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Chapter 3. Identification of a candidate Rlm7 gene in Brassica napus against the 
Blackleg fungal pathogen Leptosphaeria maculans 
 

3.1 Introduction 
 

3.1.1 Global importance of the Brassica napus oilseed/rapeseed crop  
 

Brassica napus is an agronomically valuable food crop worldwide, sought after for its 

edible oil (oilseed/rapeseed oil) and ranking third as a major source of vegetable oil 

after oil palm and soybean (Friedt et al. 2018). B. napus is also appreciated as a model 

polyploid crop to study the evolutionary origin and genome dynamics of polyploid 

plants and how these events potentially lead to changes in gene expression and 

phenotypic variability (Baker et al. 2017; Jones et al. 2018b). In B. napus, Quantitative 

Trait Loci (QTL) and candidate gene identification for a wide range of agronomic traits 

at the genome-wide level have been reported. Besides the disease resistance 

QTL/candidate R gene identification for the four major diseases affecting B. napus 

highlighted in Neik et al. (2017), candidate gene identification of several abiotic traits 

for example salt tolerance (Lang et al. 2017; Wan et al. 2017), drought resistance 

(Wang et al. 2017b), heat tolerance (Rahaman et al. 2018), stem lodging (Li et al. 

2018a; Wei et al. 2017b), and yield-related traits for example leaf morphology (Jian et 

al. 2017), seed quality (Geng et al. 2018; Körber et al. 2016; Zhao et al. 2016),  female-

male sterility (Teng et al. 2017), flowering time (Zhou et al. 2018) and plant architecture 

(Wang et al. 2016) have been reported.  

 

3.1.2 Significance of identifying L. maculans resistance gene in B. napus 
 

The worldwide economic loss of the B. napus crop due to Blackleg infection, caused 

by L. maculans, is more than $900 million per growing season (Zhang and Fernando 

2017). In Australia, the loss was estimated at AU$690 million p.a. in 2017-2018 

(ABARES 2018; Sprague et al. 2018). This huge sum of economic losses in the canola 

crop, if averted, can be translated into feeding the current 821 million undernourished 

people worldwide (FAO 2018). There is a critical need in the canola breeding and plant 

pathology community to look into more immediate, economic and efficient measures 
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to control Blackleg disease in B. napus. One of the most promising measures to control 

Blackleg disease is identifying single major Blackleg R genes in B. napus.  

 

There are a few hypotheses explaining the role of R genes in L. maculans resistance 

in B. napus. Earlier studies pertaining to this were conducted in the non-host plant 

Arabidopsis, from which two R gene loci RLM1Col (comprising seven structurally TIR-

NB-LRR gene class) and RLM2Ler were identified (Staal et al. 2006). The RLM1Col 

locus is located on chromosome 1 in Arabidopsis, homologous to chromosome A07 in 

B. napus, where multiple single major R genes were mapped (LepR1, Rlm1, Rlm3, 

Rlm4, Rlm7 and Rlm9) while RLM2Ler is located on chromosome 4 in Arabidopsis 

(Staal et al. 2006). Unlike the single major R genes in the B. napus host conferring 

qualitative resistance by specific recognition of the corresponding AvrLm genes in L. 

maculans (Delourme et al. 2004; Larkan et al. 2013; Larkan et al. 2015; Van de Wouw 

et al. 2009; Yu et al. 2005), the RLM1 gene displays quantitative resistance related to 

callose deposition in Arabidopsis against L. maculans (Persson et al. 2009). Other L. 

maculans resistance studies conducted in Arabidopsis also supported callose 

deposition as an important resistance response (Elliott et al. 2008; Kaliff et al. 2007; 

Staal et al. 2006) with more recent studies reaching the same conclusion in B. napus 

through gene expression study of the callose synthase, CalS gene and RNA-

sequencing of the plant during B. napus-L. maculans LepR1–AvrLepR1 interactions 

(Becker et al. 2017; Liu et al. 2018). However, there is so far no evidence showing the 

involvement of the single major Rlm gene in callose deposition in B. napus during L. 

maculans infection.   

  

Compared to rice blast disease, caused by Magnaporthe oryzae, for which more than 

100 major R genes have been mapped and more than 30 R genes cloned (Wang et 

al. 2017a; Zhao et al. 2018), Blackleg disease in canola has 18 single, major Rlm 

genes mapped, with only two cloned (Neik et al. 2017). The molecular characterisation 

of the other 16 Blackleg R genes in B. napus is warranted, not only for breeding better 

Blackleg resistant canola crops but to bring progress into our understanding of the 

Rlm-AvrLm gene interaction in the B. napus-L. maculans pathosystem, since many 

other Blackleg resistant QTL have also been reported in B. napus (Neik et al. 2017). 
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3.1.3 The single major Rlm7 gene against L. maculans in B. napus 
 

To date, there have only been two single, major Rlm genes cloned in B. napus; LepR3, 

which is an LRR-RLP type of disease resistance gene, and its allelic variant Rlm2 

(Larkan et al. 2013; Larkan et al. 2015). There is no evidence of direct interaction 

between LepR3-AvrLm1 and Rlm2-AvrLm2. Instead, LepR3 and Rlm2 were found to 

physically interact with SUPPRESSOR OF BIK-1 (SOBIR1) (Ma and Borhan 2015). 

SOBIR1 is a type of LRR-RLK protein that acts as a positive regulator of LRR-RLP 

during plant immunity responses (Liebrand et al. 2014). This type of plant defence 

response involving activation of LRR-RLP/SOBIR1 by an effector gene is also found 

in tomato Cf protein-Cladosporium fulvum (biotrophic fungal pathogen), tomato Ve1 

protein-Verticillium dahliae (hemibiotrophic fungal pathogen), and potato Elicitin 

Response Protein (ELR) or Evershed (EVR) protein-Phytophthora infestans 

(oomycete) (Domazakis et al. 2018; Liebrand et al. 2013). There is no distinction of 

PTI or Effector Triggered Immunity (ETI) in these examples of pathosystems including 

B. napus-L. maculans (Thomma et al. 2011). A recent study shows the L. maculans 

AvrLm1 gene functions as a virulence factor and interacts with Mitogen-Activated 

Protein Kinase (MAPK) 9 in B. napus (BnMPK9). The MAPK cascade is one of the 

earliest signalling events that happens in the host plant upon activation by pathogen 

effector/ligand and is involved in systemic acquired resistance (SAR) or innate 

immunity (Meng and Zhang 2013; Rasmussen et al. 2012). The findings of AvrLm1 

interacting with BnMPK9, but not LepR3, and LepR3 interacting with SOBIR1 implies 

an indirect role of the Rlm-AvrLm gene interaction in the B. napus-L. maculans 

pathosystem. 

 

The single major Rlm gene, Rlm7, against Blackleg disease in B. napus is highly 

effective, where recognition of the corresponding avirulence gene, AvrLm7, in L. 

maculans confers hypersensitive resistance or a controlled lesion at the seedling stage. 

B. napus cultivars harbouring Rlm7 are widely grown commercially in Europe 

(Mitrousia et al. 2018; Stachowiak et al. 2006). In France, the Rlm7 B. napus cultivars 

have been grown commercially since 2005 (Pinochet et al. 2007). The Rlm7 B. napus 

cultivars are also widely grown and are still effective in Germany (Winter and 

Koopmann 2016). In the UK, B. napus cultivars containing Rlm7 are also popular, but 

the effectiveness has decreased as signs of the Blackleg resistance breakdown have 
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started to appear in the plant (Mitrousia et al. 2018). In Australia, B. napus plants with 

Rlm7 confer good resistance against Blackleg disease both at the seedling and adult 

stages (Light et al. 2011). 

 

The Rlm7 gene was first identified in B. rapa, where it is located on chromosome A07, 

which is homologous to chromosome A07 in B. napus (Leflon et al. 2007). The Rlm7 

gene is tightly linked to the other Rlm genes on chromosome A07; Rlm1, Rlm3 Rlm4 

and Rlm9, all participating in R-gene mediated resistance against Blackleg disease in 

B. napus (Delourme et al. 2004). Due to these four Rlm genes being genetically 

clustered on B. napus chromosome A07, complicated by the fact that there are 

potentially missing R genes in the genome assembly due to collapse of the repetitive 

sequence (Bayer et al. 2018a) or presence/absence variation of R genes that could 

be absent in the reference genome but present in the pangenome (Bayer et al. 2018b), 

attempts to clone each of them have been an arduous task. Traces of polyploidy 

events, such as reciprocal translocation between homoeologous chromosomes A07 

and C06, between non-homologous chromosomes and repeat nucleotide sequences 

from the progenitors B. rapa and B. oleracea were all found on chromosome A07 in B. 

napus (Cai et al. 2014). Evidence shows that L. maculans AvrLm4-7 is recognised by 

either Rlm4 or Rlm7 in B. napus (Parlange et al. 2009), suggesting that Rlm4 and 

Rlm7 might be allelic variants of the same gene much like that in AvrLm4-7.  

 

3.1.4 Application of next generation sequencing approaches to identify 
candidate Rlm7 genes 

 

3.1.4.1 Brassica 60 K Illumina InfiniumTM SNP array 
 

SNP markers are attractive molecular markers for modern breeding tools because 

they are uniformly distributed and highly abundant in the genome and are amenable 

in multiple genotype platforms (Rafalski 2002; Scheben et al. 2018). SNP genotyping 

has been reported in almost all crop and plant types represented by the fruit tree 

species (Verde et al. 2012; Wang et al. 2015a), orphan crops (Sharpe et al. 2013; 

Varshney et al. 2009), and polyploid crops (You et al. 2018), revealing not only the 

rich genetic diversity of the plants, but also uncovering important QTL, candidate 
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genes and evolutionary history of the plant. With rapid advances in next-generation 

sequencing (NGS) technologies, high-density SNP genotyping platforms have been 

generated at unprecedented scale. In B. napus, the Brassica 60 K Illumina InfiniumTM 

SNP array is a very useful tool to study SNP patterns at the genome-wide level of the 

plant (Clarke et al. 2016). It is high-throughput and cost-efficient, which makes it 

appealing to Brassica researchers. It has been used for multiple Brassica studies 

including, but not limited to, genetic diversity of different sub-genomes and ecotypes 

(Wei et al. 2017a; You et al. 2018), genomic changes in new-type B. napus resulting 

from interspecific cross between B. rapa and B. carinata (Zou et al. 2018), breeding 

history (Wang et al. 2017d), determining rate and distribution of homoeologous 

recombination between A- and C- subgenomes (Higgins et al. 2018), to study plant 

architecture to increase yield (He et al. 2017; Liu et al. 2016), identification of candidate 

genes such as for fatty-acid content (Qu et al. 2017), genetic and physical mapping of 

centromere sequences (Mason et al. 2016), genomic selection to select genotypes of 

favourable traits (Werner et al. 2018), and identification of Sclerotinia Stem Rot and 

Clubroot disease resistance loci (Li et al. 2016a; Wu et al. 2016a). 

 

3.1.4.2 Whole-genome resequencing (WGRS) 
 

Whole-genome resequencing (WGRS) for SNP discovery is a powerful tool to uncover 

millions of SNPs at the genome-wide level in plants. This technique was adopted in B. 

napus where analysis of re-sequencing data from 52 highly diverse natural and 

synthetic accessions revealed 4.3 million high-quality SNPs (Schmutzer et al. 2015). 

The high-throughput SNP data has steered canola researchers to include more B. 

napus samples, represented by global germplasm for improvements of breeding 

varieties using WGRS methods (Malmberg et al. 2018). The availability of massive 

SNP genotyping data in B. napus coupled with increasing amounts of phenotyping 

data from individual samples allows us to determine the association between SNP 

markers and phenotypes, subsequently identifying important QTL/candidate genes for 

trait of interest through Genome-wide Association Studies (GWAS). 

 

3.1.5 Objectives of this study 
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The aim of this study was to identify candidate Rlm7 genes in B. napus using the 

Brassica 60 K Illumina InfiniumTM SNP array, combined with PCR and direct Sanger 

sequencing methods. The B. napus samples analysed in this study were commercial 

Rlm7 hybrids/lines in Europe which were phenotyped using L. maculans differential 

isolates. The B. napus reference genome assembly Darmor-bzh v4.1, in comparison 

with three other reference assemblies namely Darmor v8.1, Tapidor v8.3, and ZS11, 

were used as a guide to locate the Rlm7 candidate region and the candidate genes. 

A further aim of this study focused on sequence analysis of the Rlm7 candidate gene 

between resistant and susceptible B. napus plants. 

 

3.2 Materials and methods 

 

3.2.1 Plant materials  
 
A total of 17 Rlm7 B. napus varieties (hybrids/lines) were analysed in this study (Table 
3.1). The seeds were obtained from Dr Thierry Rouxel’s group at INRA-Bioger 

(Thiverval Grignon, France), sourced from different B. napus commercial seed 

companies in Europe.  

 

The plant material was sown in a plastic pot, with a dimension of 180 mm (height) x 

75 mm (width), filled with commercial soil mix Floradur Multiplication Substrate 

(Floragard, Oldenburg, Germany) comprising peat with high levels of NPK, carbonic 

lime and micro-nutrient fertiliser. Five seeds were sown in each pot for each B. napus 

variety. Four replicate pots were prepared for each variety, giving a total of 20 

individual plants for each variety. The plants were grown in a growth chamber with the 

following environmental conditions: 18oC day/16oC night, 16 hours photoperiod, with 

full lighting using Osram L 58 W 830 Lumilux (Germay) “warm white” quality and a 

minimal humidity of 70%.  
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Table 3.1 List of the 17 Rlm7 B. napus varieties (hybrids/lines) analysed in this study, their seed source and number of individuals phenotyped 

No.  Name of Rlm7 B. 
napus   

Name of commercial seed/ 
breeding company  

Maintainer namea Year of 
release 
(Country) 

Hybrid/Line Number of 
individuals 
phenotyped 

1 Andesson Advanta (Nickerson 
International Research Snc, 
France) 
 
 

Limagrain Europe 
S.A. (LG Europe-
Research); 
Limagrain Genetics 
France SA 

2012 (France) Hybrid 4 

2 Anisse Euralis Semences Monsanto, UK 2012 (UK) Hybrid 2 
3 Atenzo Advanta (Nickerson 

International Research GEIE, 
France) 
 
 

Limagrain Europe 
S.A.; Limagrain 
Genetics France SA; 
Limagrain Verneuil 
Holding, France 

2011 (France) Hybrid 4 

4 Caiman Monsanto 
 
 

Plant Breeding 
International 
Cambridge, UK 

2001 (UK) Line 2 

5 Diffusion DSV (Monsanto Technology 
LLC (USA), Euro Grass 
Breeding GmBH & Co. KG (DE)) 

Deutsche 
Saatveredelung AG, 
Germany 

2010 (France) Hybrid 2 

6 DK Expertise Dekalb/Monsanto (Monsanto 
Technology LLC, US) 
 

Monsanto SAS, 
France; Monsanto, 
UK 

2011 (France) Hybrid 2 

7 DK Explicit Dekalb/Monsanto (Euro Grass 
Breeding GmBH & Co. KG (DE)) 

Monsanto SAS, 
France; Monsanto, 
UK 

2010 (France) Hybrid 2 

8 DK Expo Dekalb/Monsanto (Dekalb 
Genetics) 
 
 
 

Monsanto SAS, 
France 

2009 (France) Hybrid 2 



 

 125 

No.  Name of Rlm7 B. 
napus   

Name of commercial seed/ 
breeding company  

Maintainer namea Year of 
release 
(Country) 

Hybrid/Line Number of 
individuals 
phenotyped 

9 DK Expower Dekalb/Monsanto (Monsanto 
Technology LLC, USA) 
 

Monsanto SAS, 
France; Monsanto 
Serbia; Monsanto, 
UK  

2010 
(Denmark) 

Hybrid 3 

10 DK Exteck Dekalb/Monsanto (Dekalb 
Genetic Corporation, USA) 

Monsanto SAS, 
France 

2009 (France) Hybrid  2 

11 DK Exstorm Dekalb/Monsanto 
 
 

Monsanto SAS, 
France; Monsanto, 
UK 

2010 (France) Hybrid 2 

12 Excel Dekalb/Monsanto Monsanto, UK 2006 (UK) Hybrid 2 
13 Graf Saatbau France 

 
Monsanto SAS, 
France 

2013 (Austria) Hybrid 2 

14 Hearty Dekalb/Monsanto Monsanto, UK 2001 (UK) Line 2 
15 NK Aviator Syngenta 

 
 

Syngenta France 
SAS (Andare), 
Syngenta Crop 
Protection AG, 
Switzerland 

2007 (France) Hybrid 2 

16 Treffer DSV Deutsche 
Saatveredelung AG, 
Germany 

2009  Hybrid 3 

17 15.23.4.1 - Balesdentb 2015 Line 2 
Total number of Rlm7 B. napus individuals phenotyped 40 

a Maintainer of a variety refers to representative responsible for maintaining the variety and making sure that the hybridisation formula is consistent 

with the official description as long as the variety survives (OECD 2018) 
b Originated from a single plant detected as Rlm7 resistant in the New Zealand B. napus variety ‘Rangi’
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3.2.2 Phenotyping of Rlm7 B. napus varieties using four AvrLm7 L. maculans 

differential isolates 

 

Ten days post sowing, inoculation of the Rlm7 B. napus varieties was performed using 

differential L. maculans isolates JN2, 19.4.24, G06-E107+AvrLm7 and E06-E107, with 

the AvrLm7 or avrLm7 allele as summarised in Table 3.2. Each lobe of each cotyledon 

was inoculated with a 10 µL droplet of each isolate inoculum at spore concentration of 

1 x 107. The differential L. maculans isolates are described in Table 3.2. 

 
Table 3.2 List of AvrLm7 differential L. maculans isolates used for phenotyping the Rlm7 B. 

napus varieties, with the AvrLm genes that the isolates carry. ‘+’ and ‘-‘ indicates presence 

and absence of AvrLm gene respectively 

AvrLm gene  AvrLm7 differential isolates 

JN2 19.4.24 G06-E107 + 

AvrLm7 

G06-E107 

AvrLm1 - - - - 

AvrLm2 - - - - 

AvrLm3 - + + + 

AvrLm4 - - - - 

AvrLm5 + + + + 

AvrLm6 + + + + 

AvrLm7 + - + - 

AvrLm9 - - - - 

 

The inoculated plants were covered with an opaque plastic cover to increase humidity 

and incubated in the dark using a black cloth (100% darkness) at room temperature 

for 48 hours before being transferred to a growth chamber with the following 

environment conditions: 24oC day/18oC night, 16 hours photoperiod and under 

constant “warm white” lighting condition.  

 

Twelve days post-inoculation, the plants were phenotyped based on the scoring 

system 1 to 6. Score 1 refers to a typical hypersensitive response. Scores 2 and 3 

refer to larger dark necrotic lesion surrounding the inoculated site with controlled 
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growth of the pathogen. Scores 4 and 5 refer to grey-green tissue collapsed with 

presence of conidia and lack of dark margin surrounding the inoculated site and, lastly, 

score 6 refers to the profuse sporulation and total collapse of the cotyledon (Balesdent 

et al. 2001). Scores 1-3 were classified as resistant, while scores 4-6 were classified 

as susceptible. From the 20 individual plants per B. napus variety that were inoculated, 

only 1-2, or up to 4, individual plants were phenotyped for confirmation of 

absence/presence of Rlm7 in each of the cultivars.  

 

3.2.3 Plant DNA extraction  

 

One hundred mg of leaf sample was collected from each individual plant that was 

phenotyped and placed in a sterile 50 mL Falcon tube. Two individual plants per B. 

napus variety were sampled for each resistant and susceptible Rlm7 phenotype, with 

at least one extra individual plant sampled for the susceptible phenotype (Table 3.1). 

The plant DNA was extracted as described in Section 2.2.7. Instead of using a tissue 

lyser, a mortar and pestle were used to grind the plant material.  

 

3.2.4 Library preparation for whole-genome resequencing  

 

The DNA concentrations of the Rlm7 lines were determined using the QubitTM dsDNA 

BR Assay Kit (Invitrogen, USA). Library preparation was conducted separately for the 

11 Rlm7 lines, with eight resistant Rlm7 lines, DK Expertise_1, Andesson_1, DK 

Exstorm_2, Annise_1, 15.23.4.1_1, Caiman_1, Hearty_2 and Treffer_1, and three 

susceptible rlm7 lines Atenzo_1, Atenzo_4 and Andesson_3. 

 

Between 74-200 ng of DNA was taken from each sample to prepare the DNA libraries. 

The DNA libraries were prepared using the Illumina NexteraTM DNA Flex Library Prep 

Kit (Illumina Inc., CA, USA) according to the manufacturer’s protocol. Whole genome 

sequencing (150 bp PE) was performed on each of the eight bulks using the Illumina 

Hi-Seq technology with 150 bp PE at Kinghorn Centre for Clinical Genomics (KCCG) 

Core Facility at the Garvan Institute of Medical Research, Australia (Run ID: 

180419_FD01113709).  
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3.2.5 Brassica 60 K Illumina InfiniumTM SNP array 

 

From the 40 Rlm7 phenotyped B. napus samples, 38 were genotyped using the 

Brassica 60 K Illumina InfiniumTM SNP array (Clarke et al. 2016) according to the 

manufacturer’s instructions (Illumina Inc., San Diego, CA), as described in Section 

2.2.10. The two lines that were excluded were one each for Caiman and 15.23.4.1, so 

that in total four lines were used for SNP comparison with the hybrids, and the 

remaining lines could be included later if necessary. The physical positions of the SNP 

markers were determined using Darmor-bzh v4.1 as the reference and a comparison 

of the SNP physical position was performed on three other B. napus genome 

assemblies namely Darmor v8.1 (Bayer et al. 2017b), Tapidor v6.3 (Bayer et al. 2017b) 

and ZS11 (Sun et al. 2017). 

 

3.2.6 Identification of Rlm7 associated SNP loci and candidate genes 

underlying the loci  

 

The Brassica 60 K Illumina InfiniumTM SNP array data in .xlsx format was manually 

inspected to identify SNP genotypes that segregated between resistant and 

susceptible Rlm7 B. napus varieties and the physical position of these associated SNP 

loci on Darmor-bzh v4.1 genome and other genome assemblies was identified. Other 

published genetic markers for Rlm7 were also used as a reference (Table 3.3) to 

confirm the physical position of Rlm7 on the genome assemblies. 

 
Table 3.3 List of published SSR markers linked with Rlm7 

SSR marker name Sequence Reference 

Ol12E03_F CTTGAAGAGCTTCCGACACC (Delourme et al. 2004) 

Ol12E03_R GACGGCTAACAGTGGTGGAC 

Ol10D03_F GCCAAAGACCTCAAAGATGG (Delourme et al. 2004) 

Ol10D03_R AAGCCACGTGAAGAAAGTCC 

Na14B03_F GATGGTCGCCGATTCAATGA (Leflon et al. 2007) 

Na14B03_R CCCATCAGCACTAGAAACCA 
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In addition, eight Rlm4 patented molecular markers (Tang and Zhao 2015) located 1.0 

cM from Rlm4, and four other tightly linked QTL markers (clause 0028 and 0030 of the 

patent document), were used as a guide to determine the physical position of the Rlm7 

associated region since Rlm7 and Rlm4 are located in the same QTL region 

(Delourme et al. 2004). The Rlm4 patented markers were designed based on KASPTM 

genotyping chemistry using two competitive, allele-specific forward primers and one 

common reverse primer as shown in Table 3.4 (clause 00222 and 00227 of the patent 

document) (Tang and Zhao 2015). 

 

The genotype quality of the Rlm7 associated SNP loci was checked individually across 

all 38 Rlm7 individuals by assessing the SNP call rate. The associated SNP loci with 

a SNP call rate of more than 80% in each plant sample were retained (Mason et al. 

2018).    

 

The physical position of the four Rlm7 published SNPs and the Rlm4 patented SNPs 

were mapped on four published B. napus reference genome assemblies through 

BLAST analysis against the respective genome assemblies using the command line: 

blastn -db /mnt/ws/tneik/Brassica_napus_v4.1.chromosomes.fa -query 

/mnt/ws/tneik/Rlm4marker_PATENT_SEQUENCE_52.fasta -evalue 1e-1 -outfmt "6 

qseqid sseqid pident length qlen slen mismatch gapopen gaps qstart qend sstart send 

stitle evalue bitscore qcovs" -task blastn-short -out /mnt/ws/tneik/Rlm4.txt. Before 

executing BLAST, a database of the reference genome assembly was made using the 

command line: makeblastdb -in Brassica_napus_v4.1.chromosomes.fa -parse_seqids 

-dbtype nucl. 

 

The genes underlying the Rlm7 candidate region were extracted using the command 

line cat Brassica_napus.annotation_v5.gff3 | awk '$1=="chrA07"' | awk 

'$4>=13993987' | awk '$5<=16896483' >Darmorv41_GFF3extract.  
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Table 3.4 The total 12 Rlm4 patented marker sequences adapted from Tang and Zhao (2015) 
No.  Marker Primer Sequence 

 
Patent 
sequence ID 
No. 

