/10.1105/tpc.12.7.1093
https://doi.org/10.1080/07060661.2021.1989801
https://doi.org/10.1111/ppa.13013
https://doi.org/10.1111/j.1744-7348.1997.tb06837.x
https://doi.org/10.1111/j.1744-7348.1997.tb06837.x


 

151 

 

sp. niveum race 2 identified in Citrullus lanatus var. citroides. Theoretical Applied 

Genetics 130(2):319-330. https://doi.org/10.1007/s00122-016-2813-0 

Braselton, J.P. 1995. Current status of the plasmodiophorids. Critical reviews in microbiology 

21(4):263-275. https://doi.org/10.3109/10408419509113543 

Brouillet, L., Desmet, P., Coursol, F., Meades, S.J., Favreau, M., Anions, M., Bélisle, P., 

Gendreau, C., and Shorthouse, D.A.C. 2010. Database of vascular plants of Canada 

(VASCAN). 

Brown, J., Davis, J.B., Lauver, M., and Wysocki, D. 2008. U.S. Canola Association 'Canola 

growers’ manual. 

http://www.uscanola.com/site/files/956/102387/363729/502632/Canola_Grower_Manual_

FINAL_reduce.pdf. 

Buczacki, S., Toxopeus, H., Mattusch, P., Johnston, T., Dixon, G., and Hobolth, L. 1975. Study 

of physiologic specialization in Plasmodiophora brassicae: proposals for attempted 

rationalization through an international approach. Transactions of the British Mycological 

Society 65(2):295-303. https://doi.org/10.1016/S0007-1536(75)80013-1 

Burki, F., Kudryavtsev, A., Matz, M.V., Aglyamova, G.V., Bulman, S., Fiers, M., Keeling, P.J., 

and Pawlowski, J. 2010.  Evolution of Rhizaria: new insights from phylogenomic analysis 

of uncultivated protists. BMC Evolutionary Biology 10(1):1-18. 

https://doi.org/10.1186/1471-2148-10-377 

Burton, W., Salisbury, P., Males, D., and Potts, D. 2007. The release of canola quality Brassica 

juncea for Australia. Proc 12th Int Rapeseed Congr, Wuhan. China. pp.291-293. 

Cai, C., Wang, X., Liu, B., Wu, J., Liang, J., Cui, Y., Cheng, F. and Wang, X. 2017. Brassica 

rapa genome 2.0: a reference upgrade through sequence re-assembly and gene re-

https://doi.org/10.1007/s00122-016-2813-0
https://doi.org/10.3109/10408419509113543
http://www.uscanola.com/site/files/956/102387/363729/502632/Canola_Grower_Manual_FINAL_reduce.pdf.
http://www.uscanola.com/site/files/956/102387/363729/502632/Canola_Grower_Manual_FINAL_reduce.pdf.
https://doi.org/10.1016/S0007-1536(75)80013-1
https://doi.org/10.1186/1471-2148-10-377


 

152 

 

annotation. Molecular Plant Pathology 10(4):649-651. 

http://dx.doi.org/10.1016/j.molp.2016.11.008 

Campbell, R.N., and Grethead, A.S. 1996. Control of clubroot of crucifers by liming. In: 

Engelhard AW (ed) Soilborne plant pathogens: Management of diseases with macro and 

microelements. APS Press, St. Paul, MN, 90–101.  

Canola Council of Canada (2014): Canadian canola production updated December 4, 2013. 

http://www.canolacouncil.org/markets-stats/statistics/tonnes/ 

Canola Council of Canada (2020): https://www.canolacouncil.org/markets-stats/ 

Canola Council of Canada 2019: 

https://www.canolacouncil.org/download/215/pages/5360/partnership-with-purpose-ccc-ar-

2019 (canolacouncil.org). 

Cao, T., Manolii, V.P., Strelkov, S.E., Hwang, S.F., and Howard, R.J. 2009. Virulence and 

spread of Plasmodiophora brassicae [clubroot] in Alberta, Canada. Canadian Journal of 

Plant Pathology 31(3):321-329. https://doi.org/10.1080/07060660909507606 

Carlsson, M., Bothmer, R.V., and Merker, A. 2004. Screening and evaluation of resistance to 

downy mildew (Peronospora parasitica) and clubroot (Plasmodiophora brassicae) in 

genetic resources of Brassica oleracea. Hereditas 141(3):293-300. 

https://doi.org/10.1111/j.1601-5223.2004.01818.x 

Ce, F., Mei, J., He, H., Zhao, Y., Hu, W., Yu, F., Li, Q., Ren, X., Si, J., Song, H., and Qian, W. 

2021. Identification of candidate genes for clubroot-resistance in Brassica oleracea using 

Quantitative Trait Loci-sequencing. Front. Frontiers in Plant Science 12:703520. 

https://doi.org/10.21203/rs.3.rs-181589/v1 

http://dx.doi.org/10.1016/j.molp.2016.11.008
http://www.canolacouncil.org/markets-stats/statistics/tonnes/
https://www.canolacouncil.org/markets-stats/
https://www.canolacouncil.org/download/215/pages/5360/partnership-with-purpose-ccc-ar-2019%20(canolacouncil
https://www.canolacouncil.org/download/215/pages/5360/partnership-with-purpose-ccc-ar-2019%20(canolacouncil
https://doi.org/10.1080/07060660909507606
https://doi.org/10.1111/j.1601-5223.2004.01818.x
https://doi.org/10.21203/rs.3.rs-181589/v1


 

153 

 

Chalhoub, B., Denoeud, F., Liu, S., Parkin, I., Tang, H., Wang, X., Chiquet, J., Belcram, H. et al. 

2014. Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome. 

Science 345(6199):950–953. https://doi.org/10.1126/science.1253435 

Chang, A., Lamara, M., Wei, Y., Hu, H., Parkin, I., Gossen, B.D., Peng, G., and Yu, F. 2019. 

Clubroot resistance gene Rcr6 in Brassica nigra resides in a genomic region homologous to 

chromosome A08 in B. rapa. BMC Plant Biology 19:224. https://doi.org/10.1186/s12870-

019-1844-5 

Chapara, V., Kalwar, N., Lubenow, L. and Chirumamilla, A. 2019. Prevalence of clubroot on 

canola in North Dakota. Agronomy and Agricultural Science 2:008. 

Chen, J., Jing, J., Zhan, Z., Zhang, T., Zhang, C., and Piao, Z. 2013. Identification of novel QTL 

for isolate-specific partial resistance to Plasmodiophora brassicae in Brassica rapa. PLoS 

One. 8(12):e85307. https://doi.org/10.1371/journal.pone.0085307 

Chen, S., Turner, N. C., and Cowling, W.A. 2013. Genetic variation for heat tolerance during the 

reproductive phase in Brassica rapa. Journal of Agronomy and Crop Science 199(6):424-

435. https://doi.org/10.1111/jac.12034 

Chen, S.W., Liu, T., Gao, Y., Zhang, C., Peng, S.D., Bai, M.B., and Lin, L.B. 2016. Discovery of 

clubroot-resistant genes in Brassica napus by transcriptome sequencing. Genetics and 

Molecular Research. 15(3):15038243.  http://dx.doi.org/10.4238/gmr.15038243 

Cheng, F., Wu, J. and Wang, X. 2014. Genome triplication drove the diversification of Brassica 

plants. Horticulture research 1(1):1-8. https://doi.org/10.1038/hortres.2014.24 

Cheung, K.W., Razeq, F.M., Sauder, C.A., James, T., and Martin, S.L. 2015. Bidirectional but 

asymmetrical sexual hybridization between Brassica carinata and Sinapis arvensis 

https://doi.org/10.1126/science.1253435
https://doi.org/10.1186/s12870-019-1844-5
https://doi.org/10.1186/s12870-019-1844-5
https://doi.org/10.1371/journal.pone.0085307
https://doi.org/10.1111/jac.12034
http://dx.doi.org/10.4238/gmr.15038243
https://doi.org/10.1038/hortres.2014.24


 

154 

 

(Brassicaceae). Journal of Plant Research 128(3):469-480. https://doi.org/10.1007/s10265-

015-0702-2 

Chèvre, A.M., This, P., Eber, F., Deschamps, M., Renard, M., Delseny, M., and Quiros, C.F. 

1991. Characterization of disomic addition lines Brassica napus-Brassica nigra by 

isozyme, fatty acid, and RFLP markers. Theoretical and Applied Genetics 81(1):43-49. 

https://doi.org/10.1007/BF00226110 

Chiang, M., Chong, C., Landry, B., and Crete, R. (1993). Cabbage: Brassica oleracea subsp. 

capitata L. Genetic improvement of vegetable crops. Elsevier 113-155.  

https://doi.org/10.1016/B978-0-08-040826-2.50012-6  

Chittem, K., Mansouripour, S., and del Río Mendoza, L. 2014. First report of clubroot on canola 

caused by Plasmodiophora brassicae in North Dakota. Plant Disease 98(10):1438-1438. 

https://doi.org/10.1094/PDIS-04-14-0430-PDN 

Chu, M., Song, T., Falk, K.C., Zhang, X., Liu, X., Chang, A., Lahlali, R., McGregor, L., Gossen, 

B.D., and Yu, F. 2014. Fine mapping of Rcr1 and analyses of its effect on transcriptome 

patterns during infection by Plasmodiophora brassicae. BMC Genomics 15(1):1-20. 

https://doi.org/10.1186/1471-2164-15-1166 

Conesa, A., Gotz, S., Garcia-Gomez, J.M., Terol, J., Talon, M., Robles, M. 2005. Blast2GO: a 

universal tool for annotation, visualization and analysis in functional genomics research. 

Bioinformatics 21(18):3674-6. https://doi.org/10.1093/bioinformatics/bti610 

Conners, I. 1945. Fifteenth annual report of the Canadian plant disease survey. Canadian Plant 

Disease Survey 15:24-44. 

Cornelsen, J., Zou, Z., Huang, S., Parks, P., Lange, R., Peng, G., & Fernando, W. D. 2021. 

Validating the strategic deployment of blackleg resistance gene groups in commercial 

https://001gc-my.sharepoint.com/personal/fengqun_yu_agr_gc_ca/Documents/Mizan's/.%20https:/doi.org/10.1007/s10265-015-0702-2
https://001gc-my.sharepoint.com/personal/fengqun_yu_agr_gc_ca/Documents/Mizan's/.%20https:/doi.org/10.1007/s10265-015-0702-2
https://doi.org/10.1007/BF00226110
https://doi.org/10.1016/B978-0-08-040826-2.50012-6
https://doi.org/10.1094/PDIS-04-14-0430-PDN
https://doi.org/10.1186/1471-2164-15-1166
https://doi.org/10.1093/bioinformatics/bti610


 

155 

 

canola fields on the Canadian prairies. Frontiers in Plant Science 12: 669997. 

https://doi.org/10.3389/fpls.2021.669997 

Cranmer, T.J., Al-Daoud, F., Gossen, B.D., Deora, A., Hwang, S.F. and McDonald, M.R. 2017. 

Vertical distribution of resting spores of Plasmodiophora brassicae in soil. European 

Journal of Plant Pathology 149(2):435-442. https://doi.org/10.1007/s10658-017-1193-x 

Crisp, P., Crute, I., Sutherland, R., Angell, S., Bloor, K., Burgess, H., and Gordon, P. 1989. The 

exploitation of genetic resources of Brassica oleracea in breeding for resistance to clubroot 

(Plasmodiophora brassicae). Euphytica 42(3):215-226. 

https://doi.org/10.1007/BF00034457 

Crossa, J., Beyene, Y., Kassa, S., Pérez, P., Hickey, J.M., Chen, C., de Los Campos, G., 

Burgueño, J., Windhausen, V.S., and Buckler, E. 2013. Genomic prediction in maize 

breeding populations with genotyping-by-sequencing. G3:Genes, Genomes, Genetics 

3(11):1903-1926. https://doi.org/10.1534/g3.113.008227 

Crute, I., Gray, A., Crisp, P., Buczacki, S. 1980. Variation in Plasmodiophora brassicae and 

resistance to clubroot disease in brassicas and allied crops-a critical review. In Plant 

Breeding Abstracts 50 (2):91-104. https://www.cabi.org/.../19801688477 

Crute, I.R., Phelps, K., Barnes, A., Buczacki, S.T., and Crisp, P. 1983. The relationship between 

genotypes of three Brassica species and collections of Plasmodiophora brassicae. Plant 

Pathology 32(4):405–420. https://doi.org/10.1111/j.1365-3059.1983.tb02855 

Dakouri, A., Lamara, M., Karim, M., Wang, J., Chen, Q., Gossen, B. D., et al. 2021. 

Identification of resistance loci against new pathotypes of Plasmodiophora brassicae in 

Brassica napus based on genome-wide association mapping. Scientific Reports 11(1):1-11. 

https://doi.org/10.1038/s41598-021-85836-9 

https://doi.org/10.3389/fpls.2021.669997
https://doi.org/10.1007/s10658-017-1193-x
https://doi.org/10.1007/BF00034457
https://doi.org/10.1534/g3.113.008227
https://www.cabi.org/.../19801688477
https://doi.org/10.1111/j.1365-3059.1983.tb02855
https://doi.org/10.1038/s41598-021-85836-9


 

156 

 

Dakouri, A., Zhang, X., Peng, G., Falk, K.C., Gossen, B.D., Strelkov, S.E., and Yu, F. 2018. 

Analysis of genome-wide variants through bulked segregant RNA sequencing reveals a 

major gene for resistance to Plasmodiophora brassicae in Brassica oleracea. Scientific 

Reports 8(1):1-10. https://doi.org/10.1038/s41598-018-36187-5 

Dangl, J.L., and  Jones, J.D. 2001. Plant pathogens and integrated defense responses to infection. 

Nature 411(6839):826-833. https://doi.org/10.1038/35081161 

Davey, J.W., Hohenlohe, P.A., Etter, P.D., Boone, J.Q., Catchen, J.M., and Blaxter, M.L. 2011. 

Genome-wide genetic marker discovery and genotyping using next-generation sequencing. 

Nature Reviews Genetics 12(7):499-510. https://doi.org/10.1038/nrg3012 

Dekhuijzen, H.M. 1979. Electron microscopic studies on the root hairs and cortex of a 

susceptible and a resistant variety of Brassica campestris infected with Plasmodiophora 

brassicae. Netherlands Journal of Plant Pathology 85(1):1–17. 

https://doi.org/10.1007/BF01976714 

Delourme, R., Laperche, A., Bouchet, A.S., Jubault, M., Paillard, S., Manzanares-Dauleux, M.J., 

and Nesi, N. 2018. Genes and Quantitative Trait Loci Mapping for Major Agronomic 

Traits in Brassica napus L. The Brassica napus genome pp: 41-85. 

https://doi.org/10.1007/978-3-319-43694-4_3 

Deora, A., Gossen, B., and McDonald, M. 2012. Infection and development of Plasmodiophora 

brassicae in resistant and susceptible canola cultivars. Canadian Journal of Plant Pathology 

34(2):239-247. https://doi.org/10.1080/07060661.2012.681071 

Deora, A., Gossen, B., and McDonald, M. 2013. Cytology of infection, development and 

expression of resistance to Plasmodiophora brassicae in canola. Annals of Applied 

Biology 163(1):56-71. https://doi.org/10.1111/aab.12033 

https://doi.org/10.1038/s41598-018-36187-5
https://doi.org/10.1038/35081161
https://doi.org/10.1038/nrg3012
https://doi.org/10.1007/BF01976714
https://doi.org/10.1007/978-3-319-43694-4_3
https://doi.org/10.1080/07060661.2012.681071
https://doi.org/10.1111/aab.12033


 

157 

 

Diederichsen, E., and Sacristan, M.D. 1996. Disease response of resynthesized Brassica napus L. 

lines carrying different combinations of resistance to Plasmodiophora brassicae Wor. Plant 

Breeding 115(1):5-10. https://doi.org/10.1111/j.1439-0523.1996.tb00862.x 

Diederichsen, E., Beckmann, J., Schondelmeier, J., and Dreyer, F. 2006. Genetics of clubroot 

resistance in Brassica napus' Mendel'. Acta horticulturae 706:307-311. 

http://www.actahort.org 

Diederichsen, E., Frauen, M., Linders, E.G.A., Hatakeyama, K., and Hirai, M. 2009. Status and 

perspectives of clubroot resistance breeding in crucifer crops. Journal of Plant Growth 

Regulation 28(3):265-281. https://doi.org/10.1007/s00344-009-9100-0 

Diederichsen, E., Frauen, M., and Ludwig-Müller, J. 2014. Clubroot disease management 

challenges from a German perspective. Canadian Journal of Plant Pathology 36(sup1):85-

98. https://doi.org/10.1080/07060661.2013.861871 

Diederichsen, E., Deppe, U., and Sacristán, M.D. 2003. Characterization of clubroot resistance in 

recent winter oilseed rape material. In: Proceedings 11th International Rapeseed Congress, 

July 6–10, Copenhagen, Denmark. 68–70. 

Diederichsen, E. and Sacristan, M. 1996. Disease response of resynthesized Brassica napus L. 

lines carrying different combinations of resistance to Plasmodiophora brassicae Wor. Plant 

Breeding 115(1):5-10. https://doi.org/10.1111/j.1439-0523.1996.tb00862.x 

Dixon, G.R. 2009. The occurrence and economic impact of Plasmodiophora brassicae and 

clubroot disease. Journal of Plant Growth Regulation 28(3):194-202. 

https://doi.org/10.1007/s00344-009-9090-y 

Dixon, G.R. 1991. Primary and secondary stages of Plasmodiophora brassicae (Clubroot) as 

affected by metallic cations and pH. In Developments in Agricultural and Managed Forest 

https://doi.org/10.1111/j.1439-0523.1996.tb00862.x
http://www.actahort.org/
https://doi.org/10.1007/s00344-009-9100-0
https://doi.org/10.1080/07060661.2013.861871
https://doi.org/10.1111/j.1439-0523.1996.tb00862.x
https://doi.org/10.1007/s00344-009-9090-y


 

158 

 

Ecology (Vol. 23, pp. 381-386). Elsevier. https://doi.org/10.1016/B978-0-444-88728-

3.50071-8 

Dixon, G.R. 2007. Vegetable brassicas and related crucifers. (No. 14). CABI. 

https://books.google.ca/books?id=RwRQopI_RQcC 

Dixon, G.R. 2014. Clubroot (Plasmodiophora brassicae Woronin)–an agricultural and biological 

challenge worldwide. Canadian Journal of Plant Pathology 36(sup1):5-18. 

https://doi.org/10.1080/07060661.2013.875487 

Dixon, G.R., and Tilston, E.L. 2010. Soil-borne pathogens and their interactions with the soil 

environment. Soil microbiology and sustainable crop production. Springer 97-271. 

https://doi.org/10.1007/978-90-481-9479-7_6  

Dixon, R.A., Liu, C., and Jun, J.H. 2013. Metabolic engineering of anthocyanins and condensed 

tannins in plants. Current Opinion in Biotechnology 24(2):329-335. 

https://doi.org/10.1016/j.copbio.2012.07.004 

Dokken-Bouchard, F.L., Anderson, K., Bassendowski, K.A. et al., 2010. Survey of canola 

diseases in Saskatchewan In: D Wasyliw, ed. Canadian Plant Disease Survey, vol. 91. 

