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Abstract

Brassica napus is a globally important oilseed crop. Leptosphaeria maculans is the causative
agent of blackleg disease in Brassica napus. Two types of resistance mechanisms are known
namely qualitative (vertical or R - mediated) and quantitative (horizontal) resistance. R-mediated
resistance is well-studied and used extensively to manage L. maculans infection in B. napus.
However, the genetic basis of quantitative resistance (QR) in this pathosystem is not fully
understood but is apparently due to several multiple minor effect or a few major effect loci.
Unlike minor effect loci that are difficult to dissect, major effect loci could be Mendelized to
study the causative gene(s) controlling the QR trait in B. napus. Nevertheless, no QR genes have
been cloned in this pathosystem, hence, the underlying mechanism is unknown. The work
presented in this thesis focuses on the analysis of the major effect BLMR2 locus, which was
originally derived from the highly resistant B. napus cultivar Surpass 400. The segregating
population and sets of near-isogenic lines (NILs) used in this study were developed via crossing
and subsequent molecular marker assisted backcrossing to the recurrent, universally susceptible
Westar parent. Cotyledon inoculation was employed for all the indoor (growth chamber and
greenhouse) studies. In chapter three, the non-race specificity and intermediate resistance
phenotype of the BLMR2 locus to multiple L. maculans isolates at seedling and adult plant stages
was described. Chapter four focuses on the narrowing down of the BLMR2 region originally
mapped on B. napus chromosome N10 using fine-mapping approaches. The alignment of the
genetic and the physical map, based on the reference genomes of B. napus and Arabidopsis
thaliana, facilitated the identification of the candidate disease resistance related cytochrome
P450 gene. In chapter five, RNA sequencing (RNA-Seq) was employed to understand the
mechanism underlying QR in B. napus and to confirm the differential expression of the
identified candidate gene. By analyzing the global changes in gene expression, we indicated that
the mechanism behind the R and QR strategies in B. napus — L. maculans pathosystem is
comparable compared to the susceptible Westar cultivar. The findings in this thesis benefit the
canola industry and the broader scientific community involved in canola, blackleg and resistance
breeding by providing valuable information about a major effect horizontal resistance locus; the

associated markers may be used in marker-assisted selection (MAS) to improve the canola crop.
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1. General Introduction

Rapeseed / canola (Brassica napus) is an economically important oilseed crop with many uses
and applications. While Brassica species has a long history as a source of edible oil, fuel for
burning lamps and lubricants for engines (Gupta 2016), there has been unprecedented increase in
rapeseed production (~8-fold) and acreage (~4-fold), making it the second most produced oilseed
crop after soybean globally in the last four decades (www.fao.org). Some of the major factors
that contributed to its success include, reputation as a healthy vegetable oil, adaptability of the
different ecotypes (winter, semi-winter, and spring) to various climatic conditions across wider
geographical regions; and its versatility as food, feed and biodiesel and other industrial
applications (Friedt and Snowden, 2009). Although Canada, China, India, and the European
Union (EU) are among the top rapeseed producers in the world; Canada is the leading exporter of

rapeseed followed by Australia (www.fao.org).

Canadian canola production has increased steadily (~ 5-fold) over the last four decades. Canada
became the number one producer of rapeseed surpassing China in the last decade (www.fao.org).
Canola contributes an estimated $26.7 billion annually to the Canadian economy through the
various sectors in the value chain. About 90% of the canola produced in Canada is destined for
international market as seed, oil and feedstock (www.canolacouncil.org). As the production of
rapeseed is increasing and seeds are being transported across the globe, disease epidemic
becomes inevitable, threatening this multibillion-dollar industry with economic losses and, most

recently, causing trade barriers (Fernando et al. 2016).

Diseases and pests pose serious threats to sustainable agricultural production. Historically,
massive famine and migration were associated with plant disease outbreaks such as the “Irish
famine” that happened in the 1840s due to the potato late blight disease caused by the pathogen
Phytophthora infestans (Zadoks 2008). Also, significant economic losses were reported recently
in crops such as rapeseed due to the blackleg disease caused by the pathogen Leptosphaeria
maculans in Europe and Australia (Fitt et al. 2006). The use of fungicides may protect crops
from devastating losses due to disease outbreaks (Zhang and Fernando, 2017), but in the long
term, relying heavily on fungicides causes serious environmental problems, such as the
development of resistance to chemicals by pathogens (Hahn 2014), and could also be costly.

Thus, the use of chemicals should be considered as a last resort.



Major diseases of economic importance in rapeseed include blackleg, sclerotinia and clubroot.
The clubroot pathogen, Plasmodiophora brassicae Woronin, is one of the world’s oldest
recognized pathogens associated with the Brassicaceae (Dixon 2009). Currently, clubroot is
potentially the most serious disease in the Brassica vegetables and oil crops in China (Chai et al.
2014). On the other hand, the recent discovery of P. brassicae in canola fields in Alberta, Canada
(Tewari et al. 2005) coupled with the spread of the disease through contaminated soils, seeds,
and farm equipment poses a significant threat to the large-scale canola production in western
Canada. Sclerotinia sclerotiorum (Lib.) de Bary, on the other hand, has been responsible for
sclerotinia stem rot in canola since the mid 1970’s, where serious infestation was reported in
Alberta, Canada (Thomson and Stelfox 1983). However, it occurs sporadically depending on
environmental conditions, mainly moisture. Blackleg disease is presumably the most significant
disease of canola in Canada, Australia, and Europe with impacts including severe yield loss,

quality reduction and trade disputes (Fitt et al. 2008; Fernando et al. 2016).

Blackleg caused by Leptosphaeria maculans anamorph Phoma lingam, has been known for more
than a century, earlier associated with Brassica vegetables in Brassica oleracea (Henderson
1918) and later, more importantly, with rapeseed (B. napus). In Canada, L. maculans was first
detected in Saskatchewan in 1975 and had spread to all the canola fields in the prairies by the
1980s (Gugel and Petrie 1992; Juska et al 1997; Zhang and Fernando, 2017). Although
devastating yield losses as reported in Europe and Australia did not occur in Canada, significant
yield losses of up to more than 50% were recorded in heavily infested fields in Saskatchewan
(Gugel and Petrie 1992). Blackleg has been relatively controlled since the 1990s, largely due to

the availability of resistant cultivars (Kutcher et al. 2013).

Despite the efficient use of resistant cultivars, disease outbreaks have been reported (Zhang et al.
2016) partly due to the widespread use of cultivars harbouring a few major resistance genes in
large-scale commercial canola production in the prairies and the tight crop rotation practices due
to the promising return from growing canola in western Canada (Kutcher et al. 2013). Also, the
biology of the pathogen prompts its fast evolution (Rouxel 2017). There has been recorded
discoveries of new L. maculans pathotypes in the past (Chen and Fernando 2006; Kutcher et al.
2007), which overwhelmed the previously used pathogenicity grouping system (Mengistu et al.
1991). On the other hand, pathogen isolates characterized by known Avr (avirulence) genes



facilitate the systematic study of the structure and dynamics of L. maculans strains at the
population level. A recent study identified 55 L. maculans races in western Canada, although two
races are dominant (Liban et al. 2016). The complexity in Avr gene composition among the
provinces in western Canada and the most diverse races in Manitoba were observed. In a
subsequent long-term study conducted in Manitoba, 170 races were identified, albeit one
dominant race was pinpointed, confirming the selection pressure exerted by single R-genes
(Fernando et al. 2018).

Two types of resistance have been known in B. napus — L. maculans pathosystem, qualitative
and guantitative (Raman et al 2013). Qualitative resistance (race-specific) is based on “gene-for-
gene” hypothesis (Flor 1942), whereas quantitative resistance (non-race specific) is controlled by
many genes, each contributing towards the resistance response. Although the genetic basis of
Canadian cultivars are not sty known, recent report indicated that most of the varieties harbor the
same resistance gene RIm3, which raises a concern about the longevity of the existing resistant
cultivars, and the need for better management strategies (Zhang et al. 2016). Zhang et al. (2016)
suggested that the quantitative resistance loci (QRLS) observed in the background of these

cultivars probably contributed to the less dramatic resistance breakdown in Canada.

In the past, the use of bi-parental population and major R genes in the background limited the
mapping of QRLs. Recent advances in genomics, sequencing technologies, bioinformatics and
statistical tools offer unprecedented opportunities in the genome-wide identification of candidate
resistance genes in the complex B. napus genome (Larkan et al. 2016a; Raman et al. 2016a; Fu et
al. 2019; Batley 2020). Nevertheless, the function of the identified candidate genes needs further
validation in resistant cultivars to be used in breeding programs. The focus of this PhD thesis is
on the genetic and molecular studies of the blackleg resistant BLMR2 locus displaying

intermediate seedling resistance phenotype in B. napus. The objectives of the thesis include:

e To analyse the BLMR2 locus at the seedling and adult plant stages (Chapter 3). We
hypothesized that non-hypersensitive seedling resistance correlates with adult plant
resistance (APR). The BLMR2 is a major effect QRL showing horizontal or intermediate
resistance phenotype when infected with multiple L. maculans isolates. Molecular
markers linked to this locus were used to develop the segregating advanced backcross
(BC) population and NILs which are used in the greenhouse and field studies.



To identify candidate gene(s) in the blackleg resistance BLMR2 locus (Chapter 4). We
hypothesized that the candidate disease resistance gene in the BLMR2 locus is probably
not a typical resistance gene, but it showed resistance to all isolates tested. Screening of a
large, advanced BC mapping population using flanking molecular markers facilitated in
the fine-mapping of the locus to 56.3 kb physical region.

To understand the molecular mechanism underlying the BLMR2-mediated QR (Chapter
5). We hypothesized that the molecular mechanism underlying QR is comparable to R-
mediated resistance in B. napus — L. maculans pathosystem. RNA-Seq was employed to
identify pathogen induced upregulated genes in the NIL containing BLMR2 (representing
horizontal or QR), transgenic line containing LepR3 (representing R-mediated resistance)
and the susceptible Westar cultivar at 4 days after inoculation.



2. Literature Review

2.1 The Brassicacaea Family

Brassicaceae is a diverse family of wild, cultivated, ornamental and crop species (Al-Shehbaz et
al. 2006). Other names for this family include the Cruciferae, cabbage or mustard family. There
are approximately 3,709 species classified into 338 genera that constitute this family including
the model plant, Arabidopsis (Warwick et al. 2006). Arabidopsis thaliana has one of the smallest
genomes (157Mb, n=5), which attributes an attraction to genomic studies. This model plant has
been well characterized and laid the foundation for studies on comparative genomics, functional
genomics and others in many flowering plants (The Arabidopsis Genome Initiative 2000).

In the Brassicaceae family, several species such as the Brassica species, have highly duplicated
and reshuffled genomes with similar gene families, differ in copy numbers and a wide variety of
segmental arrangement (Lagercrantz and Lydiate 1996). With the basic hypothetical ancestral
chromosome number, n=8 (Lysak et al. 2007), an ancestral karyotype (AK) with 24 ancestral
blocks was proposed for this family (Schranz et al. 2006). The center of origin of the
Brassicaceae is probably the Irano-Turanian region, where it had undergone three whole genome
duplication (WGD, palaeopolyploidization) events followed by species diversification (Franzke
et al. 2011). It was estimated that the most recent duplication in Brassicaceae occurred ~34
million years ago (MYA) after it had been isolated from its sister Cleomaceae family (Schranz
and Mitchell-Olds 2006). Systematic studies, based on morphology, genetic, and cytogenetic
studies, classified the family into 25 tribes that were phylogenetically divided into at least three
lineages (Schranz et al. 2006). The lineage containing the Brassiceae tribe probably diverged
from the lineage containing Arabidopsis ~12-19 MYA (The Arabidopsis Genome Initiative
2000). The Brassiceae tribe contains 240 species in 52 genera, including the economically
important species such as the Brassica, Sinapis, and Raphanus that are relatively well-studied
and thought to be monophyletic (Al-Shehbaz et al. 2006; Lysak et al. 2007). The lineage
containing the Brassiceae probably evolved at the junction of Irano-Turanian and Saharo-Sindian
region, and later diversified in the Mediterranean region (Al-Shehbaz et al. 2006; Arias et al.
2014), and had undergone additional lineage specific whole genome triplication
(mesopolyploidization) event; thus a hypothetical common hexaploid ancestor was proposed for

the diploid Brassica species (Lagercrantz and Lydiate 1996; Parkin 2005; Wang et al. 2011,



Parkin et al. 2014). The tetraploid, B. napus species, has undergone a recent polyploidization
event (neopolyploidization) with no major rearrangement in the A and C sub-genomes (Parkin
2005). The main difference between the ancient and the new polyploids is that the former is
followed by diploidization (Schranz and Mitchell-Olds 2006).

2.2 Evolutionary relationship of the Brassica Species

The relationship among the diploids and the polyploids in the genus Brassica was described as
the U triangle (U 1935, Figure 2.1), and was also confirmed using synthetic hybrids (Parkin et al.
1995). The three diploid species including B. rapa (AA, 485Mb, n=10), B. oleracea (CC,
648Mb, n=9), and B. nigra (BB, 558Mb, n=8) are the building blocks for the three tetraploid
species, namely, B. napus (AACC, 1132Mb, n=19), B. juncea (AABB, 920Mb, n=18) and B.
carinata (BBCC, n=17). Though the gene content in all the three genomes are equivalent, the A
and C genomes are more comparable than the B genome (Lagercrantz and Lydiate 1996; Arias et
al. 2014). Orthologous relationship between Ar (rapa) and Co (oleracea) corresponds to the
homoeologous relationship between An (napus) and Cn (napus) sub-genomes. Comparative
genetic mapping with Arabidopsis revealed conserved homology between An and Cn, along with
additional duplicated segments in some chromosomes (Parkin 2005). On the other hand,
comparing the An and Cn with their progenitor counterparts, Ar and Co, respectively, indicated

substantial but unequal gene loss in the Cn than An sub-genomes (Allender and King 2010;

Chalhoub et al. 2014).
Brassica nigra
BB
n=8
Brassica juncea Brassica carinata
AABB BBCC
n=18 n=17

Brassica rapa Brassica napus Brassica oleracea
AA AACC cC
n=10 n=19 n=9

Figure 2. 1 The relationship among the six Brassica species as proposed by U (1935)

6



2.2.1 Brassica napus

Brassica napus is an allotetraploid (amphidiploid) species derived from the two diploid
progenitors, B. rapa and B. oleracea (Parkin et al. 1995). Brassica napus is believed to be the
result of spontaneous interspecific hybridization of the two progenitors (Snowdon et al. 2007).
Although B. napus is considered to be a recent polyploid (Allender and King 2010), it is difficult
to estimate the precise time of origin, as no wild relatives of this species are found. However, this
species is believed to have originated during the Roman era, in the Mediteranian region where
both the progenitors co-existed (Snowdon et al. 2007). A recent whole genome re-sequencing
study suggested that the original ancestor of B. napus may have evolved from B. rapa subsp rapa
(European turnip) and a common ancestor of the different B. oleracea subspecies, approximately
1910 - 7180 years ago (Lu et al. 2019). There was speculation in the past about B. oleracea or B.
montana (a close relative of B. oleracea) being candidates of the maternal parent (Song and
Osborn 1992), but it was ruled out. Instead, B. rapa (broccoletto) appears to be the best maternal
candidate (Allender and King 2010). They also corroborated that B. napus could have multiple

centers of origin.

2.3 Domestication of Rapeseed

Brassica rapa is perhaps one of the ancient Brassica species domesticated in India around
4000BC as vegetables, condiment, and oil for various purposes, and later introduced to other
parts of Asia, particularly China and Japan (Snowdon et al. 2007; Qi et al. 2017). Conversely, in
Europe, B. rapa has been known since the Roman times. However, it had limited use as
vegetable oil in some Northern European regions in the 13" - 14" century, probably because of
the availability of alternative oil sources such as olives, in Southern Europe (Gupta 2016; Friedt
and Snowdon 2009)

Large scale cultivation of oilseed rape, probably B. rapa, began commercially in Europe in the
16™ Century, primarily as a fuel source for burning lamps (Friedt and Snowdon 2009). In the late
19" century, its potential as a lubricant for ship steam engines was realized due to its excellent
slippery property (Snowdon et al. 2007). Rapeseed was introduced to Canada during World War
Il due to shortage of edible oil or margarine (Eskin and Przybylski 2003). The spring type was
adaptable and yielded better than other oilseeds such as flax and sunflower (Stefansson and
Hougen 1964). However, rapeseed was considered unhealthy in the 1960s, as a high level of



erucic acid in conventional rapeseed cultivars was correlated with the risk of heart disease
(Gupta 2016; Friedt and Snowdon 2009).

In the 1970s, Canada took the lead in the improvement of rapeseed for edible purposes using
conventional breeding methods; the success story began with low erucic acid and later with
double low viz low erucic acid and low glucosinolate rapeseed. The first cultivar, Tower,
developed from Liho and Bronowski, was released in 1974 (Stefansson and Kondra 1975). Some
of the early low erucic acid cultivars include Golden, Oro, and Echo (Eskin and Przybylski
2003). Large-scale production in western Canada dated back to the 1970s, first B. rapa, later
surpassed by B. napus in the 1990s. Significant increase in rapeseed production has shifted from
Asia to Canada and Europe in the past four decades (Gupta 2016).

2.4 Canola vs Rapeseed

Rapeseed refers to members of the Brassica species primarily used for oil. Other names include
oilseed rape or oil rape. The term canola has been known since the 1970s, after the conversion of
traditional rapeseed to double low rapeseed (Mcvetty et al. 2016). Canola is the high-quality
version of rapeseed, in terms of food and animal feed (Steffanson and Hougen 1964). Although
B. napus is the first and dominant species to be converted into double low rapeseed, canola
quality B. rapa and B. juncea were also developed (Eskin and Przybylski 2003; Potts et al 2003).
The name “Canola” is an acronym for Canadian oil low erucic acid, first coined by the Western
Canadian Oilseed Crushers Association, and it is currently trademarked by Canola Council of
Canada (Eskin and Przybylski 2003). The term “Canola” is commonly used in North America
and Australia while “rapeseed” or “oilseed rape” is primarily used in Europe. On the other hand,
high erucic acid, low glucosinolate rapeseed (HEAR), with >50% erucic acid and <20pmole

glucosinotates, has specialized industrial uses (Mcvetty et al. 2016).

2.5 Biology of Rapeseed

Different morphotypes including leaf, tuber, and oil (oleiferous) exist in both B. rapa and B.
napus, though the oil type seems to be the most important, diverse, and well-studied (Gupta
2016). Brassica rapa (B. campestris) is also commonly known as turnip rape or polish rape; and
B. napus is known as swede rape or argentine rape (Gupta 2016). Brassica napus is self-
compatible and high yielding than its progenitors. On the other hand, the diploid Brassica

species, B. rapa and B. oleracea, are self-incompatible but with few exceptions (Snowdon et al.



2007; Mcvetty et al. 2016). Brassica oleracea also has various morphotypes of the inflorescence,
mainly used as vegetables (Parkin et al. 2014). Moreover, three forms or ecotypes, namely
winter, semi-winter and spring, are known in B. napus (Mcvetty et al. 2016). The winter types
are the most productive and require a longer vernalization period than the semi-winter types (Lu
et al. 2019). They are commonly cultivated in Europe and Asia, whereas spring types are grown
in Canada, Australia, Northern Europe and Northern China (Snowdon et al. 2007; Mcvetty et al.
2016). Generally, B. napus is less diverse than its progenitors (Allender and King 2010),
probably due to factors such as the narrow genetic base in the canola improvement program, as
modern cultivars are mostly derived from the two early cultivars, Liho and Bronowski, and
geographical or climatic limitations (Friedt and Snowdon 2009). Nevertheless, the potential
inbreeding caused the narrowing of the genetic background in B. napus, so other relatives in the
Brassicaceae family can be exploited to broaden the gene pool or introgress agronomically
important traits in plant breeding, such as blackleg resistance in B. napus (Crouch et al. 1994;
Friedt and Snowdon, 2009; Roy 1984).

2.6 The Leptosphaeria maculans Pathogen

2.6.1 Biology of Leptosphaeria

Leptosphaeria maculans is a hemibiotrophic fungal pathogen of B. napus with alternating
biotrophic and necrotrophic lifestyles (Haddadi et al. 2016). The pathogen overwinters as a
saprophyte on dead plant tissues on the soil surface (Fernando et al. 2007). Two species, L.
maculans and L. biglobosa, in Canada and other rapeseed production areas, differ in the
magnitude of virulence (West et al. 2001). L.eptosphaeria maculans is the most aggressive while
L. biglobosa only shows superficial symptoms with no significant yield loss (Fitt et al. 2006).
Sexual reproduction probably contributes to the dynamic population structure in L. maculans
(Howlett 2004).

2.6.2 Life cycle and epidemiology

Leptosphaeria maculans may be a polycyclic pathogen (Li et al. 2007; Zhang et al. 2016) with
resting spores or structures bridging consecutive infection cycles in the off-season (Huang et al.
2007). Primary infection occurs when the spores released from the wind-borne ascospores
produced on the overwintering structure, pseudothecia, are transported to the infection sites,

cotyledons or leaves (Travadon et al. 2007). Once the inoculum enters the host through openings



(stomates or wounds), fungal hyphae grow systematically in the apoplast until the first symptom
appears on the leaves or cotyledons. Pycnidia, the fruiting body of the pathogen is borne on the
surface of the infected tissue, and upon maturation, disperses to the surrounding plants through
rain splash to cause multiple cycles of secondary infection (West et al. 2001; Travadon et al.
2007; Zhang et al 2016).

Severe symptoms may result in seedling death if the infection occurs at the early stage. However,
the most common symptoms are leaf and stem lesions. Stem lesions that appear on the upper
stem are called “phoma stem lesion”, “stem canker” or “crown canker”, which restricts the
movement of water and nutrients, causing premature ripening (West et al. 2001; Van de Wouw
et al 2016). The term “blackleg” describes the blackish lesion at the base of the hypocotyl at the
seedling stage that causes the death of premature seedling or stem of mature plants (West et al.
2001; Fernando et al. 2007). Also, severe crown canker may cause mature plant to lodge. In
western Canada, the release of ascospore in L. maculans occurs in the summer months,
coinciding with growing season of spring canola (Zhang et al 2016). Guo and Fernando (2004)
suggested seasonal patterns of ascospore and pycnidiospore release from July to early August.
After harvesting, the pathogen colonizes the stem residue and develops a winter survival
strategy. Pycnidia and pseudothecia are overwintering structures, which may survive on stubble
for up to four years (Kutcher et al 2013).

2.6 Host resistance

Blackleg is mainly controlled by natural plant resistance that can broadly be classified into two: a
complete, strong resistance effective from the seedling to adult plant stages (Raman et al 2013
Raman et al. 2012a, b), and a partial, weak/intermediate seedling resistance that allows
colonization of cotyledons/leaves, but effectively reduce stem canker at the adult plant stage
(Delourme et al. 2004; Li et al. 2004; Delourme et al. 2006; Huang et al. 2009; Raman et al.
2012b; Huang et al. 2014; Larkan et al. 2016a). The first type of resistance is assumed to be
mediated by single dominant R genes and isolate specific (Delourme et al. 2004, 2006; Raman et
al 2013), while the latter is probably mediated by multiple QTL and possibly isolate non-specific
(Delourme et al. 2006, 2008b; Kumar et al. 2018; Raman et al. 2018, 2020). Other factors
including genetic background of the host, temperature, inoculum concentration, genotype of
isolates and growth stage of the plant upon first infection could influence both dominant R-gene
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and QR-mediated resistance (Hammond et al. 1985; Pilet et al. 2001; Huang et al. 2006, 2009;
Delourme et al. 2008a).

2.6.1 Genetic Studies of Host Resistance

Classical genetic approaches are basically used to identify the existence of genetic variability and
the mode of inheritance of blackleg resistance in B. napus (Cargeeg and Thurling 1980; Mithen
and Lewis 1988; Pang and Halloran 1996a). However, such analyses solely based on phenotype
were inadequate to elucidate the genetic basis of blackleg resistance, such as understanding of
the underlying causative genes. Comparisons among genes/loci identified in different
experiments as heterogenous plant population, mixtures of field isolates, different screening
methods (greenhouse vs field; seedling vs APR) and environmental conditions, contribute to the
inconsistencies obtained in outputs (Cargeeg and Thurling 1980; Pang and Halloran 1996b;
Rouxel et al. 2003; Larkan et al. 2016b; Neik et al. 2017). With the development of molecular
markers, genotypes and phenotypes can be linked to study the genetics behind host resistance
and develop molecular markers for marker assisted selection (MAS) in plant breeding
(Mayerhofer et al. 1997).