1 DBSNP30220 Allele specific primer 1 gaaggtgacc aagttcatgc tgacatttaa aaaaaaaaag gactgatggt ata 38 
  Allele specific primer 2 gaaggtcgga gtcaacggat tgacatttaa aaaaaaaaag gactgatggt att 39 
  Common reverse primer gaatctttct tgtacatttg ttcttcggat 40 
2 DBSNP31606 Allele specific primer 1 gaaggtgacc aagttcatgc tggtgtgttc tactttgtca agcca 41 
  Allele specific primer 2 gaaggtcgga gtcaacggat tggtgtgttc tactttgtca agcct 42 
  Common reverse primer aaggccaagc agactagaga tgcat 43 
3 DBSNP10503 Allele specific primer 1 gaaggtgacc aagttcatgc tcaaatttta gctctgaagt tctctatttg a 44 
  Allele specific primer 2 gaaggtcgga gtcaacggat taaattttag ctctgaagtt ctctatttgg 45 
  Common reverse primer cctctagttg ttccagacaa gtagataa 46 
4 DBSNP10504 Allele specific primer 1 gaaggtgacc aagttcatgc tatccctgcc caaccaaaat ttatttgt 47 
  Allele specific primer 2 gaaggtcgga gtcaacggat tccctgccca accaaaattt atttgc 48 
  Common reverse primer cttgtctgga acaactagag ggaaataaa 49 
5 DBSNP01654 Allele specific primer 1 gaaggtgacc aagttcatgc tagaggcaag ggaagctaga gca 50 
  Allele specific primer 2 gaaggtcgga gtcaacggat tagaggcaag ggaagctaga gct 51 
  Common reverse primer gctcaccagc tctcttcttc atgtt 52 
6 DBSNP01910 Allele specific primer 1 gaaggtgacc aagttcatgc tgaagcgtgg ctttctcctc ttct 53 
  Allele specific primer 2 gaaggtcgga gtcaacggat taagcgtggc tttctcctct tcc 54 
  Common reverse primer caacggagaa gacctctgtg gttaa 55 
7 DBSNP05704 Allele specific primer 1 gaaggtgacc aagttcatgc tgtacttggc tgagtttaag actggt 56 
  Allele specific primer 2 gaaggtcgga gtcaacggat tacttggctg agtttaagac tggc 57 
  Common reverse primer gagtgttctc ggcggcgtct tt 58 
8 DBSNP05705 Allele specific primer 1 gaaggtgacc aagttcatgc tgagagtgag gttgtcacgg aga 59 
  Allele specific primer 2 gaaggtcgga gtcaacggat tagagtgagg ttgtcacgga gc 60 
  Common reverse primer gagtcgtaca aagacagcac cttgat 61 
9 DBSNP27644 - Nucleotide sequence length is 315 bp; Refer to patent document pg.33 (Tang and Zhao 2015) 18 
10 DBSNP28099 - Nucleotide sequence length is 274 bp; Refer to patent document pg.34 (Tang and Zhao 2015) 19 
11 DBSNP33158 - Nucleotide sequence length is 292 bp; Refer to patent document pg.34 (Tang and Zhao 2015) 20 
12 DBSNP14607 - Nucleotide sequence length is 764 bp; Refer to patent document pg.34(Tang and Zhao 2015) 21 
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To identify the candidate R genes within the Rlm7 candidate region, the RGAugury 

pipeline was adopted (Li et al. 2016b). RGAugury identifies R genes based on 

conserved protein domains and motifs and classifies them into four main classes; 

namely nucleotide binding site-encoding (NBS), transmembrane-coiled coil (TM-CC), 

membrane associated receptor-like protein (RLP) and receptor-like kinase (RLK) (Li 

et al. 2016b). 

 

3.2.7 Linkage disequilibrium (LD) analysis of Rlm7 associated SNP loci 

 

The whole genome SNP markers generated from the Brassica 60K Illumina InfiniumTM 

SNP array provided genotypic data for haplotype association analysis with the 

phenotypic data (resistant or susceptible). Genome-wide LD between the SNP loci 

filtered at MAF ³ 0.02 based on Mason et al. (2018), was evaluated using PLINK with 

input file format .ped and .map (Chang et al. 2015). The command line was ($plink --

map SNP_Rlm7_filtered.plk.map --ped SNP_Rlm7_filtered.plk.ped --make-founders 

require-2-missing first --r2 --ld-snp-list mysnplist --ld-window-kb 1000 --ld-window 

99999 --ld-window-r2 0 –chr-set 43 –out plink.ld). The SNP loci were considered to be 

in significant LD if the R2 and/or D’ value is >0.80 to 1.00. The SNP loci surrounding 

the candidate Rlm7 region were analysed for LD. A heatmap of pairwise LD was 

generated using the ‘LDheatmap’ package in R.  

 

3.2.8 PCR amplification and Sanger sequencing of the Rlm7 candidate gene 

 

A sub-set of five Rlm7 resistant lines, including 15.23.4.1_1, Hearty_2, DK Explicit_1, 

DK Exstorm_2, and Caiman_1, along with two susceptible lines including Andesson_3 

and Atenzo 4 were selected for PCR amplification, based on DNA availability. A primer 

pair (F231 and R233) was designed to PCR amplify the candidate gene, where F231 

was designed based on sequenced Rlm4 amplicons, while R233 was designed using 

Geneious v6.1.8 software with default design primer settings with amplicon size of 

2,833 bp. Another four sets of primer were designed using Geneious software v6.1.8 

to sequence the amplicon. In total, five sequenced fragments were obtained to cover 

the 2,833 bp amplicon (Table 3.5). 
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Table 3.5 Details of the primer sequences used to PCR amplify and Sanger sequence the 

Rlm7 candidate gene 

Primer Sequence Primer position on 

chromosome A07 of 

Darmor-bzh v4.1 

Amplification 

or Sequencing  

Start 

position 

End 

position 

R212 TCTGTGGTTGATCTGGGAGAG 15,914,516 15,914,496 Sequencing 

R233 ACATCACACATACAGAAACACCA 

 

15,915,465 

 

15,915,443 

 

Amplification 

and 

Sequencing 

R235 GAGGACTTGGGTAGCTGCTC 15,915,845 15,915,826 Sequencing 

F226a  CAAGGTGGTCAAGGTACCGT Absent from Darmor v4.1 Sequencing 

F231a TCAAATTGATATGCATTATACAGGACA Absent from Darmor v4.1 Amplification 

R236a CTTTTCTGACACGCTAGCTCC Absent from Darmor v4.1 Sequencing 
a Rlm4 line specific 

 

The PCR was conducted in a total volume of 50 µL reaction mixture containing 5 ng 

of DNA, 50x InvitrogenTM PlatinumTM SuperFiTM PCR Mastermix, 25 µM of each primer 

pair, 50x SuperFiTM GC enhancer, and the volume adjusted to 50 µL using Ambion® 

nuclease free water. PCR amplifications were performed in an Eppendorf Mastercycler 

with the following conditions: an initial denaturation cycle at 95oC for 2 mins, followed 

by 40 cycles consisting of 10 secs denaturation at 95oC, 10 secs annealing at 61oC, 

and 3 mins extension at 68oC. A final extension step at 68oC for 5 minutes concluded 

the cycling. The PCR amplicon purification, DNA quantification and Sanger 

sequencing procedures were previously described in Sections 2.2.8 and 2.2.9. 

 

3.2.9 Sequence analysis of the Rlm7 candidate gene 

 

The quality of the nucleotide sequences of the resistant Rlm7 and susceptible rlm7 

samples was inspected and visualised in a chromatogram format using Geneious 

v6.18 software. The ends of the sequences were trimmed and any sequence error 

was manually corrected. The final contig sequence was obtained by de novo 
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assembling the five fragment reads using Geneious v6.18 software. The contig 

sequences of the Rlm7 and rlm7 samples were mapped to the reference gene.  

 

3.2.10 Gene annotation and prediction of the Rlm7 sequence 

 

Gene annotation of the Rlm7 sequence was performed using FGENESH 2.6 

(http://www.softberry.com). To predict the Rlm7 open reading frame (ORF), NCBI 

ORFfinder database was used. The longest ORF with maximum nucleotide and amino 

acid length was determined as the protein sequence/CDS translation of the gene. This 

ORF was SmartBLAST against UniProtKB/Swiss-Prot in the NCBI ORFfinder 

database to determine the protein function.  
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3.3 Results 

 

3.3.1 Phenotypic data 

 

Four differential isolates, with two carrying the avirulent AvrLm7 allele (JN2 and G06-

E107+A7) and the other two carrying the virulent avrLm7 allele (G06-E107 and 19.4.24) 

were used to inoculate 40 individual Rlm7 predicted commercial B. napus plants 

(Table 3.6). Our phenotypic results showed that the phenotype of the plants displayed 

the expected outcome (either all resistant towards AvrLm7 and susceptible towards 

avrLm7; or all susceptible towards AvrLm7) except in three cases: Atenzo_2, 

Atenzo_4 and DK Expower_3 (Table 3.6). In Atenzo_2, the plant was susceptible to 

both AvrLm7 isolates, but resistant to one of the two avrLm7 isolates,19.4.24. In 

Atenzo_4, the plant was susceptible to one of the two avrLm7 isolates, G06-E107 but 

resistant to all other isolates, while in DK Expower_3, the plant was only resistant to 

one of the two AvrLm7 isolates, G06-E107+A7. There were some plants that did not 

appear to show any phenotypic response due to failed inoculation (score=0) with the 

avrLm7 isolate 19.4.24 showing highest failure rate of 15.8% (six out of 38 individual 

score) while two other isolates, avrLm7 isolate G06-E107 and AvrLm7 isolate G06-

E107+A7 recorded only one and two failed infections respectively.  

 

3.3.2 Brassica 60K Illumina InfiniumTM SNP array SNP summary statistics  

 

The 52,157 SNPs from the Infinium array were mapped onto the B. napus Darmor-

bzh v4.1 reference genome. After filtering, the 58 SNPs whose position could not be 

located on the reference genome were discarded and the number of SNPs remaining 

for analysis was 52,099 (99.9% retained).   
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Table 3.6 Phenotypic data for 40 Rlm7 B. napus varieties, inoculated with four differential isolates. Score 1 to 3 represent Resistant (R), while 4 

to 6 represent Susceptible (S). Yellow highlight shows inconsistent phenotypic outcome 

Rlm7 
hybrid/line 

Individual AvrLm7 isolates avrLm7 isolates 
Isolate JN2  
(AvrLm5, 6, 7) 

Isolate G06-E107+A7 
(AvrLm5, 6, 7) 

Isolate G06-E107 
(AvrLm3, 5, 6) 

Isolate 19.4.24  
(AvrLm3, 5, 6) 

Phenotypic 
score 

R / S Phenotypic 
score 

R /S Phenotypic 
score 

R / S Phenotypic score R /S 

Andesson 1 1 R 1 R 4 S 4 S 
 2 2 R 1 R 4 S 4 S 
 3 4 S 4 S 4 S 4 S 
 4 4 S 0 - 0 - 0 - 
Anisse 1 1 R 1 R 1 R 0 - 
 2 1 R 1 R 1 R 0 - 
Atenzo 1 4 S 4 S 4 S 4 S 
 2 4 S 4 S 4 S 1 R 
 3 1 R 1 R 1 R 1 R 
 4 1 R 1 R 4 S 1 R 
Caiman 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 4 S 
Diffusion 1 1 R 1 R 3 R 3 R 
 2 1 R 1 R 3 R 3 R 
DK Expertise 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 4 S 
DK Explicit 1 1 R 1 R 3 R 1 R 
 2 1 R 1 R 3 R 1 R 
DK Expo 1 1 R 1 R 4 S 4 S 
 
 
 

2 1 R 1 R 4 S 4 S 
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Rlm7 
hybrid/line 

Individual AvrLm7 isolates avrLm7 isolates 
Isolate JN2  
(AvrLm5, 6, 7) 

Isolate G06-E107+A7 
(AvrLm5, 6, 7) 

Isolate G06-E107 
(AvrLm3, 5, 6) 

Isolate 19.4.24  
(AvrLm3, 5, 6) 

Phenotypic 
score 

R / S Phenotypic 
score 

R /S Phenotypic 
score 

R / S Phenotypic score R /S 

DK Expower 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 4 S 
 3 4 S 1 R 4 S 4 S 
DK Exteck 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 4 S 
DK Exstorm 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 1 R 1 R 
Excel 1 1 R 1 R 4 S 0 - 
 2 1 R 1 R 4 S 0 - 
Graf 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 4 S 
Hearty 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 1 R 
NK Aviator 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 4 S 
Treffer 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 4 S 
 3 4 S 0 - 4 S 0 - 
15.23.4.1 1 1 R 1 R 4 S 4 S 
 2 1 R 1 R 4 S 4 S 
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3.3.3 Identification of the Rlm7 associated region using SNP array 
 

The Rlm7 candidate region was determined based on the four Rlm7 published genetic 

markers; sR7018 (Larkan et al. 2016b), Ol12E03, Ol10D03, and Na14B03, along with 

the 12 Rlm4 patented markers (Table 3.4) which fall in the same QTL region on 

chromosome A07 of B. napus. Of the four Rlm7 published genetic markers, only the 

physical position of the SSR genetic marker sR7018 could be determined, at 

16,027,226-16,027,883 bp on the B. napus Darmor-bzh v4.1 reference genome, the 

physical position of the other three Rlm7 markers could not be determined accurately. 

For example, for Ol10D03, there were no hits from the forward and reverse sequences 

on chromosome A07 of Darmor-bzh v4.1, Darmor v8.1 and ZS11 genomes, while in 

Tapidor v6.3, only the forward sequence had a hit on chromosome A07 but it was not 

within the collinear candidate region. For Na14B03, no hits were found in the candidate 

region from both the forward and reverse sequence in all genomes and for OI12E03, 

some of the sequence hits had low E-value. Nevertheless, the three Rlm7 genetic 

marker hits were still used where relevant to determine the candidate region.   

 

For the Rlm4 patented markers, there were three primer sequences for each marker, 

two allele specific primers and a common primer based on the KASPTM genotyping 

chemistry. Each of the allele specific primers contained five mismatch bases at the 3’ 

end and addition of 5’ tail to allow highly specific amplification of the SNP allele 

(Gaudet et al. 2009). Due to this reason, the allele specific primer sequences had low 

significant hits (E-value cut off at 1e-1) on the reference genome assemblies while 

mapping of the common reverse primer sequence on the reference genome 

assemblies resulted in more specific hits on chromosome A07 (lower E-value and 100% 

query coverage). Therefore, the common reverse primer sequence of the eight Rlm4 

patented markers mapped on reference genome assemblies was used as the Rlm4/7 

genetic marker reference. In addition, four molecular markers that are tightly linked to 

these eight Rlm4 molecular markers were also included in the analysis. The physical 

position of the 12 Rlm4 molecular markers on chromosome A07 were determined in 

four B. napus public reference genome assemblies. The physical positions of the 12 

Rlm4 markers were: Darmor-bzh v4.1 (14,793,987 – 16,096,483 bp), Darmor v8.1 
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(18,312,314 - 21,504,895 bp), Tapidor v6.3 (12,500,645 -13,419,145 bp) and ZS11 

(15,551,229 - 16,129,104 bp). 

 

The marker interval for the 12 Rlm4 patented markers span a 1,302,496 bp region on 

chromosome A07 of Darmor-bzh v4.1 from 14,793,987 - 16,096,483 bp. This was 

used as a reference for the Rlm7 60K SNP marker to determine the Rlm7 candidate 

region. The Rlm7 genetic marker, sR7018 (Larkan et al. 2016b) also lies within this 

region from 16,027,226 - 16,027,883 bp on chromosome A07 in Darmor-bzh v4.1. This 

confirms the Rlm7 candidate region to be between 14,793,987 - 16,096,483 bp. To 

ensure that no Rlm7 associated SNPs were missed around the candidate region, 800 

kb upstream and downstream of the 14,793,987 - 16,096,483 bp, which includes 

13,993,987 – 16,896,483 bp spanning a 2,902,496 bp region on chromosome A07 of 

Darmor-bzh v4.1 was included as part of the Rlm7 candidate region.  

 

The number of SNP loci within the Rlm7 candidate region 13,993,987 – 16,896,483 

bp on chromosome A07 of Darmor-bzh v4.1 was 281. Of these 281 SNP loci, 14 SNP 

loci (14,231,906 – 16,423,254 bp; spanning 2,191,349 bp) were associated with Rlm7 

phenotype based on segregating genotypes between resistant and susceptible Rlm7 

plants. These 14 Rlm7 associated SNP loci fulfil the quality control of > 80% SNP call 

rate.  

 

To further ensure that we did not exclude any other Rlm7 associated SNPs that 

potentially fall within the 13,993,987 – 16,896,483 bp region on chromosome A07 of 

the Darmor-bzh v4.1, a parallel comparison of the genome wide SNP position on the 

other three reference genome assemblies was made. The SNP loci were sorted by 

chromosome and start position, one genome assembly at a time in parallel with the 

other three genome assemblies, and the Rlm7 associated region was scrutinised to 

check if there would be any SNP loci appearing on one or more genome but absent 

from another, or mis-placed on other positions in the genome. We found two 

associated SNP loci, Bn-A07-p12094894 and Bn-A07-p14002586, meeting the latter 

criteria. They were captured within the candidate region on chromosome A07 of ZS11 

but in other genome assemblies these SNP loci were positioned on chromosome C06 

at 18,851,940 – 18,851,940 bp and 21,889,958 – 21,889,913 bp respectively. As a 

result, both associated SNP loci, Bn-A07-p12094894 and Bn-A07-p14002586 were 
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missed out when evaluating segregating genotypes between resistant and susceptible 

Rlm7 individuals within the 13,993,987 – 16,896,483 bp region on chromosome A07 

of Darmor-bzh v4.1. To further confirm the position of these two SNP positions on 

Darmor-bzh v4.1, the 50-mer nucleotide sequences of the two SNPs were re-

BLASTed against Darmor-bzh v4.1 using the same command line and parameter as 

described in Section 4.3.3, with less stringent parameters (E-value cutoff at 1e-1). 

Indeed, there was a hit on chromosome A07 (bit-score 100 for Bn-A07-p12094894 

and Bn-A07-p14002586), in addition to chromosome C06 (bit score 100 for Bn-A07-

p12094894 and 92 for Bn-A07-p14002586), for each of the two SNP loci (Table 3.7). 

 

Table 3.7 BLAST analysis of Bn-A07-p12094894 and Bn-A07-p14002586 on Darmor-bzh v4.1. 

The bold font denotes 100% query coverage of 20/20 nucleotide hit on chromosome A07 

SNP name Darmor-bzh v4.1 E-value 

(cutoff 

1e-1) 

Query 

coverage 

(%) 

Chromosome 

hit 

Nucleotide 

hit 

Start 

position 

End 

position 

BnA07_p12094894

  

chrC06 50/50 18851940 18851989 3e-20 100 

BnA07_p12094894 chrA07 50/50 14248597 14248646 3e-20 100 
Bn-A07-p14002586 chrC06 46/50 21889958 21889913 2e-15 92 

Bn-A07-p14002586 chrA07 50/50 15927710 15927662 2e-15 100 

Bn-A07-p14002586 chrA07 47/50 23697217 23697263 4e-04 100 

 

The position on chromosome A07 corresponds to the Rlm7 candidate region. As a 

result, the total number of Rlm7 associated SNPS is 16 including the two SNP loci Bn-

A07-p12094894 and Bn-A07-p14002586. The 16 Rlm7 associated SNP loci were 

manually re-checked to confirm the SNP genotype pattern between the resistant and 

susceptible Rlm7 individuals, and finally the physical position of the SNP loci in 

different genome assemblies were determined (Table 3.8). 
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Table 3.8 List of 16 Rlm7 associated SNPs, and the position on four public B. napus reference genome assemblies  

No. SNP Name  Position 

on Darmor-

bzh v 4.1 

Chr E-value Position on 

Darmor v8.1 

Chr E-value Position on 

Tapidor v6.3 

Chr E-value Position on 

ZS11 

Chr E-value 

1 Bn-A07-
p12075838 

14,231,935- 
14,231,906 

A07 2.00E-08 17,750,262-
17,750,233 

A07 2.00E-08 20,618,955-
20,618,984 

A10 2.00E-08 14,773,991-
14,773,942 

A07 3.00E-20 

2 Bn-A07-
p12079803 

14,241,848-
14,241,799 

A07 3.00E-20 17,760,175-
17,760,126 

A07 3.00E-20 20,614,615-
20,614,664 

A10 2.00E-20 14,778,238-
14,778,189 

A07 3.00E-20 

3 Bn-A07-
p12084613 

14,242,327- 
14,242,376 

A07 3.00E-20 17,760,654- 
17,760,703 

A07 3.00E-20 20,614,136-
20,614,087 

A10 2.00E-20 14,778,716-
14,778,765 

A07 3.00E-20 

4 Bn-A07-
p12086167 

14,243,945- 
14,243,994 

A07 3.00E-20 17,762,272-
17,762,321 

A07 3.00E-20 20,612,518-
20,612,469 

A10 2.00E-20 14,780,330-
14,780,379 

A07 3.00E-20 

5 Bn-A07-
p12094894 

14,248,597-
14,248,646 

A07 3.00E-20 17,766,924-
17,766,973 

A07 3.00E-20 20,607,836-
20,607,787 

A10 2.00E-20 14,785,797-
14,785,846 

A07 3.00E-20 

6 Bn-A07-
p12102140 

14,254,403-
14,254,452 

A07 7.00E-18 17,772,730-
17,772,779 

A07 7.00E-18 20,599,198-
20,599,149 

A10 5.00E-18 14,796,660-
14,796,709 

A07 3.00E-20 

7 Bn-A07-
p13657646 

15,650,133-  
15,650,182  

A07 3.00E-20 19,168,460 -  
19,168,509 

A07 3.00E-20 12,581,999 -  
12,582,032 

A07 8.00E-11 15,530,942- 
15,530,975  

A07 1.00E-10 

8 Bn-A07-
p13964923 

15,891,584-  
15,891,633 

A07 3.00E-20 19,409,911 -  
19,409,960  

A07 3.00E-20 12,773,498 - 
12,773,547  

A07 2.00E-20 15,832,613-
15,832,662 

A07 3.00E-20 



 

 141 

No. SNP Name  Position 

on Darmor-

bzh v 4.1 

Chr E-value Position on 

Darmor v8.1 
Chr E-value Position on 

Tapidor v6.3 
Chr E-value Position on 

ZS11 
Chr E-value 

9 Bn-A07-
p14002656 

15,927,680-  
15,927,729 

A07 3.00E-20 19,446,007 -  
19,446,056 

A07 3.00E-20 12,809,737-
12,809,786 

A07 2.00E-20 15,879,585-
15879634 

A07 3.00E-20 

10 Bn-A07-
p14002586 

15,927,710-
15,927,662 

A07 2.00E-15 19,446,037-
19,445,989 

A07 2.00E-15 12,809,767-
12,809,719 

A07 
 

1.00E-15 15,879,615-
15,879,566 

A07 3.00E-20 

11 Bn-A07-
p14005263 

15,930,390-  
15,930,360 

A07 6.00E-09 19,448,717-  
19,448,687 

A07 6.00E-09 12,812,455- 
12,812,425 

A07 5.00E-09 15,882,292-
15882243 

A07 3.00E-20 

12 Bn-A07-
p14034468 

15,954,153-  
15,954,104 

A07 3.00E-20 19,472,480-  
19,472,431 

A07 3.00E-20 12,837,754-  
12,837,705 

A07 2.00E-20 15,909,514-
15,909,465 

A07 3.00E-20 

13 Bn-A07-
p14062366 

15,980,654-  
15,980,703 

A07 3.00E-20 19,498,981- 
19,499,030 

A07 3.00E-20 12,863,666- 
12,863,715 

A07 2.00E-20 15,938,005- 
15,938,054 

A07 3.00E-20 

14 Bn-
scaff_15818_1-
p2633791 

15,988,059-  
15,988,010 
 

A07 3.00E-20 19,506,386-  
19,506,337 
 

A07 3.00E-20 12,871,051-  
12,871,002 
 

A07 2.00E-20 15,946,216- 
15,946,167 
 

A07 3.00E-20 

15 Bn-A07-
p14071930 

15,989,006-  
15,989,055  

A07 3.00E-20 19,507,333 -  
19,507,382 

A07 3.00E-20 12,871,998 -  
12,872,047 

A07 2.00E-20 15,947,166-
15,947,215 

A07 3.00E-20 

16 Bn-A07-
p14540334 

16,423,208-  
16,423,254  

A07 1.00E-13 19,941,535 -  
19,941,581 

A07 1.00E-13 13,712,544-
13,712,514 

A07 1.00E-06 16,516,858-
16,516,904 

A07 1.00E-13 
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3.3.4 LD between Rlm7 associated SNPs 
 

There were two haplotype blocks associated with Rlm7 on chromosome A07 based 

on PLINK LD analysis, where the first haplotype block resides between the SNP loci 

Bn-A07-p12075838 (14,231,935-14,231,906 bp) and Bn-A07-p12102140 

(14,254,403-14,254,452 bp) while the second haplotype block resides between the 

SNP loci Bn-A07-p13657646 (15,650,133-15,650,182 bp) and Bn-A07-p14540334 

(16,423,208-16,423,254 bp) (Table 3.9). These SNPs are in high LD (PLINK LD R2 ≥ 

0.8-1). 