2011. Saskatoon, Canada: Canadian Phytopathological Society. 

Dolatabadial, A., Cornelsen, J., Huang, S., Zou, Z., and Fernando, W.G.D. 2021. Sustainability 

on the farm: breeding for resistance and management of major canola diseases in Canada 

contributing towards an IPM approach. Canadian Journal of Plant Pathology 44:2157–

2190. https://doi.org/10.1080/07060661.2021.1991480 

Donald, C., and Porter, I. 2009. Integrated control of clubroot. Journal of Plant Growth 

Regulation 28(3):289-303. https://doi.org/10.1007/s00344-009-9094-7 

https://doi.org/10.1016/B978-0-444-88728-3.50071-8
https://doi.org/10.1016/B978-0-444-88728-3.50071-8
https://books.google.ca/books?id=RwRQopI_RQcC
https://doi.org/10.1080/07060661.2013.875487
https://doi.org/10.1007/978-90-481-9479-7_6
https://doi.org/10.1016/j.copbio.2012.07.004
https://doi.org/10.1080/07060661.2021.1991480
https://doi.org/10.1007/s00344-009-9094-7


 

159 

 

Donald, E.C., and Porter, I. 2014. Clubroot in Australia: the history and impact of 

Plasmodiophora brassicae in Brassica crops and research efforts directed towards its 

control. Canadian Journal of Plant Pathology 36(sup1):66-84. 

https://doi.org/10.1080/07060661.2013.873482 

Donald, E.C. 2005. The influence of abiotic factors and host plant physiology on the survival and 

pathology of Plasmodiophora brassicae of vegetable brassicas. 2005;[dissertation]. 

Australia: The University of Melbourne. http://cat.lib.unimelb.edu.au/record=b2962061 

Donald, E., Jaudzems, G., and Porter, I. 2008. Pathology of cortical invasion by Plasmodiophora 

brassicae in clubroot resistant and susceptible Brassica oleracea hosts. Plant Pathology 

57(2):201-209. https://doi.org/10.1111/j.1365-3059.2007.01765.x 

Downey, R.K. 1990. Canola: A quality brassica oilseed. p. 211-217. In: J. Janick and J.E. Simon 

(eds.), Advances in new crops. Timber Press, Portland, OR. 

Dylewski, D.P., and Miller, C.E. 1983. Cruciform nuclear division in Woronina pythii 

(Plasmodiophoromycetes). American Journal of Botany 70(9):1325-1339. 

https://doi.org/10.1002/j.1537-2197.1983.tb07923.x 

Ellis, J.G., Lagudah, E.S., Spielmeyer, W., and Dodds, P.N. 2014. The past, present and future of 

breeding rust resistant wheat. Frontiers in Plant Science 5: 641. 

Elshire, R.J., Glaubitz, J.C., Sun, Q., Poland, J.A., Kawamoto, K., Buckler, E.S., and Mitchell, 

S.E. 2011. A robust, simple genotyping-by-sequencing (GBS) approach for high diversity 

species. PLoS One 6(5):e19379. https://doi.org/10.1371/journal.pone.0019379 

Ernst, T., Kher, S., Stanton, D., Rennie, D., Hwang, S., and Strelkov, S.E. 2019. Plasmodiophora 

brassicae resting spore dynamics in clubroot resistant canola (Brassica napus) cropping 

systems. Plant Pathology 68(2):399-408. https://doi.org/10.1111/ppa.12949 

https://doi.org/10.1080/07060661.2013.873482
http://cat.lib.unimelb.edu.au/record=b2962061
https://doi.org/10.1111/j.1365-3059.2007.01765.x
https://doi.org/10.1002/j.1537-2197.1983.tb07923.x
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1111/ppa.12949


 

160 

 

Farid, M., Yang, R.C., Kebede, B., and Rahman, H. 2020. Evaluation of Brassica oleracea 

accessions for resistance to Plasmodiophora brassicae and identification of genomic 

regions associated with resistance. Genome 63(2):91-101. https://doi.org/10.1139/gen-

2019-0098 

Feng, J., Xiao, Q., Hwang, S.F., Strelkov, S.E., and Gossen, B.D. 2012. Infection of canola by 

secondary zoospores of Plasmodiophora brassicae produced on a nonhost. European 

Journal of Plant Pathology 132(3):309-315. https://doi.org/10.1007/s10658-011-9875-2 

Feuillet, C., Leach, J.E., Rogers, J., Schnable, P.S., and Eversole, K. 2011. Crop genome 

sequencing: lessons and rationales. Trends in Plant Science 16(2):77-88. 

https://doi.org/10.1016/j.tplants.2010.10.005 

Figdore, S., Ferreira, M., Slocum, M., and Williams, P. 1993. Association of RFLP markers with 

trait loci affecting clubroot resistance and morphological characters in Brassica oleracea L. 

Euphytica 69(1):33-44. https://doi.org/10.1007/BF00021723 

Finlayson, D.G., and Campbell, C.J. 1971. Fungicides for preventing clubroot of cauliflower in 

loam and peat soils. Canadian Plant Disease Survey 51:122-126. 

Fox, N.M. 2019. The evaluation of lime products as a clubroot (Plasmodiophora brassicae) 

management tool. MS Thesis. https://doi.org/10.7939/r3-1pgy-hf49 

Frauen, M. 1999. A new clubroot resistant variety in winter oilseed rape. Proc. Proceedings of 

the 10th International Rapeseed Congress, Canberra, Australia. 

Fredua‐Agyeman, R., Hwang, S.F., Strelkov, S.E., Zhou, Q., and Feindel, D. 2018. Potential loss 

of clubroot resistance genes from donor parent Brassica rapa subsp. rapifera (ECD 04) 

during doubled haploid production. Plant Pathology 67(4):892-901. 

https://doi.org/10.1111/ppa.12816 

https://001gc-my.sharepoint.com/personal/fengqun_yu_agr_gc_ca/Documents/Mizan's/.%20https:/doi.org/10.1139/gen-2019-0098
https://001gc-my.sharepoint.com/personal/fengqun_yu_agr_gc_ca/Documents/Mizan's/.%20https:/doi.org/10.1139/gen-2019-0098
https://doi.org/10.1007/s10658-011-9875-2
https://doi.org/10.1016/j.tplants.2010.10.005
https://doi.org/10.1007/BF00021723
https://doi.org/10.7939/r3-1pgy-hf49
https://doi.org/10.1111/ppa.12816


 

161 

 

Fredua-Agyeman, R., and Rahman, H. 2016. Mapping of the clubroot disease resistance in 

spring Brassica napus canola introgressed from European winter canola cv.‘Mendel’. 

Euphytica 211(2):201-213. https://doi.org/10.1007/s10681-016-1730-2 

Fredua‐Agyeman, R., Hwang, S.F., Strelkov, S.E., Zhou, Q., Manolii, V.P., and Feindel, D. 

2019. Identification of Brassica accessions resistant to ‘old’and ‘new’pathotypes of  

        Plasmodiophora brassicae from Canada. Plant Pathology 68(4):708-718. 

https://doi.org/10.1111/ppa.12980 

Fredua-Agyeman, R., Yu, Z., Hwang, S.F., and Strelkov, S.E. 2020. Genome-wide mapping of 

loci associated with resistance to clubroot in Brassica napus ssp. napobrassica (rutabaga) 

accessions from nordic countries. Frontiers in Plant Science 11(June):1–17. 

https://doi.org/10.3389/fpls.2020.00742. 

Friberg, H., Lagerlöf, J., and Rämert, B. 2005. Germination of Plasmodiophora brassicae resting 

spores stimulated by a non-host plant. European Journal of Plant Pathology 113(3):275-

281. https://doi.org/10.1007/s10658-005-2797-0 

Friedt, W., Snowdon, R., Ordon, F., and Ahlemeyer, J. 2007. Plant breeding: assessment of 

genetic diversity in crop plants and its exploitation in breeding. Progress in botany. 

Springer 151-178. https://doi.org/10.1007/978-3-540-36832-8_7 

Fuchs, H., and Sacristán, M.D. 1996. Identification of a gene in Arabidopsis thaliana controlling 

resistance to clubroot (Plasmodiophora brassicae) and characterization of the resistance 

response. Molecular Plant-microbe Interactions 9(2):91-97. 

Fukuoka, S., Saka, N., Mizukami, Y., Koga, H., Yamanouchi, U., Yoshioka, Y., et al. 2015. 

Gene pyramiding enhances durable blast disease resistance in rice. Scientific Reports 5: 1–

7. 

https://doi.org/10.1007/s10681-016-1730-2
https://doi.org/10.1111/ppa.12980
https://doi.org/10.3389/fpls.2020.00742.
https://doi.org/10.1007/s10658-005-2797-0
https://doi.org/10.1007/978-3-540-36832-8_7


 

162 

 

Galindo-González, L., Manolii, V., Hwang, S.F., and Strelkov, S.E. 2020. Response of Brassica 

napus to Plasmodiophora brassicae involves salicylic acid-mediated immunity: An RNA-

seq-based study. Frontiers in Plant Science 11:1025. 

https://doi.org/10.3389/fpls.2020.01025 

Gamborg, O.L.C., Miller, R.A., and Ojima, K. 1968. Nutrient requirements of suspension 

cultures of soybean root cells. Experimental Cell Research 50(1):151-158. 

https://doi.org/10.1016/0014-4827(68)90403-5 

Garber, R., and Aist, J. 1979. The ultrastructure of mitosis in Plasmodiophora brassicae 

(Plasmodiophorales). Journal of Cell Science & Therapy 40(1):89-110. 

https://doi.org/10.1242/jcs.40.1.89 

Getinet, A., Rakow, G., Raney, J., and Downey, R. 1997. The inheritance of erucic acid content 

in Ethiopian mustard. Canadian Journal of Plant Science 77(1):33-41. 

https://doi.org/10.4141/P96-074 

Gomez-Campo, C., and Prakash, S. 1999. Origin and domestication. In: Biology of Brassica 

coenospecies. Elsevier Publication Amsterdam, Netherlands. 33 p. 

Goodwin, S., McPherson, J.D., and McCombie, W.R. 2016. Coming of age: Ten years of next-

generation sequencing technologies. Nature Reviews Genetics 17(6):333–351. 

https://doi.org/10.1038/nrg.2016.49 

Gossen, B.D., Strelkov, S.E., Manolii, V.P., Rennie, D.C., Cao, T., Hwang, S.F., Peng, G., and 

McDonald, M.R. 2015. Spread of Plasmodiophora brassicae on canola in Canada, 2003–

2014: Old pathogen, new home, Canadian Journal of Plant Pathology 37(4):403-413 

http://doi 

https://doi.org/10.3389/fpls.2020.01025
https://doi.org/10.1016/0014-4827(68)90403-5
https://doi.org/10.1242/jcs.40.1.89
https://doi.org/10.4141/P96-074
https://doi.org/10.1038/nrg.2016.49


 

163 

 

Gossen, B.D., Adhikari, K.K.C., and McDonald, M.R. 2012. Effect of seeding date on 

development of clubroot in short-season brassica crops. Canadian Journal of Plant 

Pathology 34(4):516–523. https://doi.org/10.1080/07060661.2012.722129 

Gossen, B.D., Deora, A., Peng, G., Hwang, S.F., and Mcdonald, M.R. 2014. Effect of 

environmental parameters on clubroot development and the risk of pathogen spread. 

Canadian Journal of Plant Pathology 36(sup1):37-48. 

https://doi.org/10.1080/07060661.2013.859635 

Gossen, B.D., Mcdonald, M.R., Hwang, S.F., Strelkov, S.E., and Peng, G. 2013. A comparison 

of clubroot development and management on canola and Brassica vegetables. Canadian 

Journal of Plant Pathology 35(2):175-191. https://doi.org/10.1080/07060661.2013.763293 

Gossen, B., Al‐Daoud, F., Dumonceaux, T., Dalton, J., Peng, G., Pageau, D., and McDonald, M. 

2019. Comparison of techniques for estimation of resting spores of Plasmodiophora 

brassicae in soil. Plant Pathology 68(5):954-961. https://doi.org/10.1111/ppa.13007 

Gowers, S. 1982. The transfer of characters from Brassica campestris L. to Brassica napus L.: 

Production of clubroot-resistant oil-seed rape (B. napus ssp oleifera). Euphytica 31(3):971-

976. https://doi.org/10.1007/BF00039237 

Grandclément, C., and Thomas, G. 1996. Detection and analysis of QTL based on RAPD 

markers for polygenic resistance to Plasmodiophora brassicae Woron in Brassica oleracea 

L. Theoretical Applied Genetics 93(1-2):86-90. https://doi.org/10.1007/BF00225731 

Gravot, A., Grillet, L., Wagner, G., Jubault, M., Lariagon, C., Baron, C., Deleu, C., Delourme, 

R., Bouchereau, A., and Manzanares-Dauleux, M.J. 2011. Genetic and physiological 

analysis of the relationship between partial resistance to clubroot and tolerance to trehalose 

https://doi.org/10.1080/07060661.2012.722129
https://doi.org/10.1080/07060661.2013.859635
https://doi.org/10.1080/07060661.2013.763293
https://doi.org/10.1111/ppa.13007
https://doi.org/10.1007/BF00039237
https://doi.org/10.1007/BF00225731


 

164 

 

in Arabidopsis thaliana. New Phytologist 191(4):1083–1094. 

https://doi.org/10.1111/j.1469-8137.2011.03751.x 

Guo, N., Bonnema, G., Wang, S., & Liu, F. 2021. Whole-genome sequencing, assembling, and 

annotation of Brassica oleracea genomes. In The Brassica oleracea genome. Compendium 

of plant genomes. Springer, Cham. pp. 35-49.  https://doi.org/10.1007/978-3-030-31005-

9_4 

Gustafsson, M., and Falt, A.S. 1986. Genetic studies on resistance to clubroot in Brassica napus. 

Annals of Applied Biology 108(2):409-415. https://doi.org/10.1111/j.1744-

7348.1986.tb07663.x 

Hasan, M.J., and Rahman, H. 2016. Genetics and molecular mapping of resistance to 

Plasmodiophora brassicae pathotypes 2, 3, 5, 6, and 8 in rutabaga (Brassica napus var. 

napobrassica). Genome 59(10):805-815. https://doi.org/10.1139/gen-2016-0034 

Hasan, J., Strelkov, S.E., Howard, R.J., and Rahman, H. 2012. Screening of Brassica germplasm 

for resistance to Plasmodiophora brassicae pathotypes prevalent in Canada for broadening 

diversity in clubroot resistance. Canadian Journal of Plant Science 92(3):501-515. 

https://doi.org/10.4141/cjps2010-006 

Hasan, J., Shaikh, R., Megha, S., Herrmann, D.T., Kebede, B., and Rahman, H. 2021. Mapping 

of flowering time, seed quality and clubroot resistance in rutabaga × spring canola 

populations and their association. Euphytica 217:160. https://doi.org/10.1007/s10681-021-

02889-7 

Hatakeyama, K., Niwa, T., Kato, T., Ohara, T., Kakizaki, T., and Matsumoto, S. 2017. The 

tandem repeated organization of NB-LRR genes in the clubroot-resistant CRb locus in 

https://doi.org/10.1111/j.1469-8137.2011.03751.x
https://doi.org/10.1007/978-3-030-31005-9_4
https://doi.org/10.1007/978-3-030-31005-9_4
https://doi.org/10.1111/j.1744-7348.1986.tb07663.x
https://doi.org/10.1111/j.1744-7348.1986.tb07663.x
https://doi.org/10.1139/gen-2016-0034
https://doi.org/10.4141/cjps2010-006
https://doi.org/10.1007/s10681-021-02889-7
https://doi.org/10.1007/s10681-021-02889-7


 

165 

 

Brassica rapa L. Molecular Genetics and Genomics 292(2):397-405. 

https://doi.org/10.1007/s00438-016-1281-1 

Hatakeyama, K., Suwabe, K., Tomita, RN., Kato, T., Nunome, T., Fukuoka, H., and Matsumoto, 

S. 2013. Identification and characterization of Crr1a, a gene for resistance to clubroot 

disease (Plasmodiophora brassicae Woronin) in Brassica rapa L. PLoS One 8(1):e54745. 

https://doi.org/10.1371/journal.pone.0054745 

Hatakeyama, K., Tomita, RN., Kato, T., Nunome, T., Fukuoka, H., Matsumoto, S., and Suwabe, 

K. 2013. Molecular cloning of Crr1a, a gene for resistance to clubroot disease 

(Plasmodiophora brassicae Woronin) in Brassica rapa L. Acta Horticulturae 1005(1): 

621–626. https://doi.org/10.1371/journal.pone.0054745 

Hayashida, N., Takabatake, Y., Nakazawa, N., Aruga, D., Nakanishi, H., Taguchi, G., Sakamoto, 

K., and Matsumoto, E. 2008. Construction of a practical SCAR marker linked to clubroot 

resistance in Chinese cabbage, with intensive analysis of HC352b genes. Journal of the 

Japanese Society for Horticultural Science 77(2):150-154. 

https://doi.org/10.2503/jjshs1.77.150 

Hejna, O., Havlickova, L., He, Z., Bancroft, I., and Curn, V. 2019. Analysing the genetic 

architecture of clubroot resistance variation in Brassica napus by associative 

transcriptomics. Molecular Breeding 39(8):1-13. https://doi.org/10.1007/s11032-019-1021-

4 

Hervé, Y. 2003. Choux. In: Pitrat, M. & Foury, C. (eds) Histoires de légumes. Paris: INRA. 

Hildebrand, PD., and Delbridge, R.W. 1995. Race survey of Plasmodiophora brassicae in Nova 

Scotia. Canadian  Plant Disease  Survey 75:170 

https://doi.org/10.1007/s00438-016-1281-1
https://doi.org/10.1371/journal.pone.0054745
https://doi.org/10.1371/journal.pone.0054745
https://doi.org/10.2503/jjshs1.77.150
https://doi.org/10.1007/s11032-019-1021-4
https://doi.org/10.1007/s11032-019-1021-4


 

166 

 

Hirai, M., Harada, T., Kubo, N., Tsukada, M., Suwabe, K., and Matsumoto, S. 2004. A novel 

locus for clubroot resistance in Brassica rapa and its linkage markers. Theoretical and 

Applied Genetics 108(4):639-643. https://doi.org/10.1007/s00122-003-1475-x 

Hirai, M. 2006. Genetic analysis of clubroot resistance in Brassica crops. Breeding Science 

56(3):223-229. https://doi.org/10.1270/jsbbs.56.223 

Hirani, A.H., Gao, F., Liu, J., Fu, G., Wu, C., McVetty, P.B.E., and Duncun, R.W. 2018. 