Molecular markers are allelic DNA sequence variations that serve as landmarks in a genome
(Nadeem et al. 2018). Molecular markers are applied in the construction of detailed genetic map,
QTL mapping, association mapping / genome-wide association studies (GWAS), genotyping,
and others. Different marker detection methods include restriction fragment length
polymorphism (RFLP), amplified fragment length polymorphism (AFLP), random amplified
polymorphic DNA (RAPD), simple sequence repeat (SSR), sequence related amplified
polymorphism (SRAP), and single nucleotide polymorphism (SNP). Although each method has
its own strengths and weaknesses, the marker density and efficiency culminate when all SNPs in
a genome can be detected (Nadeem et al. 2018). Besides molecular markers, the use of well-
characterized isolates / races and multi-environment trials facilitate in the accurate elucidation of
the genetic basis of host resistance, environmental variations and genotype-by-environment
(G*E) interaction (Rouxel et al. 2003; Raman et al. 2012b; Huang et al. 2016).

2.6.2 Molecular Markers, Genetic Maps and QTL Mapping
Genetic maps are used to identify molecular markers linked to a gene or locus in the genome, as

well as the relative distance among these markers, even without prior knowledge of the gene
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(Nadeem et al. 2018). Doubled haploid (DH) populations along with molecular markers were
useful in the construction of genetic map in B. napus. DH lines are homozygous at all loci, which
is particularly useful when dominant molecular markers are utilized (Foisset et al. 1996).
Nevertheless, segregation distortion is often detected due to tissue culture procedures or wide
crossing of parental lines (Foisset et al. 1996; Nurhasanah and Ecke 2016).

Restriction fragment length polymorphism is the first hybridization-based molecular marker
detection method employed for the construction of genetic map of B. napus using cDNA
probes/library with prior knowledge of whole genome sequence of the Brassicas or the model
plant, Arabidopsis (Ferreira et al. 1994). Parkin et al (1995) developed a genetic map of B. napus
using 1317 RFLP markers with a genome coverage of 1,656 cM, arranged into 19 linkage groups
(LG) corresponding to the ten and nine chromosomes of the A and C subgenomes of B. napus.
This map enabled us to understand the remarkable collinearity between the A and C genomes
and served as a reference genetic map in previous QTL mapping (Rimmer 2006). An ideal
genetic map has uniformly distributed markers which facilitate the tagging of genes or loci in
QTL mapping.

Saturated genetic maps are a valuable tool for QTL mapping, especially in the absence of
information of the physical map (Sun et al. 2007). Earlier QTL mapping efforts identified a
smaller number of polymorphic loci since the RFLP based genetic maps had gaps and relatively
low genome coverage (Ferreira et al. 1994, 1995; Dion et al. 1995; Parkin et al. 1995).
Development of a consensus map derived from multiple segregating populations is a good
strategy to bridge the gaps observed in various genetic maps. Lombard and Delourme (2001)
constructed a consensus map using three populations, and the resulting consensus map has a total
genetic distance of 2,429 cM with relatively high genome coverage. On the other hand, Foisset et
al (1996) constructed an integrated genetic map using several types of molecular markers to
enrich the map, as well as to carry out comparative mapping studies. Though the marker
distribution in the consensus or integrated genetic maps may not be uniform, these maps are used

as references or to validate linkages, especially in the absence of a whole genome sequence.

In B. napus, two blackleg resistance loci LmFr and LEM1 from the resistance donor parents
Cresor and Major, respectively, were mapped using RFLP markers (Dion et al. 1995; Ferreira et
al. 1995). Mayerhofer et al. (1997) mapped the blackleg resistant gene LmR1 using RAPD
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marker and suggested possible relationship with the previously mapped LEM1 gene (Ferreira et
al. 1995), by comparing the map position on LG6, using polymorphic RFLP markers from the
published genetic map of B. napus (Ferreira et al. 1994). In another study, Delourme et al (2004)
used common RAPD markers derived from the reference consensus map (Lombard and
Delourme 2001) to map B. napus RIm 1, 3, 4, 7, 9 as gene clusters on chromosome N7 and RIm2
on chromosome N10 using a relatively well-characterized L. maculans isolates. They also
suggested that the clustered genes on N7 correspond to the previously mapped genes on the LG6
(Parkin et al. 1995). With the availability of new markers and genetic maps, construction of
consensus and integrated genetic maps became a routine, mainly to saturate the gaps in

individual linkage groups (Lowe et al. 2004; Piquemal et al. 2005; Raman et al. 2012a).

Microsatellite (SSR) markers are based on highly polymorphic microsatellite repeats that are
prevalent in the genome. Lowe et al. (2004) demonstrated SSR as potential molecular markers
for bridging the gaps in the pre-existing genetic map (Parkin et al. 1995). On the other hand,
Piguemal et al (2005) constructed a consensus genetic map using 240 SSR markers combined
with SCAR markers to be used for QTL mapping, albeit some gaps still existed. Raman (2012a
& b) associated SSR markers linked to the blackleg resistance genes, RIm1 and RIm4, which are
amenable to high-throughput genotyping, unlike the previous RAPD markers (Delourme et al.
2004). In another study, Yu et al (2005, 2008, 2013) mapped a novel set of blackleg R-genes
LepR1-4 derived from B. rapa subsp Sylvestris using SSR markers. With the availability of
Brassica whole genome sequence, designing SSR primers has become easier compared to the
previous SSR markers which were developed from genomic DNA clone libraries. One SSR
motif appears at every 4 kb and are mostly co-dominant, viz differentiate between heterozygotes
and homozygotes, which is important in MAS (Cheng et al. 2009).

Yet another PCR-based molecular marker, sequence related amplified polymorphism (SRAP)
was developed (Li and Quiros 2001), which targets sequences in the open reading frame (ORF).
The SRAP marker system was used to construct the ultra-dense B. napus genetic map using
13,500 SRAP markers with a genome coverage of 1,604.8cM (Sun et al 2007). SRAP coupled
with other genome specific markers were used to map blackleg resistance BLMR1 and BLMR2
loci in B. napus (Long et al 2011). While PCR-based markers such as SSR and SRAP could be
used for medium to high-throughput genotyping and map based cloning (Rahman et al. 2008;
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Long et al. 2011), SNP is the ultimate choice of molecular marker in terms of efficiency,
especially with decreasing cost of sequencing and availability of high throughput genotyping
(Clarke et al 2016).

Currently, SNPs are suitable for high-throughput genotyping (Nadeem et al. 2018). Raman et al
(2014) constructed an integrated map from SNP and non-SNP markers and identified a set of
SNP markers completely linked to blackleg resistance RIm4 gene. Genetic maps constructed with
SNPs could easily be aligned with any of the Brassica physical maps (B. rapa and B.oleracea
and B. napus) (Raman et al 2016b). Currently, SNP detection methods such as lllumina 60K
Infinium bead array and GBS have become a routine in B. napus (Raman et al. 2013; Fu et al.
2020). These high throughput genotyping methods allow parallel scoring of thousands of
individuals in the whole genome of B. napus (Kumar et al. 2018; Clarke et al 2016). lllumina
Infinium bead arrays were developed from data of re-sequencing of multiple genetic sources to
retain mostly single-locus informative SNPs. The 60K array is a hybridization based genotyping
tool, requiring less computational ability than GBS, which can also be used for B. rapa and B.
oleracea. On the other hand, GBS requires no prior SNP information, but the computation tool is
highly demanded (Clarke et al 2016).

2.6.3 Genetic map vs Association Mapping

QTL mapping is performed using two strategies: genetic map and genome wide association
studies (GWAS) based on linkage disequilibrium (LD). Majority of the QTL mapping studies in
the past were conducted using less diverse bi-parental populations with limited polymorphisms
(Pilet et al. 2001). On the other hand, GWAS is a sort of high-resolution mapping that utilizes a
collection of diverse germplasms to identify multiallelic polymorphisms and haplotypes,
potentially employed across breeding programs in different continents (Rahman et al. 2016;
Raman et al. 2016a; Kumar et al. 2018). Genome wide association studies is used to verify the
usefulness of a marker identified using conventional genetic mapping, for MAS or vice versa
(Jestin et al. 2011; Raman et al. 2016a). Jestin et al. (2011) not only identified novel genomic
regions but also validated the known QTL in the B. napus cultivar Darmor using association
analysis. With the high throughput SNP detection, the potential for GWAS in exploring the
allelic diversity, identifying new loci and keeping track of introgressions could be realized
(Rahman et al. 2016; Clarke et al. 2016). Unlike classical QTL mapping, which is based on
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biallelic polymorphism, GWAS looks for shared haplotypes across germplasms (Kumar et al.
2018). Nevertheless, the loci identified in genetic mapping studies or GWAS could be
confounded with other phenological traits such as plant maturity and flowering time (Pilet et al.
1998). Raman et al. (2020) suggested that these QTL could be more efficient in genomic
selection (GS). Genome wide association studies is suitable for the high-throughput genomic
selection to facilitate genetic gain in complex traits by introgressing multiple alleles using

prediction models ( Raman et al. 2016a; Nadeem et al. 2018).

2.6.4 QTL mapping of quantitative resistance (QR)

Although the genetic control of QR is not well understood, some authors argue that blackleg
resistance is a polygenic trait that is highly affected by the environment (Huang et al. 2016;
Kumar et al. 2018). Whole genome mapping approaches indicated that QR loci (QTLS) are
apparently abundant than qualitative resistance (Raman et al. 2012b, 2016a) and are located in
homoeologous regions (Fomeju et al. 2015). However, one should be cautious in mapping
authentic and stable QR loci. Raman et al. (2012b) identified about 14 genomic regions
associated with race-specific (RIm4) and non-race-specific blackleg resistance using DH
populations derived from bi-parental crosses. QTL mapping of multiple loci with small effect
may be deficient in explaining a greater proportion of the phenotypic variation due to factors
such as environmental conditions, lack of polymorphism in the mapping population, and less
marker density in genetic map (Raman et al. 2016a). To improve the efficiency of QTL mapping,
a multi-environment (year/location) QTL study along with the use of populations derived from
different parental crosses and a denser genetic map enabled the identification and validation of
the already identified QTLs (Huang et al. 2016; Raman et al. 2018). Recently, Kumar et al.
(2018) carried out a detailed multi-environment QTL study using a panel of genotypes with less
interference of major R genes in their background and taking into consideration the already
identified QTL along with the power of SNP genotyping (60K). They emphasized that the QR
identified in their study is apparently controlled by QTLs of small effect.

2.6.5 Map-based cloning and Identification of candidate genes
Traditional map-based cloning is based on a fine-mapping strategy to identify tightly linked
molecular markers to the candidate gene, and to eventually clone it. Fine mapping uses a high-

resolution mapping population to identify recombinants that assist in selecting molecular
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markers closely linked to the probable causative gene (Martin 1995). Map-based cloning is
thought to be difficult in B. napus due to the complex nature of the Brassica genome compared
to the Arabidopsis genome, including massive duplications and minor rearrangements
(Mayerhofer et al. 2005). In the absence of a physical map, saturated genetic maps and (flanking)
molecular marker assisted development of near iso-genic lines (NILs) via backcrossing with the

recurrent parent could improve the efficiency of fine-mapping (Martin 1995) .

Having a dense genetic / consensus map is instrumental in map-based cloning of R genes in B.
napus, so that the molecular markers linked to the trait are precisely anchored on the genetic
map. Once anchored, additional genome-specific markers were developed by exploiting the
collinearity with the Arabidopsis genome and screening the BAC library of B. rapa, in the
absence of the genome sequence of the Brassicas (Long et al. 2011; Larkan et al. 2013).
Although such strategy is considered time consuming and labour intensive (Martin 1995), it has
been effectively used in the past to clone blackleg resistance genes (Long et al. 2011; Larkan et
al. 2013, 2014, 2015).

Candidate gene prediction is supposedly much harder in QR than qualitative resistance. With the
advent of lllumina sequencing and the availability of genomic resources, including the whole
genome sequence of the Brassicas and high throughput genotyping platforms, the success rate
and efficiency of identifying QTL on physical map, developing SNP markers, as well as
predicting candidate genes, has been improved (Larkan et al. 2016a, 2016b; Kumar et al. 2018;
Raman et al. 2018). Larkan et al. (2016a) associated a cluster of cysteine rich kinases (CRKSs)
with adult plant resistance (APR) QTL on A01. They also suggested that some genes underlying
the identified QTLs could be because of allelic differences or altered transcription of R gene
interacting proteins. Thus, whole transcriptome studies could help us understand the
transcriptional reprograming, especially in QR (Becker et al. 2017; Zhou et al. 2019). Once the
candidate gene is identified and the sequence is known, gene specific markers such as SNP or
SCAR could be developed for MAS, suited to high-throughput genotyping (Rahman et al. 2008).
MAS is vital in speeding-up backcrossing in fine-mapping, gene pyramiding and keeping track
of introgression of exotic genes in cultivars, however, candidate markers need to be validated for
MAS.
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2.6.6 Molecular basis of disease resistance

Plant defense system is multilayered that includes PT1 and ETI (Niks et al. 2015). Pathogen-
associated molecular pattern (PAMP) triggered immunity (PTI) is activated by the interaction of
PAMPs and pattern recognition receptors (PRRSs), while effector-triggered immunity (ETI) is
mediated by the interaction of pathogen effectors and R genes in the host. PRRs are surface-
localized RLKs or RLPs while R refers to intracellular pathosystem specific immune receptors
(Macho and Zipfel 2014).

Models are used to describe host-pathogen interaction at a molecular level. The Zigzag Model is
basically an upgrade of the gene-for-gene model, which explains the specific interaction of
specific R genes in the host and the corresponding Avr alleles in the pathogen (Jones and Dangl
2006; Van de Wouw and Howlett 2020). In this system, first pathogens induce the broad-
spectrum PTI to perceive the general elicitors such as flagellin and chitin. But effective
pathogens may weaken the PTI by secreting effectors. Then, plants launch the second layer of
defense called ETI through specific immune receptors (R genes) that recognize the specific
effectors. The pathogen, in turn, could breakdown the R genes, which explains the host -
pathogen coevolution. Molecular events that lead to PT1 and ETI are associated with weak and
strong defense responses, respectively (Jones and Dangl 2006). However, this model has
limitations such as the assumption that effectors can only be detected by specific receptors and
the system also falls short in explaining the situation in pathosystems other than obligate

biotrophs.

The alternative Invasion Model was proposed with the hypothesis that PTI and ETI may not be
very distinct (Cook et al. 2015). This model is more generalized in the sense that it covers a wide
range of response inducers including microbe associated molecular patterns (MAMPs), effectors,
and damage associated molecular patterns (DAMPS) or modified self; and immune systems
including biotrophs, necrotrophs, endophytes, and others. Perception of diverse ligands called
invasion patterns (IPs) by IP receptors triggers IP-triggered response (IPTR). This implies the
combined action of diverse invaders - receptors interaction causes a spectrum of response (Cook
et al. 2015).

Regardless of the system, the common signalling pathway in plant defense can be divided into

three; the upstream perception and the downstream signalling cascades and activation of defense
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genes (Niks et al. 2015). Major R gene mediated resistance is associated with receptors while
candidate genes underlying QR are thought to be structurally diverse (Cook et al 2015). Studies
indicated that genes underlying receptor mediated resistance are prone to breakdown due to
coevolution of the pathogen and the host (Van de Wouw and Howlett 2020; Zhang et al 2016).
Identification of QR genes will enable us to understand the molecular mechanisms underlying

QR. This will facilitate in breeding durable resistance cultivars in plant breeding.

2.6.7 Application of RNA sequencing (RNA-seq) technologies for the analysis of disease

resistance

RNA-seq is currently the method of choice for transcriptome profiling, as well as quicker
identification or validation of candidate genes and identification of SNPs based on the reference
genome coding sequence alignment (Fu et al, 2019). RNA-seq is a relatively new and high
throughput technology with applications such as understanding the mechanism underlying
disease resistance, sterility, and seed weight in B. napus (Zhou et al 2019; Teng et al 2017; Geng
et al 2018). Unlike whole-genome analysis, RNA-seq attempts to sequence only the transcribed
regions at the genome-wide scale, as well as provide information about the variation in
expression levels of genes. Illumina sequencing is commonly used in RNA-seq (Bréutigam and
Gowik, 2010). lllumina technology enables the production of tens of millions of sequenced reads
in a sample. The key steps in RNA-seq are the preparation of cDNA libraries and highly parallel
sequencing. The starting material in this method is the total RNA extracted from the tissue of
interest under specific conditions. The poly-adenylated (poly-A) tail of the mRNA is used to
separate MRNA from rRNA in the preparation of cDNA libraries for detecting expressed genes.
The adaptors are ligated to cDNA for high throughput sequencing. Once the sequencing is
complete, the raw data are converted to sequencing reads using algorithms in a Fastq format for
downstream data analysis. The massively sequenced short reads are further analyzed using bio-
informatic tools such as BOWTIE to align the reads into the reference genome. The mapped
reads are quantified for further statistical analysis using the data analysis pipelines or software
such as the Bio-conductor packages in R software (Chen et al 2016; Wang and Ma 2016). The
resulting differentially expressed genes (DEGS) are classified into functional groups or metabolic
pathways for using software such as MapMan and Blast2Go. These programs allow to predict

protein functions and convert the data into a more meaningful biological function.
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The high sensitivity of RNA-seq along with the availability of reference genome sequences for
both B. napus and L. maculans enabled the simultaneous transcriptome analysis of the biological
processes in this pathosystem (Hadaddai et al 2016; Becker et al 2017; Zhou et al 2019). Gervais
et al. (2016) attempted to explain the hemibiotrophic lifestyle of the L. maculans pathogen by the
different sets of effector genes expressed at early / biotrophic and late / necrotrophic infection
stages. They also identified novel late candidate effector genes for further functional studies. On
the host side, most RNA-seq studies emphasized on the importance of the B. napus genes that are
activated at the early stages to determine the final output (Becker et al 2017; Zhou et al 2019).
Differential expression of host receptor genes and early effector genes confirm the possible host-
pathogen (effector — receptor) interaction at the initial infection stage (Hadaddai et al 2015).
Beside receptors, pathogen induced differential expression of other defense-related biosynthetic

pathways such as hormones and secondary metabolites were implicated at genome-wide scale.
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3. Analysis of quantitative adult plant resistance to blackleg in Brassica napus

Hanna B. Dandena, Qiang Zhang, Tengsheng Zhou, Arvind H. Hirani, Zhen Liu, Dilantha W. G.
Fernando, Robert W. Duncan, Genyi Li

3.1 Abstract

Leptosphaeria maculans L. causing blackleg is a highly evolved fungal pathogen that damages
the rapeseed industry in Canada, Australia and Europe. Advanced backcross populations
segregating for intermediate resistance (BLMR2) and susceptible (bImr2) alleles were planted
and inoculated using cotyledons. near-isogenic lines (NILs) containing the intermediate blackleg
resistance locus along with the parent lines and other controls were planted in a blackleg nursery
at the University of Manitoba. ANOVA indicated a correlated significant difference between the
genotypes with BLMR2 and bimr2 alleles at the seedling and adult plant stages. Heterozygous
plants with both BLMR2 and bimr2 alleles showed relatively lower disease severity index (DSI)
while other plants with only the bimr2 allele induced a higher DSI at seedling and adult plant
stages, respectively, on a scale of 0-9. In the field, the NILs with the BLMR?2 alleles consistently
showed lower stem canker severity index similar to the resistant parent Surpass 400 in three
consecutive years. In comparison, lines with known R genes (BLMR1 and RIm2) showed
relatively higher DSI in the field test. This demonstrated that the intermediate resistance locus
performed well under severe blackleg disease pressure in the field while the NIL lines with
single dominant R genes were ineffective. Because a group of isolates carrying various Avr/avr
alleles were used in the field evaluation, our results suggest that the intermediate resistance locus
confers horizontal resistance and has excellent potential in blackleg management in western

Canadian canola production regions.

Keywords: Brassica napus, Leptosphaeria maculans, BLMR2, intermediate resistance, near-
isogenic lines, NILs, SSR, SCAR
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3.2 Introduction

Brassica napus L. (rapeseed or oilseed rape) is an economically important global oilseed crop.
Leptosphaeria maculans, belonging to the Dothideomycetes, causes blackleg disease in major
rapeseed growing areas including Canada, Australia and Europe (West et al. 2001). The
pathogen infects various plant parts including the cotyledons, leaves, pods, stems and roots
resulting in yield and quality losses (Gugel and Petrie 1992; Salisbury et al., 1995). Wind-borne
ascospores and rain-splashed pycnidiospores, the potential sources of inoculum (Salisbury et al.,
1995; West et al., 2001), penetrate stomatal openings to initiate infection (Li et al., 2004). After
successful penetration, symptoms in the plant are exhibited in two phases. First initial lesions
develop on the leaves, which is then followed by stem canker near the bottom of stems
(Hammond et al., 1985; Hammond and Lewis 1987a, b; West et al., 2001; Huang et al., 2006).
Absence of stem canker is an indicator of blackleg resistance in rapeseed since severe stem
canker is associated with potential yield losses worldwide. However, very early infection of
cotyledons and young leaves initiated by ascospores also leads to significant yield losses in
Australia (Salisbury et al., 1995; West et al., 2001; Li et al., 2004; Delourme et al., 2008a).

Genetic resistance in the rapeseed and blackleg pathosystem is classified as qualitative resistance
conferred by major and dominant R genes and quantitative resistance (QR) by minor polygenes
or quantitative trait loci (QTLs). Resistance in cotyledons and true leaves severely restricts
hyphal growth beyond penetration sites (Hammond and Lewis 19873, b; Li et al., 2004, 2008b;
Huang et al., 2006). This type of resistance is mainly associated with race-specific R genes.
While at later growth stages, reduced stem canker severity is due to limited pathogen growth and
multiplication in the stem, which is most likely mediated by polygenes (Hammond and Lewis
1987a, b; Li et al., 2004; Yu et al., 2005; Huang et al., 2009; Huang et al., 2014; Travadon et al.,
2009). Other commonly used terms used for these types of resistance include seedling or
cotyledon resistance at the early stages and adult plant resistance (APR) at the later plant growth
stages (Delourme et al., 2006). However, seedling resistance and APR can be correlated in some
cases (Hammond et al., 1985; Huang et al., 2006). Seedling resistance is often assessed in
controlled environmental conditions using cotyledon or leaf inoculation assays, while APR is
usually evaluated under field conditions where a mixture of natural inoculum or application of
mixed inoculum is involved, so the term ‘field resistance’ is commonly used. The mechanism of

APR is thought to be mediated by QTLs as compared to qualitative resistance mediated by
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typical R genes. The R genes evaluated at the seedling stage in controlled environmental
conditions are relatively simple and reliable as compared to the APR at the adult plant stage in
the field (Bansal et al., 1994). In addition, identification of stable QTLs for APR requires multi-
year and multi-location field trials. Some studies suggest evaluation of quantitative resistance at
the seedling stage in controlled environmental conditions such as petiole and hypocotyl

inoculation methods using field collected ascospores (Travadon et al. 2009; Huang et al. 2014).