 

LD analysis showed that the 14 Rlm7 associated SNP loci were grouped into two LD 

blocks: BnA07-p12075838 to Bn-A07-p12102140 at 14,231,906 to 14,254,452 bp 

(22,546 bp) forms the first block while Bn-A07-p13657646 to Bn-A07-p14540334 at 

15,650,133 to 16,423,254 bp (773,121 bp) forms the second block with more SNPs 

found in the second block (Table 3.9, Figure 3.1).  

 

3.3.5 Identification of candidate Rlm7 gene(s) within the Rlm7 associated SNP 
region 

 
The candidate Rlm7 genes were identified based on the region containing the 16 Rlm7 

associated SNP loci on chromosome A07 of Darmor-bzh v4.1 from 14,231,906 – 

16,423,254 bp, spanning 2,191,349 bp. There was a total of 431 genes annotated 

within this Rlm7 candidate region. 

 

In the Darmor-bzh v4.1 Rlm7 candidate region, 11 genes were predicted as candidate 

R genes using RGAugury analysis (Table 3.10, Figure 3.2). Of the 11 candidate R 

genes, the majority were receptor like kinase (RLK) type (six out of 11, 55%), and one 

of the genes in the list, BnaA07g20220D, also an RLK, was predicted as a candidate 

Rlm3/4/7 gene in a previous study (Tollenaere 2015). 
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Figure 3.1 LD heatmap of Rlm7 SNP loci within the Rlm7 candidate region 13,993,987 – 

16,896,483 bp on chromosome A07 of Darmor-bzh v4.1 with 281 loci detected within this 

region.  The first LD block highlighted in a box outline in red consists of six Rlm7 associated 

SNP loci with only two flanking SNP names labelled, BnA07-p12075838 and Bn-A07-

p12102140 due to space constraint. The second LD block consists of ten Rlm7 associated 

SNP loci with four SNP names labelled, Bn-A07-p13657646, Bn-A07-p13964923, Bn-A07-

p14002656 and Bn-A07-p14540334 
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Table 3.9 Sixteen SNP loci that are associated with Rlm7 phenotype across 38 individual Rlm7 B. napus samples with the SNP physical position on Darmor-bzh 

v4.1. The red and light blue font of the SNP names represent two LD blocks (R2 >0.80-1.00 based on PLINK LD analysis). The SNP names that are not coloured 

were initially mis-placed on chromosome C06 in Darmor-bzh v4.1. Genotype AA is indicated in maroon font, genotype BB in gold font, genotype AB is not coloured. 

NC denotes No Call. 

Sample R / 

S 

SNP name / Physical position of SNP locus on Darmor-bzh v4.1 

Bn-

A07-

p1207

5838 

Bn-

A07-

p1207

9803 

Bn-

A07-

p1208

4613 

Bn-

A07-

p1208

6167 

Bn-

A07-

p1209

4894 

Bn-

A07-

p1210

2140 

Bn-

A07-

p1365

7646 

Bn-

A07-

p1396

4923 

Bn-

A07-

p1400

2656 

Bn-

A07-

p1400

2586 

Bn-

A07-

p1400

5263 

Bn-

A07-

p1403

4468 

Bn-

A07-

p1406

2366 

Bn-

scaff_1

5818_

1-

p2633

791 

Bn-

A07-

p1407

1930 

 

Bn-

A07-

p1454

0334 

14,231

,935- 

14,231

,906 

 

14,241

,848- 

14,241

,799 

14,242

,327- 

14,242

,376 

14,243

,945- 

14,243

,994 

14,248

,597- 

14,248

,646 

14,254

,403- 

14,254

,452 

15,650

,133- 

15,650

,182 

15,891

,584- 

15,891

,633 

15,927

,680- 

15,927

,729 

15,927

,710- 

15,927

,662 

15,930

,390- 

15,930

,360 

15,954

,153- 

15,954

,104 

15,980

,654-

15,980

,703 

15,988

,059-  

15,988

,010 

15,989

,006 -  

15,989

,055 

16,423

,208- 

16,423

,254 

Atenzo_1 S AA AA AA AA AA BB AA AA BB BB BB BB AA BB BB BB 

Atenzo_2 Sa AA AA AA AA AA BB AA AA BB BB BB BB AA BB BB NC 

Andesson_3 S AA AA AA AA AA BB NC NC NC BB BB BB AA BB BB NC 

Andesson_4 S AA AA AA AA AA BB AA AA BB BB BB BB AA BB BB NC 

Treffer_3 S AA AA AA AA AA BB AA AA BB BB BB BB AA BB BB BB 

DK 

Expower_3 
Sa AA AA AA AA AA BB AA AA BB BB BB BB AA BB BB NC 
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  Bn-

A07-

p1207

5838 

Bn-

A07-

p1207

9803 

Bn-

A07-

p1208

4613 

Bn-

A07-

p1208

6167 

Bn-

A07-

p1209

4894 

Bn-

A07-

p1210

2140 

Bn-

A07-

p1365

7646 

Bn-

A07-

p1396

4923 

Bn-

A07-

p1400

2656 

Bn-

A07-

p1400

2586 

Bn-

A07-

p1400

5263 

Bn-

A07-

p1403

4468 

Bn-

A07-

p1406

2366 

Bn-

scaff_1

5818_

1-

p2633

791 

Bn-

A07-

p1407

1930 

 

Bn-

A07-

p1454

0334 

Atenzo_4 Sa AA AA AA AA NC BB NC NC BB BB BB BB AA BB BB NC 

Andesson_1 R NC AB AB AB AB AB BB BB AB AB AB AB AB NC NC AA 

Andesson_2 R NC AB AB AB AB AB BB BB AB AB AB AB AB NC NC AA 

Anisse_1 R BB BB BB BB BB AA BB BB AA AA AA AA BB AA AA AA 

Anisse_2 R BB BB BB BB BB AA BB AB AA AA AA AA BB AA AA AA 

Atenzo_3 R AB AB AB AB NC AB BB BB AB AB AB AB AB NC NC AA 

Caiman_1 R BB BB BB BB BB AA BB BB AA AA AA AA BB AA AA AA 

Diffusion_1 R BB BB BB BB BB AA BB BB AA AA AA AA BB AA AA AA 

Diffusion_2 R BB BB BB BB BB AA BB BB AA AA AA AA BB AA AA AA 

DK 

Expertise_1 
R BB BB BB BB BB AA NC BB AB AB AB AB AB NC NC AA 

DK 

Expertise_2 
R BB BB BB BB BB AA BB BB AB AB AB AB AB NC NC AA 

DK 

Explicit_1 
R AB AB AB AB NC AB BB BB AA AA AA AA BB AA AA AA 

DK 

Explicit_2 
R AB AB AB AB NC AB BB BB AA AA AA AA BB AA AA AA 
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DK Expo_1 R AB AB AB AB AB AB BB BB AA AA AA AA BB AA AA AA 

  Bn-

A07-

p1207

5838 

Bn-

A07-

p1207

9803 

Bn-

A07-

p1208

4613 

Bn-

A07-

p1208

6167 

Bn-

A07-

p1209

4894 

Bn-

A07-

p1210

2140 

Bn-

A07-

p1365

7646 

Bn-

A07-

p1396

4923 

Bn-

A07-

p1400

2656 

Bn-

A07-

p1400

2586 

Bn-

A07-

p1400

5263 

Bn-

A07-

p1403

4468 

Bn-

A07-

p1406

2366 

Bn-

scaff_1

5818_

1-

p2633

791 

Bn-

A07-

p1407

1930 

 

Bn-

A07-

p1454

0334 

DK Expo_2 R AB AB AB AB NC AB AB AB AB AB AB AB AB NC NC AA 

DK 

Expower_1 
R AB AB AB AB AB AB BB AB AB AB AB AB AB NC NC AA 

DK 

Expower_2 
R AB AB AB AB AB AB BB AB AB AB AB AB AB NC NC AA 

DK Extec_1 R AB AB AB AB AB AB AB AB AB AB AB AB AB NC NC AA 

DK Extec_2 R AB AB AB AB AB AB AB AB AB AB AB AB AB NC NC AA 

DK 

Exstorm_1 
R BB BB BB BB BB AA BB BB AA AA AA AA BB AA AA AA 

DK 

Exstorm_2 
R BB BB BB BB BB AA BB BB AA AA AA AA BB AA AA AA 

Excel_1 R NC AB AB AB AB AB AB AB AB AB AB AB AB NC NC AB 

Excel_2 R BB BB BB BB BB AA BB BB AA AA AA AA BB AA AA AA 

Graf_1 R AB AB AB AB NC AB AB AB AB AB AB AB AB NC NC AB 

Graf_2 R AB AB AB AB AB AB AB AB AB AB AB AB AB NC NC AB 

Hearty_1 R BB BB BB BB BB AA NC BB AA AA AA AA BB AA AA NC 
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Hearty_2 R BB BB BB BB BB AA NC BB AA AA AA AA BB AA AA NC 

  Bn-

A07-

p1207

5838 

Bn-

A07-

p1207

9803 

Bn-

A07-

p1208

4613 

Bn-

A07-

p1208

6167 

Bn-

A07-

p1209

4894 

Bn-

A07-

p1210

2140 

Bn-

A07-

p1365

7646 

Bn-

A07-

p1396

4923 

Bn-

A07-

p1400

2656 

Bn-

A07-

p1400

2586 

Bn-

A07-

p1400

5263 

Bn-

A07-

p1403

4468 

Bn-

A07-

p1406

2366 

Bn-

scaff_1

5818_

1-

p2633

791 

Bn-

A07-

p1407

1930 

 

Bn-

A07-

p1454

0334 

NK Aviator_1 R BB BB BB BB BB AA BB BB AB AB AB AA BB AA AA AA 

NK Aviator_2 R BB BB BB BB BB AA BB BB AB AB AB AA BB AA AA AA 

Treffer_1 R AB AB AB AB AB AB AB AB AB AB AB AB AB NC NC AB 

Treffer_2 R AB AB AB AB AB AB AB AB AB AB AB AB AB NC AB AB 

15.23.4.1_1 R BB BB BB BB BB AA NC BB AA AA AA AA BB AA AA AA 
a Phenotypic classification was based on SNP genotype due to inconsistencies in phenotypic data
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Table 3.10 List of candidate R genes predicted from RGAugury that are within the Rlm7 associated SNP loci on chromosome A07 of Darmor-

bzh 4.1 at 14,231,906 – 16,423,254 bp spanning 2,191,349 bp. CNL = Coiled-coil, nucleotide binding site, leucine-rich repeat; RLK = Receptor 

like kinase; TM-CC = Transmembrane coiled-coil 

No. Chromosome Annotated gene  B. napus gene name Start position End position Length 
(bp) 

Type 

1 A07 BnaA07g17000D GSBRNA2T00098829001 14,329,678 14,332,332 2,654 CNL 

2 A07 BnaA07g17760D GSBRNA2T00098923001 14,746,825 14,752,024 5,199 RLK 

3 A07 BnaA07g18000D GSBRNA2T00098948001 14,840,744 14,842,279 1,535 RLK 

4 A07 BnaA07g18180D GSBRNA2T00098971001 14,948,610 14,951,942 3,332 RLK 

5 A07 BnaA07g18480D GSBRNA2T00099004001 15,059,550 15,061,183 1,633 RLK 

6 A07 BnaA07g18680D GSBRNA2T00099025001 15,155,871 15,158,269 2,398 TM-CC 

7 A07 BnaA07g18770D GSBRNA2T00099034001 15,221,475 15,223,647 2,172 TM-CC 

8 A07 BnaA07g18880D GSBRNA2T00099046001 15,251,200 15,254,796 3,596 TM-CC 

9 A07 BnaA07g19680D GSBRNA2T00099136001 15,648,130 15,658,062 9,932 TM-CC 

10 A07 BnaA07g20220D GSBRNA2T00099195001 15,912,743 15,915,383 2,640 RLK 

11 A07 BnaA07g20630D GSBRNA2T00099242001 16,099,015 16,102,110 3,095 RLK 
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Figure 3.2 The physical position of 12 patented Rlm4 genetic markers and 16 Rlm7 associated SNP markers on chromosome A07 of Darmor-

bzh v4.1. The annotated R genes within the candidate region are shown. (A) Chromosome A07 of Darmor-bzh v4.1 (B) Physical position of Rlm4 

patented markers (light blue font) and Rlm7 associate SNP loci (not highlighted) (C) Spanning region (D) SNP name (E) Predicted candidate R 

genes on Darmor-bzh v4.1 

14,231,906

14,254,452

15,650,133

16,423,254

22,546 bp

773,121 bp

1. Bn-A07-p12075838
2. Bn-A07-p12079803
3. Bn-A07-p12084613
4. Bn-A07-p12086167
5. Bn-A07-p12094894
6. Bn-A07-p12102140

7. Bn-A07-p13657646
8. Bn-A07-p13964923
9. Bn-A07-p14002656

10. Bn-A07-p14002586
11. Bn-A07-p14005263
12. Bn-A07-p14034468
13. Bn-A07-p14062366
14. Bn-scaff_15818_1-p2633791 
15. Bn-A07-p14071930 
16. Bn-A07-p14540334 

14,793,987

16,096,483

1,302,496 bp

1. DBSNP27644_40
2. DBSNP31606_43
3. DBSNP10503_46
4. DBSNP10504_49
5. DBSNP01654_52
6. DBSNP01910_55
7. DBSNP05704_58
8. DBSNP05705_61
9. DBSNP14607
10. DBSNP27644
11. DBSNP28099
12. DBSNP33158

(A) (B)

1. BnaA07g17000D, 14,329,678-14,332,332 (2654 bp), CNL
2. BnaA07g17760D, 14,746,825-14,752,024 (5,199), RLK
3. BnaA07g18000D, 14,840,744-14,842,279 (1535 bp), RLK
4. BnaA07g18180D, 14,948,610-14,951,942 (3332 bp), RLK
5. BnaA07g18480D, 15,059,550-15,061,183 (1633 bp), RLK
6. BnaA07g18680D, 15,155,871-15,158,269 (2,398 bp), TM-CC
7. BnaA07g18770D, 15,221,475-15,223,647 (2172 bp), TM-CC
8. BnaA07g18880D, 15,251,200-15,254,796 (3596 bp), TM-CC
9. BnaA07g19680D, 15,648,130-15,658,062 (9932 bp), TM-CC
10.BnaA07g20220D, 15,912,743-15,915,383 (2640 bp), RLK
11.BnaA07g20630D, 16,099,015-16,102,110 (3095 bp), RLK

(C) (D) (E)
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The candidate R genes were also predicted in Darmor v8.1 (Table 3.11), Tapidor v8.1 

(Table 3.12) and ZS11 (Table 3.13) assemblies. Comparing the size of the Rlm7 

candidate regions between the four genome assemblies, Darmor-bzh v4.1 and 

Darmor v8.1 had the same interval length at 2,191,349 bp, while in Tapidor v6.3 the 

region spanned 939,047 bp and in ZS11 it spanned 1,742,963 bp. Although the region 

of the Rlm7 associated SNP loci in Darmor-bzh v4.1 and Darmor v8.1 was the same, 

the number of candidate R genes found in the former is more than the latter (three 

more genes found in Darmor-bzh v4.1), and with an even smaller region, the number 

of candidate R genes found in ZS11, eight, is the same as that in Darmor v8.1. Overall, 

in Darmor v8.1, RGAugury predicted the least number of candidate R genes within the 

Rlm7 candidate region compared with Darmor-bzh v4.1, Tapidor v6.3 and ZS11. 

 
Table 3.11 List of candidate R genes predicted from RGAugury that are within the Rlm7 

associated SNP on chromosome A07 of Darmor v8.1 at 17,750,233 – 19,941,581 bp spanning 

2,191,349 bp 

No. Chromosome Name Start 
position 

End 
position 

Length 
(bp) 

Type 

1 A07 BnaA07g16760.1D2 18,265,152 18,270,271 5,119 RLK 

2 A07 BnaA07g16990.1D2 18,359,170 18,360,606 1,436 RLK 

3 A07 BnaA07g17170.1D2 18,479,413 18,483,383 3,970 RLP 

4 A07 BnaA07g17390.1D2 18,577,877 18,579,719 1,842 RLK 

5 A07 BnaA07g17660.1D2 18,739,748 18,741,777 2,029 TM-CC 

6 A07 BnaA07g17760.1D2 18,769,485 18,772,951 3,466 TM-CC 

7 A07 BnaA07g18040.1D2 18,980,341 18,985,112 4,771 TM-CC 

8 A07 BnaA07g18490.1D2 19,166,457 19,176,124 9,667 TM-CC 
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Table 3.12 List of candidate R genes predicted from RGAugury that are within the Rlm7 

associated SNP loci on chromosome A07 of Tapidor v6.3 at 12,773,498 – 13,712,544 bp 

spanning 939,047 bp 

No. Chromosome Name Start 
position 

End 
position 

Length 
(bp) 

Type 

1 A07 BnaA07g13250.1T 12,795,381 12,797,373 1,992 RLK 

2 A07 BnaA07g13310.1T 12,826,881 12,831,780 4,899 TM-

CC 

3 A07 BnaA07g13610.1T 13,128,883 13,129,962 1,079 RLK 

4 A07 BnaA07g13650.1T 13,143,194 13,145,431 2,237 RLK 

5 A07 BnaA07g13870.1T 13,290,497 13,292,801 2,304 RLK 

6 A07 BnaA07g14010.1T 13,365,114 13,367,393 2,279 TM-CC 

 
Table 3.13 List of candidate R genes predicted from RGAugury that are within the Rlm7 

associated SNP loci on chromosome A07 of ZS11 at 14,773,942 – 16,516,904 bp; spanning 

1,742,963 bp 

No. Chromosome Name Start 
position 

End 
position 

Length 
(bp) 

Type 

1 A07 BnA07g0284700.1 14,969,215 14,971,083 1,868 TM-CC 

2 A07 BnA07g0284780.1 15,002,442 15,005,816 3,374 TM-CC 

3 A07 BnA07g0284940.1 15,092,230 15,094,872 2,642 TM-CC 

4 A07 BnA07g0285390.1 15,317,148 15,322,181 5,033 TM-CC 

5 A07 BnA07g0286020.1 15,621,706  15,623,199  1,493 RLP 

6 A07 BnA07g0286500.1 15,863,616 15,866,404 2,788 RLK 

7 A07 BnA07g0286910.1 16,065,409 16,069,320 3,911 TM-CC 

8 A07 BnA07g0287110.1 16,131,284 16,134,041 2,757 RLK 

 

To determine the homologous genes on chromosome A07 of each of the 11 candidate 

R genes from Darmor-bzh v4.1, MCScanX algorithm was used (Wang et al. 2012). 

Only four genes from the 11 candidate R genes predicted in Darmor-bzh v4.1 showed 

homology on chromosome A07 of Tapidor v6.3 and ZS11 assemblies; 

BnaA07g18770D (Darmor-bzh v4.1, transmembrane coiled coil, TM-CC) vs. 

BnA07g0284700.1 (ZS11), BnaA07g18880D (Darmor-bzh v4.1) vs. 

BnA07g0284780.1 (ZS11), BnaA07g2022D (Darmor-bzh v4.1, RLK) vs. 
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BnaA07g35090D (Darmor-bzh v4.1), BnaA07g33360.1T (Tapidor v6.3), 

BnaA07g15430.1T (Tapidor v6.3), BnA07g0286500.1 (ZS11), BnA07g0303120.1 

(ZS11), and BnaA07g20630D (Darmor-bzh v4.1) vs. BnA07g0287110.1 (ZS11). 

There were no homologous genes found on chromosome A07 of Darmor v8.1 

assembly for the 11 candidate R genes from Darmor-bzh v4.1.  

 

3.3.6 Whole-genome resequencing SNP analysis of the 11 Rlm7 candidate 
genes  

 

Whole-genome re-sequencing analysis was performed on between eight resistant 

Rlm7 lines and three susceptible rlm7 lines, for each of the 11 Rlm7 candidate genes 

and aligned to the Darmor-bzh v4.1 genome. The candidate genes that did not 

segregate for the resistant and susceptible phenotype were discarded from further 

analysis. For the candidate genes that contained SNPs, the number and type of SNPs 

were evaluated. 

 

It was found that out of 11 candidate genes, there were three genes that contained 

SNPs between the Rlm7 and rlm7 lines, BnaA07g18000D, BnaA07g18180D, and 

BnaA07g18480D, with all having synonymous SNP mutations. Three non-

synonymous SNPs were also observed in BnaA07g18000D. For the BnaA07g17760D 

candidate gene, there were significant structural variations of insertions and deletions 

observed around the gene at 1,684 bp upstream and 587 bp downstream, whereas in 

BnaA07g20220D, there were no reads mapped to part of the gene. For the other six 

candidate genes, there were no SNPs observed that were associated with the 

phenotype (Table 3.14).
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Table 3.14 Whole-genome resequencing SNP analysis between Rlm7 and rlm7 lines for each of the 11 Rlm7 candidate genes 

No. Annotated gene  Start position End position Length (bp) Type No. of SNPs 
within the 
gene 

Type of SNP 
(Non-
synonymous / 
synonymous) 

1 BnaA07g17000D 14,329,678 14,332,332 2,654 CNL None - 
2 BnaA07g17760D 14,746,825 14,752,024 5,199 RLK SVa - 
3 BnaA07g18000D 14,840,744 14,842,279 1,535 RLK 7 (2 in UTR; 

5 in Exon 1) 
3 NS; 2 S 

4 BnaA07g18180D 14,948,610 14,951,942 3,332 RLK 12 (11 in 
Intron; 1 in 
Exon 3) 

S 

5 BnaA07g18480D 15,059,550 15,061,183 1,633 RLK 1 S 
6 BnaA07g18680D 15,155,871 15,158,269 2,398 TM-CC None - 
7 BnaA07g18770D 15,221,475 15,223,647 2,172 TM-CC None - 
8 BnaA07g18880D 15,251,200 15,254,796 3,596 TM-CC None - 
9 BnaA07g19680D 15,648,130 15,658,062 9,932 TM-CC None - 
10 BnaA07g20220D 15,912,743 15,915,383 2,640 RLK No reads 

mapped to 
part of the 
gene 

- 

11 BnaA07g20630D 16,099,015 16,102,110 3,095 RLK None - 
a SV = structural variation
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3.3.7 BnaA07g2022D  
 

Based on the whole-genome re-sequencing SNP analysis of the Rlm7 and rlm7 lines, 

six candidate genes (BnaA07g17000D, BnaA07g18680D, BnaA07g18770D, 

BnaA07g18880D, BnaA07g19680D and BnaA07g20630D) from the list of 11 were 

discarded due to absence of SNPs. From the remaining five candidate genes, two 

candidate genes were removed (BnaA07g18180D and BnaA07g18480D) due to 

presence of synonymous SNPs, which do not affect the protein function. Amongst the 

last three candidate genes, we found that the BnaA07g2022D gene was previously 

predicted as a candidate for Rlm3/4/7 (Tollenaere 2015). We also observed, from the 

whole-genome re-sequencing SNP data that there were no reads mapped to the 

reference Darmor-bzh v4.1 genome in both Rlm7 and rlm7 lines, for part of this gene. 

 

3.3.7.1 Genes homologous with BnaA07g2022D 
 
The homologous genes of the Rlm7 candidate gene, BnaA07g2022D in the three 

genome assemblies, Darmor v8.1, Tapidor v6.3 and ZS11 were identified using 

MCScanX. The sequences of the homologous genes were subjected to BLAST 

analysis to confirm the gene identity. The homologous genes were found in all the 

genome assemblies apart from Darmor v8.1. It was found that BnaA07g20220D had 

one homologous gene found within the Darmor-bzh v4.1 genome (23,714,860 - 

23,714,117 bp), and similarly in Darmor v8.1 and ZS11, which was located 

approximately 7 Mbp, 10 Mbp and 12 Mbp downstream from the candidate gene on 

chromosome A07 in the respective genome assemblies. The BnaA07g20220D 

homologous gene in Tapidor v6.3 was BnaA07g15430.1T (12,795,381 - 12,797,373 

bp) while that in ZS11 was BnA07g0286500.1 (15,863,616 - 15,866,404 bp).  

 

The genomic location surrounding the BnaA07g20220D homologous gene was further 

scrutinised in the Darmor-bzh v4.1 genome (23,713,687 - 23,727,680 bp) by BLAST 

of the annotated genes in the region. It was found that this region is at the telomere, 

with presence of uncharacterised genes (LOC106354801, LOC106448143) and 

copies of wall-associated receptor kinase-like 10 genes (LOC106354800, 103832436).  