Combinations of independent dominant loci conferring clubroot resistance in all four turnip 

accessions (Brassica rapa) from the European clubroot differential set. Frontiers in Plant 

Science 9:1628. https://doi.org/10.3389/fpls.2018.01628 

Hollman, K., Hwang, S., Manolii, V., and Strelkov, S.E. 2021. Pathotypes of Plasmodiophora 

brassicae collected from clubroot resistant canola (Brassica napus L.) cultivars in western 

Canada in 2017-2018. Canadian Journal of Plant Pathology 43(4):622-630. 

https://doi.org/10.1080/07060661.2020.1851893 

Horiuch, S., and Hori, M. 1980. A simple greenhouse technique for obtaining high level of 

clubroot incidence. Bulletin. Chugoku National Agricultural Experimental Station. 

E.17:33-55. 

Howard, R.J., Strelkov, S.E., and Harding, M.W. 2010. Clubroot of cruciferous crops–new 

perspectives on an old disease. Canadian Journal of Plant Pathology 32(1):43-57. 

https://doi.org/10.1080/07060661003621761 

Huang, Z., Peng, G., Gossen, B.D., and Yu, F. 2019. Fine mapping of a clubroot resistance gene 

from turnip using SNP markers identified from bulked segregant RNA-Seq. Molecular 

Breeding 39(9):1-10. https://doi.org/10.1007/s11032-019-1038-8 

https://doi.org/10.1007/s00122-003-1475-x
https://doi.org/10.1270/jsbbs.56.223
https://doi.org/10.3389/fpls.2018.01628
https://doi.org/10.1080/07060661.2020.1851893
https://doi.org/10.1080/07060661003621761
https://doi.org/10.1007/s11032-019-1038-8


 

167 

 

Huang, Z., Peng, G., Liu, X., Deora, A., Falk, KC., Gossen, B.D., McDonald, M.R., and Yu, F. 

2017. Fine mapping of a clubroot resistance gene in Chinese cabbage using SNP markers 

identified from bulked segregant RNA sequencing. Frontiers in Plant Science 8:1448. 

https://doi.org/10.3389/fpls.2017.01448 

Hwang, S., Ahmed, H., Zhou, Q., Strelkov, S.E., Gossen, B.D., Peng, G., and Turnbull, G. 2014. 

Efficacy of Vapam fumigant against clubroot (Plasmodiophora brassicae) of canola. Plant 

Pathology 63(6):1374-1383. https://doi.org/10.1111/ppa.12207 

Hwang, S.F., Strelkov, S.E., Gossen, B.D., Turnbull, G.D., Ahmed, H.U., and Manolii, V.P. 

2011. Soil treatments and amendments for the amelioration of clubroot of canola. Canadian 

Journal of Plant Science 91(6):999–1010. https://doi.org/10.4141/cjps2011-028 

Hwang, S.F., Ahmed, H.U., Zhou, Q., Fu, H., Turnbull, G.D., Fredua-Agyeman, R., Strelkov, 

S.E., Gossen, B.D., and Peng, G. 2019. Influence of resistant cultivars and crop intervals on 

clubroot of canola. Canadian Journal of Plant Science 99(6):862-872. 

https://doi.org/10.1139/cjps-2019-0018 

Hwang, S.F., Ahmed, H.U., Zhou, Q., Strelkov, S.E., Gossen, B.D., Peng, G., and Turnbull, G.D. 

2011b. Influence of cultivar resistance and inoculum density on root hair infection of 

canola (Brassica napus) by Plasmodiophora brassicae. Plant Pathology 1–10. 

https://doi.org/10.1111/j.1365-3059.2011.02457.x 

Ikegami, H. 1992. Proliferation and pathogenicity of Plasmodiophora brassicae in infected 

callus tissue (studies on the clubroot of cruciferous plant X). Proceedings of Kansai Plant 

Proctection 34:17-28. 

https://doi.org/10.3389/fpls.2017.01448
https://doi.org/10.1111/ppa.12207
https://doi.org/10.4141/cjps2011-028
https://doi.org/10.1139/cjps-2019-0018
https://doi.org/10.1111/j.1365-3059.2011.02457.x


 

168 

 

Ingram, D.S., and Tommerup, I.C. 1972. The life history of Plasmodiophora brassicae Woron. 

Proceedings of the Royal Society London. Series B. Biological Science 180:103‒112. 

https://doi.org/10.1098/rspb.1972.0008 

Istace, B., Friedrich, A., d'Agata, L., Faye, S., Payen, E., Beluche, O., Caradec, C., Davidas, S., 

Cruaud, C., and Liti, G. 2017. de novo assembly and population genomic survey of natural 

yeast isolates with the Oxford Nanopore MinION sequencer. Gigascience 6(2):18. 

https://doi.org/10.1093/gigascience/giw018 

Iversen, G.R., and Gergen, M. 1997. Statistics: The Conceptual Approach.Springer Science & 

Business Media. 

James, R., and Williams, P. 1980. Clubroot resistance and linkage in Brassica campestris. 

Phytopathology 70(8):776-779. 

Jones, J.D.G., and Dangl, J.L. 2006. The plant immune system. Nature 444(7117):323-329. 

Jones, L., Ennos, A.R., and Turner, S.R. 2001. Cloning and characterization of irregular xylem4 

(irx4): a severely lignin‐deficient mutant of Arabidopsis. The Plant Journal 26(2):205-216. 

https://doi.org/10.1046/j.1365-313x.2001.01021.x 

Kageyama, K., and Asano, T. 2009. Life cycle of Plasmodiophora brassicae. Journal of Plant 

Growth Regulation 28(3):203-211. https://doi.org/10.1007/s00344-009-9101-z 

Karim, M., Dakouri, A., Zhang, Y., Chen, Q,, Peng, G., Strelkov, S.E., Gossen, B.D., and Yu, F. 

2020. Two Clubroot-resistance genes, Rcr3 and Rcr9wa, mapped in Brassica rapa using 

bulk segregant RNA sequencing. International Journal of Molecular Sciences 21(14):5033. 

https://doi.org/10.3390/ijms21145033 

Karling, J.S. 1968. The Plasmodiophorales 2nd ed. Hafner Publishing Company, Inc., New 

York. 

https://doi.org/10.1098/rspb.1972.0008
https://doi.org/10.1093/gigascience/giw018
https://doi.org/10.1046/j.1365-313x.2001.01021.x
https://doi.org/10.1007/s00344-009-9101-z
https://doi.org/10.3390/ijms21145033


 

169 

 

Kato, T., Hatakeyama, K., Fukino, N., and Matsumoto, S. 2012. Identificaton of a clubroot 

resistance locus conferring resistance to a Plasmodiophora brassicae classified into 

pathotype group 3 in Chinese cabbage (Brassica rapa L.). Breed. Sci. 62:282–287. 

https://doi.org/10.1270/jsbbs.62.282 

Kazan, K., Muehlbauer, F.S., Weeden, N.F., and Ladizinsky, G. 1993. Inheritance and linkage 

relationships of morphological and isozyme loci in chickpea (Cicer arietinum L.). 

Theoretical and Applied Genetics 86:417–426. https://doi.org/10.1007/BF00838556 

Keen, N., and Williams, P. 1969. Translocation of sugars into infected cabbage tissues during 

clubroot development. Plant Physiology and Biochemistry 44(5):748-754. 

Khachatourians, G.G., Sumner, A.K., and Phillips, P.W.B. 2009. An introduction to the history 

of canola and the scientific basis for innovation. The Biotechnology Revolution in Global 

Agriculture: Innovation, Invention and Investment in the Canola Industry pp.33–47. 

https://doi.org/10.1079/9780851995137.0033 

Kim, C., Cho, W., and Kim, H. 2000. Distribution of Plasmodiophora brassicae causing 

clubroot disease of Chinese cabbage in soil. Plant Disease Research 6(1):27-32. 

Kim, D., Song, L., Breitwieser, F.P., and Salzberg, S.L. 2016. Centrifuge: Rapid and accurate 

classificaton of metagenomic sequences, version 1.0.4_beta. BioRxiv 26(12):054965. 

https://doi.org/10.1101/gr.210641.116  

Kobelt, P., Siemens, J., and Sacristán, M.D. 2000. Histological characterization of the 

incompatible interaction between Arabidopsis thaliana and the obligate biotrophic 

pathogen Plasmodiophora brassicae. Mycological Research 104(2):220–225. 

https://doi.org/10.1017/S0953756299001781 

https://doi.org/10.1270/jsbbs.62.282
https://doi.org/10.1007/BF00838556
https://doi.org/10.1079/9780851995137.0033
https://doi.org/10.1101/gr.210641.116
https://doi.org/10.1017/S0953756299001781


 

170 

 

Kole, C., Williams, P., Rimmer, S., and Osborn, T. 2002. Linkage mapping of genes controlling 

resistance to white rust (Albugo candida) in Brassica rapa (syn. campestris) and 

comparative mapping to Brassica napus and Arabidopsis thaliana. Genome 45(1):22-27. 

https://doi.org/10.1139/g01-123 

Konishi, T., Yano, Y., and Abe, K. 1992. Geographic distribution of alleles at the Ga2 locus for 

segregation distortion in barley. Theoretical and Applied Genetics 85(4):419-422. 

https://doi.org/10.1007/BF00222323 

Kopec, P. M., Mikolajczyk, K., Jajor, E., Perek, A., Nowakowska, J., Obermeier, C., et al. 2021. 

Local duplication of TIR-NBS-LRR gene marks clubroot resistance in Brassica napus cv. 

Tosca. Frontiers in Plant Science 12: 639631. https://doi.org/10.3389/fpls.2021.639631 

Kreike, C.M., and Stiekema, W.J. 1997. Reduced recombination and distorted segregation in a 

Solanum tuberosum (2x)× S. spegazzinii (2x) hybrid. Genome 40(2):180-187. 

https://doi.org/10.1139/g97-026 

Kroll, T., and Lacy, G. and Moore, L.1983. A quantitative description of the colonization of 

susceptible and resistant radish plants by Plasmodiophora brassicae. Journal of 

Phytopathology 108(2):97-105. https://doi.org/10.1111/j.1439-0434.1983.tb00568.x 

Kuginuki, Y., Yoshikawa, H., and Hirai, M. 1999.Variation in virulence of Plasmodiophora 

brassicae in Japan tested with clubroot-resistant cultivars of Chinese cabbage (Brassica 

rapa L. ssp. pekinensis). European Journal of Plant Pathology 105(4):327-332. 

https://doi.org/10.1023/A:1008705413127 

Kuginuki, Y., Ajisaka, H., Yui, M., Yoshikawa, H., Hida, KI., and Hirai, M. 1997. RAPD 

markers linked to a clubroot-resistance locus in Brassica rapa L. Euphytica. 

https://doi.org/10.1023/A:1003147815692 

https://doi.org/10.1139/g01-123
https://doi.org/10.1007/BF00222323
https://doi.org/10.3389/fpls.2021.639631
https://doi.org/10.1139/g97-026
https://doi.org/10.1111/j.1439-0434.1983.tb00568.x
https://doi.org/10.1023/A:1008705413127
https://doi.org/10.1023/A:1003147815692


 

171 

 

Kumar, S., Banks, T.W., and Cloutier, S. 2012. SNP discovery through next-generation 

sequencing and its applications. International Journal of Plant Genomics 15. 

https://doi:10.1155/2012/831460 

Kupiec, M., Zbikowska, A., Marciniak-Lukasiak, K., and Kowalska, M. 2020. Rapeseed oil in 

new application: Assessment of structure of oleogels based on their physicochemical 

properties and microscopic observations. Agriculture10(6):211. 

https://doi.org/10.3390/agriculture10060211 

Lahlali, R., Song, T., Chu, M., Yu, F., Kumar, S., Karunakaran, C., and Peng, G. 2017. 

Evaluating changes in cell-wall components associated with clubroot resistance using 

fourier transform infrared spectroscopy and RT-PCR. International Journal of Molecular 

Sciences 18(10). https://doi.org/10.3390/ijms18102058 

Laila, R., Park, J.I., Robin, A.H.K., Natarajan, S., Vijayakumar, H., Shirasawa, K., Isobe, S., 

Kim, H.T., and Nou, I.S. 2019. Mapping of a novel clubroot resistance QTL using ddRAD-

seq in Chinese cabbage (Brassica rapa L.). BMC Plant Biology 19(1):1–9. 

https://doi.org/10.1186/s12870-018-1615-8 

Laila, R., Robin, A.H.K., Park, J.I., Saha, G., Kim, H.T., Kayum, M., and Nou, IS. 2020. 

Expression and role of response regulating, biosynthetic and degrading genes for cytokinin 

signaling during clubroot disease development. International Journal of Molecular Sciences 

21(11):3896. https://doi.org/10.3390/ijms21113896 

Lagercrantz, U., and Lydiate, D.J. 1996. Comparative genome mapping in Brassica. Genetics 

144(4):1903-1910. https://doi.org/10.1093/genetics/144.4.1903 

Lammerink, J. 1970. Inter-specific transfer of clubroot resistance from Brassica campestris L. to 

B. napus L. New Zealand Journal of Agricultural Research 13(1):105-110. 

https://doi.org/10.3390/agriculture10060211
https://doi.org/10.3390/ijms18102058
https://doi.org/10.1186/s12870-018-1615-8
https://doi.org/10.3390/ijms21113896
https://doi.org/10.1093/genetics/144.4.1903


 

172 

 

Landry, B.S., Hubert, N., Crete, R., Chang, M.S., Lincoln, S.E., and Etoh, T. 1992. A genetic 

map for Brassica oleracea based on RFLP markers detected with expressed DNA 

sequences and mapping of resistance genes to race 2 of Plasmodiophora brassicae 

(Woronin). Genome 35(3):409-420. https://doi.org/10.1139/g92-061 

Laperche, A., Aigu, Y., Jubault, M., Ollier, M., Guichard, S., Glory, P., Strelkov, S.E., Gravot, 

A., and Manzanares-Dauleux, M. 2017. Clubroot resistance QTL are modulated by 

nitrogen input in Brassica napus. Theoretical and Applied Genetics 130(4):669-684. 

https://doi.org/10.1007/s00122-016-2842-8 

Lashermes, P., Combes, M.C., Prakash, N.S., Trouslot, P., Lorieux, M., and Charrier, A. 2001. 

Genetic linkage map of Coffea canephora: effect of segregation distortion and analysis of 

recombination rate in male and female meiosis. Genome 44(4):589-595. 

https://doi.org/10.1139/g01-041 

Laurens, F., and Thomas, G. 1993. Inheritance of resistance to clubroot (Plasmodiophora 

brassicae Wor.) in kale (Brassica oleracea ssp. acephala). Hereditas 119(3):253-262. 

https://doi.org/10.1111/j.1601-5223.1993.00253.x 

LeBoldus, J.M., Manolii, V.P., Turkington, T.K., and Strelkov, S.E. 2012. Adaptation to brassica 

host genotypes by a single-spore isolate and population of Plasmodiophora brassicae 

(Clubroot). Plant Disease 96(6):833–838. https://doi.org/10.1094/PDIS-09-11-0807 

Lee, J., Izzah, N.K., Choi, B.S., Joh, H.J., Lee, S.C., Perumal, S., Seo, J., Ahn, K., Jo, E.J., and 

Choi, G.J. 2016. Genotyping-by-sequencing map permits identification of clubroot 

resistance QTL and revision of the reference genome assembly in cabbage (Brassica 

oleracea L.). DNA Research 23(1):29-41. https://doi.org/10.1093/dnares/dsv034 

https://doi.org/10.1139/g92-061
https://doi.org/10.1007/s00122-016-2842-8
https://doi.org/10.1139/g01-041
https://doi.org/10.1111/j.1601-5223.1993.00253.x
https://doi.org/10.1094/PDIS-09-11-0807
https://doi.org/10.1093/dnares/dsv034


 

173 

 

Lee, M., Xia, J.H., Zou, Z., Ye, J., Rahmadsyah, Alfiko, Y., Jin, J., Lieando, J.V., Purnamasari, 

M.I., Lim, C.H., Suwanto, A., Wong, L., Chua, N.H., and Yue, G.H. 2015. A consensus 

linkage map of oil palm and a major QTL for stem height. Scientific Reports 5:8232. 

https://doi.org/10.1038/srep08232 

Leister, D. 2004. Tandem and segmental gene duplication and recombination in the evolution of 

plant disease resistance genes. Trends in Genetics 20(3):116-122. 

https://doi.org/10.1016/j.tig.2004.01.007 

Li, C. 2016. Combining selective pressures to enhance the durability of disease resistance genes. 

Frontiers in Plant Science 7: 1916. 

Li, L., Luo, Y., Chen, B., Xu, K., Zhang, F., Li, H., and Wu, X. 2016. A genome-wide 

association study reveals new loci for resistance to clubroot disease in Brassica napus. 

Frontiers in Plant Science 7:1483. https://doi:10.3389/fpls.2016.01483 

Li, M., Qian, W., Meng, J., and Li, Z. 2004. Construction of novel Brassica napus genotypes 

through chromosomal substitution and elimination using interploid species hybridization. 

Chromosome Research 12(5):417-426. 

https://doi.org/10.1023/B:CHRO.0000034722.66981.94 

Li, X., Zhou, Z., Ding, J., Wu, Y., Zhou, B., Wang, R., Ma, J., Wang, S., Zhang, X., Xia, Z., 

Chen, J., and Wu, J. 2016. Combined linkage and association mapping reveals QTL and 

candidate genes for plant and ear height in maize. Frontiers in Plant Science 7(June):1–11. 

https://doi.org/10.3389/fpls.2016.00833 

Liao, J., and Chen, Q. 2021. Biodegradable plastics in the air and soil environment: Low 

degradation rate and high microplastics formation. Journal of Hazardous Materials 418: 

126329. https://doi.org/10.1016/j.jhazmat.2021.126329 

https://doi.org/10.1038/srep08232
https://doi.org/10.1016/j.tig.2004.01.007
https://doi.org/10.1023/B:CHRO.0000034722.66981.94
https://doi.org/10.3389/fpls.2016.00833
https://doi.org/10.1016/j.jhazmat.2021.126329


 

174 

 

Liu, Y., Xu, A., Liang, F., Yao, X., Wang, Y., Liu, X., et al. 2018. Screening of clubroot-

resistant varieties and transfer of clubroot resistance genes to Brassica napus using distant 

hybridization. Breeding Science 68(2):258-267. https://doi.org/10.1270/jsbbs.17125 

Liu, S., Liu, Y., Yang, X., Tong, C., Edwards, D., Parkin, I.A.P., Zhao, M., Ma, J., Yu, J., 

Huang, S., Wang, X., Wang, J., Lu, K., Fang, Z., Bancroft, I., Yang, T. J., Hu, Q., Wang, 

X., et al. 2014. The Brassica oleracea genome reveals the asymmetrical evolution of 

polyploid genomes. Nature Communications 5(1):1-11. 

https://doi.org/10.1038/ncomms4930 

Lof, M.E., and van der Werf, W. 2017. Modelling the effect of gene deployment strategies on 

durability of plant resistance under selection. Crop Protection 97:10-17. 

https://doi.org/10.1016/j.cropro.2016.11.031 

Ludwig-Müller, J., Pieper, K., Ruppel, M., Cohen, J.D., Epstein, E., Kiddle, G., and Bennett, R. 