Genetic resistance controlled by major and minor genes (Dion et al., 1995; Delourme et al.,
2004; Rimmer 2006; Raman et al., 2012b, 2013) in combination with other management
practices such as crop rotation or sanitation have kept blackleg disease under control (Salisbury
et al. 1995; West et al. 2001). However, serious breakdown of resistance in cultivars with single
R genes has been reported in France and Australia (Li et al. 2003; Rouxel et al. 2003; Sprague et
al. 2006), mainly due to the use of a sole R gene in a tight crop rotation practices. A recent study
indicated the possible loss of effectiveness of the resistant gene RIm3, inferred from the lack of
the complementary avirulent allele (AvrLm3) in the western-Canadian L. maculans population
(Zhang et al. 2016). They also noted the predominance of RIm3 gene in the cultivars grown in
western Canada since the early 1990’s. The occurrence of a single R gene in most canola
cultivars (Zhang et al. 2016) and the wide-range of cultivation of these cultivars with the same R
gene (Rouxel et al. 2003; Sprague et al. 2006; Van de Wouw et al. 2014) exert evolutionary
pressure on the prevalent L. maculans races. This had contributed to the disappearance of
complementary Avr genes and the increased frequency of virulent alleles in Canada, France and
Australia. RIm3 had been effective for a relatively long period of time in Canada, while sudden
losses of effectiveness of RIm1 and LepR3 occurred in France and Australia, respectively (Li et
al. 2003; Rouxel et al. 2003). This could be due to the RIm3 introgression in a APR background,
in a significant proportion of Canadian cultivars (Zhang et al. 2016). APR is generally mediated
by polygenes that potentially exert less selection pressure on the prevalent L. maculans race
mixture. Jet Neuf is a good example of a cultivar with quantitative resistance that remained
effective for decades (Hammond and Lewis 1987a, b; Dilmaghani et al., 2009). A combination
of typical R genes and quantitative resistance (QR) was proposed to increase the durability of the
R genes in B. napus cultivars (Brun et al. 2010). Recently, the use of the more detailed labels for
major R gene rotation has been suggested, especially in regions with tighter crop rotation

practices, to ensure a better resistance stewardship (www.canolacouncil.org).
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Surpass 400 is a rapeseed cultivar developed by introducing blackleg resistance from the wild B.
rapa subsp sylvestris that displayed a very high level of resistance (Crouch et al. 1994). It was
first released by Pacific Seeds in 2000 as a cultivar with a high level of APR in Australia
(Easton, 2001). Other hybrids and open-pollinated cultivars with the sylvestris derived resistance
were developed and released in Australia and Canada in 2001 (Easton, 2001). However, the
breakdown of resistance in Surpass 400 was reported in just three years after Surpass 400 was
released (Li et al. 2003). Initially, the high APR in Surpass 400 was thought to be mediated by a
single dominant gene (Easton 2001; Li and Cowling 2003) and Yu et al. (2008) mapped this
gene (LepR3) on chromosome A10 (Larkan et al. 2013). However, Van De Wouw et al. (2009)
reported that at least two dominant genes (RIm1 and RImS) that interact with AvrLm1 and
AvrLmsS, respectively, are responsible for the APR in Surpass 400 (Marcroft et al. 2012; Larkan
et al. 2016b). In another study, Long et al. (2011) identified two independent loci (BLMR1 and
BLMR?2) in this cultivar and mapped both on chromosome A10 approximately 20 cM apart; not
so distant from the previously mapped LepR3 locus (Yu et al. 2008). LepR3, which has already
been cloned is the same as BLMR1 (NCBI accession No. JQ979409). The major A10 genes
LepR3 and RIm2 apparently are allelic (Larkan et al. 2013; Larkan et al. 2014; Larkan et al.
2015) and function as receptor-like protein while the second resistance locus, BLMR2 that
displayed intermediate cotyledon resistance phenotypes (Long et al. 2011) remained cryptic. The
aim of the current study is to perform a thorough phenotypic analysis of the BLMR2 locus. We
hypothesize that BLMR2 is a QR locus with partial seedling resistance that corresponds to APR.

3.3 Materials and methods

3.3.1 Molecular marker development and detection

According to the previous mapping data (Long et al. 2011), BLMR2 was located in a region close
to a sequence characterized amplified region (SCAR) marker 12D09. Using the genomic
sequence of chromosome A10 in B. rapa, 35 simple sequence repeats (SSR) markers were
designed and tested. Four SSR markers were identified to be closely linked to the BLMR2 locus
(Table 3.1), and together with the previous SCAR marker 12D09, all the five molecular markers

were used to develop near isogenic lines through molecular marker assisted backcrossing.
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DNA was extracted from leaf tissues using the CTAB method as described previously (Long et
al. 2011). Also, four SSR and one SCAR molecular markers were detected following the same
procedure as described by Long et al. (2011). Two unlabelled primers and the M13 primer
labelled with four fluorescent dyes ‘6-FAM’, ‘VIC’, ‘NED’ and ‘PET’ were used to produce
PCR products which were separated with the ABI Genetic Analyzer 3130xI (ABI, California,
USA). PCR was run at 94°C, 3 min; 94°C, 1 min; 60°C with -1.0°C each cycle 1 min and 72°C, 1
min for 6 cycles; 94°C, 1 min; 55°C, 1 min and 72°C, 1 min for 25 cycles.

3.3.2 Brassica napus genotypes and populations

Genotypes containing BLMR2 were derived from recombinants in the BC1F3 of a cross between
Westar (susceptible and recurrent parent) and Surpass 400 (resistance donor parent) as described
by Long et al. (2011). Advanced backcrossed (BCsFz) B. napus population segregating for
heterozygous BLMR2/blmr2 and bimr2 alleles (Table S3.1) were developed by successively
backcrossing the BC1Fs-derived recombinant lines (Long et al. 2011) to the susceptible recurrent
parent Westar. Homozygous near isogenic lines (NILs) with BLMR2 (37-7-5-4, 37-7-5-3 —
BC2F4, NJ13b — BC3F4, Hn7 and Hn10 — BC5F4) were developed by selfing a series of
recombinants in the backcrossed generations. These recombinant derived NILs are presumed to
harbour a range of segments based on genotypic data (Table 3.2) in the BLMR2 region. Control
checks used in the field experiment include 15-92-11 (BLMR1 NIL derived from the cross
between Westar and Surpass 400, Long et al., 2011) and G4A36-1 (RIm2 NIL derived from the
cross between Westar and Glacier), which were developed using similar procedures
(backcrossing and selfing) in our lab. Surpass 400 and Westar were also used as resistant and

susceptible controls, respectively.

3.3.3 Leptosphaeria maculans isolates and inoculum

Five L. maculans isolates representing different pathogenicity groups (PGs) (Mengistu et al.,
1991), namely 87-41 (PG2), 3-42-6 (PG3), 09 Stonewall (PGT), P103-02-01 (PG3) and PG4-1-M
(PG4) were used to inoculate individual plants. Four of them (87-41, 3-42-6, 09 Stonewall and
PG4-1-M) were tested for the Avr gene patterns (AvrLml, AvrLm2, AvrLm4-7, AvrLm6,
AvrLm11 and AvrimJ1) by PCR (Table S3.2). The L. maculans isolates were prepared using
pycnidiospores collected from dried inoculated cotyledons of Westar on V8 medium plates after

surface sterilization under continuous light at 24 °C. After seven days, pycnidiospores were
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subcultured into fresh V8 agar media. Proliferated pycnidiospores were collected from the
medium surface by scraping using glass slides and double distilled water. The suspension was
spinned down and the supernatant was discarded. Distilled water was added, and the spores were
re-suspended to estimate the concentration using a hemocytometer under a microscope. The final
inoculum was adjusted to a concentration of 2 X 107 spores/ml (Mengistu et al., 1991; Long et
al., 2011).

Table 3. 1 Molecular markers used for genotyping backcross populations and near isogenic lines

Marker  Primer Sequence (5'-3") Marker Physical

name name type* position™*

N10-36  nl0-36 ml3TAATACTGGTTAATTATGCT S5R 12.00
Rnl0-56 ACAGTACATTCACGTTCTAG

N10-45 nl0-45 ml3CAGAAGAAGAAGGATATGGT S5R 12.06
Rnl0-45 TCCAGTTAACCAATGCTGGT

N10-40  nl0-40 ml3CACAATTTCTGGTATACAGATTG S8R 12.13
Rnl0-40 CTTTGGAGCGAATTGTTGAAG

N10-37  nl0-37 ml3CAGTCCTGACTTTGCCATCA S5R 12.60
nl0-37 ACAGGCGAGAGGTTTGAAGA

12D09 12D09A ml3TCCGATCACACGAGTGTTGA SCAR 14.36
12D09B CAACACAGTACACACAAGCA
ml3 CACGACGTTGTAAAACGAC

*S5R, simple sequence repeats; SCAR, sequence characterized amplified region.

**Physical position was obtained by BLAST analysis using the genome sequence data
(http://brassicadb.org/brad/blastPage.php)

3.3.4 Phenotyping and Genotyping

A total of 896 segregating BCsF3 (Table S3.1-experiment 1) and 128 self-pollinated (37-7-5-3,
NJ13b, Hn7 and Hn10 and Westar - experiment 2) plants were cotyledon inoculated with a set of
L. maculans isolates (87-41, 3-42-6, 09 Stonewall, P103-02-01, PG4-1-M) (Table S3.2), except
isolate P103-02-01 was not used in the NIL testing (experiment 2). About 80 to 96 plants were
individually cotyledons inoculated per isolate per segregating population in experiment 1 (Table
S3.1) while four plants were inoculated per isolate per line in experiment 2. At the seedling
stage, phenotypic data was collected by observing the cotyledon lesion development on a scale
of 0-9 as described by Williams & Delwiche (1979), after 14-day inoculation (dai). At the adult
plant stage, stem canker severity symptoms were scored based on physiological maturity at the
ripening stage after all the pods were formed but the stems were still green, by cutting at the base

of the stem and evaluating the level of blackening using a 0 - 5 scale as recommended by the
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Canola Council of Canada; 0 — no disease, 1 — up to 25% of the cross-section, 2 - 26-50% of the
cross-section, 3 - 51-75% of the cross-section, 4 - >75 of the cross-section with some seed
production, 5 - 100% of the cross-section with no seed production, tissue dry and brittle and
plant dead. Stem crown canker data were converted to a standard 0-9 scale (Delourme et al.
2008b) and the mean disease severity indices were calculated as described by Pilet et al., (1998).
DSI = [(NO*0) + (N1*1) + (N2*3) + (N3*5) + (N4*7) + (N5*9)]/Nt, where NO,1,...5 is equal to
the total number of scored plants for each classification and N is the total number of plants
assessed. Genotypic information was collected using co-dominant SRAP and SSR molecular
markers flanking the BLMR2 locus (Long et al. 2011). The sub-populations with heterozygous
BLMR2/blmr2 alleles showed heterozygous dominant and those with only bimr2 allele showed
homozygous susceptible genotypes; the homozygous BLMR2 NILs showed a homozygous
resistant genotype (Table 3.2).

Table 3. 2 Genotypes of near isogenic lines and their R gene donor parent Surpass 400 and
recurrent parent Westar

Molecular marker

Materials Generation 12D09a N10-56 N10-45 N10-40 N10-37
Surpass 400 Donor parent A A A A A
37-7-5-3 BLaFs a A A A A
37-7-5-4 BCzFs a A A A A
NJ13b BCsFs a A A A a
HNT BCsFa a a A a a
HMN10 BC:F. a a A a a
Westar Recurrent parent a a a a a

3.3.5 Experimental setup in controlled growth chamber and greenhouse conditions

Seeds were planted in 96-well trays filled with premix soil and kept in controlled growth
chamber (14 hr light at 20°C and 10 hr dark at 18°C). The soil filled trays were watered
thoroughly before planting and every other day after emergence. A water soluble 20-20-20 (N-P-
K) fertilizer was applied before planting and two to three times after planting at seedling and
rosette stages. In about 7 days after planting, plants were pierced using forceps, one on each
cotyledon, two wounds per plant, and inoculated with 10 pul of spore suspension (Long et al.,
2011). The plants were kept at room temperature overnight and put back in the growth chamber
(14 hr light at 20°C and 10 hr dark at 18°C). The first two true leaves were trimmed to facilitate
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the progress of infection into the stems. The inoculated seedlings were later transplanted to pots

at rosette stage and kept in greenhouses until physiological maturity (Marcroft et al. 2012).

The experiment was arranged in a split-plot design with a set of isolates (87-41, 3-42-6, 09
Stonewall, P103-02-01, PG4-1-M) (Table S3.2) as main-plot and a series of BC segregating
populations (Table S3.1) were randomly allocated to the sub-plots within each of the main-plots.
The population is sub-divided into heterozygous resistant (BLMR2/bImr2 alleles) and susceptible
(bImr2 allele) groups, based on flanking molecular markers (Long et al. 2011). The experiment
was repeated twice (spring 2015 — GH-1 and fall 2015 — GH-2) (Table S3.1) and each
experiment was considered as complete blocks.

Four homozygous BLMR2 NILs (37-7-5-3, NJ13b, Hn7 and Hn10) and Westar were also tested
in two sets of experiment (Winter 2016 — GH-3 and Winter 2017 — GH-4) to validate the data
collected from the backcrossing populations. Data was collected from four plants per each
experimental unit (sub-plot) at the seedling and adult plant stages as mentioned above. The
experiment was conducted in split-plot as above but only four isolates (87-41, 3-42-6, 09
Stonewall, PG4-1-M) (Table S3.2) were considered as main-plot and the five genotypes as sub-

plots.

3.3.6 Experimental setup and evaluation of blackleg resistance under field conditions

A total of seven genotypes; three BLMR2 NILs, one BLMR1 NIL, one RIm2 NIL, Surpass 400
and Westar were evaluated in the blackleg nursery at Carman, Manitoba for three years (2014-
2016). The nursery was infested with blackleg pathogen from previous season’s stubble which
comprised of well characterized isolates to their Avr/avr profile that represent the most important
races from commercial fields. These isolates carry the virulent genes avrLml, 2, 3, 4, 6, 7 and 9
in various combinations (from Dr. Fernando’s lab). Each genotype was grown in a single one-
meter length row and about 0.5 grams of seeds were sown in each row. Distance between
adjacent rows was 0.25m and between plots (incomplete blocks) is 0.5m. The experiments were
arranged in an alpha-lattice design in two replicates. Each replicate consisted of six incomplete
blocks and 4 (2014), 6 (2015) and 7 (2016) rows per block. The susceptible check was arranged

at each corner rows and the test genotypes were put in the middle rows. In all testing rows, 15 to
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20 plants were uprooted to score crown canker severity at the physiological maturity on a scale

of 0-5 as mentioned above.

3.3.7 Statistical analysis

The controlled environment experiments were analyzed as split-plot with isolates as main-plot,
genotype as sub-plot and two experiments as complete blocks. A combined variance analysis
was also conducted on repeated randomized complete block (RCB) experiments (GH-1 and GH-
2 in the controlled experiments and three-year field experiment) with isolates nested within an
experiment. Experiment could be environment or year, and we assume that genotype is fixed and
experiments and blocks are random effects. Furthermore, to study the correlation of seedling and
adult plant resistances, repeated measures analysis of a RCB was conducted with isolates as
blocks; assuming genotype is fixed and blocks are random effects. Least significant (Ls) means
were used to estimate the differences among genotypes. All the data were analyzed using the

proc mixed in SAS program (University Edition).

3.4 Results
3.4.1 Seedling and adult plant resistance phenotypes in BLMR2/bImr2 alleles

The number of plants evaluated at BCsF3 generation in two experiments is summarized in (Table
S3.1). BLMR?2 allele displayed an intermediate resistance reaction at seedling stage when
inoculated with a set of L. maculans isolates as compared to their bimr2 allele counterparts
(Figure 3.1). Combined ANOVA (Analysis of variance) of the two experiments conducted in the
spring 2015 (GH-1) and fall 2015 (GH-2) predicted nonsignificant difference between the two
experiments (environment) at seedling and adult plant stages (P=0.6211 and P=0.4068,
respectively) (Table S3.3). As expected, significant differences were observed between the two
genotypes with BLMR2 and bimr2 alleles at both seedling and adult plant stages (P=0.0001 and
P<.0001, respectively) (Table S3.3). When comparing the two genotypes, BLMR2 containing
genotypes exhibited higher disease resistance phenotypes at the seedling (mean DS1=4.6+0.4)
and adult (mean DS1=3.4+0.5) stages than genotypes with the bimr2 allele (mean DSI1=7.2+0.4
and 7.4+0.5, respectively) (Table 3.3) when inoculated with five L. maculans isolates (87-41, 3-
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42-6, 09 Stonewall, PI03-02-01 and PG4-1-M) (Table S3.2). On the other hand, non-significant
differences were observed among the isolates (P=0.1075 and P=0.3261) (Table S3.4) at seedling
and adult stages, respectively. Significant differences were observed between genotypes
(seedling and adult stages) and genotype by isolate interaction (adult stage, P=0.0465) (Table
S3.4). Repeated measure analysis indicated non-significant differences (P=0.3520) between the
two stages (seedling vs adult) but difference (P<.0001) between the two genotypes (BLMR2 vs
bImr2) (Table S3.5). These results demonstrated that there was positive relationship between
intermediate cotyledon resistance and adult plant resistance of genotypes with the BLMR2 alleles
under controlled conditions.

Table 3. 3 Ls mean Disease Severity Index (DSI, 0-9) estimates of heterozygous BLMR2/bImr2
and susceptible bimr2 when inoculated with five isolates.

Label Df Seedling Adult
(Mean+SE) (Mean+SE)

BLMR2/blmr2 8 4.6+0.4 3.4+0.5

blmr2 8 7.2+0.4 7.4+0.5

The five isolates include: 1=PG4-1-M, 2=P103-02-01, 3=09Stonewall, 4=3-42-6, 5=87-41 (Table S3.2).

29



09 Stone 03-15-03

Figure 3. 1 Comparison of cotyledon disease phenotypes of BLMR2 and BLMRL1 containing lines
when inoculated with a set of isolates. The parents Westar (susceptible) and Surpass 400
(resistant) were also included as controls

3.4.2 Disease response phenotype of homozygous NILs containing BLMR?2 at seedling and
adult stages

To further confirm the resistant disease response phenotype of BLMR?2 allele, four homozygous
NILs were compared with the susceptible recurrent parent Westar (blmr2) in two experiments
(GH-3 and GH-4). Combined ANOVA indicated non-significant differences (P=0.7981 and
P=0.2608) between the experiments (environment) but difference among genotypes (P<.0001
and P<.0001) at seedling and adult stages, respectively (Table S3.6). The BLMR2 containing
NILs as a group induced significantly (P<.0001) low DSI, with estimated mean DSI of 3.0+0.3,
as compared to Westar (bImr2, mean DSI=6.4+0.4) at seedling stage (Table 3.4). Similarly,
differences (P<.0001) were observed between the NILs (BLMR2) and Westar (bImr2) at the adult
plant stage with the mean stem canker severity index of 1.9+0.5 and 8.4+0.6, respectively (Table
3.4).
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Table 3. 4 Ls mean Disease Severity Index (DSI, 0-9) estimates of homozygous BLMR2 NILs and
Westar (bImr2) when inoculated with four isolates.

Label Df Seedling Adult
Mean+SE Mean+SE

BLMR2 24 3.0+0.3 1.9+0.5

blmr2 24 6.4+0.4 8.4+0.6

The mean BLMR2 data was pooled from the four homozygous NILs (37-7-5-3, NJ13b, Hn7 and Hn10). The four
isolates include: 1=PG4-1-M, 3=09Stonewall, 4=3-42-6, 5=87-41 (Table S3.2).

3.4.3 Adult plant resistance verification of homozygous NILs containing BLMR2 under field
conditions

Adult plant resistance of three homozygous NILs containing BLMR2 and controls including the
two parents (Surpass 400 and Westar), and NILs containing BLMR1 and RLM2 were evaluated
for three years (2014-2016) under field conditions. Combined ANOVA indicated significant
variations in mean DSI among genotypes (P<.0001) (Table S3.7). Moreover, significant
variations were also observed for year (P=0.0208) and genotype by year interaction (P=0.0020)
(Table S3.7). Pair-wise comparisons of the three years on average revealed that DSI in 2016
were significantly different from 2014 and 2015 (P=0.0123 and P=0.0316, respectively) (Table
S3.7). However, no significant difference (P=0.2069) (Table S3.7) was observed between 2014
and 2015. It was possible that late planting and environmental conditions in 2016 might have
contributed to the reduction in disease severity estimates as compared to the previous two years.
Combined Ls mean estimates of the first two years indicated that the genotypes with the BLMR2
allele could be categorized as resistant (R) or intermediate resistant (MR) phenotypes, whereas
the lines 15C-92 and G4A14-2, with known resistant genes BLMR1 and RLM2, respectively,
were surprisingly categorized as susceptible (S) together with the susceptible parent Westar
(Table 3.5). This demonstrated the high APR potential of BLMR2 allele under field conditions
infested with the most dominant races of the pathogen in western Canada. Looking at the year
2016, all the BLMR2 containing lines were classified as R and the lines with BLMR1 (15C-92)
and RIm2 (G4A36-1) were classified as MR and MS, respectively (5).

Overall, the analysis of APR in the field in the three years showed similar trend of reduced stem

crown canker severity with genotypes carrying BLMR2 allele. The other two genotypes with the

31



known R genes (BLMR1 and RIm2) performed relatively poor, with higher DSI in 2014 and
2015; and lower DSI values in 2016, where the mean disease severity index was relatively lower
on Westar compared to the previous two years probably due to the late planting and/or
environmental conditions.

Table 3. 5 Lsmean estimates for Disease Severity Index (DSI, 0-9) of B. napus homozygous NILs
and controls evaluated at adult plant stage in Carman blackleg nursery

Entry Type Resistant (2014 and 2015) 2016
allele - - . -

Estimate Phenotypic Estimate Phenotypic

(mean+SE) classes (mean+SE) classes
Westar Check - 7.5+0.5 S 6.5+0.7 S
15-92-11 NIL BLMR1 7.740.5 S 2.6+0.7 MR
G4A36-1 NIL RLM2 6.7+0.5 S 3.9+0.7 MS
NJ13b NIL BLMR2 2.440.5 MR 0.740.7 R
37-7-5-4  NIL BLMR2 2.0+0.5 R 0.8+0.7 R
37-7-5-3  NIL BLMR2 1.2+0.5 R 1.3+0.7 R
Surpass Check BLMR1/2 0.6+0.5 R 0.3+0.7 R

Glacier and Surpass 400 are the resistance donor parents for the NIL G4A36-1 and all the other NILs, respectively.
Westar was used as a susceptible (recurrent) parent in all crosses. The NILs with BLMR2 include 37-7-5-3 and 37-7-
5-4 (BC2F4), and NJ13b (BC4F4). Blackleg disease severity ratings could be categorized into four phenotypic
classes in comparison to Westar; 0-29.9% of Westar (Resistant-R), 30-49.9% of Westar (Intermediate Resistant —
MR), 50-69.9% of Westar (Intermediate Susceptible -MS) and >70% of Westar (Susceptible — S).

3.4 Discussion

3.4.1 BLMR?2 consistently displayed intermediate resistance to multiple isolates

The current genetic studies in the advanced BC generation (BCsF3) as confirmed by molecular
markers (Long et al. 2011) showed consistent 1:1 segregation pattern of heterozygous resistant
(BLMR2/blmr2) and susceptible (bImr2), confirming the stability of this locus. Moreover, we
investigated the intermediate cotyledon disease reaction phenotype (Figure 3.1) of the BLMR2
containing genotype (Hn7) when cotyledon inoculated with a range of L. maculans isolates
(Table S3.2) in comparison with the BLMR1 containing genotype and the resistant and
susceptible parents as controls. The cotyledon disease reaction phenotype of BLMR2 containing

genotypes was intermediate; although minor differences were observed in the degree of lesion
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development, suggesting partial effectiveness against all isolates tested (Delourme et al. 2006,
2008b). The genotypes containing BLMR1 induced a typical hypersensitive response to isolate
87-41 (Long et al. 2011; Larkan et al. 2013), but intermediate phenotypic reaction was also
observed with the isolate 3-42-1, and plants exhibiting a susceptible phenotype similar to Westar
were observed when challenged with the virulent isolates 03-15-03, 09Stonewall and PG4-1-M
(Table S3.2). The susceptible cultivar Westar displayed complete tissue collapse with prolific
pycnidiospores, whereas cultivar Surpass 400 showed a range of high disease reaction (necrotic)
phenotypes to all the five isolates tested, possibly due to the presence of at least the two
resistance loci, LepR3 (Larkan et al., 2013) and BLMR2.