These findings indicate that the BnaA07g2022D gene homolog found in this region 
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may not be a true copy. Furthermore, the Rlm7 associated SNP loci pointed to the 

region 14.2 – 16.4 Mbp of chromosome A07 in Darmor-bzh v4.1. Due to this reason, 

we selected the BnaA07g20220D gene located at 15,912,743 - 15,915,383 bp of 

chromosome A07 in Darmor-bzh v4.1 as the Rlm7 candidate gene. 

 

3.3.7.2 BnaA07g2022D predicted protein 
 

The BnaA07g2022D gene corresponds to GenBank accession XM_013793147.2. 

Based on the Darmor-bzh v4.1 reference annotation, the BnaA07g2022D gene is 

2,641 bp in length, at the physical position 15,912,743 -> 15,915,383 bp on 

chromosome A07, comprising three coding sequences (CDS). The first CDS is from 

495 to 1,524 bp (15,912,743 -> 15,913,772, length 1030 bp), the second CDS is from 

1,645 to 1,755 bp (15,913,893 -> 15,914,003, length 111 bp) and the third CDS is from 

1,892 -> 3,135 bp (15,914,140 -> 15,915,383, length 1244 bp). 

 

BLASTX analysis of the XM_013793147.2 gene revealed the protein contains three 

conserved domains that were predicted from two open reading frames. The first open 

reading frame (ORF) contains the Wall-associated receptor kinase galacturonan-

binding domain (GUB_WAK_bind, Accession number pfam13947), which is cysteine-

rich with an extracellular part of the serine/threonine kinase that binds to the cell-wall 

pectins (Marchler-Bauer et al. 2017), and the Wall-associated kinase (WAK super 

family, a type of serine-threonine kinase; Accession number cl08480), which is 

involved in cytoplasmic signalling (Marchler-Bauer et al., 2017). The second ORF 

contains the Catalytic domain of the serine/threonine kinases, Interleukin-1 Receptor 

Associated Kinases and related STKs (STKc_IRAK; Accession number cd14066), 

which is involved in catalysing the transfer of the gamma-phosphoryl group from ATP 

to serine/threonine residues on the protein substrates (Figure 3.3) (Marchler-Bauer et 

al., 2017). 
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Figure 3.3 A graphical illustration of the conserved domains found in the XM_013793147.2 

gene sequence predicted as wall-associated receptor kinase-like 10 (Brassica napus) 

(GenBank reference XP_013648601.1) based on BLASTx analysis of the gene sequence 
 

3.3.7.3 Sequence comparison between the resistant Rlm7 and 
BnaA07g2022D gene 

 
The Sanger sequence reads covering the BnaA07g2022D gene were de novo-

assembled into a contig sequence for each of the five Rlm7 resistant samples 

(termed Rlm7); 15.23.4.11, Caiman 1, DK Explicit 1, DK Exstorm 2, Hearty 2 and two 

susceptible samples (termed rlm7); Andesson 3 and Atenzo 4; and all seven reads 

were multiple-aligned against each other and against the BnaA07g2022D sequence 

obtained from the Darmor-bzh v4.1 assembly.  
 

Multiple sequence alignment result showed there was one allele for each Rlm7 and 

rlm7 lines. The sequence alignment also showed high percentage of sequence 

dissimilarity at nucleotide 1 – 1,560 bp compared with the reference BnaA07g2022D 

sequence (covering first and second CDS regions in BnaA07g2022D), indicating that 

this region of Rlm7 may not be in the reference genome sequence. From nucleotide 

1,561 – 2,808 bp, the sequence similarity with the reference sequence (covering the 

third CDS region in BnaA07g20220D) increases (Figure 3.4). For Rlm7 and rlm7 

sequence comparison, a separate consensus sequence between the five Rlm7 (2,782 

bp) and rlm7 (2,712 bp) samples was generated using Geneious.  
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Figure 3.4 Multiple sequence alignment of the Sanger sequence reads covering the BnaA07g2022D each of the five Rlm7 samples and two rlm7 

samples against each other and BnaA07g2022D (A) Alignment identity. Green indicates 100% identity and greeny-brown indicates at least 30% 

and under 100% identity (B) CDS of BnaA07g20220D 
 

A 
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3.3.7.4 Gene annotation and prediction of the Rlm7 candidate sequence 
 

Ab initio gene prediction was performed for the Rlm7 candidate sequence (2,782 bp) 

using FGENESH 2.6. There was no ORF predicted from nucleotide 1 to 1,461 bp. The 

gene predicted consists of one gene with an ORF starting from 1,462 to 2,703 bp 

(1,242 bp). The newly annotated Rlm7 nucleotide sequence comprising 1,242 bp was 

each subjected to NCBI ORF finder database to locate the CDS, resulting in an CDS 

of 747 nucleotide length translated into 248 amino acid length. BLASTX analysis of 

the Rlm7 CDS of 747 bp revealed the protein contains only one conserved domain 

predicted in the reading frame that is the STKc_IRAK domain (Figure 3.5). 

 

 
 
 
 
 
 
Figure 3.5 A graphical illustration of the conserved domains found in the Rlm7 CDS (747 bp) 

based on BLASTX analysis of the sequence 

 
SmartBLAST analysis in the NCBI ORF finder database revealed that the Rlm7 protein 

shared highest sequence identity (78%) with an Arabidopsis thaliana wall-associated 

kinase (WAK)-like 10 protein at 527 – 768 amino acid (Table 3.15). 

 

UniProt analysis on the AtWAK10 gene (UniProtKB - Q8VYA3 (WAKLJ_ARATH)) 

revealed that the 527 – 768 protein domain belongs to the cytoplasmic domain where 

the active site proton acceptor resides and phosphorylation of amino acid occurs. 
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Table 3.15 Result of SmartBLAST analysis of the Rlm7 candidate sequence using NCBI ORFfinder database with the highly sequence identity 

being the WALL ASSOCIATED KINASE (WAK)-LIKE 10 in Arabidopsis thalian denoted in bond font 

Best hits Max 

score 

Total 

score 

Query 

cover 

E value Identity Accession 

WALL ASSOCIATED KINASE 

(WAK)-LIKE 10 [Arabidopsis 
thaliana] 

385 385 98% 8e-129 78% NP_178086.1 

wall-associated receptor kinase-

like 1 [Glycine max] 

249 249 97% 5e-77 53% XP_003534786.2 

Wall-associated kinase family 

protein [Arabidopsis thaliana] 

368 368 100% 7e-122 74% NP_177131.1 

 

wall associated kinase-like 4 

[Arabidopsis thaliana] 

300 300 98% 8e-96 60% NP_001319018.1 

wall associated kinase-like 2 

[Arabidopsis thaliana] 

291 291 98% 2e-92 60% NP_173064.1 
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3.3.7.5 Sequence variation between Rlm7 and rlm7 CDS  
 
The CDS sequence of Rlm7 and rlm7 lines was aligned against each other, revealing 

one non-synonymous SNP mutation, A597C causing an amino acid change of E199D 

(Figure 3.6). This non-synonymous SNP mutation A597C/E199D was also supported 

by the whole-genome re-sequencing SNP data between Rlm7 and rlm7 lines. 

 

3.3.7.6 Sequence comparison between Rlm7 and Rlm4 lines 
 

Working on the hypothesis that Rlm4 and Rlm7 may be allelic variants of the same 

gene, the Rlm7 candidate gene, BnaA07g2022D, was amplified and sequenced in five 

Rlm4 lines. The reads were de novo assembled into a contig sequence and multiple-

aligned against each other and against the BnaA07g2022D sequence obtained from 

the Darmor-bzh v4.1 assembly. The sequence alignment result showed the Rlm4 

sequence corresponded to the rlm7 sequence. 

 

To further investigate the sequence variation between Rlm4, Rlm7 and rlm7 lines, the 

consensus sequence from each line was aligned against each other. The alignment 

result showed Rlm4 and rlm7 had the same CDS sequence with the same non-

synonymous SNP mutation, A597C causing an amino acid change of E199D 

compared with Rlm7 (Figure 3.7).  
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Figure 3.6 Nucleotide alignment of the Rlm7 and rlm7 sequences with the translation of the 

codons. The coloured nucleotides indicate non-synonymous SNP mutation A597C translated 

into E199D in rlm7 sequence 
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Figure 3.7 Nucleotide alignment of the Rlm4, Rlm7 and rlm7 sequences with the translation of the codons. The coloured nucleotides indicate 

non-synonymous SNP mutation A597C translated into E199D in rlm7 and Rlm4 sequences 
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3.3.7.7 Sequence comparisons between Rlm7, rlm7 and Rlm4 lines with 
reference to BnaA07g20220D 

 

The sequence alignment result between the Rlm7 lines and the candidate 

BnaA07g20220D sequence showed that the nucleotides are highly dissimilar at the 

first part of the gene (1 – 1,560 bp), covering the first and second CDS, as described 

in Section 3.3.6.4. A BLAST search of this 1,560 bp nucleotide sequence obtained 

from the Rlm7 lines revealed presence of a mobile element ATTIRTA-1, that is found 

in Arabidopsis thaliana. The ATTIRTA-1 belongs to the Miniature inverted-repeat 

transposable elements (MITEs) Class II DNA transposons and is closely related to the 

Brassica rapa MITE (BRAMI)-1, a member of Stowaway superfamily that has more 

than 1400 highly conserved copies found within each of the Brassica species 

(Sampath et al. 2013). To determine if there are other types of mobile element in the 

candidate Rlm7 sequence, a quick search using the RepeatMasker web server using 

Arabidopsis thaliana as reference revealed 244 bp of a 1,560 bp region (16.3%) 

contains DNA transposon type Tc1-IS630-Pogo (926 – 1169 bp) with three simple 

repeat regions occupying 130 bp (8.67%) of the region (133 – 167 bp; 495 – 533 bp; 

659 – 714 bp).  

 

For the second part of the BnaA07g20220D reference sequence (1,561 – 2,808 bp), 

defined by the third CDS region and annotated as the catalytic domain of the 

serine/threonine kinases, Interleukin-1 Receptor Associated Kinases and related 

STKs (STKc_IRAK), the BLAST alignment result of the Rlm7 candidate sequence 

showed a 89% sequence identity. Gene prediction in the Rlm7 candidate sequence 

revealed an ORF length of 1,242 bp with CDS of 747 bp translated into 248 bp. This 

sequence is annotated as the Arabidopsis thaliana wall-associated kinase (WAK)-like 

10 protein. The second allele of the Rlm7 candidate sequence is the susceptible allele, 

rlm7, which is defined as a single non-synonymous SNP mutation A597C translated 

into E199D. The rlm7 allele corresponded to the allele sequence found in Rlm4 lines. 

A summary of the relationship between the BnaA07g2022D reference gene and the 

sequence obtained from Rlm4, Rlm7 and rlm7 lines is depicted in Figure 3.8. 
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Figure 3.8 A graphical representation of the relationship between the BnaA07g2022D sequence and the sequences from Rlm4, Rlm7 and rlm7 

B. napus lines
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3.4 Discussion 
 

3.4.1 SNP genotyping of Rlm7 B. napus varieties vs. Phenotypic data  
 

Overall, the SNP genotype obtained from the Brassica Illumina InfiniumTM 60 K SNP 

array, showing segregation between the resistant Rlm7 and susceptible rlm7 lines 

supports the phenotypic data of the 38 individual Rlm7 B. napus varieties with a 

success rate of 92% (35 out of 38 individuals). There were three B. napus varieties 

that showed inconsistencies in the phenotypic outcome, namely Atenzo_2, Atenzo_4 

and DK Expower_3, whereby the phenotypic class of the plant could not be classified. 

The 60 K SNP genotyping result at the Rlm7 associated SNP loci showed that these 

three varieties correspond to the susceptible genotype as the SNP corresponded to 

the confirmed susceptible cases, Atenzo_1, Andesson_3, Andesson_4, and Treffer_3. 

Due to limited DNA availability, only Atenzo_4 was sequenced at the Rlm7 candidate 

locus and the Sanger sequence result confirmed that the plant carried the susceptible 

rlm7 allele.  

 

The inconsistencies in the phenotypic outcome of the three varieties would be 

expected due to the varieities being hybrid, which indicate a diverse or heterogeneous 

genetic background of the plant, or that these varieties have a higher percentage of 

unsuccessful hybrid introgression at the Rlm7 locus, with a possibility of mixed 

genotype in the seed lot. This is supported by the findings that one of the individuals 

(Atenzo_3) displaying a resistant outcome showed mostly heterozygous AB genotype 

across all the Rlm7 associated SNP loci while the other two individuals were 

susceptible, with a similar finding in DK_Expower. There was also failed inoculation 

on some of the varieties where the fungal isolates did not infect the plant with a bias 

towards the weak activity of the avrLm7 isolate 19.4.24. 

 

3.4.2 BnaA07g2022D is a candidate Rlm7 gene  
 

Based on the whole-genome SNP data between the resistant Rlm7 and susceptible 

rlm7 lines, supported by Sanger sequence data of the five Rlm7 and two rlm7 lines 
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revealing one allele each for Rlm7 and rlm7, it is confirmed that the BnaA07g20220D 

is a candidate gene for Rlm7.  

 

The Rlm7 candidate gene, BnaA07g2022D is a Wall-Associated Kinase (WAK) protein 

that belongs to the RLK family and plays a part in the cell wall integrity (Kohorn and 

Kohorn 2012), resistant response towards pathogens (He et al., 1998; Verica and He, 

2002) and cell expansion (Lally et al. 2001; Verica and He 2002; Wagner and Kohorn 

2001). In Arabidopsis, the WAK is implicated in the recognition of oligogalacturonides 

which upon binding would trigger downstream signalling for example phosphorylation 

of MAPK3 and MAPK6 in response to pathogen attack, particularly the necrotrophic 

fungal pathogen Botrytis cinerea (Bacete et al. 2018; Galletti et al. 2011). It is involved 

in fungal (Magnaporthe oryzae) and bacterial (Xanthomonas oryzae pv. oryzae) 

resistance in rice with both pathogens being hemibiotrophic type (Harkenrider et al. 

2016). Another WAK in maize, ZmWAK-RLK1 is involved in quantitative resistance 

against the hemibiotrophic fungal pathogen Exserohilum turcicum where the ZmWAK-

RLK1 would reduce the biosynthesis of the secondary metabolites benzoxazinoids 

(BXs) (Yang et al. 2019).  

 

The BnaA07g2022D gene was shown to express almost equally with fragments per 

kilobase of transcript per million fragments mapped (FPKM ) value of 1.70 and 1.90 

between the resistant and susceptible line of B. napus respectively in a RNA-seq study 

against the fungal pathogen S. sclerotiorum (Wu et al. 2016b). In that study, the gene 

was expressed along with other 42,813 and 41,385 genes in the resistant and 

susceptible B. napus lines. BnaA07g2022D is found in the progenitors of B. napus, B. 

rapa and B. oleracea implicating that this gene is highly conserved within the Brassica 

species. 

 

3.4.3 The candidate Rlm7 is a cytoplasmic kinase gene  
 

BLAST analysis of the candidate Rlm7 gene revealed that the gene is highly similar to 

the Wall-Associated Kinase-Like 10 gene in Arabidopsis (AtWAKL10). A search in the 

literature shows that this gene encodes a functional guanylyl cyclase involved in 

signalling processes, is induced at an early stage during pathogen infection, and is 
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often co-expressed with pathogen defence related genes such as an NBS-LRR protein 

(AT1G57650), Mildew Resistance Locus O 6 (MLO6) (AT1G61560), LRR-PK/Serine-

threonine PK (AT1G51890), TIR-NBS protein (AT1G66090), and 

BRASSINOSTEROID INSENSITIVE ASSOCIATED RECEPTOR KINASE (BAK)-1 

gene amongst the others (Meier et al. 2010). In the same study, Meier et al. (2010) 

also reported two copies of the stringent W-box motif (TTGAC sequence) that binds 

the WRKY transcription factor for gene transcription, found within 1 kb upstream of the 

coding sequence of the AtWAKL10 gene, with the same motif found, also in two copies 

within 1 kb upstream (1,422 and 1,470 bp) of the Rlm7 ORF (1,462 to 2,703 bp). All 

these characteristics strongly suggest that the identified Rlm7 candidate gene may 

play a role as a partner protein in conferring resistance against the L. maculans 

AvrLm7 isolate considering that BnSOBIR1 and SERK3/BAK1 are partner proteins in 

the LepR3-AvrLm1 interaction (Ma and Borhan 2015).  

 

Unlike LepR3 and its allelic variant Rlm2, the candidate Rlm7 gene may not be 

involved in pathogen recognition due to the absence of the extracellular domain in 

BnaA07g2022D; the GUB_WAK_bind domain of the serine/threonine kinase, 

indicating that the function of Rlm genes against the Blackleg disease in B. napus is 

diverse. This scenario of different R gene type for a given host-pathogen R-Avr genetic 

interaction is common. In the rice and fungal pathogen Magnaporthe oryzae R-Avr 

genetic interaction, although 33 of the 35 R genes (94%) that have been cloned from 

the rice plant belong to the class of Nucleotide-binding domain, Leucine Rich 

containing (NLR) protein (Wang et al. 2017a), two other R genes belong to the Proline-

rich metal binding protein (pi21) class and the other is a B lectin receptor kinase (Pi-

d2) (Chen et al. 2006; Fukuoka et al. 2009; Wang et al. 2017a). In the R-Avr genetic 

interaction between the wild tomato Solanum pennellii and the fungal pathogen 

Fusarium oxysporum f. sp. lycopersici, one of the two cloned R genes, I-3, against the 

race 3 isolate, is an S-receptor-like kinase (SRLK) gene, also a member of the Pi-d2 

gene family, while the other R gene is an NBS-LRR type (Catanzariti et al. 2015).  
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3.4.4 Functional significance of the candidate Rlm7 gene 
 

Our findings point towards the candidate Rlm7 gene being a cytoplasmic kinase 

domain with a potentially indirect role of L. maculans recognition, due to lack of an 

extracellular domain. This provides information about the role of the candidate gene 

in the signaling process of the plant during L. maculans attack and enables us to 

understand how the identity of the candidate gene fits the common resistance 

mechanism of an R gene in the host-pathogen recognition process (Kourelis and van 

der Hoorn 2018). Once the candidate gene is confirmed, this knowledge can be 

implemented in molecular plant breeding programs to breed for Blackleg resistant B. 

napus varieties. We can use new breeding techniques that provide a precise and 

targeted gene(s) modification to enhance the efficiency of the Blackleg resistant trait, 

for example engineering the domains of the pathogen recognition site of the partner 

protein of the candidate Rlm7 gene could potentially lead to flexibility in the L. 

maculans recognition for durable resistance (Borrelli et al. 2018; Dong and Ronald 

2019). 

 

3.4.5 Presence of a TE in the upstream region of the Rlm7 candidate gene 
 

Our finding highlights the potential effect of transposable elements in the function of 

Rlm7 candidate gene, causing a disruption in the extracellular domain associated with 

the cell wall along with the wall associated kinase at the upstream region near the 

promoter of the Rlm7 candidate gene. The presence of mobile elements and repeat 

elements in the upstream region of the Rlm7 candidate gene is supported by the 

recent publication in B. oleracea demonstrating that transposable element-mediated 

rearrangement contributes to R gene diversity (Bayer et al. 2018b). In related studies 

on rice blast disease against the fungal pathogen Magnaporthe grisea, researchers 

found that the functional resistance allele of the rice blast R gene, belonging to the 

NBS-LRR family, Pit, contains a Long terminal repeat (LTR) 

retrotransposon Renovator inserted in the promoter region (Hayashi and Yoshida 

2009; Negi et al. 2016). In cucumber Powdery Mildew disease, the resistant CsaMLO8 

allele contains an insertion of a LTR element causing alternative splicing of the gene 

(Berg et al. 2015; Negi et al. 2016). LTR-mediated retroduplication of NLRs have 
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recently been reported to influence the copy number variation of NLRs in the pepper 

genome Capsicum baccatum (Kim et al. 2017). In addition to genome expansion, the 

LTR-Rs produces new candidate genes called retrogenes whereby one of the key 

features of retrogenes is intron loss compared to the original parental gene (Ohshima 

2013). 

 

3.4.6 Rlm7 and Rlm4 are speculated as allelic variants  
 
The 16 Rlm7 associated SNP markers mapped to a region of 14,231,906 – 16,423,254 

bp spanning 2,191,349 bp region on the Darmor-bzh v4.1 genome assembly with a 

total of 431 genes, amongst which 11 were candidate R genes. This Rlm7 candidate 

region encompassed the region of the patented Rlm4 genetic markers, which indicate 

that one of the 11 candidate R genes may also be a potential Rlm4 gene. Our Sanger 

sequence data of the Rlm4 lines showed that the Rlm4 and rlm7 lines share the same 

sequence, suggesting they are most likely the same gene and highly likely to be allelic 

variant of Rlm7 at the non-synonymous mutation site A597C / E199D. Further 

phenotypic assessment needs to be carried out to confirm the presence of Rlm4 in 

rlm7 lines to validate our findings suggesting that Rlm4/7 are most likely allelic variants. 

A protein domain search in the UniProt database revealed the entire candidate Rlm7 

protein, including the E199D polymorphic site, is involved in cytoplasmic 

phosphorylation and the amino acid E (glutamic acid) at position 199 of the Rlm7 

protein sequence is conserved in the AtWAK10 gene. This phosphorylation site, 

potentially the glutamic acid at position 199 of the candidate Rlm7 protein sequence 

could potentially be targeted and phosphorylated by the L. maculans AvrLm7 isolate, 

much like the interaction between RPM1 (Resistance to Pseudomonas 

syringae pv maculicola 1)-interacting protein 4 (RIN4), a cytoplasmic kinase in 

Arabidopsis and AvrRpm1 in P. syringae, whereby the RIN4 protein is being 

phosphorylated by AvrRpm1 (Liu et al. 2011; Mackey et al. 2002). The phosphorylated 

RIN4 is recognised or monitored by RPM1 during R-gene mediated host immunity in 

a process known as the guard hypothesis (Jones and Dangl 2006). There might be 

another Rlm gene, within the 11 candidate R genes in the Rlm7 candidate region that 

potentially plays an indirect Rlm7-AvLm7 recognition role. 
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3.4.7 Accuracy of Rlm7 associated SNPs in predicting Rlm7 candidate gene 
 

A previous publication reporting on the Rlm3, Rlm4, Rlm7 and Rlm9 candidate regions 

showed that Rlm3 and Rlm4 were localised within 1.2 Mb (containing 230 predicted 

genes) of the sr7018 marker position (chrA07:16,027,226.16,027,883 of the B. 

napus Darmor-bzh genome), while Rlm7 was localised within a larger region of 1.85 

Mb (containing 369 genes) (Larkan et al. 2016b), although how much of both these 

regions overlap was not known. In our study, corresponding to the Larkan et al. (2016b) 

sr7018 marker position, we identified a more resolved Rlm7 candidate region 

spanning 2,191,349 bp inclusive of the patented Rlm4 marker region comprising a 

total of 431 genes, with a more targeted region of 773,121 bp between 15,650,133 to 

16,423,254 bp comprising 146 genes.  

 

In a study identifying the candidate gene for cadmium accumulation in B. napus using 

the Brassica Illuminium InfiniumTM 60 K SNP array, the candidate genes were 

identified at a distance of 0.33-497.97 kb from the SNPs (Chen et al. 2018). The large 

difference in the distance between the SNP and the candidate gene, in the Rlm7 case, 

~ 2 Mb and in the cadmium case, ~ 500 kb suggest a few possibilities for this 

occurrence. One is the gene structure of R genes being highly clustered (Alamery et 

al. 2017; Andersen et al. 2016) and polymorphic (Bent and Mackey 2007; Lawrence 

et al. 2010), with potentially more than one R gene copy (paralogous or allelic variant) 

spanning a region of more than 1 Mbp. The other possibility is the potential problem 

in the reference genome assemblies, as highlighted in the highly repetitive sequence 

especially the Transposable Elements (TEs) of the S-locus on Raphanus sativus and 

B. nigra genome assemblies (Belser et al. 2018). As the position of the SNPs were 

based on the reference genome assemblies, there could be chances of incorrect 

position of SNPs due to genome mis-assembly.  

 

The high LD between the Rlm7 SNP loci spanning ~ 22 kb and ~ 773 kb at two closely 

located genomic regions on chromosome A07 of Darmor-bzh v4.1 is consistent with 

the extent of LD found in canola quality winter rapeseed ranging 500 – 1,000 kb (Ecke 

et al. 2010). In Malmberg et al. (2018), the authors performed whole genome re-

sequencing and SNP analysis of 149 B. napus originating from different countries and 

showed that the European B. napus samples had LD of 550 kb. This could be due to 
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the higher SNP gene density obtained at 4,029,750 from that study compared to 

52,099 from our study.  