1999. Indole glucosinolate and auxin biosynthesis in Arabidopsis thaliana (L.) Heynh. 

glucosinolate mutants and the development of clubroot disease. Planta Medica 208(3):409-

419. https://doi.org/10.1007/s004250050576 

Lysak, M.A., Cheung, K., Kitschke, M., and Bures, P. 2007. Ancestral chromosomal blocks are 

triplicated in Brassiceae species with varying chromosome number and genome size. Plant 

Physiology 145(2):402-410. https://doi.org/10.1104/pp.107.104380 

Maggioni, L. 2015. Domestication of Brassica oleracea L. (Vol. 2015, No. 2015: 74). 

Mammadov, J., Aggarwal, R., Buyyarapu, R., and Kumpatla, S. 2012. SNP markers and their 

impact on plant breeding. International Journal of Plant Genomics p.11 

https://doi.org/10.1155/2012/728398 

https://doi.org/10.1270/jsbbs.17125
https://doi.org/10.1038/ncomms4930
https://doi.org/10.1016/j.cropro.2016.11.031
https://doi.org/10.1007/s004250050576
https://doi.org/10.1104/pp.107.104380
https://doi.org/10.1155/2012/728398


 

175 

 

Manchali, S., Murthy, K.N.C., & Patil, B. S. 2012. Crucial facts about health benefits of popular 

cruciferous vegetables. Journal of Functional Foods 4(1): 94-106. 

https://doi.org/10.1016/j.jff.2011.08.004 

Manzanares-Dauleux, M., Delourme, R., Baron, F., and Thomas, G. 2000. Mapping of one major 

gene and of QTL involved in resistance to clubroot in Brassica napus. Theoretical and 

Applied Genetics 101(5-6):885-891. https://doi.org/10.1007/s001220051557 

Marillia, E.F., Francis, T., Falk, K.C., Smith, M., and Taylor, D.C. 2014. Palliser's promise: 

Brassica carinata, an emerging western Canadian crop for delivery of new bio-industrial 

oil feedstocks. Biocatalysis Agricultural Biotechnology 3(1):65-74. 

https://doi.org/10.1016/j.bcab.2013.09.012 

Matsumoto, E., Ueno, H., Aruga, D., Sakamoto, K., and Hayashida, N. 2012. Accumulation of 

three clubroot resistance genes through marker-assisted selection in Chinese cabbage 

(Brassica rapa ssp. pekinensis). Journal of Japan Socety of Horticultural Science 81:184–

190. https://doi.org/10.2503/jjshs1.81.184 

Matsumoto, E., Yasui, C., Ohi, M., and Tsukada, M.1998. Linkage analysis of RFLP markers for 

clubroot resistance and pigmentation in Chinese cabbage (Brassica rapa ssp. pekinensis). 

Euphytica 104(2):79-86. https://doi.org/10.1023/A:1018370418201 

Matsushita, S., Iseki, T., Fukuta, Y., Araki, E., Kobayashi, S., Osaki, M., and Yamagishi, M. 

2003. Characterization of segregation distortion on chromosome 3 induced in wide 

hybridization between indica and japonica type rice varieties. Euphytica134(1):27-32. 

https://doi.org/10.1023/A:1026182312730 

https://doi.org/10.1016/j.jff.2011.08.004
https://doi.org/10.1007/s001220051557
https://doi.org/10.1016/j.bcab.2013.09.012
https://doi.org/10.2503/jjshs1.81.184
https://doi.org/10.1023/A:1018370418201
https://doi.org/10.1023/A:1026182312730


 

176 

 

McDonald, M.R., Sharma, K., Gossen, B.D., Deora, A., Feng, J., and Hwang, S.F. 2014. The 

role of primary and secondary infection in host response to Plasmodiophora brassicae. 

Phytopathology 104(10):1078-1087. https://doi.org/10.1094/PHYTO-07-13-0189-R 

McDonald, M., Al-Daoud, F., Sedaghatkish, A., Moran, M., Cranmer, T., and Gossen, B.D. 

2021. Changes in the Range and Virulence of Plasmodiophora brassicae across Canada. 

Canadian Journal of Plant Pathology 43(2):304-310. 

https://doi.org/10.1080/07060661.2020.1797882 

McDonald, M.R., Kornatowska, B., and McKeown, A.W. 2004. Management of clubroot of 

Asian Brassica crops grown on organic soils. Acta Horticulture 635:25‒30. 

http://hdl.handle.net/10214/17918 

Mei, J., Liu, J., Yue, F., Chen, Y., Ming, J., Xiong, Z., ... & Qian, W. 2022. Broadening the 

genetic base of Brassica juncea by introducing genomic components from B. rapa and B. 

nigra via digenomic allohexaploid bridging. The Crop Journal 10(3): 672-679. 

Meng, L., Li, H., Zhang, L., and Wang, J. 2015. QTL IciMapping: Integrated software for 

genetic linkage map construction and quantitative trait locus mapping in biparental 

populations. Crop Journal 3(3):269–283. https://doi.org/10.1016/j.cj.2015.01.001 

Metzker, M.L. 2010. Sequencing technologies the next generation. Nature Reviews Genetics: 

11(1):31–46. https://doi.org/10.1038/nrg2626 

Meyers, B.C., Kozik, A., Griego, A., Kuang, H., and Michelmore, R.W. 2003. Genome-wide 

analysis of NBS-LRR–encoding genes in Arabidopsis. The Plant Cell 15(4):809-834. 

https://doi.org/10.1105/tpc.009308 

https://doi.org/10.1094/PHYTO-07-13-0189-R
https://doi.org/10.1080/07060661.2020.1797882
http://hdl.handle.net/10214/17918
https://doi.org/10.1016/j.cj.2015.01.001
https://doi.org/10.1038/nrg2626
https://doi.org/10.1105/tpc.009308


 

177 

 

Michelmore, R.W., and Meyers, B.C. 1998. Clusters of resistance genes in plants evolve by 

divergent selection and a birth-and-death process. Genome Research 8(11):1113-1130. 

http://doi.org.10.1101/gr.8.11.1113 

Mitani, S., Sugimoto, K., Hayashi, H., Takii, Y., Ohshima, T., and Matsuo, N. 2003. Effects of 

cyazofamid against Plasmodiophora brassicae Woronin on Chinese cabbage. Pest 

Management Science 59:287‒293. https://doi.org/10.1002/ps.627 

Mizushima, U., and Tsunoda, S. 1967. A plant exploration in Brassica and allied genera. Tohoku 

Journal of Agricultural Research 17:249–277. 

Morinaga, T. 1934. Interspecific hybridization in Brassica VI. The cytology of F 1 hybrids of B. 

juncea and B. nigra. Cytologia 6(1):62-67. 

Moxham, S.E., Fraser, R., and Buczacki, S. 1983. Spore wall proteins of Plasmodiophora 

brassicae. Transactions of the British Mycological Society 80(3):497-506. 

https://doi.org/10.1016/S0007-1536(83)80046-1 

Mundada, P. S., Kadam, S. B., Pable, A. A., & Barvkar, V. T. 2022. Recent advances and 

applicability of GBS, GWAS, and GS in millet crops. Genotyping by Sequencing for Crop 

Improvement 270-294. https://doi.org/10.1002/9781119745686.ch12 

Mundt, C.C. 2014. Durable resistance: a key to sustainable management of pathogens and pests. 

Infection, Genetics Evolution and Development 27:446-455. 

https://doi.org/10.1016/j.meegid.2014.01.011 

Murakami, H., Tsushima, S., Kuroyanagi, Y., and Shishido,Y. 2002. Reduction of resting spore 

density of Plasmodiophora brassicae and clubroot disease severity by liming. Soil Science 

and Plant Nutrition 48(5):685–691. https://doi.org/10.1080/00380768.2002.10409258 

http://doi.org.10.1101/gr.8.11.1113
https://doi.org/10.1002/ps.627
https://doi.org/10.1016/S0007-1536(83)80046-1
https://doi.org/10.1002/9781119745686.ch12
https://doi.org/10.1016/j.meegid.2014.01.011
https://doi.org/10.1080/00380768.2002.10409258


 

178 

 

Myers, D.F., and Campbell, R. 1985. Lime and the control of clubroot of crucifers: Effects of 

pH, calcium, magnesium, and their interactions. Phytopathology 75(6):670-673. 

Myers, D., Campell, F., Greathead, R.N., and Arthur, S. 1983. Thermal inactivation of 

Plasmodiophora brassicae Woron. and its attempted control by solarization in the Salinas 

Valley of California. Crop Protection 2:325‒333. https://doi.org/10.1016/0261-

2194(83)90006-6 

Nagaoka, T., Doullah, M., Matsumoto, S., Kawasaki, S., Ishikawa, T., Hori, H., and Okazaki, K. 

2010. Identification of QTL that control clubroot resistance in Brassica oleracea and 

comparative analysis of clubroot resistance genes between B. rapa and B. oleracea. 

Theoretical and Applied Genetics 120(7):1335-1346. https://doi.org/10.1007/s00122-010-

1259-z 

Naiki, T., and Dixon, G.R. 1987. The effects of chemicals on developmental stages of 

Plasmodiophora brassicae (clubroot). Plant Pathology 36(3):316–327. 

https://doi.org/10.1111/j.1365-3059.1987.tb02238.x 

Nandety, R.S., Caplan, J.L., Cavanaugh, K., Perroud, B., Wroblewski, T., Michelmore, R.W., 

and  Meyers, B.C. 2013. The role of TIR-NBS and TIR-X proteins in plant basal defense 

responses. Plant Physiology 162(3):1459-1472. https://doi.org/10.1104/pp.113.219162 

Neik, T.X., Barbetti, M.J., and Batley, J. 2017. Current status and challenges in identifying 

disease resistance genes in Brassica napus. Frontiers in Plant Science 8:1788. 

https://doi.org/10.3389/fpls.2017.01788 

Nieuwhof, M., and Wiering, D. 1961. Testing cabbage plants for clubroot resistance - 

(Plasmodiophora brassicae Woron.). Euphytica 10(2):191–200. 

https://doi.org/10.1007/BF00022210 

https://doi.org/10.1016/0261-2194(83)90006-6
https://doi.org/10.1016/0261-2194(83)90006-6
https://doi.org/10.1007/s00122-010-1259-z
https://doi.org/10.1007/s00122-010-1259-z
https://doi.org/10.1111/j.1365-3059.1987.tb02238.x
https://doi.org/10.1104/pp.113.219162
https://doi.org/10.3389/fpls.2017.01788
https://doi.org/10.1007/BF00022210


 

179 

 

Nomura, K., Minegishi, Y., Kimizuka‐Takagi, C., Fujioka, T., Moriguchi, K., Shishido, R., and 

Ikehashi, H. 2005. Evaluation of F2 and F3 plants introgressed with QTL for clubroot 

resistance in cabbage developed by using SCAR markers. Plant Breeding Reviews 

124(4):371-375. https://doi.org/10.1111/j.1439-0523.2005.01105.x 

Ooijen, J.W., and Voorrips, R. 2001. JoinMap: version 3.0: software for the calculation of 

genetic linkage maps. Plant Research International, Wageningen, The Netherlands. 

Osaki, K., Fujiyama, S., Nakayama, A., Shimizu, Y., Ito, S.I., and Tanaka, S. 2008. Relation 

between pathogenicity and genetic variation within Plasmodiophora brassicae. Journal of 

General Plant Pathology 74(4):281-288. https://doi.org/10.1007/s10327-008-0102-8 

Pang, W., Fu, P., Li, X., Zhan, Z., Yu, S., and Piao, Z. 2018. Identification and mapping of the 

clubroot resistance gene CRd in Chinese cabbage (Brassica rapa ssp. pekinensis). Frontiers 

in Plant Science 9:1–9. https://doi.org/10.3389/fpls.2018.00653 

Parkin, I.A., Gulden, S.M., Sharpe, A.G., Lukens, L., Trick, M., Osborn, T.C., and Lydiate, D.J. 

2005. Segmental structure of the Brassica napus genome based on comparative analysis 

with Arabidopsis thaliana. Genetics 171(2):765-781. 

https://doi.org/10.1534/genetics.105.042093 

Parkin, I.A.P., Koh, C., Tang, H., Robinson, S.J., Kagale, S., Clarke, W.E., Town, C.D., Nixon, 

J., Krishnakumar, V., and Bidwell, S.L. 2014. Transcriptome and methylome profiling 

reveals relics of genome dominance in the mesopolyploid Brassica oleracea. Genome 

Biology and Evolution 15(6):1-18. https://doi.org/10.1186/gb-2014-15-6-r77 

Pawlowski, W.P., Torbert, K.A., Rines, H.W., and Somers, D.A.1998.  Irregular patterns of 

transgene silencing in allohexaploid oat. Plant Molecular Biology 38(4):597-607. 

https://doi.org/10.1023/A:1006090731414 

https://doi.org/10.1111/j.1439-0523.2005.01105.x
https://doi.org/10.1007/s10327-008-0102-8
https://doi.org/10.3389/fpls.2018.00653
https://doi.org/10.1534/genetics.105.042093
https://doi.org/10.1186/gb-2014-15-6-r77
https://doi.org/10.1023/A:1006090731414


 

180 

 

Peng, G., Falk, K.C., Gugel, R.K., Franke, C., Yu, F., James, B., Strelkov, S.E., Hwang, S.F., 

and McGregor, L. 2014. Sources of resistance to Plasmodiophora brassicae (clubroot) 

pathotypes virulent on canola. Canadian Journal of Plant Pathology 36(1):89-99. 

https://doi.org/10.1080/07060661.2013.863805 

Peng, L., Zhou, L., Li, Q., Wei, D., Ren, X., Song, H., Mei, J., Si, J., and Qian, W. 2018. 

Identification of quantitative trait loci for clubroot resistance in Brassica oleracea with the 

use of Brassica SNP microarray. Frontiers in Plant Science 9:822. 

https://doi.org/10.3389/fpls.2018.00822 

Peng, G., Lahlali, R., Hwang, S.F., Pageau, D., Hynes, R.K., McDonald, M.R., Gossen, B.D., 

and Strelkov, SE. 2014. Crop rotation, cultivar resistance, and fungicides/biofungicides for 

managing clubroot ( Plasmodiophora brassicae ) on canola. Canadian Journal of Plant 

Pathology 36(sup1): 99–112. https://doi.org/10.1080/07060661.2013.860398 

Peng, G., McGregor, L., Lahlali, R., Gossen, B., Hwang, S., Adhikari, K., Strelkov, S.E., and 

McDonald, M.R. 2011. Potential biological control of clubroot on canola and crucifer 

vegetable crops. Plant Pathology 60(3):566-574. https://doi.org/10.1111/j.1365-

3059.2010.02400.x 

Peng, G., Pageau, D., Strelkov, S.E., Gossen, B.D., Hwang, S.F., and Lahlali, R. 2015. A> 2-

year crop rotation reduces resting spores of Plasmodiophora brassicae in soil and the 

impact of clubroot on canola. European Journal of Agronomy 70:78-84. 

https://doi.org/10.1016/j.eja.2015.07.007 

Peng, G., Pageau, D., Strelkov, S.E., Lahlali, R., Hwang, S.F., Hynes, R., and Falk, C. 2013. 

Assessment of crop rotation, cultivar resistance and Bacillus subtilis biofungicide for 

control of clubroot on canola. Acta Horticulture 1005:591-598. 

https://doi.org/10.1080/07060661.2013.863805
https://doi.org/10.3389/fpls.2018.00822
https://doi.org/10.1080/07060661.2013.860398
https://doi.org/10.1111/j.1365-3059.2010.02400.x
https://doi.org/10.1111/j.1365-3059.2010.02400.x
https://doi.org/10.1016/j.eja.2015.07.007


 

181 

 

Pfeifer, S.P. 2017. From next-generation resequencing reads to a high-quality variant data set. 

Heredity 118(2):111–124. https://doi.org/10.1038/hdy.2016.102 

Piao, Z., Deng, Y., Choi, S., Park, Y., and Lim, Y. 2004. SCAR and CAPS mapping of CRb, a 

gene conferring resistance to Plasmodiophora brassicae in Chinese cabbage (Brassica 

rapa ssp. pekinensis). Theoretical and Applied Genetics 108(8):1458-1465. 

https://doi.org/10.1007/s00122-003-1577-5 

Piao, Z., Ramchiary, N., and Lim, Y.P. 2009. Genetics of clubroot resistance in Brassica species. 

Journal of Plant Growth and Regulation 28(3):252-264. https://doi.org/10.1007/s00344-

009-9093-8 

Pilet-Nayel, M.L., Moury, B., Caffier, V., Montarry, J., Kerlan, M.C., Fournet, S., et al. 2017. 

Quantitative resistance to plant pathogens in pyramiding strategies for durable crop 

protection. Frontiers in Plant Science 8: 1838. 

Poland, J.A., Brown, P.J., Sorrells, M.E., and Jannink, J.L. 2012. Development of high-density 

genetic maps for barley and wheat using a novel two-enzyme genotyping-by-sequencing 

approach. PLoS One 7(2):e32253. https://doi.org/10.1371/journal.pone.0032253 

Pootakham, W., Jomchai, N., Ruang-Areerate, P., Shearman, J. R., Sonthirod, C., Sangsrakru, 

D., Tragoonrung, S., and Tangphatsornruang, S. 2015. Genome-wide SNP discovery and 

identification of QTL associated with agronomic traits in oil palm using genotyping-by-

sequencing (GBS). Genomics 105(5–6):288–295. 

https://doi.org/10.1016/j.ygeno.2015.02.002 

Potts, D., Rakow, G., Males, D., and Woods, D. 2003. The development of canola-quality 

Brassica juncea. Canadian Journal of Plant Science 83:117-118. 

https://doi.org/10.1038/hdy.2016.102
https://doi.org/10.1007/s00122-003-1577-5
https://doi.org/10.1007/s00344-009-9093-8
https://doi.org/10.1007/s00344-009-9093-8
https://doi.org/10.1371/journal.pone.0032253
https://doi.org/10.1016/j.ygeno.2015.02.002


 

182 

 

Prakash, B., Singh, P., Kedia, A., and Dubey, N. 2012. Assessment of some essential oils as food 

preservatives based on antifungal, antiaflatoxin, antioxidant activities and in vivo efficacy 

in food system. Food Research International (Ottawa, Ont) 49(1):201-208. 

https://doi.org/10.1016/j.foodres.2012.08.020 

Prakash, S., and Hinata, K. 1980. Taxonomy, cytogenetics and origin of crop Brassicas, a 

review. [Brassica nigra, black mustard, Brassica oleracea, cabbage, Brassica campestris, 

turnip rape, Chinese cabbage, Sarson, Brassica carinata, Abyssinian mustard, Brassica 

juncea, mustard, Brassica napus, rape, rutabagas]. Opera Botanica (Sweden). no. 55.  