3.4.2 Intermediate resistance at the cotyledon stage correspond to adult plant resistance
Numerous studies suggested the reliability of the cotyledon inoculation method as a means to
predict APR after achieving significant correlation between seedling and adult plant resistances
in the greenhouse and field conditions (McNabb et al. 1993; Bansal et al. 1994; Li and Cowling
2003; Delourme et al. 2004). However, others argued that seedling and APR are not necessarily
correlated and distinct genetic factors control these mechanisms (Crouch et al. 1994; Pang and
Halloran 1996a; Mayerhofer et al. 1997; Delourme et al. 2006; Rimmer 2006; Raman et al.
2012b, 2016a; Elliott et al. 2016). Generally, correlation of controlled and field experiments is
dependent on the frequency of the L. maculans race structure in a disease nursery (Rouxel et al.
2003; Larkan et al. 2016a), which could be complex (various Avr genes in multiple
combinations) and location-specific (Li et al. 2005; Sprague et al. 2006; Liban et al. 2016; Zhang
et al. 2016). For instance, Australian field isolates were reported to be more diverse and virulent
than probably anywhere in the world (Li et al. 2005; Sprague et al. 2006; Delourme et al. 2008a;
Raman et al. 2012b, 2016a). In our study, the plants in the advanced BC generations were
individually inoculated with a set of L. maculans isolates but the data were analyzed together to
give a better insight on the potential of the genotypes with BLMR2 alleles. Upon cotyledon
inoculation with a number of contrasting isolates, the genotypes with BLMR?2 alleles resulted in
an intermediate DSI score, which was expected since the lines with APR are supposed to be
partially effective against all isolates (Delourme et al. 2008b). Interestingly, this correlated with
partially resistant stem canker severity. Bansal et al. (1994) also observed correlated but
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relatively lower disease severity percentages at adult plant stage than at the cotyledon stage. Our

results were also verified in the field.

Partial resistance is generally a characteristic of quantitative resistance (QR) controlled by
polygenes, often associated with APR (Pilet et al. 1998; Delourme et al. 2004, 2006, 2008b;
Rimmer 2006; Huang et al. 2014; Larkan et al. 2016a), which implies that there could be tightly
linked minor genes in this locus with a cumulative resistance effect. Polygenic resistance may
not induce strong hypersensitive reaction at seedling stage (Li et al. 2008b), but significantly
reduces stem canker severity at adult plant stage (Delourme et al. 2004; Li et al. 2004; Travadon
et al. 2009). In our study, cotyledon inoculation of cultivar Surpass 400 with the isolate 87-41
(AvrLm1) displayed a seemingly hypersensitive response with a small necrotic lesion at the
wound site while inoculations with isolates such as 03-15-03 or PG4-1-M (non-AvrLm1) showed
a larger necrotic lesion. This is consistent with the finding by Dilmaghani et al. (2009), where Jet
Neuf showed similar phenotypes with isolates containing AvrLm4 and non-ArLm4 alleles,
respectively. Similarly, Li et al. (2004) observed an atypical reaction using a cytological study,
where significantly reduced but not totally arrested hyphal growth were evident in the cotyledon
of Surpass 400 as compared to a susceptible cultivar. Overall, the limited hyphal growth in
Surpass 400 (Li et al. 2004) and the consistently larger necrotic lesion reactions in Surpass 400
and Jet Neuf (Dilmaghani et al. 2009), respectively, could be associated with non-specific
quantitative resistance in the studied pathosystems. Surpass 400 perhaps has some APR
background as proposed in other studies (Li et al. 2004, 2005; Sprague et al. 2006). If so, Surpass
400 has both single dominant gene LepR3 (Larkan et al. 2013) and polygenic (BLMR2)
resistance, and BLMR2 partly explains the atypical interactions in Surpass 400. BLMR2
introgression into a susceptible cultivar is potentially a good method to initiate research to
understand mechanisms behind QR without interference of dominant R genes or to determine the
genes underlying APR in Surpass 400. Our finding supports the hypothesis that the
hypersensitive response is not the only mechanism explaining the interaction between Surpass
400 and L. maculans isolates (Li et al. 2008b).
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3.4.3 Potential of BLMR2 locus in western Canada

This research demonstrates that BLMR2 may have potential in western Canada to be used solely
or in combination with other resistant genes. Li et al. (2005) proposed the use of cultivars with
only polygenic resistance could potentially provide an adequate level of resistance compared to
defeated major resistance genes. The observed difference in the derived series of NILs in the
BLMR2 region may attribute to the difference in the introgressed segments within this locus
(unpublished) and may facilitate other research that may focus on understanding the molecular
basis underlying the BLMR2 locus.

In this study, BLMR2 contributed to APR in canola against the blackleg disease. One could argue
why then Surpass 400 is defeated in some parts of Australia. Our explanation agrees with what is
described by Van de Wouw et al. (2014) who explained that the L. maculans population in
isolated areas in Southern Australia led to the ineffectiveness of resistance in a cultivar due to the
probable shift in pathogen population structure when the cultivar was grown on a large-scale.
This situation exerted pressure on pathogen population to evolve. Furthermore, cultivars in
Australia are grown throughout the entire year with milder winter conditions. This provides a
longer period of time for the pathogen to systematically grow from leaves to stems (Travadon et
al. 2009). This is followed by warm temperatures in spring/summer that favours pathogen
multiplication and sexual recombination (West et al. 2001; Huang et al. 2006; Sprague et al.
2006). Also, Australian isolates are considered to be extremely diverse, so it is possible that
several isolates could even break the resistance in cultivars with only polygenic resistance (Li et
al. 2005, 2008a). L. et al. (2008a) observed an array of resistance expression in cultivars with
only polygenic resistance because of the different L. maculans races prevalent across the test
sites in that study. Thus, polygenic resistance could operate in a non-Avr manner, but the degree
of expression could vary across different locations and possibly increases the durability of

cultivars.

3.4.3 Resistance breakdown and durability
In agreement with the predictions by Kutcher et al. (2010) and Liban et al. (2016) that a change
in population structure has occurred in western Canada. Isolates belonging to PG2 were the most

dominant ones in western Canada until the early 2000s, then the more aggressive PG3, PGT
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(Chen and Fernando, 2006; Kutcher et al. 2007) and PG4 isolates started to emerge in most parts
of western Canada though the frequency was not high (Chen and Fernando 2006; Rimmer 2006).
Conversely, there was scarce information on the identity of R genes utilized in western Canada.
A very recent study revealed the prevalence of RIm3 in most Canadian cultivars and also
reported the defeat of RIm3 due to the lack of AvrLm3 in the local L. maculans population
(Zhang et al. 2016). Our study specifically compared BLMR1, BLMR2 and RIm2 genes solely
introgressed into a common Westar background. Surprisingly, RIm2 was one of the potential R
genes predicted to still be effective by inferring the frequency of the corresponding AvrLm2 in
the recent past (Liban et al. 2016; Zhang et al. 2016). However, the current study suggests the

possible defeat of RIm2 or the potential to be defeated in growers’ field.

The breakdown of RIm3 was less dramatic as compared to the situation reported in other
continents, where the cultivars were rendered ineffective in a few years after their commercially
release (Li et al. 2003; Rouxel et al. 2003). RIm3 containing cultivars were believed to be
integral part of the Canadian cultivars at least since the early 1990’s (Zhang et al. 2016) and
hypothesized that the longevity of RIm3 is probably associated with its introgression into a
cultivar with APR background. Similarly, Brun et al. (2010) suggested the prominent role of QR
background to increase the durability of dominant R genes. Kutcher et al. (2010) reported about
97% of Canadian isolates were Avr (avirulent) on Surpass 400. In our study, Surpass 400 showed
a high level of stem canker resistance along with most BLMR2 containing NILs for three
consecutive years (2014-2016) in a blackleg nursery in Carman, Manitoba. The effectiveness of
Surpass 400 could be explained by the stable performance of BLMR2 locus regardless of the
breakdown of BLMR1 in western Canada.

In this chapter, the phenotypic performance of the B. napus resistance BLMR2 locus containing
NILs along with the susceptible Westar and other controls were evaluated at seedling and adult
plant stages. We verified the potential of this locus to confer horizontal resistance (HR) under

field conditions. The next chapter deals with the identification of a candidate gene(s) underlying

HR phenotype using fine-mapping and genomic approaches.
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4.1 Abstract

Leptosphaeria maculans causes blackleg disease in Brassica napus. The blackleg disease is
mainly controlled by resistance genes in B. napus. Previous studies have shown that the blackleg
resistant BLMR2 locus that conferred horizontal resistance (HR) under field conditions, is
located on chromosome A10 of B. napus. The purpose of this study is to fine map this locus and
hence identify a candidate gene underlying HR. The spectrum of resistance to L. maculans
isolates of the resistance locus BLMR2 was analyzed using near isogenic lines, resistant and
susceptible cultivars. The results showed that this locus was horizontally resistant to all the
isolates tested. Sequence characterized amplified polymorphism (SCAR) and simple sequence
repeat (SSR) and single nucleotide polymorphism (SNP) markers were developed in the
chromosome region of BLMR2 and a fine genetic map was constructed. Two molecular markers
narrowed BLMR2 in a 53.37 kb region where seven genes were annotated. Among the seven
annotated genes, BnaA10g11280D / BnaA10g11290D encoding a cytochrome P450 protein were
predicted as the candidate of BLMR2. Based on the profiling of pathogen induced
transcriptomes, three of the seven annotated genes were expressed while only cytochrome P450
showed upregulation. The candidate corresponds to the gene involved in the indole glucosinolate
biosynthetic pathway and plant basal defense in the Arabidopsis thaliana. The molecular
markers identified in this study will allow the quick incorporation of the BLMR?2 allele in

rapeseed cultivars to enhance blackleg resistance.

Keywords: Arabidopsis thaliana, Brassica napus, Leptosphaeria maculans, BLMR2, fine

mapping, cytochrome P450, glucosinolate
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4.2 Introduction

Brassica napus (rapeseed / canola) is an important crop used for edible oil production
worldwide. Blackleg, caused by Leptosphaeria maculans, is one of the most devastating diseases
in rapeseed production. There are both qualitative and quantitative types of resistance to fungal
pathogens like L. maculans (Raman et al., 2012b, 2013). Qualitative resistance is race-specific
and depends on the presence of a single resistance (R) gene in plant interacting with matching
avirulence (Avr) genes in pathogen (Zhang and Fernando 2017). In contrast, quantitative (QR) or
horizontal resistance is race nonspecific, which may be mediated by several genes, expressed
from the seedling to adult plant stages, conferring only partial resistance to all races of the
pathogen (Delourme et al., 2006; Gonzalez et al., 2012). Identification and incorporation of
resistance genes, in Brassica species, to produce resistant cultivars is an efficient approach to
combat blackleg disease in B. napus (Hayward et al. 2012).

To date, over a dozen loci including RIm1-10, LepR1 to LepR4, BLMR1 and BLMR2 conferring
resistance to L. maculans have been mapped in the cultivated Brassica species (Delourme et al.
2006; Rimmer 2006; Yu et al. 2005, 2008, 2013; Long et al. 2011; Larkan et al., 2013).
However, the effectiveness of some of these resistance genes is decreased after they are used in
production for three years, and the genes need to be replaced with other novel genes (Kutcher et
al. 2007; Li et al.2003; Rouxel et al. 2003). For example, LepR3 in Surpass 400 that provides
race-specific resistance to the fungal pathogen L. maculans suffered a major defeat in Australia
in 2004 (Li et al. 2003; Sprague et al. 2006). On the other hand, quantitative resistance likely
remains effective over time than qualitative resistance (Zhang et al. 2016). Therefore, it is
important and necessary to identify and combine qualitative and quantitative genes for durable
blackleg resistance (Huang et al. 2018).

It is very difficult to identify the genes controlling quantitative trait loci in the complex genome
of B. napus because little information is available on the genetic control and mechanism
underlying quantitative resistance to L. maculans. Unlike minor effect loci, major effect loci
could be Mendelized to fine-map and eventually clone the gene underlying QR. In the previous
study, the blackleg quantitative resistance gene BLMR2, originally derived from the cross
between Surpass 400 and Westar showed horizontal resistance under field conditions (Dandena
etal., 2019). A few blackleg resistance genes including RIm2, LepR3, BLMR2 and LepR2 have
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been mapped on B. napus chromosome A10. Among these the highly resistant RIm2 and LepR3
are allelic and function as receptors (Larkan et al., 2013, 2014, 2015). Characterization of the
BLMR2 and LepR2 need further studies although these genes are likely different from the other R
genes based on the map position and phenotype (Long et al., 2011; Larkan et al., 2016b). BLMR2
segregated as a single dominant allele and has a distinctly intermediate phenotype when
cotyledon inoculated with the L. maculans isolate 87-41 (Long et al., 2011). This allowed the
development of NILs (W+BLMR?2) using molecular marker assisted backcrossing along with
progeny testing of recombinants.

In this study, BLMR2 was fine mapped in B. napus with the use of sequence characterized
amplified polymorphism (SCAR) and simple sequence repeats (SSR) markers. Furthermore,
inoculation assay with individual isolates showed that BLMR2 has race non-specific resistance to
all the L. maculans isolates tested. These results lay a foundation for utilizing the blackleg
resistance BLMR2 allele in developing resistant B. napus cultivars that effectively control L.

maculans.

4.3 Materials and Methods

4.3.1 Materials for testing horizontal resistance

Three near isogenic lines containing resistance BLMR1, BLMR2 and RIm2 alleles were
developed using the two resistant cultivars Surpass 400 and Glacier, and a susceptible cultivar
Westar. BLMR1 and BLMR2 were derived from the cross between Surpass 400 and Westar
(Long et al. 2011) while RIm2 was derived from the cross between Glacier and Westar. BLMR1
and BLMR2 were separated at BC1F3 based on differential phenotypic interaction with the L.
maculans isolate 87-41 and molecular marker data (Long et al., 2011). From crosses of Surpass
400 x Westar and Glacier x Westar, F3 and F1 progenies, respectively, were backcrossed to
Westar four to five times and molecular marker assisted selection (MAS) was implemented
during backcrossing (Dandena et al 2019). Individuals containing homozygous BLMR1, BLMR2
or RIm2 alleles were selected based on molecular markers and inoculation assays to obtain three
isogenic lines in Westar background, named as W+BLMR1 (BC4F4), W+BLMR2 (BC4F:) and
W+RIm2 (BC4F>), respectively. The near isogenic lines, together with two resistant cultivars

Glacier and Quinta, and the susceptible Westar were used to perform interaction analysis.
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4.3.2 Mapping population

The BC1F3 plants carrying BLMR2/blmr2 alleles from the cross of B. napus cultivar Surpass 400
and Westar were backcrossed to Westar (blmr2/blmr2) to produce BC>, BC3 and BC4 populations
and the BC4 was selfed to obtain BCsF4. All plants used in backcrossing and selfing were
phenotyped through inoculation and genotyped using the flanking molecular markers. The BC4
Fs and BC4F4 were inoculated with L. maculans isolate 87-41 to test cotyledon resistance.
Segregation ratios of resistant to susceptible individuals in the F4 and BC4 were analyzed with %2
test of goodness of fit. A total of 5,952 BCsz individuals were used to fine map the resistance

locus.

4.3.3 Pathological Assay

To test the horizontal and race-non-specific resistance of BLMR2, 24 L. maculans isolates were
used in cotyledon assays. These pathogen isolates were selected from the collection at the
University of Manitoba. The inoculum of all isolates was prepared, and cotyledons were
wounded and inoculated as described previously (Long et al. 2011). Disease reactions were rated
at 12-16 days after inoculation according to the classification of 0—9 (Chen and Fernando 2006).

4.3.5 DNA extraction and genome specific marker development
A modified CTAB method as described by Li and Quiros (2001) was used to extract DNA. The

B. rapa genomic sequence (http://brassicadb.org/brad/) was used to identify SSR loci and

primers covering SSR were designed to amplify the specific loci in B. napus. Sequence
characterized amplified region (SCAR) loci were developed using a similar procedure as SSR
markers except specific targets were sequenced from the two parental lines (Surpass 400 and
Westar). The A genome-specific primers were used to amplify PCR templates to identify
insertions/deletions of the targets which were used to develop SCAR markers.

4.3.6 Detection of SCAR and SSR

A set of five fluorescent dye 6-FAM, VIC, NED, PET and L1Z was used to detect signals with an
ABI 3100x! Genetic Analyzer (ThermoFisher Scientific, Toronto, Canada). The LIZ color was
the standard and the other four were used to label primers. For SSR and SCAR detection, the
genome-specific primers were used to obtain PCR products containing SSR or deletion/insertion

positions. A 10 pl PCR mixture was prepared as follows: two genome-specific primers and one
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labeled M13 primer, 50 ng of genomic DNA, 0.375 mM dNTP, 1X PCR buffer, 1.5 mM MgCl;
and 1 U of Taq polymerase. The PCR running program was 94°C, 3 min; 94°C, 1 min; 58°C with
-0.8°C each cycle 1 min and 72°C, 1 min for 5 cycles; 94°C, 1 min; 57°C, 1 min and 72°C, 1 min
for 25 cycles. The amplified PCR products were separated in the ABI 3100 Genetic analyzer.

The data was analyzed with ABI GenScan and Genographer software.

4.3.7 RNA extraction and sequencing of the candidate gene

Fully expanded cotyledons were inoculated using L. maculans isolate 87-41 (inoculated) or
water (mock). Four days after inoculation, cotyledon samples from eight individual plants per
sample were pooled and ground in liquid nitrogen. Total RNA was extracted using fresh
cotyledon tissues and Trizol reagent (ThermoFisher Scientific, Toronto, Canada). RNA quality
was determined using 1% agarose gel and Nanodrop (Thermo Fisher Scientific, Toronto,
Canada). cDNA was synthesized from the total RNA using the SuperScript™ III kit following
manufacturer’s protocol (ThermoFisher Scientific, Toronto, Canada). Then, primers (Table S4.1)
were used to amply the full-length cDNA of the candidate gene of BLMR2 and cloned into the
TA cloning vector with the TOPO® TA Cloning® Kit (ThermoFisher Scientific, Toronto,
Canada). Positive clones were selected to extract plasmid DNA using the standard mini
preparation protocol. The plasmid DNA was sequenced using the BigDye™ terminator v3.1
cycle sequencing kit (ThermoFisher Scientific, Toronto, Canada). Full length cDNA sequence
was assembled using SeqMan software.

4.3.8 Quantitative analysis of candidate gene expression

Total RNA was extracted from cotyledon samples of W+BLMR2 and Westar inoculated with L.
maculans isolate 87-41 and mock-inoculated at 4 days after inoculation (dai). RNA quality was
determined using 1% agarose gel and Nanodrop (Thermo Fisher Scientific, Toronto, Canada).
cDNA was synthesized using the SuperScript IV First-Strand Synthesis kit (Thermo Fisher
Scientific, Toronto, Canada). Quantitative real-time PCR (qRT-PCR) was conducted using
SYBR Green Master Mix (Bio-Rad) according to manufacturer’s instruction (Bio-Rad). The
P450 gene specific primers were used to amplify the gene (Table S4.1). The actin gene
(BnaA01g19850D) was used as a control for normalization. Relative gene expression was
calculated by the 2-AACT method.
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4.4 Results

4.4.1 Resistance to L. maculans isolates

Three near isogenic lines W+BLMR1, W+BLMR2 and W+RIm2, along with Wester, Glacier
and Quinta were inoculated with 24 isolates. The results showed that only W+BLMR2 was
resistant to all tested isolates, indicating that the resistance of BLMR2 was horizontal. BLMR1
and RIm2 showed differential interactions with the tested isolates and the two resistant cultivars
Glacier and Quinta also showed different resistant spectra while Westar was susceptible to all the
isolates (Table 4.1).

4.4.2 Segregation of BLMRZ2 in the mapping populations

In the mapping populations of BLMR2, 656 F> individuals were used to confirm the segregation
ratio of BLMR2. There were 513 resistant plants and 143 susceptible plants showing a 3:1
segregation ratio (y2 test, p>0.05). In the BC1 mapping population of 831 individuals, there were
438 resistant plants and 393 susceptible plants showing a 1:1 segregation ratio (y2 test, p>0.05),
suggesting that one dominant resistance allele is responsible for the BLMR2 resistance to
blackleg (Figure 4.1).
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Table 4. 1 Testing of resistance spectra of three near isogenic lines and three cultivars in
Brassica napus using 24 isolates of Leptosphaeria maculans*

Isolates W+BLMR2 W+BLMR1 W+RIm2 Glacier Quinta Westar
87-1

M4-1

M4-2
10Aridries-dk
3-12-01
08-01-05
9STONEWALL
3-15-03
6NBW-01
89-3
NDO04-05-01
86-12
4-09-109
7-02-01
53-31
Lifolle
PL03-02-01
PL03-42-06
3-54-01
4-09-01
3-01-Roland
4-09-107
87-41
Lifolle 5

w
w
w
w

A XY X X X XX X X X X X XV X XV XV XV XV XV XUV XUV XU U X
l X X X® X X X T I T I 0 o v vuo uvo.vv v v O 0 O
o O o ouo oo nuno o unuo unu u unuvu v v v XV A O AW AT U v
A X X UV XV OV XV OV XV OV XV OV XUV U XV O O 6 v o 0 O»
J X XV X UV U O o o unu nwu n v X0V OV XNV OV XUV OV U OV OV L
nwu u u u u uo ununo unuo no unuo 0o 0 60 n n n n o0 no no nuom

Py
)
Py
w
w

*All the isolates are from the collection at the University of Manitoba; three near isogenic lines
W+BLMR1, W+BLMR2, W+RIm2, two resistant cultivars Glacier and Quinta, and susceptible cultivar
Westar; R represents 0-4 ratings, S represents 5-9 ratings.
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4.4.3 Fine mapping of the resistance gene

Sequence characterized amplified region (SCAR) and simple sequence repeats (SSR) markers
were used to map BLMR2 on chromosome A10. Using 1,632 BCs4 plants, six recombinant
individuals were obtained. Their selfed progeny was inoculated with L. maculans isolate 87-41
to confirm the phenotype of recombinants. Then, more sequence-based SCAR and SSR were
developed to fine map the BLMR2 locus. Another 4,320 BC4 individuals were inoculated with L.
maculans isolate 87-41 to identify another 14 recombinants. Using all 20 recombinants, BLMR2
was narrowed in a small region between molecular markers N10-47 and N10-43 after their
phenotypes and genotypes were analyzed (Table 4.2, Figure 4.3). Selfed progeny of all

recombinants was also tested to confirm the recombination events in the BC4F4.

Figure 4. 1 Cotyledons of Surpass 400, near isogenic line W+BLMR2 and Westar, 14 days after
inoculation (dai) of the pycnidiospore suspension (2 x 107 spores/ml) of the Leptosphaeria maculans
isolate 87-41 (AvrLm1, AvrLm2, ...). Surpass 400 showing high cotyledon resistance (A);
W+BLMR2 showing intermediate resistance (B); and Westar with the susceptible phenotype (C).

44



Table 4. 2 Phenotypes and genotypes of 20 recombinants in the BCs population of Brassica
napus*

Recombinant ~ Phenotype N10a ?610- [\:1170 N10b ?51 0- [\411%30 I\éto 1;41 0- 1\2170 I\;;O '\:1%)0
RCO1 R A A AB AB AB AB AB AB AB AB AB
RC02 R A A AB AB AB AB AB AB AB AB AB
RCO03 R A A AB AB AB AB AB AB AB AB AB
RCO04 R AB AB AB AB AB AB AB AB AB AB AB
RCO05 R AB AB AB AB AB AB AB AB A A A
RCO06 R AB AB AB AB AB AB AB AB A A A
RCO07 R AB AB AB AB AB AB AB AB A A A
RCO08 R AB AB AB AB AB AB AB AB A A A
RC09 S A A A A A AB AB AB AB AB AB
RC10 s A A A A A A AB AB AB AB AB
RCl11 S A A A A A A A AB AB AB AB
RC12 S A A A A A A A AB AB AB AB
RC13 S A A A A A A A AB AB AB AB
RC14 S A A A A A A A A AB AB AB
RC15 S A A A A A A A A AB AB AB
RC16 S A A A A A A A A AB AB AB
RC17 S A A A A A A A A AB AB AB
RC18 S A A A A A A A A A AB AB
RC19 S AB AB AB A A A A A A A A
RC20 S AB AB AB A A A A A A A A

*R, resistant; S, susceptible phenotype; A, genotype of Westar; B, genotype of BLMR2 in Surpass 400;
AB, heterozygous genotypes.
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Figure 4. 3 Genetic and physical map of BLMR2 locus on chromosome A10 of Brassica napus.
Genetic map showing BLMR1 and BLMR2 (Long et al. 2011, A). The flanking SSR and SCAR
markers used in the fine mapping of BLMR2 (B). Molecular marker data of the recombinants
with resistant phenotype showing overlapping BLMR2 region corresponding to 53.37kb physical
interval. The candidate BLMR2 gene is indicated (C)

4.4.2 The CYP81F2 predicted as a candidate gene
Taking together all the twenty recombinants with the resistant and susceptible phenotypes into
consideration, the BLMR2 locus is located between the flanking molecular markers N10-47 and

N10-43, corresponding to the chromosome region, spanning ~53.37 kb, from 9494993 to

9548367 in the reference genome sequence of B. napus A10 (www.genoscope.cns.fr),. In the
reference sequence, seven genes are annotated. Among the seven genes, only five of them
showed collinearity with the genes in the homologous Arabidopsis thaliana (Table 4.3). RNA-
seq data was analyzed to compare the expression of the gene sets in the fine mapped region of
BLMR2 and the results showed that three of the six genes were expressed while only the

candidate gene CYP450 was upregulated (Chapter 5).