 

3.4.8 Feasibility of using Brassica Illumina InfiniumTM 60 K SNP array for 
identification of Rlm7 candidate gene 

 

The advantage of using SNP arrays is that they are high-throughput, which is highly 

valuable for genomic selection involving large breeding populations (Li et al. 2018b). 

For example, up to 472 B. napus samples were analysed concurrently with 67 QTL 

associated with traits of interest and 71 candidate genes identified underlying the QTL 

(Li et al. 2018a). The SNP array is also applicable in generating high density SNP 

maps for example in the case for B. napus seed quality (Liu et al. 2013; Wang et al. 

2015b). Besides B. napus, SNP array technology is also widely used in other crops 

for example the 700 K High-Density Rice Array (HDRA) (McCouch et al. 2016), the 

Axiom TaBW280K high-throughput SNP array containing 280,226 SNPs in wheat 

(Rimbert et al. 2018), the barley 50k Illumina Infinium iSelect SNP array (Bayer et al. 

2017a) and the oil palm Illumina OP200K custom array containing 170 860 

SNPs (Kwong et al. 2016). These high density SNP arrays, including the Brassica 60K 

Illumina InfiniumTM SNP array, are a powerful tool which allow us to study the SNPs in 

any part of the queried genome(s) against the reference genome and pin-point the 

SNP loci that co-segregate with the gene of interest at a defined conserved haplotype 

between all the queried genomes (Edwards et al. 2007). 

 

3.4.9 Complications of SNP hit positions in B. napus genome assemblies 
 

Although not in many cases, complications of determining the SNP hit positions in B. 

napus genome assemblies can happen in 60 K SNP array technology where the SNP 

hit positions were randomly assigned if there were two equal top hits of the probe 

sequence. An example relates to the physical location of the SNPs BnA07_p12094894 

and Bn-A07-p14002586 that were mapped on chromosome C06 on three genome 

assemblies (Darmor-bzh v4.1, Darmor v8.1 and Tapidor v6.3), due to only looking at 

top BLAST hits, but were correctly mapped on chromosome A07 in the ZS11 assembly.  

 



 

 177 

Another complication is potentially misplaced contigs in the genome assemblies 

resulting in SNP positions being wrongly fixed. For example, in SNP Bn-A07-

p12075838, the 50-mer probe sequence was aligned to B. napus Darmor-bzh v4.1 in 

two parts. The first 21 nucleotides match coordinates 14,237,613-14,237,593 bp and 

the subsequent 29 nucleotides match coordinates 14,231,935-14,231,906 bp on 

chromosome A07. However, this probe sequence completely aligned as full sequence 

in the ZS11 reference assembly at 14,773,991-14,773942 bp on chromosome A07. 

Since the B. napus genome is complex, for example high sequence similarity of up to 

90% between the A and C genomes in B. napus (Schmutzer et al. 2015) and the 

presence of repeat content in B. napus and its progenitor species constituting 11-19% 

of the genomes (Perumal et al. 2017), there is a high likelihood of assembly error, 

such as wrong contig placement and/or orientation. This is exacerbated by the Illumina 

short read sequencing used in the B. napus reference genomes which falls short in 

covering the long repeat sequences, causing many fragmented regions in the genome 

(Del Angel et al. 2018). This can result in there being no matching hit of the SNPs on 

the reference genomes. In some cases, the best hit position with 100% matching 

sequence of the 50-mer probe and reference genome may occur in parallel at the A 

genome position and C genome position but the physical position of the SNP locus 

only allows one position to be assigned, therefore the exact position of the SNP locus 

cannot be distinguished. One of the implications is that prediction for gene number 

and gene content may not be accurate nor complete especially when analysis is based 

on only one reference genome assembly (Denton et al. 2014). 

 

The challenges of identification of R genes have been highlighted in several polyploid 

crop genome assemblies. For example, in a recent study in the sugar beet genome 

(Funk et al. 2018) used an HMM approach to screen the R genes in the sugar beet 

genome assembly while in this study, RGAugury was used. They also detected 

fragmented R genes and highlight the need to move away from using a single 

reference genome. Similar to our study, they also found the candidate R gene 

subfamilies against Rhizomania disease (‘crazy root’) to be in separate clusters on the 

same chromosome at a distance of 20 Mbp apart. They conclude that it is due to 

localised tandem duplication based on independent sub-clades in the phylogenetic 

analysis. The identification of the Rlm7 candidate gene in this study will bring us one 
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step closer to answering the questions about what could be the likely evolutionary 

events that happened in this highly clustered region on chromosome A07 of B. napus. 

 

3.4.10 On-going and future analysis 
 

To further validate the Rlm7 candidate gene and determine if Rlm4 is truly its allelic 

variant, sequence analysis using more B. napus lines carrying either one of these 

genes is currently being undertaken. The Oxford Nanopore MinION Technology is 

being applied to sequence more than 10 kb upstream of the candidate region to locate 

the GUB_WAK and serine/threonine kinase of the BnaA07g2022D in Rlm7 and Rlm4 

lines. Whole-genome resequencing data of various B. napus lines, representative of 

global samples accessible through publications or in the Edwards Bioinformatics 

database, will be useful for sequence comparison between different canola types. 

Phenotypic studies on Rlm4 and Rlm7 introgression lines, cloning of the genes and 

subsequent transformation into a susceptible line for functional study will also be 

carried out. The Clustered Regularly-Interspaced Short Palindromic Repeats 

(CRISPR/Cas9) system can be used to introduce targeted mutations into Rlm7 or 

Rlm4 candidates in the B. napus genome, further confirming its resistance function 

against L. maculans.  

 

3.5 Conclusion 
 

We successfully identified a candidate gene for Rlm7 that encodes a cytoplasmic 

kinase. This gene is part of BnaA07g2022D located on 15,912,743 - 15,915,383 bp 

on chromosome A07 of Darmor-bzh v4.1, flanked by two SNP loci, BnA07-p13964923 

and BnA07-p14002656. These Rlm7 SNP markers can be used for screening, 

selection and breeding of Blackleg resistant B. napus varieties. The research 

outcomes from this study will bring a high impact to the canola industry in Australia 

and worldwide where growers will benefit through having a wider selection of Rlm 

genes for breeding purposes and also help them make better decisions as to which 

Blackleg resistant canola to grow for Rlm gene rotation to maximise durability of 

resistance.  
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Chapter 4. Identification of a candidate AvrLmS candidate gene in Leptosphaeria 
maculans using bulked segregant analysis (BSA) – next generation sequencing (NGS) 
methods 
 

4.1 Introduction 
 

4.1.1 The role of fungal pathogen effectors 
 

Filamentous plant pathogens, including fungal and oomycete species, encode 

hundreds of candidate effector proteins in their genomes. Studies have shown a vast 

diversity of effector proteins are involved in the host-pathogen interaction particularly 

in virulence, although the exact mechanism(s) of such action is not always direct and 

predictable (Hans et al. 2018), overall playing a very versatile and diverse role in the 

plant immunity (Rovenich et al. 2014; Thordal-Christensen et al. 2018). Whether it is 

the feeding lifestyle of the fungal pathogen, be it necrotrophic, biotrophic or 

hemibiotrophic (special feeding structures like haustoria needed or not, or what type 

of host tissue is needed: live or dead), or the stage of colonisation (early, intermediate 

or late), the effectors have all been shown to play specific roles throughout all virulence 

duration once engagement in the host is established (Toruño et al. 2016).  

 

Fungal effectors are able to target any cellular compartment of the host plant cell 

ranging from apoplast to cytoplasm, nucleus, chloroplast and plastid and are able to 

disrupt any stages of the plant immune system (Lo Presti et al. 2015; Rovenich et al. 

2014). As more and more fungal effectors are being studied, their role in the plant 

immune system and recognition by the host protein cannot be defined just within the 

classical PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) and R-

Avr gene interaction models. New models defining a broader range of pathogens as 

‘Invasion pattern’ instead of MAMPs or effectors and other models describing different 

receptor networks based on their function have been put forward to bridge the gap in 

the classical disease resistance models involving host-pathogen gene-for-gene 

interaction (Cook et al. 2015; De Wit 2016; Wu et al. 2018). 
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4.1.2 General features of fungal pathogen effectors 
 

It is well established that generally, the fungal pathogen effector genes encode small 

secreted proteins (for L. maculans AvrLm genes, 95-200 amino acids), are secreted 

and consist of signal peptide and cysteine-rich residues (Rouxel and Balesdent 2010; 

Stergiopoulos and de Wit 2009). Apoplastic effectors often function as protease 

inhibitors, chitin-binding effectors and peroxidase inhibitors (Giraldo and Valent 2013). 

Bioinformatics cataloguing of these common features found in an effector, with 

integration of knowledge of the protein structure (Win et al. 2012), DNA motif (Eves-

van den Akker et al. 2016), and localisation area (Sperschneider et al. 2017a) have 

allowed in silico prediction of many effector proteins in a wide range of plant pathogens 

(Sonah et al. 2016; Varden et al. 2017). However, these common features of effectors 

should not limit identification of other novel candidate effectors that may not fit the 

common criteria, potentially leading to novel discovery of the effector function (Mirzadi 

Gohari et al. 2015). Through advances in machine learning, such as APOPLSTP, we 

are now able to gain more insight in fungal pathogen effector structure and function 

(Franceschetti et al. 2017; Sperschneider et al. 2017b). 

 

4.1.3 Genome structure of L. maculans in comparison with other filamentous 
fungal plant pathogens 

 

The genome structure of L. maculans reflects the typical filamentous plant pathogen 

genome comprising large areas of repetitive sequence, gene sequence encoding 

effector proteins and the location of the effector genes in signature areas of repetitive 

sequence, transposable elements and RIP-mutation events (Dong et al. 2015; Rouxel 

et al. 2011). The L. maculans genome has the highest percentage of repetitive DNA 

content (34.2%) compared with other members of Dothidiomycetes, for example 

Pyrenochaeta lycopersici, a hemibiotrophic fungal pathogen causing Corky Root Rot 

in tomato (30%) (Dal Molin et al. 2018) and Pyrenophora tritici-repentis, a necrotrophic 

fungal pathogen causing Tan Spot in wheat (15%) (Moolhuijzen et al. 2018), with one-

third of its genome being AT-rich (Rouxel et al. 2011; Testa et al. 2016). The high TE 

content of L. maculans and expansion of LTR retrotransposons is unique only to the 

forma specialis ‘brassicae’ (Grandaubert et al. 2014). There is also presence of B 

chromosomes, more commonly known as dispensable chromosomes or 
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minichromosomes, in the L. maculans genome in which TE elements with AT-

isochores are represented as high as three times the amount found in the core 

genome (Balesdent et al. 2013; Soyer et al. 2018).  

 

4.1.4 Identification of candidate Avr genes in fungal pathogens using NGS 
approaches 

 

Next generation sequencing (NGS) has revolutionized the study of fungal pathogens 

in the last decade, not only allowing researchers to unpack the genetic diversity 

between and within important fungal plant pathogen species, but also helps in 

understanding the genome structure and evolutionary mechanisms of the fungal 

pathogen. This provides good resources for rapid identification of the genes 

contributing to pathogenicity or other traits of interest (Thynne et al. 2015).  

 

Bulked-segregant analysis (BSA) coupled with next-generation sequencing (NGS) is 

a useful method to identify candidate genes and has mostly been applied in QTL 

mapping for various agronomic traits in crops such as rice (Yang et al. 2013; Yaobin 

et al. 2018), soybean (Song et al. 2017), cucumber (Wei et al. 2016) and pigeonpea 

(Singh et al. 2016). This combined BSA-NGS approach to identify candidate gene 

regions is termed QTL-seq. There is currently no literature reporting the use of QTL-

seq in the identification of candidate effector genes in plant fungal pathogens. 

However, one recent study reported identification and mapping of a Soybean mosaic 

virus (SMV) resistance gene using transcriptome analysis based on a BSA approach 

(Li et al. 2017) and there was a second study on genetic mapping of avirulence genes 

in Phytophthora infestans, an oomycete pathogen responsible for late blight disease 

in potato, using AFLP DNA fingerprinting in combination with a BSA approach (van 

der Lee et al. 2001). The QTL-seq approach is attractive for candidate gene studies 

in organisms with a relatively small genome size (Hisano et al. 2017). 
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4.1.5 Motivation of this study 
 

The avirulence genes (AvrLm) in L. maculans play a key role in determining the 

resistance outcome in its host plant B. napus through their recognition by the 

resistance (Rlm) gene in the plant. AvrLm1 in L. maculans was the first AvrLm gene 

to be cloned for this fungal pathogen (Gout et al., 2006). AvrLm1 is recognized by the 

host Rlm gene, LepR3 in the synthetic B. napus cultivar Surpass 400 (Larkan et al. 

2013; Li and Cowling 2003) and Rlm1 in breeding lines and cultivars (Gout et al., 

2006). Later, Van de Wouw et al. (2009) found that AvrLmS and AvrLm1, both 

unlinked, were responsible for the hypersensitive response in Surpass 400, supporting 

the idea of an RlmS-AvrLmS interaction in the host plant. Cloning of AvrLmS would 

help resolve the genetic interaction between the RlmS-AvrLmS and Rlm1/LepR3-

AvrLm1 issue that have confounded many phenotypic results to date.  

 

Recently, it was reported that the AvrLm1 protein interacts with the mitogen-activated 

protein (MAP) kinase 9 in B. napus (BnMPK9) (Ma et al., 2018).  MAP kinase 9 is 

implicated as a positive regulator of ROS-mediated abscisic acid (ABA) signaling in 

guard cells of the plant leading towards stomatal closure (Jammes et al., 2011, Lee et 

al., 2016). It is postulated that the AvrLm1 gene would enhance the phosphorylation 

of BnMPK9, thereby increasing cell death response in an R-gene dependent manner. 

However, the mechanism of the activation of LepR3/BnSOBIR1 in B. napus (Ma and 

Borhan 2015) by AvrLm1 in L. maculans remains elusive. One possible theory is the 

participation of other pathogen elicitors that are non-specific, for example PAMPs like 

chitin, oligosaccharides etc. in activating LepR3/BnSOBIR1, in response triggering 

MAPK cascades. The recent report of the AvrLm1-BnMPK9 interaction is an example 

of conformity to a "continuum of PTI-ETI" model, describing PAMPs and effectors 

playing a broad function in virulence which should not be distinguished as separate 

molecules in host plant R genes or pattern recognition receptors (PRRs) recognition 

during plant immunity (Thomma et al. 2011).  

 

Cloning of AvrLm genes in L. maculans shows that these genes are typically located 

as solo genes in an AT-rich, gene-poor and transposable element (TE)-rich isochore, 

interspersed with GC-rich, gene-rich and TE-poor regions (Balesdent et al. 2013; 

Fudal et al. 2007; Ghanbarnia et al. 2015; Gout et al. 2006; Gout et al. 2007; Parlange 
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et al. 2009; Plissonneau et al. 2016; Van de Wouw et al. 2014). Although the genomic 

environment of the AvrLm genes are similar, sequence analysis shows that they have 

different gene structures. For example, AvrLm1 has only one cysteine residue (Gout 

et al., 2006, Gout et al., 2007) while AvrLm6 (Fudal et al. 2007) and AvrLm4-7 

(Parlange et al. 2009) have six and eight cysteine residues, respectively. Similarly, 

AvrLm4-7 has very few polymorphic amino acids, while AvrLm3 has more than 10 

polymorphic amino acids (Plissonneau et al. 2017a). The identification of AvrLmS will 

not only be useful in revealing various AvrLm gene structure but also the diversity of 

virulence mechanism involved in the B. napus – L. maculans pathosystem. 

 

4.1.6 Objectives of study 
 

In this study, a BSA-NGS approach was used to identify the candidate gene for 

AvrLmS. BSA consisting of bulks with isolates segregating for the avirulent and virulent 

allele AvrLmS were separately pooled, and whole genome re-sequencing of the bulks 

were performed to identify SNP markers tightly linked to AvrLmS.  
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4.2 Materials and Methods 
 

4.2.1 Crossing between L. maculans isolates WT50 and iv13269  
 
The parental isolates WT50, carrying virulent avrLm6, avrLmS and avirulent AvrLm7 

alleles, and iv13269, carrying virulent avrLm3, avrLm7 and avirulent AvrLmS alleles 

were crossed and 58 progeny isolates were obtained. The progeny isolates were 

phenotyped on three B. napus cultivars, namely Surpass 400 (Rlm1, S), Darmor-MX 

(Rlm6) and 15.23.2.1 (Rlm7).  

 

4.2.2 Culturing progeny isolates   
 

The progeny isolates from the cross were cultured in Petri dishes on V8-juice agar 

medium (Miller 1955) and incubated in a stainless steel storage box (diameter 36 cm, 

height 15 cm) under dark conditions in a controlled environment room with constant 

temperature of 25oC. After seven days, a small piece of agar medium was cut from 

the periphery of the actively growing mycelial culture and sub-cultured into 75 mL of 

Fries liquid medium (Balesdent et al. 1992), in a 250 mL Erlenmeyer flask and 

incubated at 25oC in the dark to allow mycelium growth (Figure 4.1). 
 

 
(A)      (B) 

Figure 4.1 (A) Fungal culture growing on V8-juice agar medium stored in a stainless steel 

storage box (B) A small piece of mycelium being cut and sub-cultured into Fries medium 
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4.2.3 Mycelium collection and DNA extraction 
 

Approximately 3 g of mycelium was obtained from one-week-old fungal cultures grown 

in Fries liquid medium and filtered using a porcelain Buchner funnel secured on a one 

litre conical flask with a constant vacuum pump creating air pressure. The Fries liquid 

medium containing the mycelium was vacuum-filtered onto a piece of sterile muslin 

layered on the funnel and rinsed three times using autoclaved distilled water. The 

mycelium was removed from the funnel, scrapped using a spatula, placed on a piece 

of filter paper and collected in a plastic 50 mL Falcon tube (Figure 4.2). Mycelium 

collected from each culture was freeze-dried for two days using a LYOVACTM GT2 

freeze dryer equipment.  
 

 
(A)    (B)    (C) 

Figure 4.2 (A) Filtering process of the L. maculans mycelium where the mycelium was placed 

on a piece of cloth layered on the Buchner funnel and constantly washed using autoclaved 

distilled water (B) Scraping of the fungal mycelium using a spatula and placing on a piece of 

filter paper (C) Freeze drying process of the mycelium placed in the LYOVACTM GT2 freeze 

dryer  
 

Freeze-dried mycelium was crushed into a powder using a mortar and pestle. The 

mycelium DNA was extracted using the DNeasy 96 Plant Mini Kit (QIAGEN, 

Courtaboeuf, France) according to the manufacturer’s specification. The DNA was 

recovered in a final volume of 50 µL nuclease free water. The DNA concentration was 

measured using a Nanodrop. 
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4.2.4 Mating type PCR to confirm segregation of progeny isolates 
 
The two mating type alleles, MAT1-1 and MAT1-2 each in one parental isolate, are 

required for successful mating (Cozijnsen and Howlett 2003). PCR was run using 

mating type allelic primers, as published in Cozijnsen and Howlett (2003), to confirm 

the 1:1 segregation of progeny isolates and also to check the quality of the DNA. The 

expected amplicon size of the MAT1-1 allele was 686 bp, while that of the MAT1-2 

allele was 443 bp (Table 4.1). 

 
Table 4.1 Primer sequences that were used in this study to distinguish MAT1-1 from MAT1-2 

allele in the isolates 

Primer Sequence Mating type 

allele 

Amplicon 

size 

Reference 

Primer L1 TGGCGAATTAAGGGATTGCTG 

 

C13  

(MAT1-1 = mat+) 

686 (Cozijnsen 

and Howlett 

2003) Primer L2 CTCGATGCAATGTACTTGGAGC 

 

M1  

(MAT1-2 = mat−) 

443 

Primer U CGGAGGTGAAGTTGAAGCCG 

 

- - 

 

A final volume of 13 µL PCR reaction was prepared consisting of 10 ng of DNA 

template, 0.6 U of Taq DNA polymerase (Qbiogen, Illkirch, France), 1.5x PCR buffer 

(10 mM Tris-HCl, pH9.0, 50 mM KCl, 1.5 mM MgCl2, 0.1% Triton X100, and 0.2 mg/mL 

of bovine serum albumin), 0.2 µM of each dNTP (Bioprobe Systems, Montreuil-sous-

Bois, France), 0.4 µM Primer U, 0.4 µM Primer L1, 0.4 µM Primer L2 and topped up 

to a final volume of 13 µL using nuclease free water.  
 

The PCR amplification was performed in an Eppendorf Mastercycler EP Gradient 

thermocycler (Eppendorf, Le Pecq, France) with the following conditions: an initial 

denaturation cycle at 94oC for 6 mins, followed by 35 cycles consisting of 30 secs 

denaturation at 94oC, 30 secs annealing at 60oC, and 1 min extension at 72oC. A final 

extension step at 72oC for 10 mins concluded the cycling and the tubes were left at 

10oC indefinitely. Two µL of the PCR amplicons mixed with 0.5 µL of DNA Gel Loading 

Dye (Thermo Scientific, USA) were electrophoresed alongside 1 µL of GeneRuler 100 
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bp DNA ladder (Thermo Scientific, USA) on a 1% agarose gel stained with SYBR® 

Green I Nucleic Acid Gel Stain (Thermo Scientific, USA) in a 1x TAE buffer and the 

DNA bands were visualized under UV illumination. 

 

4.2.5 Library preparation for bulked-segregant analysis  
 
The DNA concentrations of the progeny isolates were determined using the QubitTM 

dsDNA BR Assay Kit (Invitrogen, USA). Each sample was adjusted to 20 ng and 

pooled into six different bulks: The first bulk consisted of progeny isolates that were 

avirulent on Surpass 400 (AvrLmS). The second bulk consisted of progeny isolates 

that were virulent on Surpass 400 (avrLmS). The third bulk consisted of progeny 

isolates that were avirulent on 14.22.3.1 (AvrLm7). The fourth bulk consisted of 

progeny isolates that were virulent on 14.22.3.1 (avrLm7). The fifth bulk consisted of 

progeny isolates that were avirulent on Surpass 400 and 14.22.3.1 (AvrLmS + 

AvrLm7). The sixth bulk consisted of progeny isolates that were virulent on Surpass 

400 and 14.22.3.1 (avrLmS + avrLm7). The AvrLm7 sample was included as a positive 

control to validate the BSA-NGS approach used in this study. The DNA concentration 

for the eight bulks after pooling were determined using a QubitTM dsDNA BR Assay 

Kit. The number of isolates/samples per bulk and final concentration of each bulk was 

determined (Table 4.2, Table 4.3). Library preparation was performed as described in 

Section 3.2.4. 

 

4.2.6 Mapping reads to the reference genome GCF_000230375.1_ASM23037v1 
 

Reads were mapped to the public Blackleg reference L. maculans JN3 v23.1.3 

genome assembly GCF_000230375.1_ASM23037v1 downloaded from NCBI, using 

BWA MEM 0.7.17 with default parameters. Reads with mapping quality <20 were 

filtered using SAMtools 1.8 (Li et al. 2009b).  
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Table 4.2 The number of contributing isolate samples and final concentration for each bulk 

Bulk 

No.  

Bulk name (abbreviated name) Type of 

isolate 

No. of 

contributing 

samples 

DNA 

concentration 

(ng/µL) 

1 AvrLmS (AS) Progeny 25 12.3 

2 avrLmS (aS) Progeny 22 12.3 

3 AvrLm7 (A7) Progeny 24 19.4 

4 avrLm7 (a7) Progeny 23 11.2 

5 AvrLmS + AvrLm7 (AS7) Progeny 11 11.7 

6 avrLmS + avrLm7 (aS7) Progeny 9 6.77 

7 iv12369 (avrLm7 + AvrLmS, a7AS) Parent 1 3.21 

8 WT50 (AvrLm7 + avrLmS, A7aS) Parent 1 6.51 

 

4.2.7 Variant calling using GATK 
 
Variants were called on filtered aligned reads using the GATK best practices pipeline 

v3.6-0-g89b7209 (McKenna et al. 2010). Ploidy was set to “2” to allow heterozygous 

calls in bulked samples. Paired bulk samples were extracted (Bulk 1/2, Bulk 3/4, Bulk 

5/6) using Vcftools 0.1.15 and variants with a Phred quality score <30 were excluded. 