Prince, J.P., Pochard, E., and Tanksley, S.D. 1993. Construction of a molecular linkage map of 

pepper and a comparison of synteny with tomato. Genome 36(3):404-417. 

https://doi.org/10.1139/g93-056 

Qi, H., Wang, N., Qiao, W., Xu, Q., Zhou, H., Shi, J., Yan, G., and Huang, Q. 2017. 

Construction of a high-density genetic map using genotyping by sequencing (GBS) for 

quantitative trait loci (QTL) analysis of three plant morphological traits in upland cotton 

(Gossypium hirsutum L.). Euphytica 213(4):83. https://doi.org/10.1007/s10681-017-1867-7 

Qian, W., Meng, J., Li, M., Frauen, M., Sass, O., Noack, J., and Jung, C. 2006. Introgression of 

genomic components from Chinese Brassica rapa contributes to widening the genetic 

diversity in rapeseed (B. napus L.), with emphasis on the evolution of Chinese rapeseed. 

Theoretical and Applied Genetics 113(1):49–54. https://doi.org/10.1007/s00122-006-0269-

3 

Rahaman, M., Strelkov, S.E., Hu, H., Gossen, B.D., & Yu, F. 2022. Identification of a genomic 

region containing genes involved in resistance to four pathotypes of Plasmodiophora 

https://doi.org/10.1016/j.foodres.2012.08.020
https://doi.org/10.1139/g93-056
https://doi.org/10.1007/s10681-017-1867-7
https://doi.org/10.1007/s00122-006-0269-3
https://doi.org/10.1007/s00122-006-0269-3


 

183 

 

brassicae in Brassica rapa turnip ECD02. The Plant Genome e20245. 

https://doi.org/10.1002/tpg2.20245 . 

Rahman, H., Peng, G., Yu, F., Falk, K., Kulkarni, M., and Selvaraj, G. 2014. Genetics and 

breeding for clubroot resistance in Canadian spring canola (Brassica napus L.). Canadian 

Journal of Plant Pathology 36(sup1):122-134. 

https://doi.org/10.1080/07060661.2013.862571 

Rahman, H., Shakir, A., and Jakir Hasan, M. 2011. Breeding for clubroot resistant spring canola 

(Brassica napus L.) for the Canadian prairies: Can the European winter canola cv. Mendel 

be used as a source of resistance? Canadian Journal of Plant Science 91(3):447-458. 

https://doi.org/10.4141/cjps10073 

Rajendran, N. R., Qureshi, N., & Pourkheirandish, M. 2022. Genotyping by sequencing 

advancements in barley. Frontiers in Plant Science 13: 931423-931423. 

Rakow, G., and Getinet, A. 1997. Brassica carinata an oilseed crop for Canada. Proc. 

International Symposium Brassica 97. http://10.17660/ActaHortic.1998.459.50 

Rana, D., van den Boogaart, T., O'Neill, C.M., Hynes, L., Bent, E., Macpherson, L., Park, J.Y., 

Lim, Y.P., and Bancroft, I. 2004. Conservation of the microstructure of genome segments 

in Brassica napus and its diploid relatives. The Plant Journal 40(5):725-733. 

https://doi.org/10.1111/j.1365-313X.2004.02244.x 

Rankin, W.H., and Fraser, W.P. 1920. Survey of the prevalence of common plant diseases in the 

Dominion of Canada, 1920. First Annual Report. Ottawa, Ontario: Dominion of Canada 

Department of Agriculture. 

Rashid, A., Ahmed, H., Xiao, Q., Hwang, S., and Strelkov, S.E. 2013. Effects of root exudates 

and pH on Plasmodiophora brassicae resting spore germination and infection of canola 

https://doi.org/10.1002/tpg2.20245
https://doi.org/10.1080/07060661.2013.862571
https://doi.org/10.4141/cjps10073
http://10.0.68.252/ActaHortic.1998.459.50
https://doi.org/10.1111/j.1365-313X.2004.02244.x


 

184 

 

(Brassica napus L.) root hairs. Crop Protection 48:16-23. 

https://doi.org/10.1016/j.cropro.2012.11.025 

Raymer, P.L. 2002. Canola: an emerging oilseed crop. Trends in new crops new uses 1:122-126. 

Rempel, C.B., Hutton, S.N., and Jurke, C.J. 2014. Clubroot and the importance of canola in 

Canada. Canadian Journal of Plant Pathology 36(July):19–26. 

https://doi.org/10.1080/07060661.2013.864336 

Rennie, D.C., Manolii, V.P., Plishka, M., and Strelkov, S.E. 2013. Histological analysis of 

spindle and spheroid galls caused by Plasmodiophora brassicae. European Journal of Plant 

Pathology 135: 771-781. https://doi.org/10.1007/s10658-012-0119-x 

Reyes, A.A., Davidson, T.R., and Marks, C.F. 1974. Races, pathogenicity and chemical control 

of Plasmodiophora brassicae in Ontario. Phytopathology 64:173‒177.  

Rimmer, S., and Van den Berg, C. 1992. Resistance of oilseed Brassica spp. to blackleg caused 

by Leptosphaeria maculans. Canadian Journal of Plant Pathology 14(1):56-66. 

https://www.tandfonline.com/loi/tcjp20 

Rocherieux, J., Glory, P., Giboulot, A., Boury, S., Barbeyron, G., Thomas, G., and Manzanares-

Dauleux, M. 2004. Isolate-specific and broad-spectrum QTL are involved in the control of 

clubroot in Brassica oleracea. Theoretical and Applied Genetics 108(8):1555-1563. 

https://doi.org/10.1007/s00122-003-1580-x 

Romay, M.C., Millard, M.J., Glaubitz, J.C., Peiffer, J.A., Swarts, K.L., Casstevens, T.M., 

Elshire, R.J., Acharya, C.B., Mitchell, S.E., and Flint-Garcia, S.A. 2013. Comprehensive 

genotyping of the USA national maize inbred seed bank. Genome Biology and Evolution 

14(6):1-18. https://doi.org/10.1186/gb-2013-14-6-r55 

https://doi.org/10.1016/j.cropro.2012.11.025
https://doi.org/10.1080/07060661.2013.864336
https://doi.org/10.1007/s10658-012-0119-x
https://www.tandfonline.com/loi/tcjp20
https://doi.org/10.1007/s00122-003-1580-x
https://doi.org/10.1186/gb-2013-14-6-r55


 

185 

 

Rousseau-Gueutin, M., Belser, C., Da Silva, C., Richard, G., Istace, B., Cruaud, C., Falentin, C., 

Boideau, F., Boutte, J., and Delourme, R. 2020. Long-read assembly of the Brassica napus 

reference genome Darmor-bzh. GigaScience 9(12):137. 

https://doi.org/10.1093/gigascience/giaa137 

Rubeena, S., Farid, M., and Rahman, H. 2021. Inheritance of resistance to the newly identified 

Plasmodiophora brassicae pathotypes in Brassica napus L. Canadian Journal of Plant 

Pathology 43(2):256-266. https://doi.org/10.1080/07060661.2020.1823483 

Saito, M., Kubo, N., Matsumoto, S., Suwabe, K., Tsukada, M., and Hirai, M. 2006. Fine 

mapping of the clubroot resistance gene, Crr3, in Brassica rapa. Theoretical and Applied 

Genetics 114(1):81-91. https://doi.org/10.1007/s00122-006-0412-1 

Sakamoto, K., Saito, A., Hayashida, N., Taguchi, G., and Matsumoto, E. 2008. Mapping of 

isolate-specific QTL for clubroot resistance in Chinese cabbage (Brassica rapa L. ssp. 

pekinensis). Theoretical and Applied Genetics 117(5):759-767. 

https://doi.org/10.1007/s00122-008-0817-0 

Schranz, M.E., and Mitchell-Olds, T. 2006. Independent ancient polyploidy events in the sister 

families Brassicaceae and Cleomaceae. The Plant Cell 18(5):1152-1165. 

https://doi.org/10.1105/tpc.106.041111 

Sedaghatkish, A., Gossen, B.D., Yu, F., Torkamaneh, D., and McDonald, M.R. 2019. Whole-

genome DNA similarity and population structure of Plasmodiophora brassicae strains 

from Canada. BMC Genomics 20(1):1-14. https://doi.org/10.1186/s12864-019-6118-y 

Seepaul, R., Kumar, S., Iboyi, J. E., Bashyal, M., Stansly, T. L., Bennett, R., et al. 2021. 

Brassica carinata: Biology and agronomy as a biofuel crop. GCB Bioenergy 13(4): 582-

599. https://doi.org/10.1111/gcbb.12804 

https://doi.org/10.1093/gigascience/giaa137
https://doi.org/10.1080/07060661.2020.1823483
https://doi.org/10.1007/s00122-006-0412-1
https://doi.org/10.1007/s00122-008-0817-0
https://doi.org/10.1105/tpc.106.041111
https://doi.org/10.1186/s12864-019-6118-y
https://doi.org/10.1111/gcbb.12804


 

186 

 

Sharma, G., Kumar, V.D., Haque, A., Bhat, S., Prakash, S., and Chopra, V. 2002. Brassica 

coenospecies: a rich reservoir for genetic resistance to leaf spot caused by Alternaria 

brassicae. Euphytica 125(3):411-417. https://doi.org/10.1023/A:1016050631673 

Sibov, S.T., Lopes De Souza Jr, C., Garcia, A.A.F., Garcia, A.F., Silva, A.R., Mangolin, C.A., et 

al. 2003. Molecular mapping in tropical maize (Zea mays L.) using microsatellite markers. 

1. Map construction and localization of loci showing distorted segregation. Hereditas 

139(2):96-106. https://doi.org/10.1111/j.1601-5223.2003.01666.x 

Somé, A., Manzanares, M., Laurens, F., Baron, F., Thomas, G., and Rouxel, F. 1996. Variation 

for virulence on Brassica napus L. amongst Plasmodiophora brassicae collections from 

France and derived single‐spore isolates. Plant Pathology 45(3):432-439. 

https://doi.org/10.1046/j.1365-3059.1996.d01-155.x 

Sonah, H., Bastien, M., Iquira, E., Tardivel, A., Légaré, G., Boyle, B., Normandeau, É., Laroche, 

J,, Larose, S., and Jean, M. 2013. An improved genotyping by sequencing (GBS) approach 

offering increased versatility and efficiency of SNP discovery and genotyping. PLoS One 

8(1):e54603. https://doi.org/10.1371/journal.pone.0054603 

Song, J.M., Guan, Z., Hu, J., Guo, C., Yang, Z., Wang, S., Liu, D., Wang, B., Lu, S., and Zhou, 

R. 2020. Eight high-quality genomes reveal pan-genome architecture and ecotype 

differentiation of Brassica napus. Nature Plants 6(1):34-45. 

https://doi.org/10.1038/s41477-019-0577-7 

Song, J.M., Liu, D.X., Xie, W.Z., Yang, Z., Guo, L., Liu, K., ... & Chen, L.L. 2021. BnPIR: 

Brassica napus pan‐genome information resource for 1689 accessions. Plant 

Biotechnology Journal 19(3): 412. 

https://doi.org/10.1023/A:1016050631673
https://doi.org/10.1111/j.1601-5223.2003.01666.x
https://doi.org/10.1046/j.1365-3059.1996.d01-155.x
https://doi.org/10.1371/journal.pone.0054603
https://doi.org/10.1038/s41477-019-0577-7


 

187 

 

Spindel, J., Wright, M., Chen, C., Cobb, J., Gage, J., Harrington, S., Lorieux, M., Ahmadi, N., 

and McCouch, S. 2013. Bridging the genotyping gap: using genotyping by sequencing 

(GBS) to add high-density SNP markers and new value to traditional bi-parental mapping 

and breeding populations. Theoretical and Applied Genetics 126(11):2699-2716. 

https://doi.org/10.1007/s00122-013-2166-x 

Stael, S., Kmiecik, P., Willems, P., Van Der Kelen, K., Coll, NS., Teige, M., and Van 

Breusegem, F. 2015. Plant innate immunity–sunny side up? Trends in Plant Science 

20(1):3-11. https://doi.org/10.1016/j.tplants.2014.10.002 

Strelkov, S.E., Tewari, J., and Smith-Degenhardt, E. 2006. Characterization of Plasmodiophora 

brassicae populations from Alberta, Canada. Canadian Journal of Plant Pathology 

28(3):467-474. https://doi.org/10.1080/07060660609507321 

Strelkov, S.E., Manolii, V.P., Cao, T., Xu, S., and Hwang, S.F. 2007. Pathotype classification of 

Plasmodiophora brassicae and its occurrence in Brassica napus in Alberta, Canada. 

Journal of Phytopathology 155(11‐12):706-712. https://doi.org/10.1111/j.1439-

0434.2007.01303.x 

Strelkov, S.E., Hwang, S.F., Howard, R.J., Hartman, M., and Turkington, T.K. 2011. Progress 

towards the sustainable management of clubroot [Plasmodiophora brassicae] of canola on 

the Canadian prairies. Prairie Soils and Crops 4:114–121. https://doi.org/10.7939/r3-vxq6-

js48 

Strelkov, S.E., Manolii, V.P., Rennie, D., Xiao, Q., Cui, D., and Hwang, S.F. 2012. The 

occurrence of clubroot on canola in Alberta in 2011. Canadian Plant Disease Survey 

92:122-124. 

https://doi.org/10.1007/s00122-013-2166-x
https://doi.org/10.1016/j.tplants.2014.10.002
https://doi.org/10.1080/07060660609507321
https://doi.org/10.1111/j.1439-0434.2007.01303.x
https://doi.org/10.1111/j.1439-0434.2007.01303.x
https://doi.org/10.7939/r3-vxq6-js48
https://doi.org/10.7939/r3-vxq6-js48


 

188 

 

Strelkov, S.E., and Hwang, S.F. 2014. Clubroot in the Canadian canola crop: 10 years into the 

outbreak. Canadian Journal of Plant Pathology 36(1):27–36. 

https://doi.org/10.1080/07060661.2013.863807 

Strelkov, S.E., Hwang, S.F., Manolii, V.P., Cao, T., and Feindel, D. 2016. Emergence of new 

virulence phenotypes of Plasmodiophora brassicae on canola (Brassica napus) in Alberta, 

Canada. European Journal of Plant Pathology 145(3):517-529. 

https://doi.org/10.1007/s10658-016-0888-8 

Strelkov, S.E., Hwang, S.F., Manolii, V.P, Cao, T., Fredua-Agyeman, R., Harding, M.W., Peng, 

G., Gossen, B.D., Mcdonald, M.R., and Feindel, D. 2018. Virulence and pathotype 

classification of Plasmodiophora brassicae populations collected from clubroot resistant 

canola (Brassica napus) in Canada. Canadian Journal of Plant Pathology 40(2):284-298. 

https://doi.org/10.1080/07060661.2018.1459851 

Strelkov, S.E., Hwang, S.F., Manolii, V.P., Turnbull, G., Fredua-Agyeman, R., Hollman, K., and 

Kaus, S. 2020. Characterization of clubroot (Plasmodiophora brassicae) from canola 

(Brassica napus) in the Peace Country of Alberta, Canada. Canadian Journal of Plant 

Pathology 1-7. https://doi.org/10.1080/07060661.2020.1776931 

Struss, D., Bellin, U., and Röbbelen, G. 1991. Development of B‐genome chromosome addition 

lines of B. napus using different interspecific Brassica hybrids. Plant Breeding 106(3):209-

214. https://doi.org/10.1111/j.1439-0523.1991.tb00503.x 

Suwabe, K., Tsukazaki, H., Iketani, H., Hatakeyama, K., Kondo, M., Fujimura, M., Nunome, T., 

Fukuoka, H., Hirai, M., and Matsumoto, S. 2006. Simple sequence repeat-based 

comparative genomics between Brassica rapa and Arabidopsis thaliana: the genetic origin 

https://doi.org/10.1080/07060661.2013.863807
https://doi.org/10.1007/s10658-016-0888-8
https://doi.org/10.1080/07060661.2018.1459851
https://doi.org/10.1080/07060661.2020.1776931
https://doi.org/10.1111/j.1439-0523.1991.tb00503.x


 

189 

 

of clubroot resistance. Genetics 173(1):309-19. 

https://doi.org/10.1534/genetics.104.038968 

Suwabe, K., Tsukada, H., Iketani, H., Hatakeyama, K., Fujimura, M., Nunome, T., Fukuoka, H., 

Matsumoto, S., and Hirai, M. 2003. Identification of two loci for resistance to clubroot 

(Plasmodiophora brassicae Wornin) in Brassica rapa L. Theoretical and Applied Genetics 

107:997–1002. https://doi.org/10.1007/s00122-003-1309-x 

Suzuki, K., Sugimoto, K., Hayashi, H., and Komyoji, T. 1995. Biological mode of action of 

fluazinam, a new fungicide for Chinese cabbage clubroot. Phytopathological Society of 

Japan 61:395‒398. https://doi.org/10.3186/jjphytopath.61.395 

Tanaka, S., Ito, S.I., and Kameya-lwaki, M. 2001. Electron microscopy of primary 

zoosporogenesis in Plasmodiophora brassicae. Mycoscience 42(4):389-394. 

https://doi.org/10.1007/BF02461222 

Tanaka, S., Mido, H., and Ito, S.I. 2006. Colonization by two isolates of Plasmodiophora 

brassicae with differing pathogenicity on a clubroot-resistant cultivar of Chinese cabbage 

(Brassica rapa L. subsp. pekinensis). Journal of General Plant Pathology 72(4):205-209. 

https://doi.org/10.1007/s10327-006-0276-x 

Taylor, D.R., and Ingvarsson, P.K. 2003. Common features of segregation distortion in plants 

and animals. Genetica117(1):27-35. https://doi.org/10.1023/A:1022308414864 

Tewari, J., Strelkov, S.E., Orchard, D., Hartman, M., Lange, R., and Turkington, K. 2005. 