46


http://www.genoscope.cns.fr/

Table 4. 3 Gene annotation in the fine mapped BLMR2 locus of chromosome A10 of B. napus.

Chromosome Brassica Arabidopsis Description
: napus gene gene

Location homologue

9502886-9505822 BnaA10g11240D AT5G57200 Putative clathrin assembly protein
At5g57200

9511632-9512150 BnaA10g11250D - -

9518045-9521092 BnaA10g11260D AT5G57210 Ypt/Rab-GAP domain of gyplp
superfamily protein

9522169-9522706 BnaA10g11270D - -

9535710-9537490 BnaA10g11280D AT5G57220 cytochrome P450, family 81, subfamily
F, polypeptide 2

9537760-9539609 BnaA10g11290D AT5G57220 cytochrome P450, family 81, subfamily
F, polypeptide 2

9543736-9545286 BnaA10g11300D AT5G57230 Thioredoxin superfamily protein

4.4.3 cDNA sequencing and analysis of B. napus CYP81F2 gene structure

Full length cDNA of the candidate gene was sequenced from both the near isogenic line
W+BLMR2 and Westar (Figure 4.2, Table S4.2). Aligning sequences of the two genes

BnaA10g11280D and BnaA10g11290D from the reference sequence (www.genoscope.cns.fr)

with the cDNA sequence, allowed us to re-annotate these genes into one Bncyp81F2 gene

homologous to Atcyp81F2 (Figures S4.2, S4.3). The two genes seemed to be split into two

during the assembly of the whole reference genome. The annotated BnaA10g11280D gene is

truncated and the annotated BnaA10g11290D gene lacks the upstream sequence. Also,

comparison of the cDNA sequences from the resistant (BLMR2) and susceptible (bimr2) alleles

showed that there are six polymorphisms in the first and third exons, however, only one of these

six nucleotide changes in the first exon is associated with a difference of amino acid (AA)
(Figure 4.2; Figure S4.1).
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>\Westar

ATGGATTACATTTTGCTCTTATTGCCACTCGTATTGTTTCTACTAGCTTACAAATTCTTATTCTCATCTA
AGAGTTTCAATCTTCCACCAGGACCAACTCCCTTTCCCATCGTCGGCAACCTCCACCTCGTGAAACCAC
CGGTGCACCGTCTCTTCCGTCGTTTCGCGGACAAGTACGGTGACATCTTCTCCCTCCGTTACGGCTCTC
GCCAAGTCGTCGTGATCTCTTCCTTGCCCCTCGTCAGAGAATGCTTTACTGGTCAGAACGACGTTATTT
TAACGAACCGACCGCATTTTCTGACCGCAAAGTACGTTGCTTACGACTACACCACGGTTGGAACCGCC
GCATATGGCGACCACTGGCGTAATCTCCGCCGTATTTGCTCTCTTGAGATCCTTTCCTCTAACCGTCTC
ACTGGATTCCTCTCCGTTCGTAAAGACGAGATCCGACGGTTGCTCACGAAACTCTCACGTGACTATAAT
GGCCAAGTCGTTGAGCTTGAGCCTCTTCTTGCAGATTTGACGTTCAATAATATTGTCCGTATGGTCACT
GGGAGACGTTACTACGGAGACCAGGTTCACAACAAGGAAGAAGCGAACCTATTCAAGAAGCTAGTGA
CGCAGATCAACGACAATAGTGGTGCGAGCCATCCAGGAGATTATTTACCAATTCTCAAAGTTTTCGGA
CACGGCTACGAGAAGAAAGTGAAAGCACTCGGCGAAGCCATGGACACTTTCTTGCAGCGACTGCTCG
ACGATTGCCGTAGAGATGGAGAGAGCAACACAATGCTTAGTCATCTGTTGTCTTTACAAGTAGACCAA
CCCAAGTATTACAGTGACGTCATCATCAAAGGCCTCATGCTCAGTATGATGCTTGCGGGGACGGATAC
TGCAGCCGTGACACTAGAATGGGCGATGGCGAGTTTGTTGAAAAGTCCTGAAGTGTTGAAGAAGGCG
AAAGCCGAGATAGATGATAAGATTGGACATGAACGTTTGGTCGACGAACCGGACATTTTGAATCTCCC
TTATCTCCAAAACATAGTTTCTGAGACCTTCCGACTGTGTCCAGCCGCACCACTCCTTGTACCACGTTC
TCCTTCTGAAGACCTCAAGATTGGCGGATACGACATACCGCGTGGCACCATCGTACTAGTGAATTCTT
GGGCCATCCATAGAGATCCAAGGCTTTGGGATGAGCCTGAGAGGTTCATGCCAGAGCGGTTTGAGGAC
AAAGAAGCTGCCAATAATAATAAGCTTATGATGTTTGGGAACGGACGAAGGACGTGTCCCGGTGCGG
CTTTGGGTCAAAGGATGGTGTCGTTGGCTTTAGGATCGTTGATTCAATGCTTTGACTGGGAAAAAGTCA
ACGGTGAGGAAATTGATATGACCGAAAATCCTGGAATGGCTATGCGCAAGCTCGTGCCGTTACGAGCC
GTTTGCCATCAGCGTCCCATTATGACTAATCTTTITGGCTTAA

>W+BLMR?2

ATGGATTACATTTTGCTCTTATTGCCACTCGTATTGTTTCTACTAGCTTACAAATTCTTATTCTCATCTA
AGAGTTTCAATCTTCCACCAGGACCAACTCCCTTTCCCATCGTCGGCAACCTCCACCTCGTGAAACCAC
CGGTGCACCGTCTCTTCCGTCGTTTCGCGGAGAAGTACGGTGACATCTTCTCCCTCCGTTACGGCTCTC
GCCAAGTCGTCGTGATCTCTTCCTTGCCCCTCGTCAGAGAATGCTTTACTGGTCAGAACGACGTTATTT
TAACGAACCGACCGCATTTTCTGACCGCAAAGTACGTTGCTTACGACTACACCACGGTTGGAACCGCC
GCATATGGCGACCACTGGCGTAATCTCCGCCGTATTTGCTCTCTTGAGATCCTTTCCTCTAACCGTCTC
ACTGGATTCCTCTCCGTTCGTAAAGACGAGATCCGACGGTTGCTCACGAAACTCTCACGTGACTATAAT
GGCCAAGTCGTTGAGCTTGAGCCTCTTCTTGCAGATTTGACGTTCAATAATATTGTCCGTATGGTCACT
GGGAGACGTTACTACGGAGACCAGGTTCACAACAAGGAAGAAGCGAACCTATTCAAGAAGCTAGTGA
CGCAGATCAACGACAATAGTGGTGCGAGCCATCCAGGAGATTATTTACCAATTCTCAAAGTTTTCGGA
CACGGCTACGAGAAGAAAGTGAAAGCACTCGGCGAAGCCATGGACACTTTCTTGCAGCGACTGCTCG
ACGATTGCCGTAGAGATGGAGAGAGCAACACAATGCTTAGTCATCTGTTGTCTTTACAAGTAGACCAA
CCCAAGTATTACAGTGACGTCATCATCAAAGGCCTCATGCTCAGTATGATGCTTGCGGGGACGGATAC
TGCAGCCGTGACACTAGAATGGGCGATGGCGAGTTTGTTGAAAAGTCCTGAAGTGTTGAAGAAGGCG
AAAGCCGAGATAGATGATAAGATTGGACATGAACGTTTGGTCGACGAACCAGACATTTTGAATCTCCC
TTATCTCCAAAACATAGTTTCCGAGACCTTCCGACTGTGTCCAGCCGCACCACTCCTTGTCCCACGTTC
TCCTTCTGAAGACCTCAAGATTGGCGGATACGACATACCGCGTGGCACCATCGTACTAGTGAATTCTT
GGGCCATCCATAGAGATCCAAGGCTTTGGGATGAGCCTGAGAGGTTCATGCCAGAGCGGTTTGAGGAC
AAAGAAGCTGCCAATAATAATAAGCTTATGATGTTTGGGAACGGACGAAGGACGTGTCCCGGTGCGG
CTTTGGGTCAGAGGATGGTGTCGTTGGCTTTAGGATCGTTGATTCAATGCTTTGACTGGGAAAAAGTCA
ACGGTGAGGAAATTGATATGACCGAAAATCCTGGAATGGCTATGCGTAAGCTCGTGCCGTTACGAGCC
GTTTGCCATCAGCGTCCCATTATGACTAATCTTTTGGCTTAA

Figure 4. 2 cDNA sequences of the resistant W+BLMR2 and susceptible Westar (576 bases —
exonl; 288 bases — exon2; 612 bases — exon3); sequence variations in exons 1 and 3 (red)
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4.4.4 Analysis of expression of the candidate gene by qPCR.

Quantitative RT-PCR was used to determine the relative gene expression of the candidate gene
in the resistant W+BLMR?2 and susceptible Westar. The relative fold change in the accumulation
of Brassica napus CYP450 transcript was significantly higher in the pathogen (L. maculans
isolate 87-41) inoculated resistant W+BLMR2 at 4dai compared to pathogen inoculated Westar
or mock checks (Figure 4.4). Our results suggest that CYP450 possibly plays a role in L.

maculans induced defense response in B. napus.
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Figure 4. 4 Validation of the expression of Brassica napus CYP81F2 gene in the resistant
W+BLMR2 (NIL) and susceptible Westar using gRT-PCR at 4 days after inoculation (dai) with
the Leptosphaeria maculans (Lm) isolate 87-41. Samples d-Wes and d-NIL are mock and Wes
and NIL are Lm inoculated. The relative gene expression value is normalized using the Actin
gene (BnaA01g19850D). Error bar shows standard deviation of the mean based on three
biological replicates. The asterisk (*) represents significant difference from all the other samples
based on Tukey test, P<0.05.
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4.5 Discussion

It is hypothesized that quantitative resistance genes work by a complex interaction of many
response genes to pathogens, and any individual gene does not show strong effect, therefore
there is less selective pressure on the fungus (Zhu et al. 1993; Delourme et al. 2008). However, a
quantitative resistance locus with major effect, at adult plant stage, may be established as a major
gene; and may be fine mapped and eventually cloned. Identification of such genes will facilitate
the transfer and pyramiding of multiple resistance genes with different resistance spectra through
molecular marker- assisted selection in B. napus for durable blackleg resistance. In this paper,
the cotyledon assays of BLMR2 to a range of isolates of L. maculans were analyzed. The results
showed that BLMR2 is a horizontal resistance locus to all the isolates of the blackleg pathogen,
compared to typical R genes and resistant cultivars. In the previous study, the results in field trial
showed that BLMR2 conferred resistance to blackleg under field conditions, suggesting that this
resistance gene is very useful to the breeding of resistant cultivars in B. napus (Dandena et al
2019).

In this study, BLMR2 was fine mapped in a 56.37 kb region where nine genes were annotated. Of
these nine genes, two genes that are reannotated into a single gene were identified as the
candidate gene of BLMR2 based on the analysis of gene expression. The candidate is
homologous to CYP81F2 in Arabidopsis thaliana. Several studies showed that CYP81F2
catalyzes the modification of indole glucosinolate (IGS) which involves the accumulation of
defensive secondary metabolite (Mithen et al. 1987; Abdel-farid et al. 2010; Wiesner et al.
2013). In Arabidopsis, the hydrolytic products of IGS mediated by myrosinases (PEN2 and
PENS3) are involved in innate immune response to pathogens (Bednarek et al. 2009; Clay et al.
2009). The CYP81F2 and PEN2 dependent hydrolytic products were also associated with callose
deposition in FLG22-triggered basal immunity (Bednarek et al. 2009; Clay et al. 2009). While it
remains elusive whether genes involved in the glucosinolate biosynthesis are linked to defense
response induced by L. maculans in B. napus, a complex pattern of IGS accumulation in B. rapa
— L. maculans interaction was observed (Abdel-farid et al. 2010). Furthermore, Robin et al.
(2017) associated upregulation of CYP81F2 (Bol026044) gene in the moderate blackleg resistant
cabbage cultivar with increased indole glucosinolate accumulation at the seedling stage. Recent
global transcriptomic studies identified multiple genes involved in the IGS biosynthesis in B.
napus — L. maculans incompatible interaction (Becker et al. 2017; Zhou et al. 2019). However,
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the mechanism underlying horizontal resistance is rarely reported, and hence the finding in this
study suggests that secondary metabolic pathways such as the biosynthetic pathway of IGS play
a role in plant resistance to various diseases. However, how the change of amino acid in the

DNA sequence confers the horizontal resistance, in this study, need further investigation.

Plant disease resistance is classified in many ways, vertical vs horizontal, qualitative vs
quantitative, race-specific vs race-nonspecific, a high vs an intermediate level of resistance.
Typical R genes such as NBS-LRR, receptor like proteins (RLP) and receptor like kinases (RLK)
have been cloned since their phenotypes can be easily observed (Larkan et al. 2013). For some
diseases such as sclerotinia in rapeseed, sunflower and soybean and fusarium head blight in
cereal crops, no vertical, qualitative or race-specific resistance has been identified, so no typical
R gene in these pathosystems has been cloned (Behla et al. 2017; Mesterhazy 2020). The focus
of this study is investigation of the horizontal resistanceBLMR2 since it conferred resistance
under field conditions (Dandena et al. 2019). Several characteristics of the resistance of the
BLMR2 locus were addressed. First, its resistance is race-nonspecific and intermediate while the
resistance is dominant and resistant in all heterozygous genotypes tested. Second, single allele of
this locus confers relatively strong resistance, so the phenotypes of this locus were relatively
easy to be scored. The accurate scores of phenotypes made it possible to perform fine mapping
and narrow the locus into a small chromosome region. Third, this kind of resistance is assumed
to be controlled by polygenes and very difficult to be transferred from cultivar to cultivar while
the BLMR2 locus is genetically qualitative though the phenotype is measured in quantitative
terms. BLMR2 can be easily transferred using molecular markers targeting the six mutations in
the DNA sequence. Finally, unlike all previous reports where horizontal resistance is
hypothesized to have a minor effect of one locus in resistance controlled by multiple loci (Tian et
al. 2006; Skowronska et al. 2020), the resistance locus BLMR2 confers a relative strong effect so
the near isogenic lines showed the level of resistance which can meet the standard of blackleg

resistance in Canada field trials (Canola Council of Canada).

Conclusion

The availability of accurate phenotypes and a large population aided in the precise mapping of
the BLMR2 locus. With a combination of BLMR2 fine-mapping, molecular marker assisted

development of NILs, and comparative physical mapping, the candidate gene for BLMR2 was
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identified as a homolog of CYP81F2 (At5g57220) in Arabidopsis. Markers identified in this
study can be used to transfer this horizontal resistance from cultivar to cultivar using MAS or
gene pyramiding for resistance durability.
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5. Identification of upregulated genes and pathways in the Brassica napus

BLMR2-mediated horizontal resistance to blackleg infection
Hanna Dandena, Keval Shah, Tengsheng Zhou, Wen Xu, and Genyi Li

5.1 Abstract

Brassica napus is a host plant to the hemibiotrophic fungal pathogen, Leptosphaeria maculans.
In this study, the horizontal resistance (HR) W+BLMR2 and the susceptible Westar were
sequenced (RNA-Seq) at four and eight/ten days after inoculation (dai). The aim was to identify
the key genes and pathways that underpin HR in B. napus to L. maculans infection. Results
showed that upregulated genes at 4 dai are involved in biotic stress, signalling and regulation of
transcription pathways while at 8/10dai, there were more downregulated genes in the
photosynthetic, protein, cell, and amino acid metabolic pathways. Putative gene families
involved in biotic stress pathway such as genes that belong to the family chitinases were fully
activated while RLKs and WRKY's were partially activated in the resistant W+BLMR?2 at 4 dai.
On the other hand, the genes involved in the photosynthetic pathway such as genes in the PSI,
PSII and Rubisco were downregulated at the whole-genome scale in the susceptible Westar at
8/10 dai. Moreover, comparison of the transcriptome profiles of a typical R-mediated resistance
and HR showed equivalent but lower induction of key genes in the HR, compared to the
susceptible Westar. Together, we conclude that BLMR2 can activate the defense pathway to L.
maculans and can be combined with R genes to maximize L. maculans resistance in canola
breeding. However, the dramatic change of gene expression in the susceptible Westar at the late

stage do not correspond to resistance, rather to the susceptibility in infected phenotypes.

Keywords: Brassica napus, BLMR2, differentially expressed genes (DEGS), horizontal

resistance, Leptosphaeria maculans, RNA-Seq, transcriptome
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5.2 Introduction

Canola (B. napus) is the second largest oilseed crop after soybean, cultivated in various places
throughout the world (Carré and Pouzet 2014). The hemibiotrophic fungal pathogen L. maculans
attacks B. napus, leading to blackleg infection, which can be very devastating in terms of yield
loss (Huang et al. 2016) and quality reduction; contaminated seeds also pose a threat to trade
(Zhang and Fernando 2017; Fernando et al. 2016). Fortunately, there are resistance mechanisms
in Brassica crops to this devastating fungal pathogen including the well-studied R-mediated
resistance and horizontal resistance. Several major resistance (R) genes associated with high
level of resistance have been mapped and three of them were cloned (Larkan et al. 2013, 2015;
Raman et al. 2013, 2016a). The R genes function as extracellular receptors (RLP) or membrane
bound WAKL (Larkan et al. 2013, 2015,2020). On the other hand, there is little information on
the genetic control and mechanism underlying horizontal resistance (HR). The phenotype of HR
cannot be classified into discrete classes of high and low levels of resistance at seedling stage. It
rather displays a spectrum of partial resistance to all races of a pathogen (Corwin and
Kliebenstein, 2017). Singe resistance genes with incomplete resistance at adult plant stage have
been characterized in rice, wheat, and barley pathosystems (Niks et al. 2015). Candidate genes
underlying HR were associated with downstream signalling and defense genes. A recent field
study suggested the potential of the B. napus BLMR2 locus controlling HR to blackleg infection
(Dandena et al. 2019). Combining R and HR was suggested as an approach to ensure durable
resistance (Huang et al. 2018). Nevertheless, no single gene controlling HR has been functionally
characterized in B. napus-Lm pathosystem. Near isogenic lines (NILs) containing BLMR2 in a
susceptible Westar background could assist in the study of the genetic and molecular basis of HR

in B. napus.

Plants activate their defense systems with the plethora of pattern recognition receptors (PRRS),
including receptor-like kinases and receptor-like proteins (Li et al. 2016). As the first line of
defense, plants use receptors (PRRs) against the more generalized and highly conserved PAMPSs,
which is called PTI or basal resistance. If this basal resistance is compromised plants launch the
second line of defense called effector triggered immunity (ETI) or R-mediated resistance. In ETI,
R proteins are activated upon interaction with specific Avr (avirulent) proteins or pathogen
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effectors, which often is accompanied by a hypersensitive reaction at the infection site. This
signifies the limitation of further infection by the pathogen (Becker et al. 2019). However, R-
mediated resistance could easily be eroded by loss-of-function mutations of the pathogen (Li et
al. 2016; Noman and Aqgeel 2019). Stotz et al (2014) coined another term for R-mediated
resistance against apoplastic pathogens called effector triggered defense (ETD). ETD is slower
than ETI due to the time lapse between the endophytic and biotrophic phases of the pathogen
(Becker et al. 2019).

As an apoplastic fungus, L. maculans resistance in B. napus is mediated by the extracellular R
proteins (receptors), that interact with coreceptors, for downstream signalling and defense
responses (Stotz et al. 2014). Defense response is a costly affair as plants divert energy that is
needed for growth and development into defending pathogens (Couto and Zipfel 2016). Also,
some biosynthetic genes involved in defense pathways such as phytohormones play a role in
other physiological processes (Nolan et al 2020). Thus, plants need to undertake a sophisticated
regulatory mechanism to balance the different physiological processes (Lu and Yao 2018).
Global transcriptome (RNA-seq) profiling is a method of choice, to recognize the differential
expression of genes, predict protein functions and regulatory networks in B. napus and L.
maculans pathosystems (Haddadi et al. 2016, 2019; Becker et al. 2017,2019; Zhou et al. 2019).
However, most of the transcriptome studies in the past are on R-mediated resistance, comparing
compatible and incompatible interactions; and studies on HR is lagging. In the previous chapter,
BLMR?2 is fine-mapped in ~56.4kb region. Seven genes homologous to the collinear Arabidopsis
thaliana genes are annotated in this region. The W+BLMR2 is a NIL containing BLMR2 in a
Westar background. In this study, we combined fine-mapping and RNA-seq to validate the
upregulated gene in the BLMR2 region. Also, we explored the overall transcriptomic profiles of
BLMR2, representing HR and LepR3, representing R-mediated resistance. The knowledge is

useful to better utilize R and HR mediated resistance in plant breeding.
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5.2 Materials and Methods

5.2.1 Plant and fungal material

The horizontal resistant near isogenic line (NIL) W+BLMR2 and the susceptible recurrent parent
Westar were used in this study. W+BLMR2 contains BLMR2 in an otherwise Westar genetic
background (chapter 4).

Inoculation tests were preformed using the L. maculans isolate 87-41 (Yu et al. 2008). The
pycnidiospores of L. maculans were maintained in Westar inoculated cotyledons. Inoculum is
prepared by plating infected cotyledons in V8 containing agar media for about a week at room
temperature and the fully grown pycnidiospores were collected and kept as stock at -20°C. A
final concentration of 10 pl of 2*107 spores /ml suspension was used for inoculation (Long et al.
2011).

Plants were grown in flats filled with a premix soil and kept moist in the growth chamber at 21°C
for 16 hr and 18°C for 8 hr, light and dark cycles, respectively. Cotyledons of seven-day old

seedlings were punctured for inoculation tests using L maculans or mock treatments.

5.2.2 Sampling, RNA isolation, cDNA preparation and Illumina sequencing

Tissue samples were collected at 4, 8 and 10 days after inoculation (dai) by combining whole
cotyledons from 8 seedlings per replication and kept frozen in liquid nitrogen and/or at -80°C
freezer, until processed. Three replications per treatment group (4 and 8/10) were considered for
downstream analysis except mock_8/10 (Table S5.1). Total RNA was extracted from frozen
plant samples using the TRIZOL reagent. RNA quality was checked by bioanalyzer 2100 for
RNA integrity number (>6.5). Library construction using the Illumina TruSeq mRNA stranded
Library Preparation and Illumina HiSeq v4-Paired End 125 bp sequencing was performed at
Genome Quebec Innovation Center, McGill University.

5.2.3 Transcriptome data mapping, gene expression analysis and functional annotation
RNA-Seq samples were trimmed with Trimmomatic version - 0.36 to remove adapters (Bolger et
al., 2014). HISAT2 software was used to map reads to B. napus

(Brassica_napus_v4.1.chromosomes.fa.gz) with default parameters. The mapped reads were

quantified by bedtools (2.30.0 version) with default parameters.
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The count data was transformed into regularized log and variance stabilizing datasets for PCA

and cluster analysis. Euclidean distance was used to classify the samples into clusters.

The differential expression (DE) analysis was performed using the edge R-quasi pipeline with
the threshold Log2FC>1 and FDR<0.05 (Chen et al. 2016). Raw reads (Count data) were
converted to counts per million (CPM) to adjust for library size differences. Also, normalization
by TMM was performed to adjust for gene composition. Genes with low count reads based on
expressed genes were filtered out from the analysis. About 30% of the 101 041 genes were

considered for downstream analysis at early and late stages of infection.

Differential expression (DE) analysis and heatmaps were generated using the Bioconductor

packages of the R software (R version 3.5.2).

5.2.4 Functional classification of DEGs by MAPMAN and gene family

The differentially expressed genes (DEGs) were assigned to MapMan functional bins
(Brassica_napus.annotation-V5.cds.fa.gz). The assigned functional bins were matched with the
bioinformatically annotated B. napus mapping file in Dr. Li. Lab for analysis of the DEGs by
gene family.