Indels were removed using GATK SelectVariants and VCF files converted to tabular 

format with GATK VariantsToTable. 
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Table 4.3 The avirulence allele confirmed for each isolate through phenotyping on five B. napus line with known R gene, the mating type allele 

(1 or 2), and the composition of each bulk 

Isolate 
number 

Isolate 
name 

Darmor-
MX 
(Rlm6) 

15.23.2.1  
(Rlm7) 

Surpass 
400 
(RlmS) 

Mating 
type allele 
(MAT1-1 
or MAT1-
2) 

Bulk 1 
(AS) 

Bulk 2 
(aS) 

Bulk 3 
(A7) 

Bulk 4 (a7) Bulk 5 
(AS7) 

Bulk 6 
(aS7) 

Bulk 7 
(iv12369) 

Bulk 8 
(WT50) 

1 X82.1 A A A 2 X 
 

X 
 

X 
   

2 X82.2 A A A 1 X 
 

X 
 

X 
   

3 X82.3 V A A 2 X 
 

X 
 

X 
   

4 X82.4 V V A 2 X 
  

X 
    

5 X82.5 V V A 2 X 
  

X 
    

6 X82.6 A V A 1 X 
  

X 
    

7 X82.7 V A V 1 
 

X X 
     

8 X82.8 A V A 2 X 
  

X 
    

9 X82.9 V A A 2 X 
 

X 
 

X 
   

10 X82.10 A V A 2 X 
  

X 
    

11 X82.11 A V A 1 X 
  

X 
    

12 X82.12 A V A 1 X 
  

X 
    

13 X82.13 V A V 2 
 

X X 
     

14 X82.14 V V V 2 
 

X 
 

X 
 

X 
  

15 X82.16 V V V 2 
 

X 
 

X 
 

X 
  

16 X82.17 A V A 2 X 
  

X 
    

17 X82.19 V A A 1 X 
 

X 
 

X 
   

18 X82.20 A A A 1 X 
 

X 
 

X 
   

19 X82.21 V V V 1 
 

X 
 

X 
 

X 
  

20 X82.22 V V V 2 
 

X 
 

X 
 

X 
  

21 X82.23 V A A 1 X 
 

X 
 

X 
   

22 X82.24 V A A 2 X 
 

X 
 

X 
   

23 X82.26 V V V 2 
 

X 
 

X 
 

X 
  

24 X82.27 A A V 2 
 

X X 
     

25 X82.28 A V A 2 X 
  

X 
    

26 X82.29 V V A 1 X 
  

X 
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Isolate 
number 

Isolate 
name 

Darmor-
MX 
(Rlm6) 

15.23.2.1  
(Rlm7) 

Surpass 
400 
(RlmS) 

Mating 
type allele 
(MAT1-1 
or MAT1-
2) 

Bulk 1 
(AS) 

Bulk 2 
(aS) 

Bulk 3 
(A7) 

Bulk 4 (a7) Bulk 5 
(AS7) 

Bulk 6 
(aS7) 

Bulk 7 
(iv12369) 

Bulk 8 
(WT50) 

27 X82.30 A A V 2 
 

X X 
     

28 X82.34 A V A 1 X 
  

X 
    

29 X82.35 V A A 1 X 
 

X 
 

X 
   

30 X82.37 A A V 2 
 

X X 
     

31 X82.38 V A V 1 
 

X X 
     

32 X82.40 V V V 1 
 

X 
 

X 
 

X 
  

33 X82.41 A A A 2 X 
 

X 
 

X 
   

34 X82.43 V A A 1 X 
 

X 
 

X 
   

35 X82.45 V V V 1 
 

X 
 

X 
 

X 
  

36 X82.47 V V A 2 X 
  

X 
    

37 X82.49 A V A 1 X 
  

X 
    

38 X82.54 A V A 2 X 
  

X 
    

39 X82.59 A A V 1 
 

X X 
     

40 X82.61 V V V 2 
 

X 
 

X 
 

X 
  

41 X82.62 V A V 2 
 

X X 
     

42 X82.63 A V V 2 
 

X 
 

X 
 

X 
  

43 X82.65 V A V 2 
 

X X 
     

44 X82.69 V A V 1 
 

X X 
     

45 X82.75 V A V 2 
 

X X 
     

46 X82.79 V A V 1 
 

X X 
     

47 X82.103 A A V 1 
 

X X 
     

48 iv13269 
          

X 
 

49 WT50 
           

X 
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4.2.8 Identification of candidate QTL for AvrLmS 
 
Two approaches were used to identify the QTL for AvrLmS. In the first approach, QTL-

Seq of paired bulked segregant analysis was carried out using the R package QTLseqr 

(Mansfeld and Grumet 2018; Takagi et al. 2013). The ∆(SNP-index) for each SNP was 

calculated as the difference of the low value bulk SNP-index from the high value bulk 

SNP-index. By plotting ∆(SNP-indices) over a sliding window, QTL regions with a 

∆(SNP-index) passing a confidence interval threshold of 95% (P<0.05) or 99% 

(P<0.01), as calculated by a statistical simulation, were detected. The ∆(SNP-index) 

was expected to be roughly 0 across the genome, except in QTL regions. 

 

The physical position of the QTL region(s) identified from QTL-Seq was determined 

on the reference genome assembly by utilising the genomic resources from NCBI. To 

extract the candidate genes underlying the candidate region(s), the RefSeq reference 

assembly .gff annotation, CDS and protein sequences were first downloaded from 

NCBI. Then, the annotation of the genes underlying the candidate region(s), along 

with 10 kb upstream and downstream regions were extracted using ‘awk’ script. 

Manual inspection of individual genes was performed to identify candidate gene based 

on common Avr gene features such as signal peptide sequence and cysteine residue 

(Rouxel and Balesdent 2010). 

 

In the second approach, candidate SNP analysis was carried out using a custom 

python script. Homozygous candidate SNPs that differ between samples with AvrLmS 

(Bulk 1 and 2 including the parent iv12369) and samples with avrLmS (Bulk 5 and 6 

including the parent, WT50) were identified. A candidate SNP is defined here as a 

SNP that is homozygous for the alternate allele in all bulks with AvrLmS (and in the 

corresponding parent) and is homozygous for the reference allele in all bulks with 

avrLmS (and in the corresponding parent) or vice-versa.  

 
SNPeff analysis (Cingolani et al. 2012) was performed to predict the genes that were 

being modified by the candidate SNPs in the candidate QTL region. The GC content 

in the candidate QTL region was analysed using the ‘Seqinr’ package in R (Charif and 

Lobry 2007).  
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4.2.9 Candidate gene analysis 
 

Gene presence/absence variation (PAV) analysis was performed on the AvrLmS 

candidate gene. To detect PAV, the SAMtools view utility was used (Li et al. 2009b). 

Per base coverage of the candidate gene and upstream and downstream regions was 

calculated using BEDTools (Quinlan and Hall 2010) and plotted with ggplot2 in R. 

 
To search for gene homology of the AvrLmS candidate gene, the full nucleotide 

sequence of the candidate gene was BLAST queried against the InterProScan 

database website. The genomic region surrounding the candidate gene was also 

queried using BLAST on the NCBI database website to highlight any sequence 

similarity with other publicly available sequences or to provide information on the 

genomic features. The candidate region was also queried for long terminal repeats 

(LTR) using RepeatMasker using the custom UNIX command line. 

 

4.2.10 De novo assembly of bulked segregant samples  
 

To further confirm that the candidate gene and its surrounding genomic region was 

assembled, de novo assembly of the bulked samples were performed using SPAdes 

with a reference guided approach (Bankevich et al. 2012). Another de novo assembly 

method, MaSuRCa, was used as a comparison. This method adopts the de Bruijn 

graphs algorithm (Zimin et al. 2013). Following assembly, the genomes of paired bulk 

assemblies were aligned to each other using Mugsy (Angiuoli and Salzberg 2011); a 

multiple alignment tool for whole genomes. The ultimate aim was to extract the aligned 

candidate region between paired bulks and to assess the variation in this area. This 

extraction of the candidate region was carried out using BEDTools (Quinlan and Hall 

2010).  

 
BLAST v2.2.26 databases were generated for all de novo assemblies and Mugsy fasta 

alignments. BLASTN searches were performed using each de novo assemblies as the 

BLAST database and the AvrLmS candidate region (Bulk 1 and 2) as the BLAST query. 

A bed file was prepared based on the BLAST results to extract the best aligning 

regions from the de novo assemblies for multiple sequence alignment with MUSCLE 

v3.8.1551 (Edgar 2004) using default settings.  
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Another alignment tool; MUMmer v3.23, was used to plot a long range alignment 

(Kurtz et al. 2004). All the de novo assemblies from the bulked samples were first 

aligned to the reference genome followed by a one-to-one local mapping between the 

candidate regions for Bulk 1 and 2 and reference, which were then selected by using 

the delta-filter program and MUMmerplot.  

 

4.2.11 PCR and Sanger sequencing analysis of the AvrLmS candidate gene  
 
Four individual progeny isolates representing the AvrLmS and avrLmS bulk samples 

were selected for PCR and Sanger sequencing to analyse the region surrounding the 

candidate region, and also of the gene itself to check for gene presence/absence. The 

four isolates were: X82.1 (AvrLmS), X82.2 (AvrLmS), X82.7 (avrLmS) and X82.13 

(avrLmS). To further confirm the absence of the candidate gene two more avrLmS 

isolates were used, X82.14 and X82.16.  

 

In total, three sets of primer pairs were designed using Primer3web 

(http://primer3.wi.mit.edu/) (Untergasser et al. 2012). Two primer sets were designed 

to PCR amplify the region around the candidate gene. The third set was to amplify the 

candidate gene itself (Table 4.4). The settings on Primer 3 were as follows: The 

melting temperature (Tm) at minimum 52oC, optimal 55oC and maximum 58oC. The 

GC content minimum 40, optimum 50 and maximum 60. All the primer sequences 

were BLASTed against the reference genome ASM23037v1 to check for specificity 

using Geneious 6.1.8 software.  
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Table 4.4 Details of the three primer sets used to PCR amplify the AvrLmS candidate gene 

Primer  Primer sequence Start position on 
scaffold 
NW_003533855.1 

End position on 
scaffold 
NW_003533855.1 

PCR 
extension 
time (min) 

Amplicon 
size (bp) 

AvrLm1_1F ACCTAGCGGGCTTAGAGGAG 1,847,766 1,847,785 1:50 1,962 

AvrLm1_1R TTAAGCAGATGCGCCCTTAC 1,849,708 1,849,727 

AvrLm1_2F AGAAACACAGACTGCCATAGGT 1,850,253 1,850,274 1:20 1,211 

AvrLm1_2R GAGCTCCTGCTTTTTATTAGGC 1,851,442 1,851,463 

AvrLm1_3F TGTATAAGGGACGGATCGAG 1,850,057 1,850,076 0:30 158 

AvrLm1_3R CCAAAGCCATCAGATCCAA 1,850,214 1,850,196 
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The PCR was conducted in a final reaction volume of 20 µL consisting of 5 ng DNA 

template, 0.10 µM of each primer, 1x EmeraldAmp® MAX HS PCR Master Mix and 

topped up to 20 µL with Ambion® nuclease free water. Amplifications were performed 

in an Eppendorf Mastercycler with the following conditions: an initial denaturation cycle 

at 98oC for 5 mins, followed by 30 cycles consisting of 1 min denaturation at 98oC, 30 

secs annealing at 60oC, and 1 min/kb extension at 72oC depending on the amplicon 

size (Table 4.4). A final extension step at 72oC for 10 mins concluded the cycling. 

 

The PCR amplicon was purified, DNA concentration checked and sent for Sanger 

sequencing as specified in Section 2.2.7. The same set of primers that were used for 

PCR amplification was used for direct sequencing. The quality of the PCR amplicon 

nucleotide sequences was inspected and visualised in a chromatogram format (.abi) 

using Geneious 6.1.8 software. The ends of the sequences were trimmed and any 

sequence error was manually corrected in the programme. The final contig sequence 

was obtained by assembling the forward and reverse reads de novo using Geneious 

6.1.8 software. 
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4.2.12  Methods summary  
 

A summary of the approaches used in this study is presented in the flow chart below 

(Figure 4.3): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Flow chart of the approaches used in this study for identification of AvrLmS 

candidate gene 

  

1. WGS using 
Illumina platform 

 
Bulk 1 (AS) 

Bulk 2 (aS) 

Bulk 3 (A7) 

Bulk 4 (a7) 

Bulk 5 (AS7) 

Bulk 6 (as7) 

2. Read mapping 
using BWA  

 
L. maculans reference 

genome assembly 

GCF_000230375.1_AS

M23037V1 obtained 

from NCBI Assembly 

Database. Reads 

3. SNP calling using 
GATK  

 
Paired bulk samples 

were extracted and 

filtered for quality using 

Vcftools 0.1.15 

 

4. Identify QTL for AvrLmS 
 

(A) QTLSeq analysis in R 

package 

(B) Paired bulk samples were 

analysed and ∆(SNP-

indices) plots generated to 

determine QTL 

5. Identify candidate 
AvrLmS gene 

 

(A) QTLSeq analysis to 

determine QTL region  
(B) Candidate SNP 

analysis to determine 

candidate SNPs within 

QTL region 

(C) Identify AvrLmS 

6. De novo assembly, 
assembly alignment and 
analysis of AvrLmS 
candidate gene region 

(A) All 6 bulk samples (except the 

parent bulks) were de novo 

assembled 

(B) Whole genome alignment of 

paired bulk (1 vs 2; 3 vs 4 and 

5 vs 6) 

(C) AvrLmS candidate region was 

extracted and BLAST against 

de novo assemblies to check 

if the candidate region had 

been assembled 

 

7. Validation of 
AvrLmS candidate 
gene 
 

PCR and Sanger 

sequencing of AvrLmS 

candidate gene using 

three primer sets 
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4.3 Results 
 

4.3.1 Mating type distribution amongst progeny isolates 
 
A 1:1 ratio between the two L. maculans mating types was observed from the PCR 

analysis, which implied that the segregation of the progeny isolates fitted the expected 

outcome. From 58 progeny isolates, only 49 were selected for BSA-NGS study due to 

some isolates not germinating well on the culture medium and/or not infecting well on 

the host plant.  

 

4.3.2 Library preparation and read mapping statistics 
 

The whole-genome sequencing using Illumina high-throughput sequencing generated 

short reads of 150 bp length from all the six bulks. After quality control processes 

including trimming and filtering, the average number of reads generated was in the 

range of 46 – 75 million reads (Table 4.5). The average read coverage was 193x. The 

mapping quality measured using a Phred quality score showed that the majority of the 

paired-end reads in all bulk samples had a Phred score of > 30. 

 
Table 4.5 Read mapping statistics obtained from library preparation of six individual bulk 

samples 

Bulk 
No. 

Bulk sample Number of raw 
reads (Surviving 
Reads+Dropped 
reads) 
 

Number of clean 
reads 

Estimated 
sample coverage 
rate (X)a 

1 AS 47,134,448 46,981,574 156.2 
2 aS 69,460,390 69,230,358 230.2 
3 A7 75,776,452 75,546,277 251.2 
4 a7 59,091,833 58,884,100 195.8 
5 AS7 66,939,344 66,711,323 221.8 
6 aS7 50,241,166 50,023,991 166.3 
7 iv12369 (AS) 65,658,080 65,475,808 217.7 
8 WT50 (aS) 56,457,493 56,254,313 187.0 

aThe reference genome size of L. maculans based on Rouxel et al. (2011) is 45.12 Mb. The 

read length is 150 bp 
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4.3.3 Whole-genome SNP calling 
 

In total, the average number of SNPs in all six bulked samples (Bulk 1 to 6) was 

517,493 (Table 4.6). The number of heterozygous alleles was on average 6x more 

than homozygous alleles in the bulked samples while in the parental isolates (Bulk 7 

and 8), there were 3x more heterozygous alleles than homozygous alleles. The 

highest total number of SNPs was found in the avrLmS (aS) bulk (Table 4.6). 
 
Table 4.6 Total number of SNPs found in six individual bulk and two parental isolates 

Bulk 
No. 

Bulk sample Number of 
homozygous 
SNP 

Number of 
heterozygous 
SNP 

Total number of 
SNPs 
(Homozygous + 
Heterozygous 
SNP) 

1 1. AS 74,624 434,039 508,663 

2 2. aS 74,388 454,957 529,345 

3 3. A7 73,698 454,319 528,017 

4 4. a7 74,076 444,919 518,995 

5 5. AS7 74,710 440,003 514,713 

6 6. aS7 77,627 427,596 505,223 

 Average  74,854 442,639 517,493 
7 7. iv12369 (AS) 106,338 356,980 463,318 

8 8. WT50 (aS) 106,093 374,666 480,759 

 Average 106,216 365,823 472,039 
 

4.3.4 QTL-Seq analysis  
 
The QTL-Seq analysis was carried out on all six Bulked samples. For the QTL-Seq 

analysis for Bulk 3 (A7) vs. Bulk4 (a7), which is the positive control confirming the 

QTL-Seq approach, a significant peak was found at position 1,341,773-1,528,148 bp 

on scaffold NW_003533874.1 (Figure 4.4, Table 4.7). To validate the physical 

position of AvrLm7 on the L. maculans reference genome ASM23037v1, BLAST 

analysis was carried out on the AvrLm7 GenBank nucleotide sequence AM998638.1, 
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obtaining a 100% identity with positions 1,375,182-1,374,257 bp on scaffold 

NW_003533874.1, which validates the finding of AvrLm7 in Bulk 3/4.  

 
 

 
Figure 4.4 Plot of ∆(SNP-index) between Bulk 3 and Bulk 4 (AvrLm7 and avrLm7) across 

Blackleg scaffold NW_003533874.1. Confidence intervals of 95% (red) and 99% (blue) are 

shown. The X-axis represents the genomic position on scaffold NW_003533874.1, and the Y-

axis represents the SNP-index. The significant peak was found at position 1,341,773-

1,528,148 bp on scaffold NW_003533874.1.
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Table 4.7 QTL-Seq analysis results for Bulk 3/4, showing QTL peaks passing the 99% confidence threshold 

CHROM qtl start end length nSNPs avgSNPs_Mb peakDeltaSNP avgDeltaSNP 

NW_003533874 1 1341773 1528148 186375 847 4545 -0.62528 -0.4568 

NW_003533874 2 1529572 1532811 3239 4 1235 -0.30669 -0.29949 
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QTL-Seq results for Bulk 1 (AS) vs. Bulk 2 (aS) and Bulk 5 (AS7) vs. Bulk 6 (aS7) 

were compared to identify the candidate region for AvrLmS. The analysis successfully 

revealed a QTL region for AvrLmS in Bulk 1/2 with significant peaks at 1,423,009-

1,542,126 bp and 1,686,152-1,738,374 bp respectively (Figure 4.5, Table 4.8). The 

last bulk sample, Bulk 5/6 had significant peaks at 1,440,528-1,454,591 bp and 

1,689,161-1,733,678 bp, further supporting the QTL region for AvrLmS found from 

Bulk 1/2 (Figure 4.5, Table 4.9). Bulk 1/2 and Bulk 5/6 were identified as two 

neighbouring candidate QTL regions on NW_003533855.1 (Figure 4.5). 

 (A) 
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(B) 

 

 

 

 

 

 
Figure 4.5 (A) Plot of ∆(SNP-index) between Bulk 1/2 (AvrLmS) and Bulk 5/6 (AvrLmS, 

AvrLm7) across Blackleg scaffold NW_003533855.1. Confidence intervals of 95% (red) and 

99% (blue) are shown. The significant peaks for Bulk 1 and Bulk 2 were between 1,423,009-

1,738,374 bp. Similarly, the significant peaks for Bulk 5 and Bulk 6 were between 1,440,528- 

and 1,733,678 bp (B) Illustration of the QTL physical position on the L. maculans reference 

genome ASM23037v1 scaffold NW_003533855.1. The long rectangular open-filled 

segmented bar represents scaffold NW_003533855.1 and the segments represent physical 

position. The curly bracket with different colour shows the physical position of different Bulked 

samples  

1.4 1.5 1.6 1.7 

Bulk 1 (AS) Bulk 2 (aS) 

Bulk 5 (AS7) Bulk 6 (aS7) 

Mbp 
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Table 4.8 QTL-Seq analysis results for Bulk 1/2, showing QTL peaks passing the 99% confidence threshold 

CHROM qtl start end length nSNPs avgSNPs_Mb peakDeltaSNP avgDeltaSNP 
NW_003533855 1 1281843 1284130 2287 3 1312 0.302749 0.298652 

NW_003533855 2 1423009 1542126 119117 88 739 -0.40077 -0.34867 

NW_003533855 3 1686152 1738374 52222 678 12983 0.502798 0.431754 

NW_003533864 1 918230 920699 2469 2 810 -0.33923 -0.3304 

NW_003533866 1 1048388 1060874 12486 17 1362 -0.31699 -0.30986 
 

Table 4.9 QTL-Seq analysis results for Bulk 5/6, showing QTL peaks passing the 99% confidence threshold 

CHROM qtl start end length nSNPs avgSNPs_Mb peakDeltaSNP avgDeltaSNP 
NW_003533849 1 368556 400029 31473 7 222 -0.46444 -0.41968 

NW_003533855 1 1440528 1454591 14063 10 711 -0.43086 -0.40823 

NW_003533855 2 1689161 1733678 44517 575 12916 0.549047 0.472623 

NW_003533860 1 117547 122878 5331 2 375 0.466525 0.461307 

NW_003533874 1 1360653 1361048 395 4 10127 -0.40756 -0.40621 

NW_003533874 2 1362850 1531268 168418 739 4388 -0.6249 -0.51611 

NW_003533874 3 1532951 1532951 0 1 Inf -0.40288 -0.40288 

NW_003533878 1 1960142 1992190 32048 45 1404 0.430681 0.426487 
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4.3.5 AvrLmS candidate gene identification based on QTL-Seq  

 

To identify the AvrLmS QTL region, the QTL-Seq data from Bulk 1 vs. Bulk 2 and Bulk 

5 vs. Bulk 6 were analysed. Within the combined QTL region from these four bulked 

samples, including 10 kb upstream and downstream regions, there were in total 84 

genes annotated. The protein function of each of the 84 genes was searched on 

UniProt (The UniProt 2015) which revealed two genes qualified as an AvrLmS 

candidate gene based on Avr gene features, for example six to eight cysteine residues 

and signal peptide average length of 20 amino acids (Parlange et al. 2009). These two 

genes were LEMA_P036180.1 and LEMA_P037170.1 (Table 4.10). 

 
Table 4.10 Two AvrLmS candidate genes identified from QTL-Seq analysis 

Details LEMA_P036180.1 LEMA_P037170.1 

Transcript size (bp) 993 976 

Protein size (amino acid) 330 289 

Cysteine residue 7 6 

GC content (%) 51.9 52.9 

Signal peptide (aa) 19 16 

Annotation mRNA-similar to class III 

chitinase 

mRNA-hypothetical 

protein 

Position on scaffold 

NW_003533855.1 (bp) 

1,428,300..1,429,292 1,676,771..1,677,747 

 

SNP analysis between Bulk 1 vs. Bulk 2 and Bulk 5 vs. Bulk 6 based on GATK variant 

calling results revealed that there were no SNPs within the gene for each of the two 

candidate genes LEMA_P036180.1 and LEMA_P037170.1. 

 

4.3.6 Candidate SNP analysis for AvrLmS 
 

Candidate SNP analysis for AvrLmS using Bulk 1/2, Bulk 5/6 and both parents (Bulk 

7/8, iv12369/WT50 respectively), was carried out using a custom python script. A 

candidate SNP is defined as a SNP that is homozygous for the reference allele in all 

Bulked samples (including parent isolate) carrying AvrLmS and homozygous for the 
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alternate allele in all Bulked samples (including parent isolate) carrying avrLmS, or 

vice-versa. The candidate SNP analysis independently confirmed the first approach 

QTL-Seq results, identifying a total of 428 candidate SNPs from the entire L. maculans 

genome. Of these, 94% of the 428 SNPs (402 out of 428) were found on 

NW_003533855.1 at positions 1,713,576-2,111,519 bp. 

 

As Avr genes commonly occur in AT-rich region in the L. maculans genome, or 

commonly known as an “AT-isochore” in which the GC content is significantly reduced, 

GC content was plotted across scaffold NW_003533855.1 (Figure 4.6). This shows 

that the candidate region contains a large AT-isochore with a GC content of 

approximately 35%. 

 
Figure 4.6 Plot of GC content calculated in 500 bp windows across scaffold NW_003533855.1. 

Blue and red lines demarcate the candidate regions identified using QTL-Seq. Bold orange 

interrupted lines indicate the extended candidate QTL region. The X-axis represents the start 

and end position of scaffold NW_003533855.1. The Y-axis represents the GC content in 

percentage (%) 
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4.3.7 SNPeff variant analysis 

 

A SNPeff database was constructed for the RefSeq L. maculans assembly to annotate 

and predict the effect of the SNPs in the L. maculans genome. The total number of 

SNP effects on the L. maculans genome was 1,718,498, with a ratio of missense/silent 

SNP of 1.2296 and transition (A « G or C « T mutation)/transversion (A « C, A « 

T, C « G or G « T) ratio of 12.6. The highest percentage of the SNPs occurred in the 

intergenic regions, accounting for 47.7% of the total, followed by downstream and 

upstream regions with almost equal percentage of average 25.3% (Table 4.11). 
 