Identification of clubroot of crucifers on canola (Brassica napus) in Alberta. Canadian 

Journal of Plant Pathology 27(1):143-144. https://doi.org/10.1080/07060660509507206 

https://doi.org/10.1534/genetics.104.038968
https://doi.org/10.1007/s00122-003-1309-x
https://doi.org/10.3186/jjphytopath.61.395
https://doi.org/10.1007/BF02461222
https://doi.org/10.1007/s10327-006-0276-x
https://doi.org/10.1023/A:1022308414864
https://doi.org/10.1080/07060660509507206


 

190 

 

Tomita, H., Shimizu, M., Doullah, M.A.U., Fujimoto, R., and Okazaki, K. 2013. Accumulation 

of quantitative trait loci conferring broad-spectrum clubroot resistance in Brassica 

oleracea. Molecular Breeding 32(4):889-900. https://doi.org/10.1007/s11032-013-9918-9 

Tonguc, M., Earle, E.D., and Griffiths, P.D. 2003. Segregation distortion of Brassica carinata 

derived black rot resistance in Brassica oleracea. Euphytica134:269–276. 

https://doi.org/10.1023/B:EUPH.0000004947.37512.92 

Toxopeus, H., and Janssen, A. 1975. Clubroot resistance in turnip II. The ‘slurry’screening 

method and clubroot races in the Netherlands. Euphytica 24(3):751-755. 

https://doi.org/10.1007/BF00132914 

Tremblay, N., Belec, C., Coulombe, J., and Godin, C. 2005. Evaluation of calcium cyanamide 

and liming for control of clubroot disease in cauliflower. Crop protection 24(9):798-803. 

U. 1935. Genome analysis in Brassica with special reference to the experimental formation of B. 

napus and peculiar mode of fertilization. Japanese Journal of Botany 7(7):389-452. 

Ueno, H., Matsumoto, E., Aruga, D., Kitagawa, S., Matsumura, H., and Hayashida, N. 2012. 

Molecular characterization of the CRa gene conferring clubroot resistance in Brassica 

rapa. Plant Molecular Biology 80(6):621-629. https://doi.org/10.1007/s11103-012-9971-5 

USDA. 2020. Oilseeds: World markets and trade. Available at: 

https://apps.fas.usda.gov/psdonline/circulars/oilseeds.pdf [Accessed 20 February 2020]. 

USDA-NASS. 2015. USDA National Agricultural Statistics Service (NASS). 

Varshney, R.K., Pandey, M.K., Janila, P., Nigam, S.N., Sudini, H., Gowda, M., Sriswathi, M., 

Radhakrishnan, T., Manohar, S.S., and Nagesh, P. 2014. Marker-assisted introgression of a 

QTL region to improve rust resistance in three elite and popular varieties of peanut 

https://doi.org/10.1007/s11032-013-9918-9
https://doi.org/10.1023/B:EUPH.0000004947.37512.92
https://doi.org/10.1007/BF00132914
https://doi.org/10.1007/s11103-012-9971-5
https://apps.fas.usda.gov/psdonline/circulars/oilseeds.pdf


 

191 

 

(Arachis hypogaea L.). Theoretical and Applied Genetics 127(8):1771-1781. 

https://doi.org/10.1007/s00122-014-2338-3 

Velasco, L., Nabloussi, A., De Haro, A., and Fernández-Martínez, J. 2003. Development of high-

oleic, low-linolenic acid Ethiopian-mustard (Brassica carinata) germplasm. Theoretical 

and Applied Genetics 107(5):823-830. https://doi.org/10.1007/s00122-003-1295-z 

Vision, T.J., Daniel G.B., and Steven, D.T. 2000. The origins of genomic duplications in 

Arabidopsis. Science 290 (5499):2114-2117. http://doi.org.10.1126/science.290.5499.2114 

Voorrips, R. 2002. MapChart: software for the graphical presentation of linkage maps and QTL. 

Journal of Heredity 93(1):77-78. https://doi.org/10.1093/jhered/93.1.77 

Voorrips, R.E., and Kanne, H.J. 1997. Genetic analysis of resistance to clubroot 

(Plasmodiophora brassicae) in Brassica oleracea. I. Analysis of symptom grades. 

Euphytica 93(1):31-39. https://doi.org/10.1023/A:1002970103683 

Voorrips, R.E. 1996. Production, characterization and interaction of single-spore isolates of 

Plasmodiophora brassicae. European Journal of Plant Pathology 102(4):377-383. 

https://doi.org/10.1007/BF01878132 

Voorrips, R.E., and Visser, D.L. 1993. Examination of resistance to clubroot in accessions of 

Brassica oleracea using a glasshouse seedling test. Netherlands Journal of Plant Pathology 

99(5–6): 269–276. https://doi.org/10.1007/BF01974308 

Wallenhammar, A.C. 1996. Prevalence of Plasmodiophora brassicae in a spring oilseed rape 

growing area in central Sweden and factors influencing soil infestation levels. Plant 

Pathology 45(4):710-719. https://doi.org/10.1046/j.1365-3059.1996.d01-173.x 

https://doi.org/10.1007/s00122-014-2338-3
https://doi.org/10.1007/s00122-003-1295-z
http://doi.org.10.1126/science.290.5499.2114
https://doi.org/10.1093/jhered/93.1.77
https://doi.org/10.1023/A:1002970103683
https://doi.org/10.1007/BF01878132
https://doi.org/10.1007/BF01974308
https://doi.org/10.1046/j.1365-3059.1996.d01-173.x


 

192 

 

Wang, L., Yang, X., Cui, S., Mu, G., Sun, X., Liu, L., and Li, Z. 2019. QTL mapping and QTL× 

environment interaction analysis of multi-seed pod in cultivated peanut (Arachis hypogaea 

L.).The Crop Journal 7(2):249-260. https://doi.org/10.1016/j.cj.2018.11.007 

Wang, X., Wang, H., Wang, J., Sun, R., Wu, J., Liu, S., Bai, Y., Mun, JH., Bancroft, I., and 

Cheng, F. 2011. The genome of the mesopolyploid crop species Brassica rapa. Nature 

Genetics 43(10):1035-1039. https://doi.org/10.1038/ng.919 

Wang, N., Yuan, Y., Wang, H., Yu, D., Liu, Y., Zhang, A., ... & Zhang, X. 2020. Applications of 

genotyping-by-sequencing (GBS) in maize genetics and breeding. Scientific Reports 10(1): 

1-12. 

Wang, Z., Megha, S., Kebede, B., Kav, N. N. V., & Rahman, H. 2022. Genetic and molecular 

analysis reveals that two major loci and their interaction confer clubroot resistance in 

canola introgressed from rutabaga. The Plant Genome e20241. 

https://doi.org/10.1002/tpg2.20241 

Warwick, S., Francis, A., and Al-Shehbaz, I. 2006. Brassicaceae: species checklist and database 

on CD-Rom. Plant Systematics Evolution and Development 259(2):249-258. 

https://doi.org/10.1007/s00606-006-0422-0 

Watson, A., and Baker, K.F. 1969. Possible gene centers for resistance in the genus Brassica to 

Plasmodiophora brassicae. Economic Botany 23(3):245-252. 

https://doi.org/10.1007/BF02860456 

Webster, M., and Dixon, G. 1991. Boron, pH and inoculum concentration influencing 

colonization by Plasmodiophora brassicae. Mycological Research 95(1):74-79. 

https://doi.org/10.1016/S0953-7562(09)81363-4 

https://doi.org/10.1016/j.cj.2018.11.007
https://doi.org/10.1038/ng.919
https://doi.org/10.1002/tpg2.20241
https://doi.org/10.1007/s00606-006-0422-0
https://doi.org/10.1007/BF02860456
https://doi.org/10.1016/S0953-7562(09)81363-4


 

193 

 

Wellman, F.L. 1930. Clubroot of crucifers (No. 181). Technical Bulletin U.S. Department of 

Agriculture, 181, 31. 

Werner, S., Diederichsen, E., Frauen, M., Schondelmaier, J., and Jung, C. 2008. Genetic 

mapping of clubroot resistance genes in oilseed rape. Theoretical and Applied Genetics 

116(3):363-372. https://doi.org/10.1007/s00122-007-0674-2 

Wijesundera, C., Ceccato, C., Fagan, P., Shen, Z., Burton, W., & Salisbury, P. 2008. Canola 

quality Indian mustard oil (Brassica juncea) is more stable to oxidation than conventional 

canola oil (Brassica napus). Journal of the American Oil Chemists' Society 85(8): 693-699. 

Williams, P.H.1966. A system for the determination of races of Plasmodiophora brassicae that 

infect cabbage and rutabaga. Phytopathology 56:624–626. 

Williams, P.H., and McNabola, S.S. 1967. Fine structure of Plasmodiophora brassicae in 

sporogenesis. Canadian Journal of Botany 45:1665‒1669. https://doi.org/10.1139/b67-173 

Wit, F., and Van de Weg, M. 1964. Clubroot-resistance in turnips (Brassica campestris L.). 

Euphytica 13(1):9-18. https://doi.org/10.1007/BF00037512 

Woronin, M. 1878. Plasmodiophora brassicae, urheber der kophpflanzenhernie. Jahrb Wiss Bot. 

1:548-574. [translated by Chupp C (1934) Phytopathological classics no 4. American 

Phytopathological Society, St. Paul] 

Xian-Liang, S., Xue-Zhen, S., and Tian-Zhen, Z. 2006. Segregation distortion and its effect on 

genetic mapping in plants. Chinese Journal of Agricultural Biotechnology 3(3):163-169. 

https://doi.org/10.1079/CJB2006110 

Xu, Y., Zhu, L., Xiao, J., Huang, N., and McCouch, S.R. 1997. Chromosomal regions associated 

with segregation distortion of molecular markers in F2, backcross, doubled haploid, and 

https://doi.org/10.1007/s00122-007-0674-2
https://doi.org/10.1139/b67-173
https://doi.org/10.1007/BF00037512
https://doi.org/10.1079/CJB2006110


 

194 

 

recombinant inbred populations in rice (Oryza sativa L.). Molecular and General Genetics 

253(5):535-545. https://doi.org/10.1007/s004380050355 

Xue, S., Cao, T., Howard, R.J., Hwang, S.F., and Strelkov, S.E. 2008. Isolation and variation in 

virulence of single-spore isolates of Plasmodiophora brassicae from Canada. Plant Disease 

92:456–462. https://doi.org/10.1094/PDIS-92-3-0456 

Yang, J., Ferreira, T., Morris, A., et al. 2012. Conditional and joint multiple-SNP analysis of 

GWAS summary statistics identifies additional variants influencing complex traits. Nature 

Genetics 44(4):369-375. https://doi.org/10.1038/ng.2213 

Yang, J., Liu, D., Wang, X., Ji, C., Cheng, F., Liu, B., Hu, Z., Chen, S., Pental, D., and Ju, Y. 

2016. The genome sequence of allopolyploid Brassica juncea and analysis of differential 

homoeolog gene expression influencing selection. Nature Genetics 48(10):1225-1232. 

https://doi.org/10.1038/ng.3657 

Yoshikawa, H. 1981. Breeding for clubroot resistance in Chinese cabbage. In: Taleker, N.S. & 

Griggs, T.D. (eds.) Chinese Cabbage. AVRDC, Shanhua, Tainan,  pp. 405–413. 

Yoshikawa, H. 1993. Studies on breeding of clubroot resistance in cole [Cruciferae] crops. 

Bulletin of the National Research Institute of Vegetables, Ornamental Plants and Tea. 

Series A.(Japan).   

Yu, F., Zhang, X., Peng, G., Falk, K.C., Strelkov, S.E., and Gossen, B.D. 2017. Genotyping-by-

sequencing reveals three QTL for clubroot resistance to six pathotypes of Plasmodiophora 

brassicae in Brassica rapa. Scientific Reports 7(1):1-11. https://doi.org/10.1038/s41598-

017-04903-2 

Yu, F., Zhang, Y., Wang, J., Chen, Q., Karim, M.M., Gossen, B.D., and Peng, G. 2021. 

Identification of Two Major QTL in Brassica napus Lines With Introgressed Clubroot 

https://doi.org/10.1007/s004380050355
https://doi.org/10.1094/PDIS-92-3-0456
https://doi.org/10.1038/ng.2213
https://doi.org/10.1038/ng.3657
https://doi.org/10.1038/s41598-017-04903-2
https://doi.org/10.1038/s41598-017-04903-2


 

195 

 

Resistance From Turnip Cultivar ECD01. Frontiers in Plant Science 12:785989-785989. 

https://10.3389/fpls.2021.785989 

Yu, F., Zhang, X., Huang, Z., Chu, M., Song, T., Falk, K.C., Deora, A., Chen, Q., Zhang, Y., 

McGregor, L., Gossen, B.D., McDonald, M.R., and Peng, G. 2016. Identification of 

genome-wide variants and discovery of variants associated with Brassica rapa clubroot 

resistance gene Rcr1 through bulked segregant RNA sequencing. PLoS One 11(4):1–23. 

https://doi.org/10.1371/journal.pone.0153218 

Zhang, F.L., Aoki, S., and Takahata, Y. 2003. RAPD markers linked to microspore embryogenic 

ability in Brassica crops. Euphytica 131(2):207-213. 

https://doi.org/10.1023/A:1023955131523 

Zhang, H., Feng, J., Hwang, S.F., Strelkov, S.E., Falak, I., Huang, X., and Sun, R. 2016. 

Mapping of clubroot (Plasmodiophora brassicae) resistance in canola (Brassica napus). 

Plant Pathology 65(3):435-440. https://doi.org/10.1111/ppa.12422 

Zhang, H., Feng, J., Zhang, S., Zhang, S., Li, F., Strelkov, S.E., Sun, R., and Hwang, S.F. 2015. 

Resistance to Plasmodiophora brassicae in Brassica rapa and Brassica juncea genotypes 

from China. Plant Disease 99(6):776-779. https://doi.org/10.1094/PDIS-08-14-0863-RE 

Zhang, L., Cai, X., Wu, J., Liu, M., Grob, S., Cheng, F., et al. 2018. Improved Brassica rapa 

reference genome by single-molecule sequencing and chromosome conformation capture 

technologies. Horticulture Research 5:50. https://doi.org/10.1038/s41438-018-0071-9 

Zhang, Y., Thomas, W., Bayer, P. E., Edwards, D., & Batley, J. 2020. Frontiers in dissecting and 

managing Brassica diseases: From reference-based RGA candidate identification to 

building Pan-RGAomes. International Journal of Molecular Sciences 21(23): 8964. 

https://10.0.13.61/fpls.2021.785989
https://doi.org/10.1371/journal.pone.0153218
https://doi.org/10.1023/A:1023955131523
https://doi.org/10.1111/ppa.12422
https://doi.org/10.1094/PDIS-08-14-0863-RE
https://doi.org/10.1038/s41438-018-0071-9


 

196 

 

Zhao, Y., Bi, K., Gao, Z., Chen, T., Liu, H., Xie, J., Cheng, J., Fu, Y., and Jiang, D. 2017. 

Transcriptome analysis of Arabidopsis thaliana in response to Plasmodiophora brassicae 

during early infection. Frontiers in Microbiology 8:673. 

https://doi.org/10.3389/fmicb.2017.00673 

Zhou, Q., Galindo-González, L., Manolii, V., Hwang, S.F., and Strelkov, S.E. 2020. 

Comparative transcriptome analysis of rutabaga (Brassica napus) cultivars indicates 

activation of salicylic acid and ethylene-mediated defenses in response to Plasmodiophora 

brassicae. International Journal of Molecular Sciences 21(21):8381. 

https://doi.org/10.3390/ijms21218381 

Zhao, M., Liu, S., & Ma, J. 2021. Asymmetric Evolution of Transposable Elements in Brassica 

oleracea. In The Brassica oleracea Genome pp.77-90. Springer, Cham. 

Zhu, H., Zhai, W., Li, X., and Zhu, Y. 2019. Two QTL controlling clubroot resistance identified 

from bulked segregant sequencing in Pakchoi (Brassica campestris ssp. chinensis Makino). 

Scientific Reports 9(1), 1-9. https://doi.org/10.1038/s41598-019-44724-z 

Zhu, J., Struss, D., and Röbbelen, G. 1993. Studies on Resistance to Phoma lingam in Brassica 

napus‐Brassica nigra Addition Lines. Plant Breeding 111(3):192-197. 

 

 

 

 

 

 

 

https://doi.org/10.3389/fmicb.2017.00673
https://doi.org/10.3390/ijms21218381
https://doi.org/10.1038/s41598-019-44724-z


 

197 

 

Appendix 

Supplemental Tables 

Table S2. 1. Reaction of 16 Brassica rapa families to the resistance-breaking pathotypes 2B, 3A, 

and 3D of Plasmodiophora brassicae identified in Alberta, Canada. 

 

Genotype/ 

line/ 

cultivar 

Species Type Pathotype/disease reaction 

2B 3A 3D 

# Plants Reaction # Plants Reaction # Plants Reac

tion 

T19-X17 B. rapa BC1S1 30 S 33 S 36 S 

T19-X27 B. rapa BC1S1 33 S 36 S 36 S 

T19-X28 B. rapa BC1S1 34 S 36 S 36 S 

T19-X33 B. rapa BC1S1 32 S 33 S 35 S 

T19-X38 B. rapa BC1S1 29 S 34 S 34 S 

T19-X46 B. rapa BC1S1 32 S 35 S 34 S 

T19-X59 B. rapa BC1S1 33 S 36 S 32 S 

T19-X65 B. rapa BC1S1 31 S 36 S 33 S 

T19-X66 B. rapa BC1S1 33 S 36 S 36 S 

T19-X71 B. rapa BC1S1 33 S 32 S 36 S 

T19-X78 B. rapa BC1S1 36 S 35 S 36 S 

T19-X79 B. rapa BC1S1 36 S 34 S 36 S 

T19-X80 B. rapa BC1S1 34 S 36 S 36 S 

T19-X82 B. rapa BC1S1 32 S 36 S 36 S 

T19-X84 B. rapa BC1S1 33 S 36 S 36 S 

T19-X92 B. rapa BC1S1 36 S 35 S 36 S 

ECD-05 ( C) B. rapa Cultivr 35 S 36 S 36 S 

*(C) indicates the check/control; R, resistance/S, susceptible 

# indicates- ‘the number of’ 
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Table S2. 2. Reaction of 34 Brassica napus accessions to the resistance-breaking pathotypes 2B, 

3A, and 3D of Plasmodiophora brassicae identified in Alberta, Canada. 

Genotype/ 

line/ 

cultivar 

Habit Type Origin Pathotype/disease reaction 

2B 3A 3D 

# 

Plants 

Rc. # Plants Rc. # 

Plants 

Rc. 