5.3 Results

5.3.1 Phenotypic assessment of L. maculans infection

The phenotypic response to L. maculans infection in the B. napus W+BLMR2 showed horizontal
resistance at seedling stage compared to Westar and other control genotypes (Chapter 4). In this
study, the L. maculans isolate 87-41 (AvrLm1, AvrLm2, AvrLm4-7, AvrLm6, AvrLm11, AvrLmJ1) was
selected as it appears to be less virulent on Westar (Dandena et al. 2019; Zhou et al. 2019). As
shown in the figure below, no visible symptoms were observed in both W+BLMR2 and Westar
at 4dai. Lesions started to appear at 8 dai and continued to progress rapidly in Westar. The

disease progress was much slower in W+BLMR2 compared to Westar (Figure 5.1a).

5.3.2 Gene expression at the early and late stages of infection

Two rounds of RNA-Seq were performed. Initially, a few inoculated and mock samples were
collected at 4, 8 and 10dai from W+BLMR2 and Westar to determine the ideal time of sampling
(Table S5.1). Preliminary data analysis suggested that the transcriptomic profiles of samples

collected at 8 and 10 dai, especially in Westar, were significantly distorted. Therefore, the second
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round of RNA-seq was performed using three biological replications of inoculated and mock
samples in W+BLMR2 and Westar at 4 dai. The samples collected at 8/10 dai were included in
the analysis for comparison purposes Together, 20 samples were subjected to PCA and
hierarchical clustering to observe the relationship among samples and replicates (Figure 5.1b;
Figure S5.1). The PCA shows that samples clustered by treatment except Westar-inoculated at
4dai, which clustered close by mock samples. The inoculated samples also clustered by time-
point. Since the late stage (8 and10 dai) clustered together, the sample groups, NIL_8/10 and
Wes_8/10 were pooled by genotype (Figure 5.1b; Figure S5.1).

Analysis of the relative change in gene expression was based on L. maculans inoculated vs mock
samples. In total, 1,811 and 5,316 genes were induced in the resistant W+BLMR2 at early and
late stages, while 254 and 12,664 genes were induced at early and late stages in Westar (Figures
5.1c, 5.2a, 5.3a).
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Figure 5. 1 Phenotypic and transcriptomic evaluation of Leptosphaeria maculans inoculated Brassica napus lines. Phenotypic disease
development in L. maculans isolate 87-41 (AvrLm1, AvrLm2 ...) infected cotyledons of W+BLMR2 and Westar at 4,8,10,12 and 14dai.
The scores, in bracket, show disease severity index (DSI) on a scale of 0-9 (A), PCA shows groupings of inoculated or mock samples
(NIL = W+BLMR2, Westar) at early (4dai) and late (8/10dai) stages of infection (B), Differentially expressed genes in the resistant
W+BLMR2 and susceptible Westar at 4 and 8/12dai based on log2FC>/1/ and FDR<0.05 (C).
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5.3.5 Functional classification by MAPMAN

The up- and downregulated DEGs at early and late stages of infection were subjected to
MAPMAN functional classification. Of the total 34 MAPMAN functional bins, those comprising
50 or more genes were selected. Among the top 20 functional bins from upregulated genes,
signalling (receptor kinases), stress (biotic), protein (degradation and post-translational
modification), signalling (calcium), transport (ABC transporters and multidrug resistance
systems), and RNA regulation of transcription (WRKY) are the ones with a higher number of
genes (Figure 5.2b). On the other hand, for the functional bins of the downregulated genes,
photosystems (light reaction), protein (synthesis), stress (abiotic), development and cell

(organization) are among the ones with greater number of genes (Figure 5.3b).

5.3.6 Genome-wide expression profile analysis by gene family
A total of 16 putative gene families involved in biotic stress pathway and two gene families in

photosynthetic pathway were selected for further analysis by gene family.

Upstream resistance genes can be grouped into NLRs (nucleotide binding site - NBS, Leucine
rich repeat - LRR), RLPs (receptor like proteins) and RLKSs (receptor like kinases) based on their
structural motifs (Sekhwal et al. 2015). Tirnaz et al (2020) identified 621 NLRs, 1493 RLKs and
273 RLPs resistance gene analogs (RGASs) in Darmor-bzh V4.1 using the genome-wide
prediction method. Using the same RGAugury pipeline, Dolatabadian et al (2020) identified 503
NLRs,1098 RLKs and 148 RLPs RGAs in B. napus pangenomes of 50 accessions including
Darmor-bzh V8.1. In this study, 967 NLR, 1765 RLK and 262 RLPs were predicted
bioinformatically (Table 5.1).

Intracellular disease resistant proteins, NLRs, can further divided into subfamilies including
coiled-coil (CC)-NLR, Toll/Interleukin-1 receptor (TIR)-NLR and others based on the conserved
domain (Dolatabadian et al. 2020). Of the 967 predicted NLRs, only 15 genes were upregulated
in W+BLMRZ2, which were annotated as 7 TIR-NLR, 2 LRR and 6 others (disease resistant

protein like).

Cell surface receptors including RLPs (LepR3 and RIm2) and the interacting RLKs (SOBIR1)
were implicated in B. napus resistance to blackleg disease (Larkan et al. 2013, 2015; Ma and

Borhan 2015). RLPs contain extracellular LRR (eLRR), transmembrane domain and a short
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cytoplasmic tail. Of the 262 RLPs identified genome-wide, 30 were upregulated in the resistant
W+BLMR?2 (Table 5.1, Figure 5.4a).

Unlike RLPs, RLKs have both extracellular receptor and intracellular protein domains that
function in ligand perception (FLS2) and signalling (BR1) (Shiu and Bleecker 2020). RLKs
belong to the PK (protein kinase) superfamily, which can be subdivided into various gene
families such as CDPK (calcium dependent PK), MAPK (mitogen associated PK), and RLK
(transmembrane and cytoplasmic) based on the kinase domain. Transmembrane receptor kinases
can further be divided into subfamilies based on the extracellular domain including LRR-RLKS,
cysteine-rich (CRKSs), and wall-associated kinases (WAKS) (Shiu and Bleecker 2020). In our
study, we identified 720 LRR-RLKSs, 225 CRKSs, and 112 WAKS, of which 54 LRR-RLKSs, 26
CRKs, 9 WAKSs were upregulated in W+BLMR2 (Table 5.1, Figure 5.4a).

WRKY's belong to a superfamily of plant-specific transcription regulators with conserved DNA-
binding motif or W-box. About 100 WRKY's were identified in Arabidopsis, which were
assigned to three major subgroups based on the sequence of the WRKY domain (Eulgem 2000).
Of the identified 327 WRKYs in this study, 40 were upregulated in W+BLMR2 (Table 5.1).

Pathogenesis related proteins (PRs) belong to diverse family and can be classified by their
function (Sels et al. 2008). For example, PR1 is associated with antifungal property with
unknown target while PR4 is a chitinase. The plant chitinases catalyze the hydrolysis of chitin
(fungal cell wall) and can be considered as a subgroup of PRs. Chen et al (2018) identified 33
chitinases in B. rapa. In our study, we identified 61 chitinases, of which 15 were expressed in
W+BLMR?2. The peroxidases are another group of PRs with antifungal roles. They also involve
in cell wall lignification and detoxification of peroxides (Tognolli et al. 2002). Of the 40

peroxidases identified, 6 were expressed in W+BLMR?2 (Table 5.1, Figure 5.4a).

The Glutathione S transferases (GSTs) and cytochrome P450 (CYP450s) are multifunctional
enzymes with roles including detoxification of xenobiotics and biosynthesis of secondary
metabolites. In plants, they are expressed during biotic and abiotic stress or in response to
phytohormones (Jun et al. 2015; Vaish et al. 2020). In this study, 18 GSTs and 21 CYP450s were
expressed in W+BLMR2 (Table 5.1, Figure 5.4a).
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Chloroplasts contribute to plant immunity against fungal pathogens as the hub for the production
of key defense response compounds such as ROS, JA/ET, SA, in addition to photosynthesis (Lu
and Yao 2018; Kretschmer et al. 2020). Photosynthesis can be divided into two: light reactions
(photosystems - PSI and PSII — dependent) and carbon fixation reactions, catalyzed by ribulose
biphosphate carboxylase/oxygenase (Rubisco). In our study, all the gene sets were
downregulated in Westar at 8/10 dai (Table 5.2, Figure 5.4b).

Table 5. 1 Summary of the bioinformatically predicted gene sets in the biotic stress pathway and
their expression in the resistant NIL and susceptible Westar inoculated with L. maculans.

Upregulated DEGs

Gene family Predicted subtotal
NIL_4 Wes_4

GST 240 18 7
PR 140 4
Peroxidase 40 4
P450 756 21 2
ABC 418 24 0
Chitinase 61 15 7
WRKY 327 40 17
WAK 112 9 1
CRK 225 26 2
PK 1218 37 5
CDPK 181 0
MAPk 246 0
RLK 820 57 6
LRR-K 720 54 5
RLP 262 30 4
NLR 967 15 4

Upregulated DEGs is based on L. maculans inoculated vs mock at 4dai; log2FC>1 and FDR<0.05

Table 5. 2 Summary of the bioinformatically predicted gene sets in the photosynthetic pathway
and their expression in the resistant NIL and susceptible Westar inoculated with L. maculans.

Downregulated DEGs

Gene family Predicted subtotal

NIL_8/10 Wes_8/10
PS 119 68 119
Rubisco 40 11 14

Downregulated DEGs is based on L. maculans inoculated vs mock at 8/10 daiLog2FC<1 and FDR<0.05
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NIL_4
NIL_8/10

Wes_4

Wes_8/10
>

BnaAlTgl13300 receptor like protein 15
BnaCl4g430700 receptor like protein 23
BnaAlSgls2TOD receptor like protein 6
BnaC04g431300 receptor like protein 40
BnaAld4g 185200 receptor like protein 22
BnaC04g431500 receptor like protein 22
BnaA10g20T200 receptor like protein 13
BnaC08gao0E00 receptor like protein 13
Bnan#E\EE»GD receptor like protein 25
BnaClagiEl 200 receptor like protein 55
BnaC03g415400 receptor like protein 34
BnaAQ4g108300 Protein kinase superfamily protein
BnaAl4g134200 Serine/threonine-protein kingse SRKZJ
BnaC0Gg2T8400 Protein kinsse famiby protein
E- natt Egennalt'rclranmn&pmtfm I;;rnase SREZ]
0g 256200 Protein kinase superfamily protein
E-na.ﬁ.nngEBIOﬂD Protein kinsss supsrfamily protein
BnaC05gE00800 Probable serinefthrecnine-protein kinase At1g18320
BnaAl4g0E84800 Protein kinsse famihy protein
BnaAllgl45200 Protein kinsse supsrfamiby protein
BnaAdZg 126500 Protein Kinase superfamity protein
BnaAdTgl43800 Protein kinase superfamily protein
BnaC02g185200 Protein kinsse famiby protein
BnaC03g3551800 s=rinathreonine-protein kinase HT1-like
BnaA10g118100 Protein kinsse superfamiby protein
B4 O Cysteins—rich receptor-like protsin kinass 40
BnaC01g143300 Cysteine-rich receptorlike protein kinase 11
B 100 Cysteine-rich receptor-like protzin kingss 5
BnaC01g148200 Cysteine-rich receptor-like protein kingse 10
BnaC0ig148800 Putative cysteine-rich receptor-like protein kinase 21
BnaAlBg 106000 Cysteine-rich receptor-iike protein kinase &
BraalZg 145300 Cysteine-rich receptor-like protein kinsss 2
BnaAlZg202E00 Cysteine-rich receptor-like protein kinase 41
BnaC08g1818300 Cysteine-rich receptorlike protein kinase 41
BnaA0Bg 105200 Cysteinerich receptor-ike protein kinase 11
Bnaﬁ.ﬂ:lg&ﬁmﬂ Chitinase family protein
BnaAl3g20ZB00 chitinsse putstive
BnaC03g183700 Chitinase family protein
BnaCl5g011400 chitinase 10-ike
BnaAlEg034200 chitinase putstive
BnaC04gi30300 chitinase putative
BnaAlegll340D Chitingse famihy protein
BnaEﬂIg.'!-?EBﬁD ABC transporter C family membsr &
O ABC tranzporter B family member 4
E-naCﬂ.'!gE-?'IWD ABC transporter A famiby member 2
BnaC08g019100 ABC transporter C family member 4
BnaA01g300E00 ABC transporter C family member 3
Brafnng 152000 Putative ABC transporter G famiby member 15
BnaCO1gdTe400 ABC transporter G famiby membser &
BnaA01g300400 ABC transporter C family member &
E-naD:ﬁgﬁ&BDD Putative ABC transporter C famiby member 15
BnaC0Eg233000 ABC transporter C family membsr 11
BnaAlSg281200 ABC transporter C famiby membsr 11
MWD ABC transporter G famiby membser 24
O ABC transporter C family membser 3
Bnaﬁ.mgl‘.m?ﬂﬂ ABC transporter G family membsr 35
BnaCi7gZ34000 Cytochrome P450 T1B20
BnaCO0Tg454800 cytochroms P4ED family B1 subfamily D pohypeptide B
B4 D cytochrome P45D family B1 subfamiby O pohypeptide B
Bnaﬁ10924610[> E)-‘tochmme P430 T1A1-like
hrome P45 superfamiby protein
g.'!-?#&:)D c{.-'nochrome P4ED family 703 subfamily A pohypeptide 1
Bna.ﬁ.lﬂg 12800 cytochroms P450 famihy 81 subfamily F pohypeptide 2
Bnafi10g112800 cytochroms P450 family 81 subfamiby F pohypeptide 2
BnaC08g325800 cytochroms P4ED family B1 subfamily F pohypeptide 2
BnaAlSgl45200 cytochroms P45D family 704 subfamiby A pohypeptide 2
BnaAllgiBiidD cytochrome P45D family 705 subfamiby A pohypeptide 1
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NIL_8/10
Wes_8/10

BnaA08g134300 Pathogenesis-relsted thaumatin superfamiby protein
BnaA08g134100 Pathogenesis-relsted thawmatin su;rlamlg Ermem
BnaAnngl04700 Glutathione 5-transferzse L1
BnaAnngQ 15800 Frobable WRKY transcription factor 26
B O Probable WREY transcription factor 30
3E0D WRKY transcription factor 18
BnaAﬂBgiE«E-TOD WRHY transcription factor 8
|| BnaA0Sg003500 Probable WRKY transcription factor 47
LB BnsC0T3423200 Probable WRKY transcription factor 11
BnaC0Tg303000 Probable WREY transcription factor 30
BnaA 08150100 Wall-associsted receptor kinsse 1
BnaC0Eg 164500 Wallassociated receptor kinass 1
BnaADSg 150000 Wall-associated receptor kinase 4
| B | BnaCDeg158300 Wall-associated receptor kinase-like 3
| EnsCOTg455200 Calcium-dependant protein kinase 5
BnaAl.’J&gﬁ.‘!»Dl)D Mmagen—ar:twa‘hed protein kinase kinase 5
BnaADSg00T000 Mitogen-activated protein kinsse kinsse kinsss 1

| BnaC08g0E320D Mitogen-activated protein kinase kinase 4

BnaA0492?940D L- ryp-e lectin-domain containing receptor kingse V.2
L BnsCOGg09840D G-type lectin S-receptor-like serine/threonine-protein kinase At2g15130
BnaAl3g3SB00D receptor-like protein kinase 1
BnaAIﬂgiSﬂOD L-type lectindomain contsining receptor kingse |LE
BnaAl3glE320D Receptor-ike protein klmw

BnaAlZg2 32300 L- lectin-domain contsining receptor kinsse V.1
BnaAngBﬂﬂD retgéﬁar-lihe protein kinsse 5“ Fto
BnaC04g078500 L-typs lectin-domain contsining recaptor kingss (V.1
BnaC08g3E5200 L-type lectin-domain contsining receptor kinase |8
BnaADEalme Putative receptor-like prmemrﬁnase ArtgT2E40
L' receptor protein kinase-related
nalC01g0ee30D Receptoriike protein kinase 5
BnaC'.O?ng-ﬂOD R.ec:epmr—llhe rotzin kinase AtEgEoaT0
BnaAlZglas40D L-type lecti main contsining receptor kinase V.4
BazxC02g728800 Receptorlike serine/threonineprotein kinase SD1-8
BnaA01g084000 Receptorlike protein kinase 5
BnaA01g083800 Receptor-like protein kingse &
___ EnaAQ4g224200 Inactive receptor-like serine/threonine-protzin kinase At2g402T0
BnaC01g0E2500 receptor-like protein kingse &
l. BnaC04g21220D Probable receptor-iike protein kinase AtSgladad
BnaA 045085800 Probsble receptor-like protein kinsse AtSglB550
... BnaA03924OMD G-type lectin rEDEp‘prI'-th =serina/threonine-protein kinass At
L Insctive receptor-like serinethreonine-protein kingss AtZgdd2T
BnaADTgE-IJt&'JD Probable LRR receptor-like serine/threpnine-protein kinase Atigr4250
n} F‘mbablg inzctive leucine-rich repeat receptor-like protein kinass A&%‘.’!&D
Bna-[‘.OBgMEBDD Probable LRR receptor-like serine/threonine-protein kinass At1gsi
BnaAlTg0T7T300 Frobable LRR repeptor-like serinefthreonine-protein kinase At1gZST20
B Leucine-rich repeat protein kinase family protein
|| | BnaAQEgDS4000 leucinerich repest transmembranse protein Kinass famity protein
L[] BnaADﬁgwﬁ'ﬂD Probable LRR receptor-like senine/threonine-protein kinase At1gS1880
|| Enafinng045400 Probable leucine-rich ey recaptor-like protsin kinsss At1 10
BnaAnngD45500 probable LRR receptor-like serine/threonine-protein kinsss AtdglEEsD
BnaCOEg2TEE0D meable LRR receptor-like serine/threonine-protein kinase At
|| BnaCDEglE2T0D Probable LRR receptor-like serine/threonine-protein Kinase AtigT4380
|| | BnaADBg280500 Levcine-rich receptor-ike protein Kinase family protein
BnaCld3g117500 Probable LRR receptor-like serine/threonine-protein kinase A
BnaC0592T5TOD Probable leucine-rich repeat receptor-like protein kinase Atl 10
BnaC0Eg2 75500 Probable leucine-rich repeat receptor-like protein kinase At1g3sTid
BnaA0832 22800 Probable LRR receptor-like serina/threonine-protein kinase At1g23720
LI || BnsC08306500D leucinerich repeat ggrtsmembrane protein anase famihy protein
.=. BnaA08g315000 Leucine-rich repeat protein kinase family protein
BnaAJD‘ZgE-mODD Probabhy inactive leucine-rich re receptor-like protein kinase AtSgdE3ED
BnaADEgE- 200 F'mmemrﬁmase family protein wrtﬁemucme—nnh repeat domain
BnaA08g258000 Levcinerich repeat protein kinase family protein
BnaC02g312700 LRR receptor-like serina/threonine-protein kinsse EFR
| ] B 151800 Frobable LRR receptor-like serive/t reamne—ﬁrotem kinzse At1g51830
..= 285500 Protein kinase family protein with leucine-rich repeat domain
BnaCOT, D Probably inactive leucine-rich ey receptor-like protein kinase Al
[ ]| Bnmgfﬁmmtb Leuclru_lynch repeat receptor-like ﬂwthgnlwtﬁmm&pmm kmeIRl



BnaC08g386500 light harvesting complex photosystem || subunit &
BnaClg2T0eiD Mog1/PsbP/DUF 1795ike photosystem || reaction center PsbP family protein

Enaéﬁzﬁr];%% MF1.-'P5bP.-'DITIII:1hT&h&Iihe phamay-ﬁte‘glxll rezction center PsbP famihy protein 0
naCldg2 wotosystem | light harvesting com ene 2 H H H H
GnaCang210100 Eﬂmﬁm |' f-gﬁ“ #a,mt_ing m:;g fane 2 Figure 5. 4 Transcriptomic profiles of selected gene
BrSCOTSZS520D phatoayetom | Int harvesting compiex per 3 -1 family in the resistant NIL (W+BLMR2) and Westar.
E:;;ggg%}f@%% ”ﬁ&“&?ifé"m' |I'?é'§$‘if:fe‘n'2§r§’urﬁfﬁ‘ Ill-iniigmpl;itip , Heatmap shows the expression patterns of
Lk Ry otosyste it e it [1- 1 -, - P .
Eﬂ?ﬂ:.:f'&agaggg Enm;zmm, raaction center Eu"gu"n"n n CEEM'EEEJ significantly upregulated gene sets representing the
(525 otosyste i t2 it i : s
BnaCOEasi000D Photocyretem | reachon center zubunt Il chioromiactic ; family RLP, RLK, chitinase, ABC transporter,
BnaC08g132300 Ph | i bunit [V A chloroplasti B -
EnaA0s323 0D Protosyelem | rescton senier subuntt N Choropiscte CYP450, PR, WRKY, WAK, GST in the NIL_4
BnaAlSglie300 Photosystem | resction center subunit N chioroplastic .
Bna0033502100 Fhotosystem | reaction center subunit N chioroplastic 4 compared to Wes_4 at early stage (4dai). The
BnaCil2g428500 Photosystem | reaction center subuwnit N chioroplastic . -
BraAD513840D Photosystem | reaction canter subunit V. chioroplastic expression of these genes peaked at later stage in
BnaC03gT0700 FPhotosystem | resction center swbunit V' chioroplastic .
EnaCODEg11040D Fhotosystem | reaction center subunit V' chioroplastic -5 Westar_8/10 (A), Heatmap shows the expression

BnaAlBgD03B00 Photosystem | resction center swbunit V' chioroplastic

BraAD5g23550D Photosystem | resction center subunit VI-1 chioroplastic patterns of significantly downregulated gene sets

BnaCDEgaT2500 Photosystem | resction center subunit VI-1 chloroplastic . .

BnaA8g04320D Photosystem | resction center subunit X| chioroplastic representing the family Photosystems 1, 11 and

BrnaAd4g0T2500 Photosystem | reaction center subunit X chioroplastic . . .

BnaC083054500 Photosystem | reaction center subunit X| chioropiastic Ribulose bisphosphate carboxylase/oxygenase in

BnaC04g555300 Photosystem | resction center swbunit XI chioroplastic

BraCO080TOD Protosystem | sutunt O Westar_8/10 compared to NIL_8/10 at late stage

BnaCDEg422000 Fhotosystem | subunit O . . (8/10dai) (B). The gene expression is calculated

BnaC08g201800 Fhotosystem || 10 kDa pohypeptide  chioroplastic .

EnaC0S3324500 Photosystem i 10 kD= polypeptids. chioroplsstic based on inoculated vs mock samples, log2FC>/1/
naAnngZT 1000 Photosystem |l 10 kDa pohypeptide chloroplastic -

BnaAnng405500 Photosystem |1 10 kDa polypeptide chioroplastic and FDR<0.05. The color denotes red/blue (high)

BnaC02g254200 Photosystem 11 10 kDa pohypeptide chloroplastic L

BnaAQTg205100 Photosystem || 10 kDa pohypeptide  chioroplastic and white (IOW)

BnaA10glE8TE00 FPhotosystem || 22 kDa protein chloroplastic

BnaAQTg266800 FPhotosystem || core complex proteins psby chloroplastic
BnaCl8g2ER400 Photosystem || core complex proteins psbY  chloroplastic
BnaAQ3giTE500 photosystem || light harvesting complex gense 2.1

BnaADSg315100 photosystem || light harvesting complex gene 2.3

BnaAlegl21200 photosystem || light harvesting complex gene 2.3

BnaC05gl15200 photosystem || light harvesting complex gene 2.3

BnaAl2gZe0100 photosystem |1 light harvesting complex gene 2.3

BnaAnngZZ5200 photosystem || light harvesting complex gens B1B2

BnaAD4g201500 photosystem || light harvesting complex gens B1B2

BnaC04g1385300 Photosystem | reaction centsr W protein  chloroplastic
BnaAD4g1T6500 Photosystem | resction centsr W protein  chloroplastic
BnaC04g412500 Photosystem || resction centsr W protein  chloroplastic
BnaCl4g413000 Photosystem || reaction center W protein  chloroplastic
BnaADEg118500 Photosystem || resction centsr W protein  chloroplastic
BnaAQ3gIe5500 Photosystem || stability/assembhy factor HCF138 chloroplastic
BnaC0Tg4587500 Photosystem | stability/assembhy factor HCF138 chloroplastic
BnaC02g17T1500 Ribulose bisphosphate carboogylzse small chain 1A chloroplastic
BnaCl8g494400 Ribulose bisphosphate carbosylasel/oxygenase activase chloroplastic
BnaC01g3E7500 Ribulose bisphosphate carboogylzseionygenase sctivase chloroplastic
BnaAD4gZ2B300 Ribulose bisphosphate carboogylzseionygenase sctivase chloroplastic
BnaC04g485500 Ribulose bisphosphate carbogylzseionygenase sctivase chloroplastic
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5.3.3 Validation of the expression of candidate resistance gene in the BLMR2 locus

The BLMR2 locus was fine-mapped in a 53.37 kb interval in B. napus (Chapter 4). Here, the
gene expression of the seven genes in the BLMR2 locus was analyzed. Interestingly, no typical R
gene was identified in the delineated region. However, the CYP450 (BnaA10g11280D /
BnaA10g11290D) was predicted as a candidate resistance gene as it plays a role in innate
immunity through the pathogen induced indole glucosinolate biosynthetic pathway (Burow and
Halkier 2017). Among the seven annotated B. napus genes based on collinearity with A.
thaliana, the two CYP450 gene homologs were the only ones upregulated (Table 5.3)

Table 5. 3 Transcriptomic expression of the gene sets in the BLMR2 locus upon infection with L.
maculans.