Table 4.11 The number of SNPs effects at each type of genomic region of L. maculans 

Type Count Percent 

Downstream 439,184 25.556 

Exon 11,031 0.642 

Intergenic 820,478 47.744 

Intron 3,543 0.206 

Splice site acceptor 30 0.002 

Splice site donor 24 0.001 

Splice site region 388 0.023 

Transcript 15,016 0.874 

Upstream 428,804 24.952 

Total 1,718,498 100 

 

After annotating the 402 candidate SNPs on scaffold NW_003533855.1 at the 

candidate region 1,713,576-2,111,519 bp, the genes modified by these candidate 

SNPs were extracted, in total there were 12 (Table 4.12). In SNPeff, SNPs modifying 

the gene relates to the modifying impact of the SNP on various gene structures 

including, but not limited to, the coding sequence and exon, but also including 

intergenic regions, introns, upstream, downstream regions or where there are regions 

that are difficult for prediction (Cingolani et al. 2012). 
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Table 4.12 Twelve genes being modified by candidate SNPs on scaffold NW_003533855.1 at the candidate region 1,713,576-2,111,519 bp 

No. No. of SNPs 
modifying 
each gene 

LEMA code Physical position on 
scaffold 
NW_003533855.1 

Gene size 
(bp) 

No. of SNPs 
within the gene 

Synonymous/Non-
synonymous SNP 

Annotation from 
NCBI Genome Data 
Viewer 

1 1 LEMA_P037270.1 1,710,204..1,712,321 2,118 3 2 S 
1 NS 

mRNA-similar to 
calponin 

2 11 LEMA_P037280.1 1,713,580..1,714,948 1,369 11 3 S, 8 NS 
 

mRNA-similar to 
subtilisin-like serine 
protease PR1A 

3 3 LEMA_P037290.1 1,715,688..1,716,431 744 1 1 S mRNA-hypothetical 
protein 

4 4 LEMA_P037330.1 1,738,049..1,738,537 489 3 3 NS mRNA-hypothetical 
protein 

5 7 LEMA_P037340.1 1,739,290..1,740,593 1,304 9 2 Introns 
1 Syn 
6 NS 

mRNA-predicted 
protein 

6 3 LEMA_P037350.1 1,741,059..1,742,111 1,053 0 - mRNA-predicted 
protein 

7 1 LEMA_P037440.1 1,757,295..1,759,034 1,740 0 - mRNA-predicted 
protein 

8 6 LEMA_P037470.1 1,766,302..1,769,052 
 

2,751 0 - mRNA-hypothetical 
protein 

9 14 LEMA_uP037480.1 1,850,027..1,850,254 228 0 - mRNA-predicted 
protein 

10 16 LEMA_P037490.1 2,070,269..2,073,188 2,920 1 1 Intron mRNA-hypothetical 
protein 

11 2 LEMA_P037500.1 2,074,221..2,076,969 2,749 2 2 Syn mRNA-hypothetical 
protein 

12 6 LEMA_P037650.1 2,110,666..2,111,250 585 0 - mRNA-predicted 
protein 
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From the SNP annotations based on SNPeff for each of the12 candidate genes, 10 

were annotated as “hypothetical” or “predicted” with two candidate genes, 

LEMA_P037270.1 and LEMA_P037280.1 annotated as a calponin and protease 

respectively. One of the main criteria for the AvrLmS candidate gene was having 

sequence variation, either in terms of SNPs (could be within coding regions or 

intergenic regions) or presence/absence variation. Secondly, that the candidate gene 

share very minimal or no sequence homology with other Avr genes or any protein in 

the database, and third, its genomic location should be in a gene-sparse (AT-rich) 

region interspersed among a gene-rich (GC-rich) region (Parlange et al. 2009). From 

the list of 12 candidate genes, LEMA_uP037480.1 fits these three criteria.  

 

4.3.8 Identification of LEMA_uP037480.1 as most potential candidate gene for 
AvrLmS 

 

Based on the public GCF_000230375.1_ASM23037v1 gene annotation, the 

candidate gene LEMA_uP037480.1 occurs on NW_003533855.1:1850027-1850254. 

Although 14 candidate SNPs modify this gene, no SNPs occur within the gene based 

on SNPeff analysis and whole genome SNP analysis between Bulk 1 vs. Bulk 2 and 

Bulk 5 vs Bulk 6. A search on the NCBI database shows that LEMA_uP037480.1 has 

nucleotide sequence length of 228 bp, 75 aa, is a hypothetical protein, has a GC 

content of 49.6% and has five cysteine residues (Table 4.13). 

 

Table 4.13 Gene feature of LEMA_uP037480.1 

Gene feature  LEMA_uP037480.1 
Location (SuperContig) FP929116 

Location (Scaffold) NW_003533855.1 

Gene position  1,850,027..1,850,254 

NCBI Reference ID (mRNA) XM_003837466.1 

NCBI Reference ID (protein) XP_003837514.1 

mRNA size 228 bp 

CDS  1..228 

Protein size 75 aa 

Protein information Hypothetical protein 

GC content 49.6% 

Cysteine residue 5 
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A gene homology search of LEMA_uP037480.1 on the InterProScan database 

revealed no sequence similarity with any protein members in the database. There is 

no GO term prediction for LEMA_uP037480.1 from the same database. However, 

there were eight matches found for “Detailed signature matches – Other features” 

where seven matches were found for Signal Peptide and one match found for Non-

Cytoplasmic Domain. An NCBI BLAST search on the protein XP_003837514.1 

revealed a 41% sequence identity hit, and E-value of 4e-05 on protein XP_003841296 

(LEMA_P092260.1). The LEMA_P092260.1 gene was identified as one of the top 25 

genes expressed by a series of AvrLm3/AvrLm7 L. maculans isolates, when infected 

on B. napus cultivar Darmor-bzh (Parlange et al. 2009), as well as being identified as 

one of the top 20 upregulated genes expressed by L. maculans isolate IBCN18 after 

inoculation on B. napus cv. Westar (Lowe et al. 2014). 

 

A further search on the genomic region surrounding LEMA_uP037480.1 showed that 

the gene is located as a solo gene (1,850,027 – 1,850,254 bp) with the next closest 

annotated gene upstream being LEMA_P037470.1 (1,766,302 - 1,769,052 bp) 

(Figure 4.7) and the closest annotated gene downstream being LEMA_P037490.1 

(2,070,269 – 2,073,188 bp) on scaffold NW_003533855.1. The genetic interval 

between LEMA_P037470.1 and LEMA_P037490.1 is 301,216 bp.
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Figure 4.7 The position of LEMA_uP037480.1 (1,850,027 - 1,850,254 bp), highlighted in the rectangular box, located within 1,686,743 to 1,996,083 bp window 

size on scaffold NW_003533855.1 in the ASM23037v1 (GCF_000230375.1) reference assembly viewed on the NCBI Genome Data Viewer. The circled gene 

is LEMA_P037470.1 (1,766,302 - 1,769,052 bp), which is the nearest annotated gene upstream of the candidate gene LEMA_uP037480

1,686,743 1,739,290 1,766,302 1850027 
1996083 

LEMA_P0374701 

1,766,302 - 1,769,052 

LEMA_uP037480.1 

1,850,027 - 1,850,254 
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4.3.8.1 Transposable element (TE) analysis around LEMA_uP037480.1  
 
RepeatMasker analysis of the LEMA_uP037480.1 candidate region of 301,217 bp 

showed a GC level of 33.91% and the percentage of bases masked was 167,209 bp 

(55.5%). The main class of TE found within this region consists of the retroelement 

type with 157 elements of Ty1/Copia and Gypsy/DIRS1 retrotransposons accounting 

for a total of 53.92% of the sequence (Table 4.14). 

 

Table 4.14 List of TE found within the LEMA_uP037480.1 candidate region of 301,217 bp 

using RepeatMasker 

TE class Number of 
elementsa 

Length occupied 
(bp) 

Percentage of 
sequence (%) 

Ty1/Copia 
retrotransposons 

120 133871 44.44 

Gypsy/DIRS1 
retrotransposons 

37 28539 9.47 

DNA transposons 6 1355 0.45 
Tc1-IS630-Pogo 2 1022 0.34 
Unclassified 1 74 0.02 

a Most repeats fragmented by insertions or deletions have been counted as one element 

 

4.3.8.2 Nucleotide composition around LEMA_uP037480.1 
 

A closer look at the 301,216 bp nucleotide sequence revealed a high percentage of A 

and T nucleotides at 32.6% and 33.4% respectively (Table 4.15). There was also a 

large number of the amino acid leucine (16%) in the translated sequence and a 

relatively high frequency of stop codons (10.6%) (Table 4.15). 
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Table 4.15 Frequency of individual nucleotides of LEMA_uP037480.1 and the translated 

amino acid found within the 301,216 bp region where the gene spans 

Nucleotide Frequency Percentage (%) 
A 98,140 32.6 
C 50,739 16.8 
G 51,270 17.0 
T 100,657 33.4 
N 410 0.1 
Amino acid Frequency Percentage (%) 
A (Ala, Alanine) 4,343 4.3 
C (Cys, Cysteine) 1,885 1.9 
D (Asp, Aspartate) 1,873 1.9 
E (Glu, Glutamate) 2,038 2.0 
F (Phe, Phenylalanine) 3,505 3.5 
G (Gly, Glycine) 3,699 3.7 
H (His, Histidine) 865 0.9 
I (Ile, Isoleucine) 8,956  8.9 
K (Lys, Lysine) 4,955 4.9 
L (Leu, Leucine) 16,026 16.0 
M (Met, Methionine) 311 0.3 
N (Asn, Asparagine) 4,162 4.2 
P (Pro, Proline) 3,697 3.7 
Q (Gln, Glutamine) 1,074 1.1 
R (Arg, Arginine) 6,561 6.5 
S (Ser, Serine) 8,573 8.6 
T (Thr, Threonine) 4,868 4.9 
V (Val, Valine) 5,115 5.1 
W (Trp, Tryptophan) 192 0.2 
Y (Y, Tyrosine) 6,946 6.9 
*(Stop codon) 10,623 10.6 

  

4.3.8.3 PAV analysis of LEMA_uP037480.1 
 

To detect presence-absence variation (PAV), the SAMtools view utility was used to 

obtain the number of high-quality, deduplicated reads mapping to the candidate gene 

in each bulk and in the parents. The number of reads mapped to LEMA_uP037480.1 

was highest for the AvrLmS bulk samples 1 and 5, and the AvrLmS parent iv12369 

with the number of reads between 416 and 698 (Table 4.16). Comparatively, there 

were no reads mapped to LEMA_uP037480.1 in the avrLmS bulk sample 6 and the 
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corresponding parent WT50 with only two reads mapped to the other avrLmS bulk 

sample 2 (Table 4.16). 

 

Table 4.16 Comparison of reads mapped to candidate gene LEMA_uP037480.1 between all 

bulks and parents 

Bulk sample  Allele representing bulk 
sample 

Number of reads 
mapped to 
LEMA_uP037480.1 

1. AS AvrLmS 416 

2. aS avrLmS 2 

5. AS7 AvrLmS + AvrLm7 514 

6. aS7 avrLmS + avrLm7 0 

iv12369 avrLm7 + AvrLmS 698 

WT50 AvrLm7 + avrLmS 0 

 

Read coverage analysis revealed a 3 kb deletion (1,848,312 to 1,851,312 bp), with 

zero or close to zero base coverage in all the avrLmS bulk samples including Bulk 2 

(Figure 4.8B), Bulk 6 (Figure 4.8D) and Parent 2 (WT50, Figure 4.8F) whereas all 

the AvrLmS Bulk samples including Bulk 1 (Figure 4.8A), Bulk 5 (Figure 4.8C) and 

Parent 1 (iv12369, Figure 4.8E) had per base coverage between 100 to 400 within 

this region. The 3 kb deletion region contains the candidate gene LEMA_uP037480.1 

(Figure 4.8). 

 

Coverage analysis of a 200 kb region (1,750,000 to 1,950,000 bp) surrounding the 

candidate region showed a 103 kb region (1,781,250 to 1,884,250 bp) of low coverage 

of mostly < 150 X which corresponded to avrLmS bulk samples (Bulk 2, Bulk 6 and 

Parent 2) while the AvrLmS bulk samples (Bulk 1, Bulk 5 and Parent 1) recorded a 

high coverage of average between 150 – 400 X (Figure 4.9). Conversely, a 16 kb 

region (1,900,000 to 1,916,000 bp) of low coverage corresponding to AvrLmS bulk 

samples, including Parent 1, was observed while the avrLmS bulk samples including 

Parent 2 had high coverage. The extended regions from these two low coverage 

regions show even coverage in both AvrLmS and avrLmS bulk samples (Figure 4.9). 
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Figure 4.8 Per base coverage for all samples (not including Bulk 3 and 4, AvrLm7 and avrLm7 

respectively) across a 10 kb region on NW_003533855.1 that contains the candidate gene 

LEMA_uP037480.1 (demarcated with blue vertical lines) (A) Bulk 1 (AvrLmS, maroon line) (B) 

Bulk 2 (avrLmS, gold line), (C) Bulk 5 (AvrLmS, green line) (D) Bulk 6 (avrLmS, aqua line) (E) 

Parent 1 (iv12369, AvrLmS, blue line) (F) Parent 2 (WT50, avrLmS, purple line) 

 

  

LEMA_uP037480.1 

 

3 kb deletion in aS samples 
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Figure 4.9 Per base coverage for all samples (not including Bulk 3/4) across a 200 kb region 

(1,750,000 to 1,950,000 bp) on NW_003533855.1 that contains the candidate gene 

LEMA_uP037480.1 (demarcated with blue vertical line) (A) Bulk 1 (AvrLmS, maroon line) (B) 

Bulk 2 (avrLmS, gold line) (C) Bulk 5 (AvrLmS, green line) (D) Bulk 6 (avrLmS, aqua line) (E) 

Parent 1 (iv12369, AvrLmS, blue line) (F) Parent 2 (WT50, avrLmS, purple line) 

 

4.3.8.4 De novo assembly of bulked samples  
 
De novo assembly of the bulked samples was performed to obtain the physical 

sequence of LEMA_uP037480.1 and its surrounding genomic region which may be so 

diverged from the reference genome that reference mapping would potentially lead us 

to a false negative result. By obtaining the physical sequence of the candidate gene, 

we can then study the LEMA_uP037480.1 gene in more detail and this also allows us 

to compare the genetic variation between the avirulent and virulent samples. Two 

different de novo assembly methods were conducted for the six bulks separately: 

MaSurCa and SPAdes. The assembly results differed substantially between methods, 

but not between bulks (Table 4.17). 

 

Even coverage 

between AS 

and aS samples 
103 kb region of low 

coverage in aS samples 

Even coverage 

between AS and 

aS samples 

16 kb region of 

low coverage in 

AS samples 

LEMA_uP037480.1  

(A) (B) (C) (D) (E) (F) 
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Table 4.17 De novo assembly statistics of the six bulk samples using MaSurCa and SPAdes  

Bulk 
sample 

No. of 
scaffolds 

Assembly 
size (Total 
bp) 

Maximum 
length 
(bp) 

Minimum 
length 
(bp) 

N50 L50 

MaSurCa 
1. AS 8,831 38,210,799 205,169 150 29,379 352 

2. aS 5,962 35,430,483 284,359 151 49,338 205 

3. A7 5,588 35,069,386 268,246 151 55,671 178 

4. a7 7,692 36,927,158 318,367 150 51,090 212 

5. AS7 5,379 35,442,871 257,748 151 54,889 179 

6. aS7 7,491 37,372,303 272,091 151 35,161 294 

SPAdes 
1. AS 84,042 61,015,604 446,849 128 11,125 430 

2. aS 78,416 59,352,323 481,449 128 15,528 368 

3. A7 83,513 61,107,819 450,277 128 12,695 425 

4. a7 85,855 62,473,537 404,083 128 9,128 524 

5. AS7 73,682 57,745,911 519,959 128 18,145 308 

6. aS7 82,297 59,417,476 522,781 128 14,354 356 

 

The average number of scaffolds was about 10x higher and average assembly size 

about 2x greater in the SPAdes assembly compared with MaSurCa. However, the 

average N50 is at least 2x higher in MaSurCa than SPAdes. The six de novo 

assemblies were aligned with each other in paired bulks (Bulk 1 vs. Bulk 2; Bulk 3 vs. 

Bulk 4; Bulk 5 vs. Bulk 6) using Mugsy. Since the MaSurCa assembly yielded a higher 

quality based on N50 and the average assembly size (35 Mb) is closer to the reference 

L. maculans genome size of 45.1 Mb, the MaSurCa assembly was thus chosen for 

pairwise alignment. The candidate region (NW_003533855.1:1,850,027-1,850,254), 

along with 20 kb upstream and downstream regions (NW_003533855:1840027-

1860254) failed to assemble and was fragmented both in the MaSuRCa and SPAdes 

assemblies. As such, pairwise alignment using MUSCLE resulted in no meaningful 

results between the bulk samples at the candidate region, which means there was 

either no alignment or clear misalignment. A long-range alignment between the 

assembled candidate region in Bulk 1 (AS) and Bulk 2 (aS) and the reference genome 
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using MUMerplot showed contig alignment in Bulk 1 (AS) at the position where 

LEMA_uP037480 lies (1,850,027 to 1,850,254 bp), depicted as red dot in Figure 4.10, 

whereas there was no contig alignment at the same position in Bulk 2 (aS) (Figure 
4.10).
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Figure 4.10 MUMmerplot of Bulk 1 (AS, bottom panel) and Bulk 2 (aS, top panel) showing alignment of the respective bulks with the reference 

scaffold NW_003533855 at 800 kb spanning the candidate region (1,850,027 to 1,850,254 bp). Each data point is a contig read with a colour 

gradient representing identity. The red diagonal line indicates the assembly read of the bulk sample matches with the reference scaffold
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4.3.8.5 Sanger sequencing analysis of LEMA_uP037480.1 and surrounding 

3 kb deletion region 

 

Three primer sets were designed to amplify the 3 kb deletion region surrounding 

LEMA_uP037480.1 in both AvrLmS and avrLmS individual progeny isolates; X82.1 

and X82.2 representing AvrLmS and X82.7 and X82.13 representing avrLmS (Figure 

4.11). 

 

 

 

 

 

 

 
Figure 4.11 Schematic diagram of the PCR and Sanger sequencing regions surrounding 

LEMA_uP037480.1 (228 bp) on scaffold NW_003533855.1 within the 3 kb deletion region, not 

drawn to scale. The pair of red arrows indicates the first primer set region (1,847,766 – 

1,849,727; 1962 bp), the light blue pair of arrows indicates the second primer set (1,850,253 

– 1,851,463; 1211 bp), and the purple pair of arrows indicates the third primer set (1,850,057 

– 1,850,196; 158 bp) 

 

The PCR amplification result of the first two primer sets showed presence of a DNA 

band for only one AvrLmS isolate X82.2 for the first primer set (1,962 bp) (Figure 

4.12A, Table 4.18) and both AvrLmS isolates X82.1 and X82.2 for the second primer 

set (1,211 bp) (Figure 4.12B, Table 4.18), all three DNA bands giving the expected 

size. For avrLmS isolates, X82.7 and X82.13, there was absence of DNA band for the 

first primer set, which was expected (Lane 3 and 4, Figure 4.12A) and for the second 

primer set, presence of an unexpected DNA band at around 1500 bp instead of the 

expected size 1,211 bp (Lane 3 and 4, Figure 4.12B).  

LEMA_uP037480.1 

3 kb deletion region 
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Figure 4.12 Photo of gel electrophoresis showing PCR amplicons of the isolates representing 

AvrLmS and avrLmS isolates using first two primer sets. One µL of Thermo Fisher Scientific 

GeneRuler 1 kb DNA ladder and 2 µL of PCR amplicon was loaded into the wells separately 

(A) First primer set with expected size 1,962 bp. Lane 1: Isolate X82.1 (AvrLmS), Lane 2: 

Isolate X82.2 (AvrLmS), Lane 3: Isolate X82.7 (avrLmS), Lane 4: Isolate X82.13 (avrLmS) (B) 

Second primer set with expected size 1,211 bp, lane sequence following (A). The arrows 

pointing to DNA bands were samples sent for direct sequencing after gel cleaned up 
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Table 4.18 Outcome of DNA separation of the purified PCR amplicon using gel 

electrophoresis. The expected size of the PCR amplicon is denoted as Yes or No. If no, the 

band size observed on the gel is stated. ‘+’ indicates presence of DNA band. ‘-‘ indicates 

absence of DNA band 

Progeny 

isolate 

AvrLmS/avrLmS First 

primer 

set  

Expected 

amplicon 

size, 

1962 bp 

(Yes/No) 

Second 

primer set  

Expected 

amplicon 

size, 1211 

bp (Yes/No) 

X82.1  AvrLmS + Yes + Yes 

X82.2 AvrLmS + Yes + Yes 

X82.7 avrLmS - - +  No, ~1,500 

bp 

X82.13 avrLmS - - + No, ~1,500 

bp 
 

Three samples were sent for direct sequencing after gel purification, they were from 

the first primer set, isolate X82.2 (AvrLmS; Lane 2 in Figure 4.12A; 1,962 bp); second 

primer set isolates X82.1 (AvrLmS; Lane 1 in Figure 4.12B; 1,211 bp) and X82.7 

(avrLmS; Lane 3 in Figure 4.12B; ~1,500 bp). After sequencing, the forward and 

reverse reads were trimmed, de novo assembled, and a contiguous read obtained 

using Geneious 6.1.8 software. The sequence reads from two isolates, X82.2 (AvrLmS) 

from the first primer set, and X82.7 (avrLmS) from the second primer set, showed bad 

quality reads with multiple overlapping peaks and low sequencing signal throughout 

the entire sequence based on the chromatogram. The experiment was repeated once, 

still bad quality reads were obtained for both isolates. One 365 bp of sequence from 

the 1,211 bp from the second primer set isolate X82.1 (AvrLmS) forward sequence 

was obtained.  Alignment of the 365 bp read against the reference genome (96% 

identity) showed that this read is located at the expected 3 kb deletion region, 

1,850,292 to 1,850,607 bp on scaffold NW_003533855 (FP929116) as amplified from 

the second primer set.  
 

For the third primer set, there was a band amplified from both the AvrLmS isolates 

namely X82.1 and X82.2 (Lane 1 and Lane 2 in Figure 4.13A respectively) at the 
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expected size of 158 bp. For the avrLmS isolates, only X82.7 showed a faint DNA 

band (Land 3 in Figure 4.13B) at the expected size while in X82.13 the DNA band 

was absent (Lane 4 in Figure 4.13B). To re-confirm the presence/absence of DNA 

band in avrLmS isolates, another two avrLmS isolates namely X82.14 and X82.16 

were PCR amplified using the third primer set. Only isolate X82.14 showed a faint 

DNA band (Lane 1 in Figure 4.13C) while there was no DNA band observed for the 

isolate X82.16 (Lane 2 in Figure 4.13C). 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 Photo of gel electrophoresis showing PCR amplicons of the isolates representing 

AvrLmS and avrLmS isolates using third primer set. One µL of Thermo Fisher Scientific 100 

bp DNA ladder and 1 uL of PCR amplicon was loaded into the wells separately (A) Lane 1: 

Isolate X82.1 (AvrLmS), Lane 2: Isolate X82.2 (AvrLmS) (B) Lane 3: Isolate X82.7 (avrLmS), 

Lane 4: Isolate X82.13 (avrLmS). The expected size of the third primer set was 158 bp. The 

arrows pointing to the DNA bands that were sent for direct sequencing after PCR cleaned up 

(C) Lane 1: Isolate X82.14 (avrLmS), Lane 2: Isolate X82.16 (avrLmS) (D) Lane 3: Positive 

control using isolate X82.1 (AvrLmS), Lane 4: Negative control using nuclease free water to 

substitute DNA template 

 

Direct sequencing of X82.1 (AvrLmS; Lane 1 in Figure 4.13A) and X82.7 (avrLmS; 

Lane 3 in Figure 4.13B) resulted in clean chromatogram sequence of the entire 

amplicon with high quality reads. The forward and reverse reads were assembled and 

a contiguous read was obtained. Alignment of the contig for X82.1 and X82.7 against 

the reference genome show 100% identity and the contigs from both isolates were 
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located at the expected and same position at 1,850,057 to 1,850,214 bp on scaffold 

NW_003533855 (FP929116) (Figure 4.13A and B) respectively. Further evaluation of 

the sequence identity between the two reads show both reads aligned at 100% identity 

between each other. 

 

4.4 Discussion 

 

This is the first study reporting identification of a candidate fungal AvrLm gene using 

the BSA-NGS approach. We have successfully identified an AvrLmS candidate gene, 

LEMA_uP037480.1 in L. maculans, using this BSA-NGS approach.  
 

4.4.1 Genome assembly and whole-genome SNP analysis of the bulked 

samples 

 

The whole genome sequence of the six L. maculans bulked samples comprising 

avirulent AvrLmS isolates and virulent avrLmS isolates, along with positive control bulk 

samples comprising avirulent AvrLm7 and virulent avrLm7, and the two separate 

parental isolates, iv12369 (AvrLmS) and WT50 (avrLmS) yielded an average read 

coverage of 193x. The high read mapping quality of these bulked samples on the 

reference L. maculans genome was reflected from the Phred quality score of > 30 in 

all bulked samples, suggesting that the base-calling was highly accurate with error 

rate of <1 per kb (Ewing and Green 1998). This translates into reliable SNP calling 

output in this study.  