ECD06 Winter Oilseed rape Europe 36 S 33 S 36 S 

ECD09 Winter Oilseed rape Europe 30 S 36 S 36 S 

DH6756-5 Spring Oilseed rape Canada 36 S 36 S 36 S 

CN31153 Winter Rutabaga Europe 36 S 36 S 36 S 

CN31154 Winter Rutabaga Europe 32 S 36 S 36 S 

CN31304 Winter Rutabaga Europe 36 S 36 S 36 S 

CN31391 Winter Rutabaga Europe 36 S 36 R 35 S 

CN31403 Winter Rutabaga Europe 32 S 36 S 36 S 

CN31417 Winter Rutabaga Europe 33 S 36 S 36 S 

CN31450 Winter Rutabaga Europe 24 S 24 S 28 S 

CN31451 Winter Rutabaga Europe 36 S 36 S 36 S 

CN31452 Winter Rutabaga Europe 36 S 35 S 36 S 

CN31454 Winter Rutabaga Europe 32 S 36 S 36 S 

CN31457 Winter Rutabaga Europe 36 S 31 R 32 S 

CN35993 Winter Oilseed rape Asia 36 S 33 S 36 S 

CN39440 Winter Oilseed rape Asia 36 S 36 S 35 S 

CN39441 Winter Oilseed rape Asia 36 S 36 S 36 S 

CN39443 Winter Oilseed rape Asia 36 S 35 S 36 S 

CN43206 Spring Oilseed rape Asia 36 S 34 S 35 S 

CN46235 Spring Oilseed rape North 

America 

36 R 36 R 36 R 

Ames1669 Spring Oilseed rape North 

America 

14 S 16 S 13 S 

Ames6075 Spring Oilseed rape North 

America 

36 S 35 S 36 S 
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Genotype/ 

line/ 

cultivar 

Habit Type Origin Pathotype/disease reaction 

2B 3A 3D 

# 

Plants 

Rc. # Plants Rc. # 

Plants 

Rc. 

PI 284859 Winter Oilseed rape Europe 35 S 36 R 36 R 

PI 305280 Winter Oilseed rape Europe 36 S 35 S 36 S 

PI 311727 Winter Oilseed rape Europe 32 S 36 S 35 S 

CGN06822 Winter Oilseed rape Europe 12 S 11 S 12 S 

CGN06902 Winter Oilseed rape Europe 20 R 23 R 24 R 

CGN07237 Winter Oilseed rape Europe 36 S 36 S 32 S 

CGN06896 Winter Oilseed rape Europe 32 S 36 S 36 S 

CGN17369 Winter Oilseed rape Europe 36 R 36 R 35 R 

AAFC695 Winter Oilseed rape Oceania 36 R 36 R 34 R 

CGN17381 Winter Oilseed rape Europe 36 S 35 S 36 S 

CGN13919 Winter Oilseed rape Europe 36 S 36 S 36 S 

Laurentian Winter Rutabaga Europe 36 S 36 S 36 S 

DH 16516 Spring Oilseed rape North 

America 

36 S 35 S 36 S 

Westar (C) Spring Oilseed rape Europe 35 S 36 S 36 S 

*(C) indicates the check/control; R, resistant/S, susceptible 

# indicates- ‘the number of’ 

Rc, Reaction to the host 
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Table S3. 1. Segregation characteristics of the Brassica rapa parental lines ACDC and ECD02, 

BC1S1 population derived from ACDC × (ACDC × ECD02), and susceptible and resistant 

checks used in this study.  

Lines/ crosses Pathotypes/ DSI 

3A 3D 3H 5X 

R S R S R S R S 

ECD02 (P2) 12 0 12 0 12 0 12 0 

ACDC (P1) 0 12 0 12 0 12 0 12 

DHT (DH S-Line) 0 29 0 25 0 139 0 19 

NRC11-24 (DH S-line) 0 88 0 136 - - 0 110 

Y12 (DH R-line) 28 0 28 0 18 0 26 0 

Y68 (DH R-line) 37 0 30 0 36 0 32 0 

χ2 - - - - - - - - 

P-value - - - - - - - - 

ECD02BC1S1 45 48 45 48 44 49 43 50 

χ2 0.093 0.093 0.258 0.505 

P-value 0.761 0.761 0.612 0.478 

**DSI<60 = R (resistant); DSI≥60 =S (susceptible) 
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Table S3. 2. Statistics of the Brassica rapa ECD02 BC1S1 population, derived from ACDC × 

(ACDC × ECD02), tested for resistance to the Plasmodiophora brassicae pathotypes 3A, 3D, 

3H, and 5X. 

Patho-

type 

Sample 

Size 

Min. Max. Range Mean Vari- 

ance 

Std. 

Error 

Skew

-ness 

Kurt-

osis 

W-

test 

3A 93 0.00 100 100 59.4 1768.3 42.1 -0.23 -1.71 0.75 

3D 93 0.00 100 100 59.4 1799.4 42.4 -0.21 -1.77 0.73 

3H 93 0.00 100 100 59.7 1847.8 43.0 -0.29 -1.69 0.73 

5X 93 0.00 100 100 64.6 1494.2 38.7 -0.39 -1.49 0.76 

 

Table S3. 3. Number of missing bases per SNP markers in the ECD02 BC1S1 population derived 

from ACDC × (ACDC × ECD02). 

Chrom. Total SNPs Total 'a' Total 'h' # Missing bases Missing (%) Missing range 

A01 136 7429 5744 19 0.14 1-11 

A02 130 6152 6429 29 0.23 1-2 

A03 159 9510 5872 41 0.27 1-12 

A04 115 6428 4702 25 0.22 1-2 

A05 146 8936 5187 39 0.28 1-11 

A06 141 8511 5104 62 0.46 1-10 

A07 131 7932 4697 78 0.62 1-9 

A08 135 7651 5432 12 0.09 1-2 

A09 105 5801 4349 35 0.34 1-3 

A10 146 7840 6313 9 0.06 0-1 

Total 1344 76190 53829 349 2.72 - 
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Table S3. 4. Disease Severity Index (DSI) of the ECD02BC1S1 lines, derived from ACDC × 

(ACDC × ECD02), following inoculation with the Plasmodiophora brassicae pathotypes 3A, 

3D, 3H, and 5X. 

DSI 

Lines/ Pathotypes 3A 3D 3H 5X  

ECD02-01 0.0 16.7 11.1 20.0 

ECD02-02 22.2 10.0 37.5 16.7 

ECD02-03 100.0 100.0 100.0 100.0 

ECD02-04 0.0 37.5 16.7 0.0 

ECD02-05 25.0 20.0 20.0 28.6 

ECD02-06 100.0 100.0 100.0 100.0 

ECD02-07 14.3 37.5 0.0 50.0 

ECD02-08 0.0 20.0 14.3 33.3 

ECD02-09 33.3 14.3 25.0 50.0 

ECD02-10 0.0 16.7 0.0 16.7 

ECD02-11 100.0 100.0 100.0 100.0 

ECD02-12 100.0 100.0 100.0 100.0 

ECD02-13 100.0 100.0 100.0 100.0 

ECD02-14 60.0 42.9 66.7 20.0 

ECD02-15 100.0 100.0 100.0 100.0 

ECD02-16 100.0 100.0 100.0 100.0 

ECD02-17 100.0 100.0 100.0 100.0 

ECD02-18 100.0 100.0 100.0 100.0 

ECD02-19 100.0 100.0 100.0 100.0 
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DSI 

Lines/ Pathotypes 3A 3D 3H 5X  

ECD02-20 100.0 100.0 100.0 100.0 

ECD02-21 100.0 100.0 100.0 100.0 

ECD02-22 100.0 100.0 100.0 100.0 

ECD02-23 42.9 20.0 14.3 33.3 

ECD02-24 100.0 100.0 100.0 100.0 

ECD02-25 100.0 100.0 100.0 100.0 

ECD02-26 33.3 20.0 33.3 33.3 

ECD02-27 11.1 50.0 0.0 45.5 

ECD02-28 33.3 25.0 28.6 25.0 

ECD02-29 25.0 16.7 0.0 27.8 

ECD02-31 40.0 0.0 33.3 33.3 

ECD02-32 0.0 0.0 0.0 50.0 

ECD02-33 100.0 100.0 100.0 100.0 

ECD02-34 0.0 20.0 0.0 50.0 

ECD02-35 100.0 100.0 100.0 100.0 

ECD02-36 25.0 28.6 25.0 22.2 

ECD02-37 100.0 100.0 100.0 100.0 

ECD02-38 42.9 25.0 20.0 25.9 

ECD02-39 12.5 0.0 25.0 37.5 

ECD02-40 14.3 16.7 9.5 0.0 

ECD02-41 33.3 50.0 0.0 20.0 
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DSI 

Lines/ Pathotypes 3A 3D 3H 5X  

ECD02-42 100.0 100.0 100.0 100.0 

ECD02-43 100.0 100.0 100.0 100.0 

ECD02-44 33.3 9.1 20.8 33.3 

ECD02-45 100.0 100.0 100.0 100.0 

ECD02-46 100.0 100.0 100.0 100.0 

ECD02-47 100.0 85.7 100.0 100.0 

ECD02-48 33.3 28.6 50.0 20.0 

ECD02-49 100.0 100.0 100.0 100.0 

ECD02-51 100.0 100.0 100.0 100.0 

ECD02-52 16.7 16.7 0.0 28.6 

ECD02-57 100.0 87.5 100.0 100.0 

ECD02-59 33.3 14.3 0.0 33.3 

ECD02-63 25.0 0.0 0.0 50.0 

ECD02-64 100.0 100.0 70.0 100.0 

ECD02-65 83.3 100.0 100.0 100.0 

ECD02-66 100.0 100.0 100.0 100.0 

ECD02-67 100.0 100.0 100.0 100.0 

ECD02-68 12.5 20.0 50.0 25.0 

ECD02-69 10.0 0.0 28.6 42.9 

ECD02-70 66.7 100.0 75.0 100.0 

ECD02-71 100.0 100.0 100.0 100.0 
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DSI 

Lines/ Pathotypes 3A 3D 3H 5X  

ECD02-72 8.3 26.7 0.0 50.0 

ECD02-74 0.0 0.0 0.0 0.0 

ECD02-75 0.0 0.0 25.0 0.0 

ECD02-76 100.0 100.0 100.0 100.0 

ECD02-77 0.0 0.0 0.0 33.3 

ECD02-78 100.0 100.0 100.0 75.0 

ECD02-79 33.3 0.0 0.0 50.0 

ECD02-80 0.0 0.0 33.3 0.0 

ECD02-81 100.0 100.0 100.0 100.0 

ECD02-82 40.0 50.0 50.0 40.0 

ECD02-84 100.0 100.0 100.0 80.0 

ECD02-85 50.0 0.0 50.0 0.0 

ECD02-86 0.0 33.3 50.0 85.7 

ECD02-87 0.0 33.3 0.0 30.0 

ECD02-88 0.0 0.0 0.0 0.0 

ECD02-89 0.0 33.3 0.0 0.0 

ECD02-91 20.0 14.3 14.3 80.0 

ECD02-92 100.0 100.0 100.0 100.0 

ECD02-93 33.3 0.0 42.9 0.0 

ECD02-94 100.0 100.0 100.0 100.0 

ECD02-95 100.0 100.0 100.0 100.0 
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DSI 

Lines/ Pathotypes 3A 3D 3H 5X  

ECD02-97 100.0 100.0 100.0 100.0 

ECD02-98 100.0 100.0 100.0 100.0 

ECD02-99 100.0 100.0 100.0 100.0 

ECD02-100 100.0 100.0 100.0 100.0 

ECD02-101 100.0 100.0 100.0 100.0 

ECD02-103 100.0 77.8 100.0 100.0 

ECD02-105 100.0 100.0 100.0 100.0 

ECD02-106 79.2 100.0 100.0 100.0 

ECD02-107 100.0 100.0 100.0 100.0 

ECD02-108 100.0 100.0 100.0 100.0 

ECD02-109 75.0 100.0 100.0 100.0 
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Table S4. 1. Information on the Brassica napus reference genome ZS11 (Song et al. 2020) used to map CR genes in Brassica napus 

cultivar ‘AAFC695’. 

Reference 

genome 

Assembly size 

(Mb) 

Anchored assemblies 

to the chrom. (Mb) 

Number of scaffold 

N50 (Mb) 

Total 

TEs (%) 

Number of 

annotated genes 

Completeness 

(%, CEGMA) 

ZS11 1,008 961 (95.3%)  57.88 55.62 100,919 99.19 

*CEGMA: a software pipeline used to annotate the core genes in eukaryotic genomes. 

   
 

 

 

Table S4. 2. Phenotypic distribution of 102 doubled haploid (DH) lines, derived from the F1 of DH16516 × AAFC695, tested against 

Plasmodiophora brassicae pathotypes 3A, 3D, 3H, and 5X. 

Trait Name Sample Size Mean Variance Std. Error Skewness Kurtosis S-Wilk test Min. Max. 
 

3A 102 48.1 2400.2 49 0.1 -2 0.643 0 100 
 

3D 102 49.7 2497.1 50 0 -2 0.621 0 100 
 

3H 102 49.6 2493.7 49.9 0 -2 0.622 0 100 
 

5X 102 51.1 2435.3 49.3 0 -2 0.636 0 100 
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Table S4. 3. Assembly summaries of the parental lines DH16516 and ‘AAFC695’, and a Brassica napus ‘AAFC695’ doubled haploid 

(DH) population derived from the F1 of DH16516 × AAFC695.  

Parents/ population Total 

sequences 

Assembled 

 reads 

% Assembly  Total number  

of SNPs 

SNPs/ 1000 assembled  

reads 

DH16516 (Parent-1) 219.9×106 172.8×106 78.6 9.02 M 52.2 

AAFC695 (Parent-2) 7.42 ×106 6.22×106 83.8 0.024 M 39.01 

AAFC695 DH (102 

Lines) 

520.7×106 404.7×106 77.7 2.12 M 52.02 
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Table S4. 4. Marker distribution of the high density genetic linkage map of a Brassica napus 

‘AAFC695’ doubled haploid (DH) population derived from the F1 of DH16516 × AAFC695. 

Chromosomes Number of 

Markers 

Length 

(cM) 

Minimum 

Interval (cM) 

Maximum 

Interval (cM) 

Average 

Interval (cM) 

ZS_A01 12 53.38 0 13.77 4.45 

ZS_A02 106 106.22 0 11.18 1 

ZS_A03 236 219.51 0 11.07 0.93 

ZS_A04 135 100.88 0 5.64 0.74 

ZS_A05 115 130.69 0 18.27 1.14 

ZS_A06 105 106.69 0 6.9 1.02 

ZS_A07 125 74.54 0 4.18 0.6 

ZS_A08 97 87.37 0 6.22 0.9 

ZS_A09 248 213.56 0 8.07 0.86 

ZS_A10 141 108.47 0 7.05 0.77 

ZS_C01 5 39.36 0 23.04 7.87 

ZS_C02 232 87.52 0 12.44 0.38 

ZS_C03 185 177.45 0 20 0.96 

ZS_C04 25 43.21 0 5.39 1.73 

ZS_C05 138 127.69 0 22.19 0.93 

ZS_C06 90 47.14 0 5.22 0.52 

ZS_C07 174 178.3 0 24.17 1.02 

ZS_C08 122 129.4 0 13.58 1.06 

ZS_C09 89 107.39 0 18.73 1.21 

Whole- 

genome 

Total 2380 2138.77  

Mean 125 112.57 0 12.48 1.48 
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Table S4. 5. Disease Severity Index (DSI) of 102 ‘AAFC695’ doubled haploid lines, derived 

from the F1 of DH16516 × AAFC695, following inoculation with Plasmodiophora brassicae 

pathotypes 3A, 3D, 3H, and 5X. 
 

DSI 

Lines/ pathotypes 3A 3D 3H 5X  

AAFC695DH-01 100.0 100.0 100.0 100.0 

AAFC695DH-02 100.0 100.0 100.0 100.0 

AAFC695DH-03 100.0 100.0 100.0 100.0 

AAFC695DH-04 0.0 0.0 0.0 0.0 

AAFC695DH-05 0.0 0.0 0.0 0.0 

AAFC695DH-06 90.9 100.0 100.0 100.0 

AAFC695DH-07 0.0 0.0 0.0 0.0 

AAFC695DH-08 0.0 0.0 0.0 0.0 

AAFC695DH-09 100.0 100.0 100.0 100.0 

AAFC695DH-10 100.0 100.0 100.0 100.0 

AAFC695DH-11 62.5 100.0 100.0 100.0 

AAFC695DH-12 0.0 0.0 0.0 0.0 

AAFC695DH-13 100.0 100.0 100.0 100.0 

AAFC695DH-14 100.0 100.0 100.0 100.0 

AAFC695DH-15 100.0 100.0 100.0 100.0 

AAFC695DH-16 0.0 0.0 0.0 0.0 

AAFC695DH-17 0.0 0.0 0.0 0.0 

AAFC695DH-18 0.0 0.0 0.0 0.0 

AAFC695DH-19 100.0 100.0 100.0 100.0 
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DSI 

Lines/ Pathotypes            3A          3D     3H 5X  

AAFC695DH-20 100.0 100.0 100.0 100.0 

AAFC695DH-21 77.8 100.0 100.0 100.0 

AAFC695DH-22 0.0 0.0 0.0 0.0 

AAFC695DH-23 0.0 0.0 0.0 0.0 

AAFC695DH-24 0.0 0.0 0.0 0.0 

AAFC695DH-25 77.8 100.0 100.0 100.0 

AAFC695DH-26 36.4 100.0 100.0 100.0 

AAFC695DH-27 0.0 0.0 0.0 0.0 

AAFC695DH-28 100.0 100.0 100.0 100.0 

AAFC695DH-29 0.0 0.0 0.0 25.0 

AAFC695DH-30 100.0 100.0 100.0 100.0 

AAFC695DH-31 100.0 100.0 100.0 90.9 

AAFC695DH-32 0.0 0.0 0.0 0.0 

AAFC695DH-33 100.0 100.0 100.0 100.0 

AAFC695DH-34 100.0 100.0 77.8 100.0 

AAFC695DH-35 100.0 100.0 100.0 100.0 

AAFC695DH-36 0.0 0.0 0.0 0.0 

AAFC695DH-37 0.0 0.0 0.0 0.0 

AAFC695DH-38 0.0 0.0 0.0 0.0 

AAFC695DH-39 0.0 0.0 0.0 0.0 

AAFC695DH-40 0.0 0.0 0.0 0.0 
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DSI 

Lines/ Pathotypes            3A          3D     3H 5X  

AAFC695DH-41 100.0 83.3 100.0 100.0 

AAFC695DH-42 100.0 100.0 83.3 100.0 

AAFC695DH-43 0.0 0.0 0.0 0.0 

AAFC695DH-44 100.0 100.0 100.0 100.0 

AAFC695DH-45 75.0 83.3 100.0 100.0 

AAFC695DH-46 0.0 0.0 0.0 0.0 

AAFC695DH-47 100.0 100.0 100.0 100.0 

AAFC695DH-48 0.0 0.0 0.0 0.0 

AAFC695DH-49 0.0 0.0 0.0 30.0 

AAFC695DH-50 100.0 100.0 100.0 100.0 

AAFC695DH-51 100.0 100.0 100.0 100.0 

AAFC695DH-52 0.0 0.0 0.0 0.0 

AAFC695DH-53 100.0 100.0 100.0 100.0 

AAFC695DH-54 0.0 0.0 0.0 0.0 

AAFC695DH-55 100.0 100.0 100.0 100.0 

AAFC695DH-56 83.3 100.0 100.0 100.0 

AAFC695DH-57 0.0 0.0 0.0 0.0 

AAFC695DH-58 0.0 0.0 0.0 0.0 

AAFC695DH-59 0.0 0.0 0.0 0.0 

AAFC695DH-60 0.0 0.0 0.0 0.0 

AAFC695DH-61 100.0 100.0 100.0 100.0 
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DSI 