Log2FC

Gene name Annotation Wes4 NIL4 Wes8/10 NIL8/10
BnaA10g11240D Putative clathrin assembly protein At5g57200 0 0 0 0
BnaAl0g11250D - 0 0 0 0
BnaA10g11260D  YPt/Rab-GAP domain of gyplp superfamily protein 945 -029  0.50 0.21
BnaAl0g11270D - 0 0 0 0
BnaA10g11280D  Cytochrome P450, family 81F2 233 6.26 4.23 5.27
BnaAl10g11290D  Cytochrome P450, family 81F2 2.05 586 4.32 5.46
BnaAl10g11300D  Thioredoxin superfamily protein 057 -116  -0.51 -0.57

DEGs is calculated by contrasting inoculated vs mock samples; significance (bold) is based on
log2FC>/1/ and FDR<0.05.
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5.3.3 Comparison of R (T+LepR3) and HR (W+BLMR2)

In this sub-section, the defense systems in QR and R-mediated resistance strategies, are
compared. A thorough investigation of the dynamics in the transcriptomic profiles of the
compatible and incompatible interaction using transgenic lines containing major R genes in
Westar background was reported previously (Zhou et al 2019). In the present study, the
transcriptomic profiles of the transgenic line T+LepR3 incompatible interaction — representing
typical vertical resistance (R) and the NIL W+BLMR1 — representing atypical /horizontal
resistance along with the susceptible Westar were analyzed. RNA-seq data from a total of 18
samples (3 lines, 3 replications and 2 treatments — inoculated and mock) were analyzed together
(Figure 5.5a). RNA-seq data for the T+LepR3 inoculated with isolate 87-41 and mock were
retrieved from the NCBI (BioProject accession number PRINA378851). Our transcriptomic
analysis focused on the key genes upregulated only in incompatible interaction in the earlier
study (Zhou et al. 2019). Comparison of the change in gene expression of these genes showed
equivalent gene expression profiles in the W+BLMR2 and T-LepR3 compared to Westar (Figure
5.5b), suggesting significant commonality in HR and R-mediated resistance mechanisms.
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Figure 5. 5 Transcriptomic analysis of selected gene sets in
W+BLMR2 (H) and T-LepR3 (R) and Westar (W) infected with
L. maculans 87-41 (AvrLm1, AvrLm2...) at 4 dai. Matrix shows

relationship between samples (R, H and W) and treatments

(Mock and Inoculated) (A), Heatmap shows expression profiles
of selected key genes in R, H and W in response to L. maculans
infection at 4 days after inoculation. DE analysis is based on
log2FC of inoculated vs mock samples (B). The color denotes

blue/red (high) to white (low).
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BII

BnaC05g118500 ABC transporter G famihy member 40

Braf0Sg 102300 ABC transporter G family member 40 10
BnaCnng258500 Chitingse family protein

BrnaCnngl1370D Chitingse family protein

BnaAlEg25840D Basic endochitinase B 8
BnaCD4g377400 receptor like protein 21

BnaA04g188700 receptor like protsin 24

BnaA08g442000 Putative wall-associated receptor kinase-like 11 6
BnaC01g147300 Cysteinerich receptor-like protein kinase 21
BnaA08g2 10000 Cysteine proteinases supserfamity protein 4

BrnaC07Tg381000 Cysteine-rich receptor-like protein kingse 21

BnaC08g353000 cysteine-rich RLK {RECEPTOR-like protein kinas=) 15
BrnaA01g125700 cysteine-rich RLK {(RECEFTOR-ike protein kinass) 16 2
BnaCnng 145200 Putative cysteine-rich receptor-like protein kinsss 23

BrnaAl4g0a5E0D Putative cysteine-rich receptor-like protein kinase 22

BnaA10g242100 Probable L-type lectin-domain containing receptor kingse 5.5 0
BnaA02g115800 Probable LRR receptor-like senine/threonine-protein kinase Atigrdisd
BnaA02g032100 Probably inactive leucinerich repeat receptor-like protein kinasse AtSg48380
BnaA08g279700 Protein kinagse family protein with leucine-rich repeat domain -2
BnaC08g281300 Protein kinase superfamily protsin

BnaC04g450800 receptor s=rine/threonine kinase putative

BnaC04g3E530D0 Serine/threonine-protein kingse SRHZ]

Bn=aA05g134300 Pathogenesis-related thaumatin superfamiby protein

BrnaAi0g248100 cytochroms P450 T1A1-like

BnaC05gls0TID Cytochroms P45D TIBT

BrnaC0GgdZT40D Cytochroms P45D T2A11

BnaA0Gg0ZEs0D Cytochrome P45D T2A11

BrnaC01g288T00 Cytochroms P45D T2A15

BnaAQ4g282800 Cytochroms P450 TBCZ

BnaC04g475200 cytochrome pdsd T9cZ

BrnaC0Tg480400 Cytochroms P450 B4A1

BnaCD&g310300 Glutathione S-transferase U12

BrnaCnnglE440D Glutathions S-transferase U1D

BnaAlTg240200 Glutathione S-transferase U11

BnaC08g310400 Glutathione S-transferaze U1

BnaCO8g373400 Glutathione S-transferaze U24

BnaA10g0TIS0D G-type lectin S-reseptorlike senna/threcnine-protein kinase Atigl1320
BnaA0Gg261500 Leucine-rich repeat {LRR) family protein

BrnaC04g586100 Peroxidase 22

BrnaC03g2E4200 Peroxidase 3T

BrnaC02glZ150D Peroxidase 52

BrnaAllg24230D Peroxidase 54

BrnaC039g4BE50D Peroxidase 54

BnaCO5gl45500 Probable WREY transcription factor 30

BnaA023050000 Probable WREY transcription factor 30

BnaA0Sg3540B800 Probable WRKY transcription factor 85

BnaA03g041600 Probable WRIY transcription factor 75

BnaA10g20210D Probable WRICY transcription factor TS

BnaC03g1583200 Probable WRICY transcription factor &

BrnaC03gfTI800 WREY transcription factor 18

BnaA03g333800 UDP-ghyocosyltransferase 50A1

BnaA01g100300 UDP-Ghycosyltransferase superfamily protein

BnaC0Gg044800 UDP-Glycosyltransferase supsrfamily protein

BnaC01gd42500 UDP-ghrcosylransferase TIB2

BnaA08g113300 UDP-glucosy transferase 7382

BnaAl8g208800 UDP-ghycosyltransferase B5AS

BraAnng254000 UDP-ghycosyltransferase T304



5.4 Discussion

5.4.1 Relationship of R and HR at the early stage

The focus of our study was to understand the molecular mechanism underlying the horizontal
resistant NIL in B. napus using transcriptomic approaches. In the previous study, Zhou et al
(2019) demonstrated significant overlap in the expression profiles of compatible and
incompatible interaction compared to the basal resistance at early stage, in terms of defense
related genes such as ERF, L3 ligase and WRKYs. In contrast, the expression patterns of genes
such as RLPs, cytochrome P450 and peroxidases was significantly higher in the incompatible
interaction than compatible and basal, suggesting roles in determining the final output. We
indicated higher expression of these key genes in the resistant W+BLMR2 compared to Westar
at early stage, which suggests equivalent quantitative resistance strategy in the two resistance

mechanisms except minor differences in magnitude.

Haddadi et al (2019) reported similar patterns of gene expression for the lines with different R
genes. The line with the intermediate resistant LepR2 locus, generally, showed lower gene
expression values than typical R genes (LepR1/RIm2) in the susceptible Topas background. On
the other hand, it displayed less intense expression profiles in Westar compared to Topas
background (Haddadi et al. 2019). Similarly, Zhou et al (2019) compared LepR3/RIm2 -mediated
compatible and incompatible interaction in Westar background as well as susceptible interaction
and showed the gradual decrease in gene expression of key genes from incompatible to
compatible interaction and the susceptible Westar had significantly lower basal resistance. The
BLMR2 locus in our study was introgressed in the susceptible Westar background with presumed
weak basal resistance. The locus showed intermediate resistance phenotype when cotyledon
inoculated with several L. maculans isolates (Dandena et al. 2019). Taken together, this locus
could induce less intense expression of defense response compared to typical R gene-mediated
incompatible resistance, nevertheless more intense basal or horizontal resistance than R -

mediated compatible interaction.

Generally, PTI upon recognition of PAMPs and ETI against effectors are associated with slow
and fast responses, respectively (Jones and Dangl 2006). However, ETD against extracellular
pathogens could be slower compared to ETI triggered by intracellular pathogens (Stotz et al.
2014). Zhou et al. (2019) demonstrated that B. napus R genes, in the absence of the
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corresponding L. maculans Avr genes, were able to induce expression of defense-related genes at
the early stage, irrespective of the outcome, which suggested other pathogen components as
elicitors of the immune response. For example, chitin hydrolysis products were demonstrated to
enhance PTI (Chen et al. 2018). The BLMR2, as Avr-independent locus, may interact with such
pathogen induced targets to prompt defense response (Li et al. 2016; Kimura et al. 2017). If R-
mediated resistance implies ETD, horizontal resistance as demonstrated by BLMR2 in this study,
could correspond to PTI or more closely related mechanism in B. napus. Pathogen associated
molecular pattern (PAMP) triggered immunity, in general, renders immunity against a broad
range of stresses, and the elicitors encompass PAMPs and damage associated molecular pattern
(DAMPs), albeit the later is not extensively studied in plants. DAMP is a recently discovered
host-derived danger signal in relation to wound / injury due to tissue disruption (O’Donnell et al
2003).

5.4.2 Comparison of early and late transcriptomic profiles

Key defense related genes induced at the early stage are prominent for biotrophic interaction.
The expressed genes in NIL_4 and Wes_4 overlapped significantly (50-70%) with NIL_8/10 and
Wes_8/10 indicating the continued expression of most of the genes in NIL_8/10 and the much-
delayed expression in Wes_8/10. Unlike typical R-mediated resistance with strong
hypersensitive reaction, pathogen growth is not halted but significantly reduced in W+BLMR2
compared to the susceptible Westar (Dandena et al. 2019; Stotz et al. 2014).

Although the resistant NIL continued some resistance gene activity from early to late stages,
NIL_8/10 also shared ~50% of its upregulated genes with Wes_8/10, probably due to the
pathogen’s change in lifestyle to necrotrophy or age-dependent gene activity (Haddadi et al.
2016). As a hemi-biotrophic pathogen, L. maculans has alternating lifestyles between biotrophic
and necrotrophic phases (Sonah et al. 2016). Haddadai et al (2016) carried out genomic studies
from both the pathogen and the plant side and observed pathogens use effectors (Avr) to intensify
the infection process at the early stages of cotyledon colonization that coincided with the
biotrophic phase and then switch to necrotrophy (>6dai) involving other pathogen derived
elicitors such as necrotrophic effectors and toxins. In our study, the genes induced more at the
early stage in the NIL_4 are presumably associated with biotrophic interaction and the genes
expressed more in the NIL_8/10 and Wes_8/10 were linked to the necrotrophic phase. Genes that
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were expressed similarly at the early and late stages in the NIL could be associated with genes
that continued expressing regardless of the pathogen’s lifestyle. However, genes that were not
significantly expressed or showed lower expression at the late stage in the resistant NIL could
indicate the gradual slow-down of activities carried out by those genes induced at the early
biotrophic phase.

Numerous RNA-seq studies (Haddadi et al. 2016; Becker et al. 2017) reported significantly
higher number of DEGs at late stages in the susceptible interaction than resistant interaction.
This is most likely due to the extensive cell or tissue damage in the susceptible interaction. In our
study, we observed the induction of NLR genes associated with programmed cell death (PCD),
in Westar at late stage. This is consistent with Stotz et al (2018) that NLR was induced more at
the late stage in B. napus - L. maculans compatible interaction. Also, the complex interplay
between photosynthesis and defense strategy are emphasized in recent studies (Pfannschmidt et
al. 2009; Lu and Yao 2018; Hu et al. 2020). Although activation of reactive oxygen species
(ROS) and inhibition of PS genes are associated with active defense strategy, excess production
of ROS could damage cells. This is reflected in our study that there are more downregulated
genes involved in PS, metabolism of FA, lipids and amino acids in the susceptible Westar at late
stage. Taken together, the differential expression of more genes at late stage is due to extensive

PCD or pathogen induced tissue damage as well as age-dependent leaf senescence.

If the plant surveillance system (PRR or R) recognizes the pathogen at the early stage, defense
response could be launched faster, which results in the limitation of pathogen growth (Stotz et al.
2014). In our study, the number as well as expression of genes in the family RLPs, RLKs and
chitinases were higher at the early stage in the NIL_4 compared to Wes_4. In contrast, the
expression of these genes peaked at the late stage in Wes_8/10 compared to NIL_8/10, although
the output is susceptible phenotype. Transition to necrotrophy probably prompted more genes to
be activated in the susceptible Westar than the resistant W+BLMR?2 at late stage (Stotz et al.
2018).

Plants undertake an intricate gene regulation even in specific gene families to protect themselves
with minimal disruption of other metabolic processes. Several WRKY transcription factor genes
were upregulated at the early and late stages. Extensive studies in A. thaliana demonstrated the

multifaceted roles WRKY s play as positive or negative regulators of defense response, crosstalk
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among various hormonal signalling pathways, plant development and other physiological
processes (Ulker et al. 2007; Lu 2009; Li and Palva 2012). In our study, we pinpointed
prominent defense-related hormone signalling WRKYs, such as WRKY 18 /70 and WRKY 11 that
modulate the generally antagonistic SA and JA signalling pathways, respectively. Also, WRKY
70 plays a role in leaf senescence and repression of JA signalling (Ulker et al. 2007). Two WRKY
70 genes were expressed at early biotrophic phase. Also, three WRKY 18 genes were upregulated
at the early stage and five WRKY 11 genes were expressed at the late stage, coinciding with
biotrophic and necrotrophic phases of the pathogen. Functional redundancy and co-operation
among the WRKYs such as 18 and 60; 38 and 62 and 70 and 54 (Li and Palva 2012; Phukan et al.
2016) could be reflected in our study as these genes were expressed more at the early stage in the
NIL_4 and late in Wes_8/12. Other SA markers expressed in the NIL at early stage include PR1,
EDS1 and PAD4. The upstream regulation of these genes may be required for SA accumulation
(Lu 2009). In contrast, JA marker genes such as MAPK4 and MKS1 were expressed more at the
late stage (Phukan et al. 2016). In our study, JA signalling genes such as MKS1, MPK4 were
expressed more at the later stages coinciding with the necrotrophic phase while SA marker genes
such as PR1, EDS1 and PAD4 were expressed at the early biotrophic stage and continue to

express at the late stages.

In conclusion, the detailed transcriptomic analysis gives insight in the mechanism underlying
horizontal resistance. Comparison of change in gene expression in the RGAs and other gene
families involved in the resistance mechanism contribute to understand the quantitative nature of
defense response as well as functional redundancy at cellular level in the resistant W+BLMR2

compared to the susceptible Westar.
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5. General Discussion and Conclusion

Leptosphaeria maculans is a critical fungal pathogen of B. napus causing a worldwide economic
losses of about a billion USD per season (Fitt et al 2008). Controlling blackleg disease caused by
L. maculans contributes significantly to reduce losses. Breeding for resistance is one of the major
strategies used in the canola industry to manage blackleg disease since the 1990s (West et al.
2001; Kutcher et al. 2011).

Plant genetic resistance mechanisms are classified into qualitative and quantitative. Qualitative
Ivertical resistance (R) is mediated by major genes and are race specific. Major genes are easy to
identify, manipulate, and confer complete resistance; however, they are short-lived in case
epidemic occurs (Zhang et al. 2016). In contrast, quantitative /horizontal resistance (QR) is a
cost-effective plant disease control strategy as it is believed to provide a more durable resistance.

However, the genetic basis of QR is not well understood and studying QR is challenging.

A commonly used technique to tackle this challenge is to eliminate the vertical resistance in a
cultivar (Maramorosch and Loebenstein 2009). The horizontal resistant NILs containing a small
(BLMR2) segment from the resistance donor parent (Surpass-400) in an otherwise susceptible
Westar background were used in our research. The materials were developed using both

conventional and molecular marker assisted backcross breeding approaches.

Quantitative resistance is generally complex because of the inconsistent results obtained using
seedling (cotyledon or leaf) and stem assays coupled with environmental variations, which
include weather conditions and pathogen population (Larkan et al 2016a; Huang et al 2019;
Raman et al 2020). Controlled testing is valuable to minimize environmental variation as well as
accelerate crop breeding by evaluating test materials at early stage. Because BLMR?2 interacts
with L. maculans at seedling stage, cotyledon assay assisted in the study of QR in controlled
environment. The three main chapters in the thesis describe the phenotypic and molecular studies
of the BLMR2 locus.

Chapter 3 describes the non-race specificity of the BLMR2 locus, seedling to adult stages, in
controlled conditions. This locus was previously Mendelized and is a major-effect QTLs. We
also reported the horizontal resistance response of this locus against 27 L. maculans isolates

using cotyledon inoculation. Evaluating QR in controlled environment is important to avoid
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weather related environmental effect (Huang et al 2019). In addition, more than one generation
(up to three) can be tested in the greenhouse from seedling to adult stages (Dandena et al 2019).
Our results were supported by molecular marker data that co-segregated with the phenotype,
which is useful in MAS. Furthermore, field studies conducted for three years, confirmed the
stability of this locus compared to lines containing defeated R genes and the susceptible control,
bred into the same Westar cultivar. BLMR?2 is the first major effect QRL or atypical resistance
locus in B. napus — L. maculans pathosystem that is thoroughly investigated at seedling and adult

stages against well-characterized isolates / races.

In chapter 4, we described the high-resolution mapping of BLMR2 locus in the 56.3 kb physical
region of the B. napus genome. Map-based cloning is the standard procedure to identify the
causative gene underlying a trait, although time-consuming and difficult in the complex B. napus
genome (Mayerhofer et al. 2005). To address the issue of efficiency and genome complexity in
mapping, genome-specific molecular markers along with NILs and high throughput genotyping
were employed. In our study, NILs were developed via molecular marker assisted backcrossing
to narrow-down the BLMR2 locus in an otherwise Westar genetic background. In addition, the
use of genome-specific, polymorphic and codominant molecular markers assisted in the
screening of a large segregating BC population. Flanking markers used in the high-throughput
genotyping need to be clear / clean to effectively detect possible recombination events. For this
task, SSR and SCAR molecular markers were employed. As discussed previously, SSR motifs
are ubiquitous in the genome, co-dominant and easy to develop because of the availability of the
B. rapa genome sequence at the time of marker development in our project. A SCAR marker
system is also valuable in map-based cloning, especially to bridge the gaps in the genetic map.
SCAR is developed based on sequence information of PCR amplified products and can be co-
dominant. Informative molecular markers along with high-throughput genotyping could reduce
the cost and time of genotyping (Rahman et al 2008). In our study, MAS was employed to
develop the mapping population, by phenotyping only the recombinants progenies. We were able
to screen (genotype) ~10,000 individuals using a medium throughput method by collecting tissue
samples from the cotyledons of a 7-day old seedling, to minimize the time needed for sampling
from the first true leaves. To demonstrate how this plan works, some 400 samples were collected
in a day and kept at 4 degrees overnight. The next day, DNA was extracted and let it air dry
overnight. The third day, the DNA was amplified using PCR and run ABI analyzer for marker
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detection. Accordingly, at least 400 plants were genotyped in 10 days, from planting to
detection, which translate into 10,000 plants genotyped in 250 days or ~8 months. In our study,
two flanking markers were used at a time to genotype the mapping population, and only the
potential recombinants were selfed to confirm the phenotype.

During fine-mapping, lack of meiotic cross-over on one side of the locus (N10-47) was the
challenge to further narrow-down the region. This could be because of lack of polymorphism
between the parents using the marker system employed in our study—amplification of more than
one region in the genome or other reasons related to the chromosome region where the locus is
located. To tackle this challenge, candidate-gene prediction approach in the 100 kb region were
performed by blasting the marker sequence on the reference genome. This allowed us to predict
potential disease related candidate gene. The lack of a putative R gene in the region may be
fitting to the atypical reaction of this locus. Sequencing the cDNA allowed us to reannotate the
two genes based on the reference Darmor-bzh into a single B. napus gene homologous to
Arabidopsis CYP450. Unfortunately, cloning of the candidate CYP450 gene has not been easy
due to the limited time and resources, although attempts were made using complementation,
overexpression, RNAI and CRISPR-CAS assays. Nevertheless, the materials developed in our
study could be used for further functional studies. In contrast, an alternative strategy using RNA-
Seq was proposed to examine the differential expression of the genes in the BLMR2 region,
which led to the last project.

Chapter 5 focuses on understanding the mechanism behind horizontal resistance in BLMR2 using
RNA-Seq. Colocalization of R and QRL, in previous QTL mapping studies, created uncertainty
about the relationship between the residual effect of the supposedly ineffective R genes and QR
loci. A recent RNA-seq study from our lab and the current study, corroborate equivalent QR
mechanism in R and QR, only differing in magnitude. The transcriptomic data generated in this
work could be used in network analysis of the key genes or analysis of individual biosynthetic
pathway such as the indole-glucosinolate biosynthetic pathway, which could help to understand
QR better in B. napus. In the past, majority of whole-genome or transcriptome studies
emphasized on NBS-LRR as R gene homologs. In order to utilize QR effectively as well as
bridge the knowledge gap between the two resistance mechanisms, future studies should focus
on other classes of R gene homologs or gene families that contribute to host basal immunity.
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Naming of R genes mapped in canola to blackleg infection

Several naming systems have been used over the years to identify the R genes mapped in B.
napus to L. maculans infection. To date, there are >15 R loci mapped, including “RIm1-10,
“LepR1-4” and “BLMR1-2”, mainly on chromosomes A07 and A10. The prefix “RIm” with the
corresponding “Avrlm” in the pathogen is mainly used for most of the R loci in B. napus.
However, the prefix “LepR” was used to refer to R loci introgressed from the B. rapa subsp
sylvestris. Moreover, “BLMR1” and “BLMR2” refer to the R loci derived from Surpass 400,
which is a sylvestris — derived B. napus cultivar. These two loci were mapped in the same map
region as LepR3, but the mapping of two loci with a high and intermediate level of resistance
phenotype compelled a new naming system to differentiate it from LepR3. Subsequent studies
suggested that LepR3 and BLMR1 are the same. To conclude, uniform naming system could
benefit to minimize confusion and to account for the total number of R genes so far identified in

B. napus — L. maculans pathosystem.
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7. Appendices

Appendix I. Supplemental tables and figures

Table S3. 1 Segregation pattern of BLMR2 locus in BCsF3 population. The expected ratio was
1:1 (BLMR2/bIlmr2 allele) in the population.