 

In this study, the average number of SNPs in the six bulked samples was 517,493, 

whereas in another study, whole-genome SNP calling from two Australian L. maculans 

isolates, 04MGPS021 (characterised for AvrLm4, AvrLm6) and 06MGPP041 

(characterized for avrLm4, avrLm6) revealed a total of 21,814 SNPs in the Blackleg 

genome (Zander et al. 2013). The huge difference in the number of SNPs relate to the 

design of experiment i.e. individual vs. pooling approach and SNP calling method i.e. 

SGSAutoSNP vs GATK. In individual isolate where whole genome SNP calling using 

SGSAutoSNP was conducted, there were no heterozygous SNPs being called 

whereas in this study, the heterozygous SNPs were called considering that the 
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experiment involves pooled bulked-segregant analysis samples where the SNPs 

markers unlinked to the candidate gene would be expected to be heterozygous while 

the markers that are linked or associated with the candidate gene would be 

homozygous (Klein et al. 2018). 

 

A high proportion of the SNPs identified in this study lie in the intergenic region as well 

as the downstream and upstream region, with less than 1% affecting the exonic region, 

a finding that is consistent with the whole genome sequencing study of the two 

Australian L. maculans isolates (Zander et al. 2013). This suggests that a large 

proportion of the L. maculans genome carries structural variations including SNPs or 

presence/absence variations outside the genic region that will affect the expression of 

the nearby genes (Golicz et al. 2015). There was also a high ratio of transitions found 

in the L. maculans genome, signifying high occurrences of RIP mutation throughout 

the entire genome (Gladyshev 2017; Rouxel and Balesdent 2017). 

 

The total assembly size in the bulk samples varies significantly depending on the 

assembly method used with MaSurCa method giving closer to the reference L. 

maculans genome size of 45.12 Mb (Rouxel et al. 2011) and the latest chromosome-

scale assembly using Oxford Nanopore technology giving genome size of 45.99 Mb 

(Dutreux et al. 2018) compared with SPAdes that gave a larger genome size. This is 

consistent with the findings from another study reporting on a smaller genome 

assembly obtained from two Australian isolates 04MGPS021 and 06MGPP041 

compared to the reference L. maculans genome using the whole-genome 

resequencing approach (Golicz et al. 2015). 
 

4.4.2 Gene features of LEMA_uP037480.1 

 

The AvrLmS candidate gene LEMA_uP037480.1 has a sequence length of 228 bp, 

coding for 75 amino acids, which qualifies as a small secreted protein or effector 

protein, even though the size of the protein is relatively small compared to the eight L. 

maculans Avr genes which have been cloned. The smallest Avr protein being AvrLm11 

with 365 amino acid (Balesdent et al. 2013). In another fungal pathogen, Zymoseptoria 

tritici, causal agent of Septoria tritici blotch (STB) in wheat, one of the avirulence genes 

detected had 63 amino acids (Zhong et al. 2017). Furthermore, there is no minimum 
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sequence length defined for an effector protein, to predict any fungal effector using 

the EffectorP algorithm however an effector protein less than 300 amino acid is 

considered a good candidate effector gene (Sperschneider et al. 2016). 

 

One of the genic features of LEMA_uP037480.1 that qualifies it as a good candidate 

AvrLmS gene is the relatively high frequency of stop codons (10.6%), indicating that 

the gene is highly mutated or inactivated, often by RIP events as a form of virulence 

mechanism such as in AvrLm6 (Fudal et al. 2009; Van de Wouw et al. 2010a). The 

gene also contains a high percentage of A and T nucleotides (average 33% each) in 

the entire sequence, another indication of RIP mutation happening actively within the 

gene. SNPeff and whole-genome SNP analyses showed that there was no SNP found 

between the virulent LEMA_uP037480.1 gene and its avirulent counterpart within the 

coding region but 14 SNPs were found outside the coding region that have an effect 

on the surrounding gene, in this case LEMA_uP037480.1. Sequence analysis of the 

central part of the gene (158 out of 228 bp) also supports this finding where there is 

sequence conservation between the virulent and avirulent region at 1,850,056 to 

1,850,213 bp on scaffold NW_003533855 (FP929116), which is within the gene 

sequence. We speculate that the LEMA_uP037480.1 gene is a member of species-

specific orphan genes, which is defined as genes that do not belong to any gene family 

within closely related species of the fungal genus based on lack of orthologous or 

paralogous sequence, lack of functional annotation, frequently located on accessory 

chromosome and close to transposable elements and enriched in putative 

pathogenicity-related factors (Grandaubert et al. 2015). Besides, the orphan proteins 

are made up of short sequences, potentially fast-evolving, and may evolve from non-

coding sequences such as that studied in Saccharomyces cerevisiae (Ekman and 

Elofsson 2010). 

 

4.4.3 Genomic region surrounding LEMA_uP037480.1 

 

The LEMA_uP037480.1 gene is located within a large intergenic region of 301,216 bp 

with only this gene being annotated in this gene sparse region. This genomic feature 

resembles that of AvrLm1, which is located as a single copy gene within a 269 kb non-

coding region filled with heterochromatin sequences (Gout et al. 2006). The 
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LEMA_uP037480.1 gene has a high percentage (49.6%) of GC content and is situated 

in a genomic location that has a high frequency of A and T, or commonly known as 

the AT-isochore structure of L. maculans (Rouxel et al. 2011) similar to that of AvrLm2 

(Ghanbarnia et al. 2015). The presence of Avr genes in an AT-isochore allows the 

fungal pathogen to evolve from host selection pressure at a quicker rate due to RIP 

mutation (Idnurm and Howlett 2003; Van de Wouw et al. 2019).  

 

The LEMA_uP037480.1 gene is located within the “two-speed” genome of L. 

maculans. This term is used to describe in the genomic region of the fungal pathogen 

a clear distinction between the AT-rich isochore usually housing avirulence genes and 

the GC-equilibrated region mostly comprising conserved genes (Dong et al. 2015; 

Frantzeskakis et al. 2019). However, the definition of the “two-speed” genome in 

fungal pathogens has been recently challenged based on genomics data, showing 

some phytopathogens that have a high evolutionary rate do not display “two-speed”, 

but “one-speed and multi-speed genomes”, thus the new term “compartment” is 

suggested to replace “speed” (Frantzeskakis et al. 2019). While the “two-speed” 

genome is common in L. maculans, the situation of a “two-speed” genome in F. 

graminearum, causal agent of Fusarium head blight in wheat and barley and also a 

member of ascomycete fungal pathogen, is different in that the AT-rich isochore is not 

driven by a gene-sparse region but both subgenomes referring to AT-rich isochore 

and GC-equilibrated regions have similar gene density (Wang et al. 2017c). As with L. 

maculans, most virulence genes in F. graminearum are located in the fast subgenome 

defined as AT-rich with facultative heterochromatin regions (Wang et al. 2017c). This 

is a clear example of fungal host adaptation and how co-evolution would shape the 

genome structure of different fungal pathogen species (Shang et al. 2016).  

 

4.4.4 Presence and near absence of LEMA_uP037480.1 suggest unknown 

evolutionary mechanism 

 

Compared to the avirulent AvrLmS bulk, the read coverage of the de novo assembly 

around the LEMA_uP037480.1 candidate region in the virulent bulk was low, whereby 

a 103 kb low coverage region within which a 3 kb deletion in the virulent bulk was 

detected, implicating the presence of LEMA_uP037480.1 gene in the avirulent bulk 
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and potentially absence of the gene in the virulent bulk. The even coverage outside 

the two low coverage LEMA_uP037480.1 regions (103 kb in the virulent avrLmS bulk 

and 16 kb of the avirulent AvrLmS bulk) shows that the LEMA_uP037480.1 region is 

a recombination-deficient area, as reported for the AvrLm1 gene environment (Attard 

et al. 2002), where crossing over and gene sequence exchanges between two isolates 

is suppressed at this part of the fungal genome. Although the presence of two reads 

in one of the virulent bulk samples could suggest contamination in the isolate sample 

during pooling, we think that this possibility is low as careful experimental procedure 

was performed. Furthermore, experimental validation using PCR and direct 

sequencing of the LEMA_uP037480.1 gene shows the gene is not totally absent from 

the virulent sample due to the presence of a faint PCR band at the desired amplicon 

size and position in the genome. This is confirmed through repeated PCR on 

duplicated virulent samples.  

 

The likely explanation of the two unexpected reads in the virulent avrLmS bulk is that 

the evolutionary mechanism of the virulent LEMA_uP037480.1 gene is perhaps not 

PAV, as suggested by 50% rate of successful PCR amplification of the candidate gene 

LEMA_uP037480.1. The low success rate of LEMA_uP037480.1 gene amplification 

may indicate that the amplified region is a highly mutated region which prevented the 

primers from binding to the template. Due to highly diverged sequences in the 

candidate region caused by transposons activation, RIP events, point mutations not 

caused by RIP events etc., which are often found in virulent isolates (Daverdin et al. 

2012; Fudal et al. 2009; Van de Wouw et al. 2010b), the sequencing reads cannot be 

mapped to the reference or assembled de novo. This is complicated by the high allelic 

diversity in the virulent isolates.   

 

In addition, whole-genome SNP analysis and SNPeff revealed no SNPs between the 

AvrLmS and avrLmS bulks with most of the SNPs occurring in the downstream or 

upstream region, which may explain the extremely high sequence divergence around 

the 103 kb region where the LEMA_uP037480.1 is located, supported by low read 

coverage in the candidate region. RIP mutations have been reported to be the most 

likely event that caused the extreme divergence in the nucleotide sequences based 

on the Avr genes cloned in L. maculans (Daverdin et al. 2012; Fudal et al. 2007). More 

studies on the RIP events, how they occur and when and what are their effects on the 
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isolate have recently been reported in L. maculans (Van de Wouw et al. 2019). Inter-

chromosomal re-arrangements resulting from pairing of highly repetitive sequence 

such as TEs can also contribute to the diverged sequence in the candidate region, as 

found in Verticillium dahlia, causal agent of vascular wilt disease (Faino et al. 2015). 

 

Since there is evidence of LEMA_uP037480.1 gene in the virulent sample, albeit a 

faint PCR band obtained and two reads from the bulked virulent sample that mapped 

to the reference genome, we conclude that the 103 kb low coverage region is not 

considered a ‘zero coverage region’. There is presence of LEMA_uP037480.1 in the 

virulent sample but possible due to highly diverged sequence of in the region 

surrounding this gene, the reads do not map to the reference genome (Pucker et al. 

2016). 

 

4.4.5 Transposable elements in LEMA_uP037480.1 candidate region 

  

LEMA_uP037480.1 is mostly surrounded with Ty1/Copia type and Gypsy/DIRS1 type 

TEs, consistent with the genomic structure of L. maculans where Gypsy and Copia 

superfamilies belonging to Class I retrotransposons make up the majority of the 

transposable element (Rouxel et al. 2011), supported also by the genetic structure of 

AvrLm4-7 (Parlange et al. 2009), AvrLm1 (Gout et al. 2006), and AvrLm6 (Fudal et al. 

2007). There are also several Class II DNA transposons found in the candidate region, 

with Tc1-IS1630-Pogo not commonly found as part of the genetic structure of the 

Blackleg AvrLm genes. The Tc1-mariner-IS630 or Tc1-like elements are more 

prevalent in members of the animal kingdom for example Caenorhabditis elegans, fish 

and less abundant in members of the plant kingdom (Gao et al. 2017; Liu and Yang 

2014) although this DNA transposon was also found in Stagonospora nodorum, a 

wheat fungal pathogen that belongs to the same Dothideomycetes class as L. 

maculans	(Hane and Oliver 2010).  

 

4.4.6 On-going and future analysis 

 

The candidate gene for AvrLmS, LEMA_uP037480.1 has successfully been cloned by 

our research collaborators during the write up of this chapter, indicating that 
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LEMA_uP037480.1 is indeed the AvrLmS candidate gene. At present, the AvrLmS 

gene is being further validated through phenotypic assessments and functional 

analysis using CRISPR-Cas9 procedures. For future identification of candidate AvrLm 

gene studies, NGS approaches are fast becoming the method of choice considering 

the efficiency in terms of time and cost saving. The challenging part of studying repeat 

elements in fungal genomes is accessing high quality reads in the repetitive areas 

using a short-read sequencing NGS method because the read coverage in the 

repetitive area is often fragmented (Thomma et al. 2016; Treangen and Salzberg 

2011). However, recent advances in single-molecule sequencing methods have 

replaced the short-read sequencing method and is being adopted in fungal pathogen 

genomes to improve the read length covering repetitive area so that the reads in that 

area are more continuous rather than fragmented (Derbyshire et al. 2017; Richards et 

al. 2018), an example being the latest improved L. maculans genome assembly using 

Oxford Nanopore Technologies (Dutreux et al. 2018). More recent advances in TE 

computational tools have also been reported to discover, annotate and characterise 

the repeat elements across genomes of members in the eukaryotic domain (Goerner-

Potvin and Bourque 2018; Jones et al. 2018a). These genomic tools will ease the 

study of TE and repeat elements in the fungal plant pathogen and help us discover 

the great potential of these highly dynamic genomic areas.  

 

4.5 Conclusion 

 

We have successfully identified an AvrLmS candidate gene using the BSA-NGS 

approach. A combination of whole genome resequencing, SNP calling, QTL-Seq, 

candidate SNP analysis and de novo assembly methods revealed a strong candidate 

gene for AvrLmS. The evidences that support LEMA_uP037480.1 as being a strong 

AvrLmS candidate include first, LEMA_uP037480.1 is genetically unlinked from 

AvrLm1, AvrLm6, AvrLm4-7 based on crossing of isolates and physical position of 

the AvrLm genes on the genome; second LEMA_uP037480.1 is present in the 

AvrLmS bulked samples but almost always absent from avrLmS bulked samples 

based on whole genome candidate SNP analysis and de novo assembly; and third, 

LEMA_uP037480.1 is located in an AT-rich isochore, which is a genomic feature of a 

typical AvrLm gene. Furthermore, LEMA_uP037480.1 was successfully cloned by 
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our research collaborator. This finding will bring a significant impact to the canola-

Blackleg community as the identification and characterisation of the AvrLmS gene 

will contribute towards the identification of the corresponding RlmS gene in B. napus, 

thus greatly advance our understanding of the RlmS-AvrLmS interaction.   
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Chapter 5. General discussion and Conclusion 

 

5.1 Summary of thesis 

 

The three main research questions that this thesis attempts to answer are: (1) What 

AvrLm genes are contained in the Australian L. maculans differential isolates that have 

been previously phenotypically characterised and how accurately can the differential 

isolates be used to determine the Rlm gene content in a series of B. napus sourced 

from a UWA Brassica seed collection? (2) What are the candidate genes for Rlm7 in 

B. napus against the fungal pathogen L. maculans? (3) What are the candidate genes 

for AvrLmS in L. maculans? 

 

First, we demonstrated through phenotypic assessment, how the 11 Australian L. 

maculans differential isolates confirm the predicted Rlm gene content in 93.8% of the 

B. napus cultivars tested. In the current phenotypic study, as well as an extension of 

this study in France, we showed how different seed lots of the same B. napus cultivar 

can influence the phenotypic outcome. The implication of this finding is severe when 

reporting the Rlm gene content in any Brassica species as the plant may be mistakenly 

known for carrying a particular Rlm gene but in reality does not, so potentially causing 

major yield loss if being rotated to be grown intensively in the field, or vice versa where 

relevant Rlm genes would be missed out for cultivation. These examples are the 

cultivar Yudal, revealing presence of Rlm3, and Quinta, revealing absence of Rlm1, in 

our study. Yet another cultivar in the UWA seed collection, Major, was found to harbour 

Rlm3 based on the phenotypic assessment conducted in France, the same as 

observed in Canada (Larkan et al. 2016b), but the European Major carried Rlm4 

instead of Rlm3 (Delourme et al. 2004; Rouxel et al. 2003b)  

 

Misclassification of the seeds in genbanks could lead to the inconsistencies in the Rlm 

gene content as reported in a genotypic screening of B. napus lines sourced from the 

Australian Grains Genebank showing that 30% were misclassified even at the species 

level (Mason et al. 2015). This could also explain the unexpected resistant outcome 

found in this study in some of the cultivars. Misclassification may not necessarily 

happen due to seed packet labelling but could happen due to subjective observation 
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of growth habit for example winter type or spring type varieties (Malmberg et al. 2018). 

Taisetsu, a Japanese B. napus variety that is a vegetable type, different from the more 

common oilseed and fodder type (Hasan et al. 2006) was characterised to have no 

Rlm gene based on our study. We need to be cautious when reporting novel Rlm-

AvrLm gene content in the host-pathogen respectively, ensuring the source of the host 

lines and pathogen isolate. Further validation of the unexpected Rlm-AvrLm genetic 

interactions in this study will need to be conducted in future by increasing the sample 

size of the predicted Rlm1, Rlm2, Rlm3, Rlm4, Rlm7 and Rlm9 in the B. napus cultivars 

for phenotypic and genotypic assessments. Using B. napus lines that have been 

separately introgressed with one of the Rlm genes will help strengthen the validity of 

the novel result. We also detected novel allele(s) for AvrLm3, AvrLm4-7 and AvrLm5 

from the L. maculans isolates tested, which is a valuable source for future Rlm-AvrLm 

genetic interaction study to uncover novel Rlm gene(s) that correspond to these novel 

AvrLm alleles. These novel AvrLm alleles not only contribute to the current AvrLm 

genetic diversity, comparison of these novel AvrLm alleles originating in Australia with 

other AvrLm alleles originating in other countries will provide further insight into how 

the different AvrLm alleles are associated with each other and also have a better 

understanding about the evolutionary mechanism that allows the fungal pathogen to 

overcome host resistance. Sequence validation through cloning and transformation of 

the novel AvrLm alleles found in this study will be conducted in the future.  

 

Secondly, we identified a candidate gene for Rlm7 in B. napus using the SNP markers 

developed through Brassica Illumina InfiniumTM 60 K SNP array supported by the 

whole-genome resquencing SNP data and Sanger sequencing data. This is a 

significant milestone for the canola industry within Australia and beyond as breeders 

will be able to use the Rlm7 associated SNP markers developed in this study to screen 

for Rlm7 resistant B. napus without having to wait for the plants to mature before 

exposing the plants with disease. For future work, sequence validation from more 

Rlm7 B. napus lines will be conducted, followed by cloning and functional 

characterisation of Rlm7, along with Rlm4, which is highly likely to be the allelic variant 

of Rlm7 found in this study. Since AvrLm4-7 has been cloned from L. maculans, 

cloning of Rlm7 and Rlm4 will provide a deeper insight to the Rlm-AvrLm gene 

interaction in the B. napus-L. maculans pathosytem. Following this, the functional 



 

 233 

characterisation of other single major Rlm genes genetically clustered on chromosome 

A07 in B. napus will also be subsequently discovered.  

 

With the improvement of R gene annotations in B. napus (Bayer et al. 2018a), the rate 

at which candidate Rlm genes can be identified will be quicker, and the molecular 

breeding effort through cloning of more Rlm genes and using these Rlm genes to 

improve B. napus varieties against Blackleg disease and other major canola diseases 

will be accelerated. It is worth highlighting that the deployment of single major Rlm 

genes in canola fields worldwide did not last for more than five years due to directional 

selection resulting from fungal inoculum pressure in a large monoculture system (Brun 

et al. 2010; Brun et al. 2000; Rouxel et al. 2003a; Sprague et al. 2006; Zhang et al. 

2016a). From the pathogen evolution viewpoint, the R gene breakdown is described 

as ‘Oases in the Desert’ model – a small proportion of susceptible varieties succumb 

to pathogen attack in a large, uninhabited areas (Brown et al. 2002). Yet, there is 

evidence showing that varying disease resistance gene types encompassing 

qualitative Rlm genes and quantitative resistance gene, along with reducing stubble 

loads can help reduce the Blackleg disease severity (Bousset et al. 2018). Increasing 

the gene pool for Blackleg Rlm genes by introducing higher diversity of Blackleg Rlm 

gene resistance alleles will allow the breeders to have more access to Rlm gene 

sources to breed different Blackleg resistant B. napus varieties. A more 

heterogeneous and diverse agriculture system, be it planting different Rlm gene 

varieties in the same plot or rotating the Rlm genes in different cropping periods, will 

contribute towards more durable Blackleg resistance in B. napus (Brown 2015).  

 

Some researchers have also suggested gene stacking of single major Rlm genes with 

minor genes (Larkan et al. 2014). This idea was also put forward by Ellis et al. (2014) 

where they proposed to combine multiple adult plant resistance gene (APR), which is 

quantitative in nature, with single major R genes to improve resistance durability in 

wheat against the rust pathogen Puccinia spp. Stacking of Rlm genes may be 

beneficial to breeding more durable Blackleg resistant B. napus when there is also 

consideration of the pathogen population dynamics and the co-evolutionary potential 

between B. napus and L. maculans (Brown 2015; Pilet-Nayel et al. 2017).      
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It was recently reported that the known Blackleg QTL in B. napus only account for a 

maximum 30% of the variance in the resistance/susceptibility outcome in a diverse set 

of 532 winter and spring lines, but application of genomic selection reveals large 

amounts of “undiscovered” or “underutilised” Blackleg resistance genes (Fikere et al. 

2018). Clearly, there are many more Blackleg resistance genes in the B. napus 

genome that have not been recognised or genetically characterised as playing a role 

as single major R gene, quantitative minor resistance gene or disease resistance gene 

that displays both roles through allelic variation. The cloned NBS-LRR gene, Pi35 in 

rice, responsible for QTL-mediated resistance against M. oryzae, is an example of a 

disease resistance gene that displays quantitative resistance and race-specific 

resistance at the same time with its allelic variant, Pish (Fukuoka et al. 2014).  

 

Lastly, we identified a candidate gene for AvrLmS, LEMA_uP037480.1. This candidate 

gene showed evidence of gene presence/absence variation, however we were not 

able to verify that complete absence is responsible for the virulence outcome of 

AvrLmS as there was trace evidence of the susceptible allele being amplified at the 

AvrLmS locus from the virulent avrLmS isolate. Recent cloning of the 

LEMA_uP037480.1 gene indicates that this is the AvrLmS candidate gene. We 

highlight in this study, the NGS-BSA approach as a reliable and efficient method to 

identify the candidate AvrLmS gene in L. maculans whilst can be further optimised to 

identify the source of the erroneous single read mapping in the virulent avrLmS isolate. 

Since the AvrLmS candidate gene has been cloned, soon its genetic interaction with 

RlmS will be clarified. Functional analysis of the AvrLmS candidate gene through 

transformation using CRISPR-Cas9 system will be the next step, followed by a protein-

protein interaction study to determine the targeted protein of AvrLmS, which may or 

may not be RlmS, and how this interaction is associated with the resistance outcome 

in the B. napus host carrying RlmS. We speculate that there could be more than one 

unknown AvrLm gene involved, other than AvrLmS, to induce a complete resistance 

in RlmS plants based on the literature reporting an intermediate phenotype observed 

that was associated with AvrLmS (Van de Wouw et al. 2009). When the AvrLm target 

sequence/molecule is known, we will be able to generate novel resistance sources 

from the host side thereby reducing the heavy application of pesticides in B. napus 

fields through targeted gene modification. 
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5.2 Future direction 

 

With the current rapid advancement of next-generation sequencing technologies 

leading towards greater availability and accessibility of Brassica genomics data, for 

example the pan-genome, the potential for gene discovery of all significant agronomic 

traits in this highly valuable crop will increase greatly in the near future. The application 

of genomics resources and tools is also gaining pace in the fungal pathogen area with 

increasing numbers of publications reporting on genome assemblies of different plant 

fungal pathogens and phylogenetic studies in different pathogen species using next 

generation sequence data. Combining the genomics data from the host and pathogen 

side, we should soon be able to have a better understanding on the host-pathogen 

relationship and the mechanism of overcoming resistance, thus develop strategies in 

a quicker manner to improve the survival of B. napus against the devastating Blackleg 

disease. 

 

5.3 Conclusion 

 

This thesis is a compilation of research findings related to the confirmation of Rlm 

gene content B. napus sourced from UWA seed collection through phenotypic 

assessment and corresponding confirmation of AvrLm gene content in the isolates 

through PCR and Sanger sequencing, identification of Rlm7 candidate gene in B. 

napus and identification of AvrLmS candidate gene in L. maculans. This thesis reports 

the successful use of genomics tools to identify candidate Rlm and AvrLm genes in 

crop plants and fungal genome respectively. With the current rate of improvement of 

B. napus and L. maculans genome assemblies and easy accessibility to the genomic 

resources of these two genomes, cloning more Blackleg Rlm genes should be 

achievable at a quicker rate in the near future.  
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