Lines/ Pathotypes            3A          3D     3H 5X  

AAFC695DH-62 100.0 100.0 100.0 100.0 

AAFC695DH-63 100.0 100.0 100.0 100.0 

AAFC695DH-64 100.0 100.0 100.0 100.0 

AAFC695DH-65 0.0 0.0 0.0 0.0 

AAFC695DH-66 0.0 0.0 0.0 0.0 

AAFC695DH-67 0.0 0.0 0.0 50.0 

AAFC695DH-68 100.0 100.0 100.0 100.0 

AAFC695DH-69 100.0 100.0 100.0 100.0 

AAFC695DH-70 100.0 100.0 100.0 100.0 

AAFC695DH-71 0.0 0.0 0.0 0.0 

AAFC695DH-72 0.0 0.0 0.0 0.0 

AAFC695DH-73 0.0 0.0 0.0 0.0 

AAFC695DH-74 0.0 0.0 0.0 0.0 

AAFC695DH-75 100.0 100.0 100.0 100.0 

AAFC695DH-76 100.0 100.0 100.0 100.0 

AAFC695DH-77 0.0 0.0 0.0 0.0 

AAFC695DH-78 100.0 100.0 100.0 100.0 

AAFC695DH-79 0.0 0.0 0.0 0.0 

AAFC695DH-80 100.0 100.0 100.0 100.0 

AAFC695DH-81 100.0 100.0 100.0 100.0 

AAFC695DH-82 0.0 0.0 0.0 0.0 
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DSI 

Lines/ Pathotypes            3A          3D     3H 5X  

AAFC695DH-83 100.0 100.0 100.0 100.0 

AAFC695DH-84 100.0 100.0 100.0 100.0 

AAFC695DH-85 0.0 0.0 0.0 0.0 

AAFC695DH-86 0.0 0.0 0.0 0.0 

AAFC695DH-87 100.0 100.0 100.0 100.0 

AAFC695DH-88 0.0 0.0 0.0 0.0 

AAFC695DH-89 100.0 100.0 100.0 100.0 

AAFC695DH-90 0.0 0.0 0.0 0.0 

AAFC695DH-91 0.0 0.0 0.0 0.0 

AAFC695DH-92 0.0 0.0 0.0 0.0 

AAFC695DH-93 100.0 100.0 100.0 100.0 

AAFC695DH-94 0.0 0.0 0.0 0.0 

AAFC695DH-95 0.0 0.0 0.0 0.0 

AAFC695DH-96 0.0 0.0 0.0 20.0 

AAFC695DH-97 100.0 100.0 100.0 100.0 

AAFC695DH-98 100.0 100.0 100.0 100.0 

AAFC695DH-99 0.0 0.0 0.0 0.0 

AAFC695DH-100 0.0 0.0 0.0 0.0 

AAFC695DH-101 0.0 0.0 0.0 0.0 

AAFC695DH-102 100.0 100.0 100.0 100.0 
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Table S5. 1. Sequence information for the parental Brassica napus lines DH16516, cultivar ‘Mendel’ and a ‘Mendel’ doubled haploid 

(DH) population derived from the F1 of DH16516 × Mendel. 

Parents/  Total number of 

sequences 

Assembled 

reads 

Assembly 

(%) 

Total 

SNPs 

SNPs/ 1000 

assembled reads 

%Template 

coverage 

Fold coverage 

(Whole Genome) Population 

DH16516  219.9 ×106 188.4 ×106 92.1 1.20 M 63.3 91.06 0.911 

Mendel 9.89 × 106 8.79 ×106 88.9 0.40 M 45.1 5.57 0.056 

Mendel DH  704.5 × 106 635.6×106 90.2 37.9 M 59.7 4.21 0.042 
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Table S5. 2. Information on 2642 SNP markers used in QTL IciMapping to identify and map a putative clubroot resistance gene in 

Mendel double haploid population derived from the F1 of DH16516 × Mendel. 

Chromosomes Number of  

SNPs 

Length 

(cM) 

Missing (%) % of ‘a’ % of ‘b’ a:b 

(Approx.) 

Interval 

(ave.) (cM) 

# of distorted 

markers 

ZS_A01 26 200 9.32 43.3 47.4 1:1 7.69 25 

ZS_A02 192 236 2.92 68.8 28.3 2:1 1.22 169 

ZS_A03 317 655.1 3.98 66.6 29.5 2:1 2.07 280 

ZS_A04 72 174 1.91 48 50.1 1:1 2.41 23 

ZS_A05 154 145 3.23 66.2 30.6 2:1 0.94 135 

ZS_A06 127 226 2.57 66.7 30.8 2:1 1.78 109 

ZS_A07 134 262.8 4.1 64.9 31 2:1 1.96 89 

ZS_A08 129 204.5 3.93 32.3 63.8 1:2 1.59 119 

ZS_A09 97 466.8 4.01 36.9 59.1 1:2 4.81 84 

ZS_A10 252 362 3.8 74.5 21.7 3:1 1.44 252 

ZS_C01 169 298.8 7.46 51.5 41 1:1 1.77 45 

ZS_C02 338 388.6 3.5 65.3 31.2 2:1 1.15 336 

ZS_C03 111 343.8 4.42 38.4 57.2 1:1 3.09 49 
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Chromosomes Number of  

SNPs 

Length 

(cM) 

Missing (%) % of ‘a’ % of ‘b’ a:b 

(Approx.) 

Interval 

(ave.) (cM) 

# of distorted 

markers 

ZS_C04 117 406 2.76 55.2 42.1 1:1 3.47 79 

ZS_C05 100 335.2 4.38 30.7 64.9 1:2 3.35 93 

ZS_C06 49 156.8 6.67 27.1 66.2 1:2 3.2 49 

ZS_C07 12 124.9 7.79 9.06 83.2 1:9 10.4 12 

ZS_C08 100 427.5 4.49 50.7 44.8 1:1 4.26 81 

ZS_C09 146 420.6 4.26 51.9 43.9 1:1 2.88 90 
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Table S5. 3. Disease Severity Index (DSI) of 137 ‘Mendel’ doubled haploid (DH) lines, derived 

from the F1 of DH16516 × Mendel, following inoculation with Plasmodiophora brassicae 

pathotypes 3D, 5C, and 8J. 

  DSI  

DH Lines/Pathotypes 3D 5C 8J 

MendelDH-01 0.0 0.0 0.0 

MendelDH-02 0.0 0.0 0.0 

MendelDH-03 100.0 100.0 100.0 

MendelDH-04 0.0 0.0 0.0 

MendelDH-07 0.0 0.0 0.0 

MendelDH-10 0.0 0.0 0.0 

MendelDH-11 0.0 0.0 0.0 

MendelDH-12 0.0 0.0 12.5 

MendelDH-13 0.0 0.0 0.0 

MendelDH-15 0.0 0.0 0.0 

MendelDH-16 0.0 0.0 0.0 

MendelDH-17 100.0 100.0 100.0 

MendelDH-18 0.0 0.0 0.0 

MendelDH-20 0.0 16.7 10.0 

MendelDH-21 100.0 100.0 100.0 

MendelDH-22 100.0 100.0 100.0 

MendelDH-23 0.0 0.0 0.0 

MendelDH-24 100.0 100.0 100.0 

MendelDH-25 100.0 100.0 100.0 
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  DSI  

DH Lines/Pathotypes 3D 5C 8J 

MendelDH-27 0.0 0.0 0.0 

MendelDH-28 100.0 100.0 100.0 

MendelDH-29 0.0 0.0 0.0 

MendelDH-30 0.0 0.0 0.0 

MendelDH-31 100.0 100.0 100.0 

MendelDH-32 0.0 0.0 0.0 

MendelDH-34 100.0 100.0 100.0 

MendelDH-35 0.0 0.0 0.0 

MendelDH-36 0.0 50.0 16.7 

MendelDH-37 0.0 0.0 0.0 

MendelDH-38 0.0 0.0 0.0 

MendelDH-39 100.0 100.0 100.0 

MendelDH-40 100.0 100.0 100.0 

MendelDH-41 100.0 100.0 100.0 

MendelDH-42 0.0 0.0 0.0 

MendelDH-43 0.0 0.0 0.0 

MendelDH-44 11.1 40.0 0.0 

MendelDH-45 0.0 0.0 0.0 

MendelDH-46 100.0 100.0 100.0 

MendelDH-47 100.0 100.0 100.0 

MendelDH-48 0.0 0.0 16.7 
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  DSI  

DH Lines/Pathotypes 3D 5C 8J 

MendelDH-49 0.0 0.0 0.0 

MendelDH-53 0.0 0.0 0.0 

MendelDH-54 0.0 0.0 0.0 

MendelDH-55 0.0 0.0 0.0 

MendelDH-56 0.0 0.0 0.0 

MendelDH-57 0.0 16.7 14.3 

MendelDH-58 0.0 0.0 0.0 

MendelDH-59 0.0 0.0 0.0 

MendelDH-60 0.0 0.0 12.5 

MendelDH-61 0.0 0.0 0.0 

MendelDH-62 0.0 0.0 0.0 

MendelDH-63 0.0 0.0 0.0 

MendelDH-64 0.0 0.0 0.0 

MendelDH-65 0.0 0.0 0.0 

MendelDH-67 0.0 0.0 0.0 

MendelDH-68 0.0 0.0 0.0 

MendelDH-69 50.0 0.0 0.0 

MendelDH-73 0.0 0.0 0.0 

MendelDH-78 0.0 0.0 0.0 

MendelDH-80 0.0 0.0 0.0 

MendelDH-81 0.0 0.0 0.0 
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  DSI  

DH Lines/Pathotypes 3D 5C 8J 

MendelDH-82 0.0 0.0 0.0 

MendelDH-84 0.0 0.0 0.0 

MendelDH-85 50.0 0.0 0.0 

MendelDH-86 0.0 0.0 0.0 

MendelDH-88 0.0 0.0 0.0 

MendelDH-89 0.0 0.0 0.0 

MendelDH-90 0.0 0.0 0.0 

MendelDH-92 0.0 0.0 0.0 

MendelDH-94 0.0 0.0 0.0 

MendelDH-96 0.0 0.0 0.0 

MendelDH-97 0.0 0.0 0.0 

MendelDH-98 0.0 0.0 0.0 

MendelDH-99 0.0 0.0 0.0 

MendelDH-100 18.2 0.0 0.0 

MendelDH-101 0.0 33.3 0.0 

MendelDH-102 0.0 0.0 0.0 

MendelDH-103 8.3 0.0 0.0 

MendelDH-104 0.0 0.0 0.0 

MendelDH-105 0.0 0.0 0.0 

MendelDH-106 0.0 0.0 0.0 

MendelDH-107 0.0 0.0 0.0 
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  DSI  

DH Lines/Pathotypes 3D 5C 8J 

MendelDH-108 0.0 0.0 0.0 

MendelDH-109 100.0 100.0 100.0 

MendelDH-110 0.0 0.0 0.0 

MendelDH-111 0.0 0.0 0.0 

MendelDH-112 0.0 0.0 0.0 

MendelDH-113 16.7 0.0 0.0 

MendelDH-114 0.0 0.0 0.0 

MendelDH-115 100.0 100.0 100.0 

MendelDH-116 33.3 0.0 16.7 

MendelDH-117 0.0 0.0 0.0 

MendelDH-118 100.0 100.0 100.0 

MendelDH-119 0.0 0.0 0.0 

MendelDH-120 50.0 0.0 0.0 

MendelDH-121 0.0 0.0 0.0 

MendelDH-122 0.0 0.0 0.0 

MendelDH-123 100.0 100.0 100.0 

MendelDH-124 100.0 100.0 100.0 

MendelDH-125 0.0 0.0 0.0 

MendelDH-126 0.0 0.0 0.0 

MendelDH-127 100.0 100.0 100.0 

MendelDH-128 0.0 0.0 0.0 
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  DSI  

DH Lines/Pathotypes 3D 5C 8J 

MendelDH-129 0.0 0.0 0.0 

MendelDH-130 100.0 100.0 100.0 

MendelDH-131 0.0 0.0 0.0 

MendelDH-132 0.0 0.0 0.0 

MendelDH-133 100.0 100.0 100.0 

MendelDH-134 0.0 0.0 0.0 

MendelDH-135 0.0 0.0 0.0 

MendelDH-136 0.0 0.0 44.4 

MendelDH-137 0.0 0.0 16.7 

MendelDH-138 0.0 0.0 0.0 

MendelDH-139 0.0 0.0 0.0 

MendelDH-140 0.0 0.0 0.0 

MendelDH-141 0.0 0.0 0.0 

MendelDH-142 0.0 0.0 0.0 

MendelDH-144 0.0 0.0 25.0 

MendelDH-145 0.0 0.0 0.0 

MendelDH-146 0.0 0.0 0.0 

MendelDH-147 0.0 0.0 0.0 

MendelDH-148 0.0 0.0 0.0 

MendelDH-149 0.0 0.0 0.0 

MendelDH-150 100.0 100.0 100.0 
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  DSI  

DH Lines/Pathotypes 3D 5C 8J 

MendelDH-151 0.0 0.0 0.0 

MendelDH-153 0.0 0.0 0.0 

MendelDH-154 0.0 0.0 0.0 

MendelDH-155 100.0 100.0 100.0 

MendelDH-156 100.0 100.0 100.0 

MendelDH-157 0.0 0.0 0.0 

MendelDH-158 0.0 0.0 0.0 

MendelDH-159 100.0 100.0 100.0 

MendelDH-160 0.0 0.0 0.0 

MendelDH-161 0.0 0.0 0.0 

MendelDH-162 0.0 0.0 16.7 

MendelDH-163 0.0 0.0 0.0 

MendelDH-164 0.0 0.0 0.0 
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Table S5. 4. Disease Severity Index (DSI) of the sub-population with 60 ‘Mendel’ doubled 

haploid (DH) lines, derived from the F1 of DH16516 × Mendel, following inoculation with 

Plasmodiophora brassicae pathotype 3H. 

DH Lines DSI 

MendelDH-03 20.0 

MendelDH-04 0.0 

MendelDH-07 0.0 

MendelDH-10 0.0 

MendelDH-11 0.0 

MendelDH-12 0.0 

MendelDH-13 0.0 

MendelDH-15 0.0 

MendelDH-16 0.0 

MendelDH-18 0.0 

MendelDH-20 0.0 

MendelDH-23 0.0 

MendelDH-27 0.0 

MendelDH-29 0.0 

MendelDH-30 0.0 

MendelDH-32 0.0 

MendelDH-35 42.9 

MendelDH-37 41.7 

MendelDH-38 46.7 

MendelDH-42 50.0 
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DH Lines DSI 

MendelDH-48 50.0 

MendelDH-53 42.9 

MendelDH-54 0.0 

MendelDH-56 0.0 

MendelDH-61 37.5 

MendelDH-62 48.1 

MendelDH-65 44.4 

MendelDH-73 37.5 

MendelDH-85 0.0 

MendelDH-86 0.0 

MendelDH-89 0.0 

MendelDH-92 0.0 

MendelDH-94 0.0 

MendelDH-96 0.0 

MendelDH-99 16.7 

MendelDH-100 20 

MendelDH-101 55.6 

MendelDH-103 38.9 

MendelDH-104 33.3 

MendelDH-105 57.1 

MendelDH-106 0.0 

MendelDH-107 0.0 
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DH Lines DSI 

MendelDH-108 0.0 

MendelDH-110 0.0 

MendelDH-111 0.0 

MendelDH-114 28.6 

MendelDH-119 0.0 

MendelDH-120 0.0 

MendelDH-121 0.0 

MendelDH-122 0.0 

MendelDH-126 0.0 

MendelDH-128 0.0 

MendelDH-129 0.0 

MendelDH-131 100.0 

MendelDH-133 100.0 

MendelDH-150 100.0 

MendelDH-155 100.0 

MendelDH-156 100.0 

MendelDH-159 100.0 

MendelDH-163 51.9 
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Supplemental Figures 

 

 

Figure S4. 1. Reaction of the Brassica napus parental lines DH16516 and ‘AAFC695’, their F1 

progeny, the resistant checks Y12 and Y68, and the susceptible checks DH16516, NRC11-24 

and ‘45H29’, to inoculation with Plasmodiophora brassicae pathotypes 3A, 3D, 3H and 5X. 
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Figure S4. 2. Phenotyping of Plasmodiophora brassicae-inoculated seedlings of Brassica napus 

AAFC695DH population, derived from DH16516 × AAFC695), under controlled conditions at 

the Agriculture and Agri-Food Canada Saskatoon Research and Development Centre, Saskatoon, 

SK. (A): Seedlings prior to inoculation; (B): Seedlings in the greenhouse after inoculation 

(covered with plastic lids to preserve moisture); and (C): Growing seedlings prior to clubroot 

disease scoring.   
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Figure S4. 3. The identified QTL on chromosome A08 and additive effect of the QTL 

considering the whole genome, 19 chromosomes, of Brassica napus AAFC695DH population 

derived from DH16516 × AAFC695.  
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Figure S5. 1. Disease scoring scale, based on Kuginuki et al. (1999), where: 0 = no galls, 1 = a 

few small galls, 2 = moderate galls, and 3 = severe galling on the roots.  

 

 

Figure S5. 2. Clubroot disease severity index of 137 lines of a Brassica napus ‘Mendel’ doubled 

haploid population, derived from DH16516 × Mendel) after inoculation with Plasmodiophora 

brassicae pathotypes 3D, 3H, 5C, and 8J.   

Figure 1. Description of the clubroot disease rating scale 0-3 (Kuginuki et al. 1999), where: 0 = 

no galls, 1 = a few small galls, 2 = moderate galls, and 3 = severe galling on the roots.  
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Figure S5. 3. The Rcr3
Mendel

 region on chromosome A08 with corresponding LOD values. 
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Figure S5. 4. Allelic discrimination plot from KASP SNP markers analysis of 137 doubled 

haploid lines developed from the F1 of a Brassica napus DH16516 × ‘Mendel’ cross. The red 

cluster indicates the homozygous alleles from resistant lines and the blue cluster indicates the 

homozygous alleles from susceptible lines. 
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Figure S5. 5. KASP analysis confirms the locus Rcr3 is the same locus as of Rcr3Mendel. In the 

figure, the M12 and M16 is the Rcr3 Marker identified from B. rapa v1.5 and converted to v.3.0 

(Chiifu), whereas ZS_A08_15999175 and ZS_A08_16705472 are the Rcr3Mendel markers 

identified through B. napus reference gene ZS11. 
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