Total # Expected Yates \P(;tes
Replicate of BLMR2  blmr2 df P Y P>y corrected
ratio 2 corrected
plants X 2
X
1 95 48 47 1 1:.01 0.0105  0.9183 0 1
2 96 46 50 1 1:.01 0.1667  0.6831  0.09375 0.75946
3 96 50 46 1 1:.01 0.1667  0.6831  0.09375  0.75946
4 93 43 50 1 1:.01 0.5269  0.4679 0.5269 0.4679
5 94 44 50 1 1:.01 0.383 0.536 0.26596  0.6061
Total (GH-1) 5 1.2538 0.98036
Pooled 472 231 243 1 1:01 0.3038  0.5815  0.25527 0.61339
Heterogeneity 4 1:.01 0.95 0.86589 0.72509  0.9482
1 84 46 38 1 1:.01 0.7619  0.3827  0.58333  0.44501
2 83 33 50 1 1:.01 3.4819 0.062 3.08434  0.079049
3 86 49 37 1 1:.01 1.6744  0.1957 140698 0.23556
4 87 41 46 1 1:.01 0.2874 05919  0.18391 0.66804
5 84 48 36 1 1:.01 1.7143  0.1904  1.44048 0.23006
Total (GH-2) 5 7.9199 6.69904
Pooled 424 217 207 1 1:01 0.2358  0.6272  0.19104 0.66205
Heterogeneity 4 1:01 7.6841  0.10386 6.508 0.16429

Replicate indicates BCsF3 sub-populations that were cotyledon inoculated with each of the 5 isolates
(PG4-1-M, P103-02-01, 09Stonewall, 3-42-6, 87-41, respectively, Table S3.2). The sub-populations were
classified into the resistant (BLMR2) and the susceptible (bImr2) alleles based on molecular marker (Long
et al 2011). Yates correction for continuity was used because we only have 1 df; and Yates corrected
test indicated that all the replicates followed a 1:1 segregation ratio. The test of heterogeneity indicated
that all the ten replicates were homogeneous. Thus, the replicates could be pooled and the segregation of
the population followed 1:1 pattern.
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Table S3. 2 Avr/avr profiles of L. maculans isolates (Zhou et al 2019) pathogenicity grouping

and interaction phenotype with specific resistance locus or genotypes.

Pathogenicity

L. maculans isolates

Groupings

Interaction Phenotype (IP)*

BLMR1

BLMR2 Surpass 400 Westar

PG4-1-M PG4
(avrLml,avrLm2,avrLm4-
7,AvrLm6,AvrLm11,AvrLmJ1)

P103-02-01(n/d) — but virulent PG3
on BLMR1 and RIm2 (non-
AvrLm1, non-AvrLm2)

09 Stonewall (avrLm1,AvrLm2, PGT
AvrLm6, AvrLm11, and
AvrLmJl1)

3-42-6 PG3
(AvrLml,avrLm2,AvrLm4-
7,AvrLm6,AvrLm11,AvrLmJ1)

87-41 PG2
(AvrLm1,AvrLm2,AvrLm4-
7,AvrLm6,AvrLm11,AvrLmJ1)

03-15-03 PG2
(avrLm21,AvrLm2,avrLm4-
7,AvrLm6,AvrLm11,AvrLmJ1)

S

MR

MS

MR

MR

MR

MR

MR

R

S

MS

* |P at 14dai (when Westar is totally susceptible) classified into phenotypic classes: R=resistant,
MR=Intermediate resistance, MS=Intermediate susceptible, S=Susceptible. Cotyledon disease reaction

phenotype is also shown in Figure 3.1.
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Table S3. 3 Combined analysis of randomized complete block experiments using BCsF3
population conducted in spring 2015 (GH-1) and fall 2015 (GH-2).

Num Den Seedling Adult
Effect df df F value F value
environment 1 8 0.26 0.77
genotype 1 8 48.82* 141.3*
genotype*environment 1 8 0.97 0.89

Environment represents the two experiments that were combined to draw wider inferences. Isolate is
nested in environment (Result S1.1 - seedling, Result S1.2 - adult). The five isolates include: 1=PG4-1-M,
2=P103-02-01, 3=09Stonewall, 4=3-42-6, 5=87-41 (Table S3.2). At a<0.05, significant variation (*) was
observed in genotypes but ns differences in genotype*environment interaction, which indicate the relative
response of genotypes within each experiment (environment) would be the same.

Table S3. 4 Variance analysis of a split-plot experiment assuming repeated experiments as
blocks.

Num Den  Seedling Adult
Effect df df F value F value
Isolate 4 4 3.91 1.62
genotype 1 5 70* 422.31*
genotype*isolate 4 5 1.97 5.39

At a<0.05, genotype*isolate is significant at adult stage, which indicated that the relative response of
genotype(s) is not the same when inoculated with different isolates. Thus, the genotype*isolate interaction
means need to be explored (Result S2.1-seedling and Result S2.2-adult, Dandena et al 2019). The five
isolates include: 1=PG4-1-M, 2=P103-02-01, 3=09Stonewall, 4=3-42-6, 5=87-41 (Table S3.2). In general,
isolate 1 (PG4-1-M) is relatively less aggressive at adult stage. However, the resistant BLMR2/PG4-1-M
and the susceptible bImr2/PG4-1-M still showed significant difference (P=0.0004). Isolate 4 (3-42-6), on
the other hand, induced relatively more aggressive at adult stage, but BLMR2/3-42-6 and blmr2/3-42-6
showed significant difference (P=0.0006). Thus, we can conclude that the relatively low DSI towards the
susceptible genotype in bimr2/PG4-1-M may have contributed to the underestimation of the DSI estimate
of bimr2. the relatively high DSI towards the resistant genotype in BLMR2/3-42-6 interaction may have
contributed to the overestimation of the DSI estimate of BLMR2.

Table S3. 5 Analysis of split-plot-in-time experiment, two stages (seedling and adult) were
compared; the two experiments were considered as blocks.

Num Den
Effect df df F value
stages 1 18 0.91
genotype 1 9 209.42*
genotype*stages 1 18 1.87

At a<0.05, only genotype showed significant difference and genotype*stages is non-significant, thus the
relative response of genotypes (BLMR2 and bimr2 alleles) at each stage is the same.
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Table S3. 6 Combined analysis of randomized complete block experiments conducted in winter
2016 (GH-3) and spring 2016 (GH-4) using homozygous NILs and Westar.

Num Den Seedling Adult
Effect df df F value F value
environment 1 6 0.07 154
genotype 4 24 32.32* 42.53*
genotype*environment 4 24 1.11 0.46

Environment represents the two experiments that were combined to draw wider inferences. Isolate is
nested in environment. The four isolates include: 1=PG4-1-M, 3=09Stonewall, 4=3-42-6, 5=87-41 (Table
S3.2). At a<0.05, significant variation was observed in genotypes but ns differences in
genotype*environment interaction, which indicate the relative response of genotypes within each

experiment (environment) would be the same.

Table S3. 7 Combined analysis of randomized complete block experiments conducted in three

years (2014, 2015 and 2016).

Effect Num df Den df F value
year 2 3 18.31*
genotype 6 18 41.24*
genotype*year 12 18 4.56*
2014vs 2015 1 3 257
2014 vs 2016 1 3 29 40*
2015vs 2016 1 3 14.57*

At 0<0.05, the effects year and genotype*year is significant, which indicated that the relative response of
genotypes is not the same in the three years. Pair-wise comparisons of the effect year indicated that 2016

is different from the previous two years (2014 and 2015).
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Table S4. 1 Primers used in all applications

Primer names Sequence (5'-3') Applications
N10-56 TAATACTGGTTAATTATGCT Mapping
RN10-56 ACAGTACATTCACGTTCTAG Mapping
N10-47 ACTGGCCTATGGATGACGTT Mapping
RN10-47 AATCCAGCAGTAGACCCCAT Mapping
N10BA CGAAAGTAAGAAGAGCAAGA Mapping
N10BB GATACTCTAGTTGTTGACAA Mapping
N10-45 CAGAAGAAGAAGGATATGGT Mapping
RN10-45 TCCAGTTAACCAATGCTGGT Mapping
N10-43 CTAAGAAATTTCCTATGACAC Mapping
RN10-43 TTGTCAATGTCTCATGCTAA Mapping
N10-39 GGCTGCGTTGTTTCATACCT Mapping
N10-39 ATGTGGGAGCTGAGGTTGTC Mapping
RN10-39 GTCCTTAGTTGGTCCACTGT Mapping
N10-34 CGAGCAGCAAATCCATATCC Mapping
RN10-34 CAATTTTGTATTTTCTTATGGAAACTG Mapping
N10-38 TTCAACATTTCTCCGCGATA Mapping
RN10-38 TTTCCATCTGCTTCCACCTAA Mapping
N10-37 CAGTCCTGACTTTGCCATCA Mapping
N10-37 ACAGGCGAGAGGTTTGAAGA Mapping
N10-40 CACAATTTCTGGTATACAGATTG Mapping
RN10-40 CTTTGGAGCGAATTGTTGAAG Mapping
10BM1 TGCAGGCAATTATTTCAGTGG MAS
10BM?2 AGCTTATGTTAGGTGGAAG MAS
HNG62F ATGGATTACATTTTGC TC T TATTG TA cloning
HN65R TTAAGCCAAAAGATTAGTCATA TA cloning
ACTIN-1F CGATGGTGAGGACATTCAGC RT-PCR
ACTIN-1R AGAGAGAAAGAACAGCCTGGAT RT-PCR
MM1F ACAAGTAGACCAACCCAA RT-PCR
MM1R CCACAAACTCGCCATCGC RT-PCR
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Figure S4. 1 Alignment of translated protein sequences. The translated protein indicated
variation in a single amino acid between the NIL and Westar.
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Table S4. 2 Alignment of cDNA sequences from the NIL and Westar with B. napus Darmor-bzh
(GENOSCOPE).

uer Chromosome score Identity Strand Length
Wes A10 1468 99.8% + 3900
C09 1410 97.9% - 2212
A02 1179 90.2% - 1783
C02 1179 90.2% - 1766
Co3 1169 90.5% - 2286
A03 1168 90.5% - 2294
NIL A10 1456 99.4 % + 3900
C09 1414 98.0% - 2212
C02 1185 90.4% - 1766
A02 1185 90.4% - 1783
C03 1171 90.6% - 2286
A03 1170 90.6% - 2294
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atcacatggattacattttgctcttattgccactcgtattgtttctactagcttacaaattcttattctcatctaagagtttcaatcttccaccaggaccaacteccttt
cccatcgtcggeaacctecacctegtgaaaccaccggtgcaccatetetteegtegtttcgcggacaagtacggtgacatcttctcectecgttacggetct
cgccaagtegtegtgatctettecttgeccctegtcagagaatgctttactggtcagaacgacgttattttaacgaaccgaccgcattttctgaccgeaaagta
cgttgcttacgactacaccacgattggaaccgcecgcatatggegaccactgacgtaatcteegecgtatttgctetettgagatectttectctaacegtetea
ctggattccteteegttcgtaaagacgagatccgacgattgctcacgaaactctcacgtgactataatggccaagtegttgagettgagectcettettgcaga
tttgacqttcaataatattgtccgtatggtcactgggagacattactacggagaccaggttcgtttcatttaaataattacataataatgattgatacgttgaaatc
actaatcttttactattctaatgttcttgtacaagatattaaatattaatacctaacatggacatgttctgtattgtgtttactacttctcatgcatgaaaagtcattcga
tgtggaatattttggctaattaaaatgaattatttcttaaaggttcacaacaaggaagaagcgaacctattcaagaagctagtgacgcagatcaacgacaata
gtgatgcgagecatccaggagattatttaccaattctcaaagttttcggacacggctacgagaagaaagtgaaageactcggcgaagecatggacacttt

cttgcagcgactgctcgacgattgccgtagagatggagagagcaacacaatacttagtcatctattatctttacaaatagaccaacccaadtattacagtga
cgtcatcatcaaagacctcatgctcgtaagttctctcatccgtatgtataaacctacaaaatcatataaattatcactctttgtgtttcttagtttgcagaatgegtt

tacaagttcgaataaatatttttcgcatctaacattaatatatatttcatcccgaagataaattttctcgaaaaaattgtttggaaaataatatttttgccttttctgatg
aatcttttattagctaataataataaactataaacttctaagttaattgtactatttgaagttttactagtttagaattattggaaacaaagaagtatataaaataatat
atttataatcaaaatttaattatttgttattaatatgtgtgaaaactctcagaatatttttttttgaaacatagaatgagtatgtttcaattacaatttgattattaatgcta
cataaaaaattgaaaaaacatagatggtttatgttitactatctgatttatgtttacataatatgtatagactaacattttaaatgttatgtagagtatgatgcttgeg

gggacqggatactgcagccatgacactagaatgggcgatggcgagtttgttgaaaagtcctgaagtgttgaagaaggcgaaagcecgagatagatgataa
gattagacatgaacgtttgatcgacgaaccggacattttgaatcteccttatctccaaaacatagtttcacagattcttattctcatctaagagtttcaatcttcca
ccaggaccaactccctttcccatcgtcggcaacctccacctcgtgaaaccaccggtgcaccatctettccgteatttcacagacaagtacagtgacctctt
ctcccttcattacqqgctctcgccaagtegteqgtgatctcttccttgcccctcgtcagagaatgctttactggtcagaacgacgttattttaacqaatcgaccagce
attttctgaccacaaagtacgttgcttacqactacaccacqgtcagaaccaccacttatgacaaccactgacataacctccgccgtatttactctcttaagat
cctttcctctaaccatctcactggattcctctecattcgtaaagacgagatccgacaattactcacgaaactctcacatgactataatgaccaagtcattgaa

cttgagcctcttcttgcagatttgacgttcaataatattgtccgtatggtcactgggagacgttactacggagaccaggttcgtttcatttaaataattatataata
atgattgatacgtttgaattcactaatcttttactattctaatgttcttgtacaagatattaaatattaatacctaacatggacatgttctgtattgtgtttactacttctc

atgcatgaaaagtcattcgatgtggaatattttggctaattaaaatgaattatttcttaaaggttcacaacaaggaagaagcgaacctattcaagaagcetagtg

acgcagatcaacgacaatagtggtgcgagccatccaggagattatttaccaattctcaaagttttcggacacqqctacgagaagaaagtgaaagcactcq

gcgaagccatggacactttcttgcagcgactgctcgacgattgccatagagatggagagagcaacacaatgcttagtcatctgttgtctttacaagtagac
caacccaagtattacagtgacgtcatcatcaaagacctcatgctcgtaagttctctcatccgtatgtataaacctacaaaatcatataaattatcactctttgtgt

ttcttagtttgcagaatgcgtttacaagttcgaataaatatttttcgcatctaacattaatatatatttcatcccgaagataaattttctcgaaaaaattgtttggaaa
ataatatttttgccttttctgatgaatcttttattagctaataataataaactataaacttctaagttaattgtactatttgaagttttactagtttagaattattggaaaca
aagaagtatataaaataatatatttataatcaaaatttaattatttgttattaatatgtgtgaaaactctcagaatatttttttttgaaacatagaatgagtatgtttcaa
ttacaatttgattattaatgctacataaaaaattgaaaaaacatagatggtttatgttttactatctgatttatgtttacataatatgtatagactaacattttaaatgtt

atgtagagtatgatgcttgcggggacggatactgcagccgtgacactagaatggacaatggcgagtttgttgaaaagtcctgaaqtgttgaagaaggceg

aaagccgagatagatgataagattggacatgaacatttqgtcgacgaaccggacattttgaatctcccttatctccaaaacatagtttctgagaccttccgac
tatgtccagccgcaccactccttgtaccacattctccttctgaagacctcaagattggcggatacoacataccgcgtggcaccatcgtactagtgaattcttg
ggccatccatagagatccaaggctttoggatgagcctgagaqggttcatgccagagceattttgaggacaaaaaagctgccaataataataagcttatgatgt
ttgggaatggacgaaggacqgtgtcccggtgcggctttgagtcaaaqgatagtatcattggctttaggatcgttgattcaatgctttgactgggaaaaagtca

acqg gtg ag gaaattgatatgaccgaaaatcctgg aatggctatgcgcaag thgtg ccgttacg ag ccgtttg ccatcag cgtcccattatgactaatctttt
ggcttagaattacttggttcactctticatgattactggttcgtgttittcggatttctittataatitgtttgattittigggtgtyactattataaagataatgtaagatt

cgatgaagaatgttgcaatgttgtgaataagattcgatcacgaaagaaccaaagagattgctgatttgatgaagaatgttgcaatgtctaaaaaagcatgaa
agagaaacatgtaagaaagtctcctctataaaatctgtcggtagatgcatcaaaaaaaattctaatataaggtagtgtaatataaacatattttgaaataacaa
atcatatcagaaaaatgtattaatctattatcataaatgctaaaatatataatattataattttitgttccaagattaaatattgtaagtttcatttctaatttgaaaattta
tatgattttaaaattttattgctacttttaattaaactatctactaagactatatataatggtttacaaattcaacatccaattttcaaca

Figure S4. 2 B. napus Darmor-bzh genomic sequence covering ‘BnaAl0g11280D" (exons
underlined in red) and ‘BnaA10g11290D’ (exons underlined in green). ‘BnaA10g11280D lack
the downstream sequence (part of exon3) and ‘BnaAl0gl1290D’ lack the upstream sequence
(part of exon 1).
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BnaAl0..80D MDYILLLLPLVLFLLAYKFLEFSSKSENLPPGPTPFPIVGNLHLVKPPVHRLEFRRFADKYG
BnaAl0..90D = —--mmmm oo

Wes MDYILLLLPLVLFLLAYKFLFSSKSEFNLPPGPTPFPIVGNLHLVKPPVHRLFRRFADKYG
NIL MDYILLLLPLVLFLLAYKFLFSSKSEFNLPPGPTPFPIVGNLHLVKPPVHRLFRRFAEKYG
BnaAl0..80D DIFSLRYGSRQVVVISSLPLVRECFTGONDVILTNRPHFLTAKYVAYDYTTVGTAAYGDH
BnaAl0..90D @ @ ——mmmm e e
Wes DIFSLRYGSRQVVVISSLPLVRECFTGONDVILTNRPHFLTAKYVAYDYTTVGTAAYGDH
NIL DIFSLRYGSRQVVVISSLPLVRECFTGQONDVILTNRPHFLTAKYVAYDYTTVGTAAYGDH
BnaAl0..80D WRNLRRICSLEILSSNRLTGFLSVRKDEIRRLLTKLSRDYNGQVVELEPLLADLTEFNNIV
BnaAl0..90D @ @ ———mmm e
Wes WRNLRRICSLEILSSNRLTGFLSVRKDEIRRLLTKLSRDYNGQVVELEPLLADLTFNNIV
NIL WRNLRRICSLEILSSNRLTGFLSVRKDEIRRLLTKLSRDYNGQVVELEPLLADLTFNNIV
BnaAl0..80D RMVTGRRYYGDQVHNKEEANLEFKKLVTQINDNSGASHPGDYLPILKVFGHGYEKKVKALG
BnaAl0..90D -MVTGRRYYGDQVHNKEEANLFKKLVTQINDNSGASHPGDYLPILKVFGHGYEKKVKALG
Wes RMVTGRRYYGDQVHNKEEANLEKKLVTQINDNSGASHPGDYLPILKVFGHGYEKKVKALG
NIL RMVTGRRYYGDQVHNKEEANLEFKKLVTQINDNSGASHPGDYLPILKVFGHGYEKKVKALG

Ak hhkhkhkkhhhkhkrhkhhkhhhkhkhkhkhhkhhkhhhkhkrkhkhhkhkhrhkhkrhkhhkhkhkhkhhkhhkhkhhkhrkkhdkkkk
BnaAl0..80D EAMDTFLQRLLDDCRRDGESNTMLSHLLSLQVDQPKYYSDVIIKGLMLSMMLAGTDTAAV
BnaAl0..90D EAMDTFLQRLLDDCRRDGESNTMLSHLLSLQVDQPKYYSDVIIKGLMLSMMLAGTDTAAV
Wes EAMDTFLQRLLDDCRRDGESNTMLSHLLSLQVDQPKYYSDVIIKGLMLSMMLAGTDTAAV
NIL EAMDTFLORLLDDCRRDGESNTMLSHLLSLQVDQPKYYSDVIIKGLMLSMMLAGTDTAAV

R S R I I I I I I e I I I I I b b b b b b e b b b I b b b I b b b b b
BnaAll..80D TLEWAMASLLKSPEVLKKAKAEIDDKIGHERLVDEPDILNLPYLONIVSQILILI*-———
BnaAl0..90D TLEWAMASLLKSPEVLKKAKAEIDDKIGHERLVDEPDILNLPYLONIVSETFRLCPAAPL

179

Wes TLEWAMASLLKSPEVLKKAKAEIDDKIGHERLVDEPDILNLPYLONIVSETFRLCPAAPL
NIL TLEWAMASLLKSPEVLKKAKAEIDDKIGHERLVDEPDILNLPYLONIVSETFRLCPAAPL

KA A KA AR AR A AR A AR AR AR A AR A AR A AR AR A KA A AA AR AR A AR A AR AR K o . *

BnaAl(0..80D —-—- oo oo

BnaAl0..90D LVPRSPSEDLKIGGYDIPRGTIVLVNSWAIHRDPRLWDEPERFMPERFEDKKAANNNKLM
Wes LVPRSPSEDLKIGGYDIPRGTIVLVNSWAIHRDPRLWDEPERFMPERFEDKEAANNNKLM
NIL LVPRSPSEDLKIGGYDIPRGTIVLVNSWATIHRDPRLWDEPERFMPERFEDKEAANNNKLM

BnaAl(..80D —-—- oo oo

BnaAl0..90D MEGNGRRTCPGAALGQRMVSLALGSLIQCEFDWEKVNGEEIDMTENPGMAMRKLVPLRAVC
Wes MEFGNGRRTCPGAALGQRMVSLALGSLIQCFDWEKVNGEEIDMTENPGMAMRKLVPLRAVC
NIL MEGNGRRTCPGAALGQRMVSLALGSLIQCEFDWEKVNGEEIDMTENPGMAMRKLVPLRAVC

BnaAl0..80D = ————————————

BnaAl0..90D HORPIMTNLLA*
Wes HORPIMTNLLA-
NIL HORPIMTNLLA-

Figure S4. 3 Alignment of translated protein sequences from the NIL, Westar and the two B.
napus genes.

111




Table S5. 1 List of samples used in RNA-seq

Sample Sample
name Treatment Phenotype Time(dai) Mapped reads groups
H1 | MR 4 17456577 NIL_4
H1-d M MR 4 19780944 NIL_4
H2 | MR 4 17294309 NIL_4
H2-d M MR 4 18298922 NIL_4
H3 | MR 4 17433352 NIL_4
H3-d M MR 4 18571180 NIL_4
w1 | S 4 21719200 Wes_4
W1-d M S 4 22199090 Wes_4
W2 | S 4 18044907 Wes_4
W2-d M S 4 16525727 Wes_4
W-3 | S 4 17978187 Wes_4
W3-d M S 4 22199090 Wes_4
WW-d M S 8 80116914 Wes_8/10
HH-d M MR 8 83360966  NIL_8/10
HH1 | MR 8 73949156  NIL_8/10
HHH1 | MR 10 82524312  NIL_8/10
WWwW | S 8 82901966 Wes_8/10
HHH2 | MR 10 71055347  NIL_8/10
WWW1 | S 10 79680223 Wes_8/10
WWW?2 | S 10 52132258 Wes 8/10

Total 833,222,627
I=Pathogen isolate (L. maculans 87-41) inoculated; M=Mock (water-inoculated); MR=Intermediate
resistant; S=Susceptible; 4 and 8/10 days after inoculation (dai)
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Figure S5. 1 Matrix showing similarity between samples. Samples include H and HH —
W+BLMR?2 at 4 and 8/12dai, W and WW — Westar at 4 and 8/12dai, respectively. The color
denotes blue (high) and white (low)
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Appendix I1. Abbreviations
AFLP Amplified fragment length polymorphisms

ANOVA Analysis of variance

APR Adult-plant resistance

Avr Avirulent

BAC Bacterial artificial chromosome
BC Back cross

CcC Coiled coil

CDPK Calcium dependent PK

cM Centimorgan

CPM Counts per million

CRKs Cysteine-rich

CTAB Cetyl methylammonium bromide

CYP450 Cytochrome P450

DAI Days after inoculation

DE Differential expression

DEGs Differentially expressed genes
DH Doubled haploid

DSl Disease severity index

ET Ethylene

ETD Effector-triggered defense
ETI Effector-triggered immunity
GBS Genotyping-by-sequencing

114



G*E

GS

GSTs

GWAS

HEAR

HR

IGS

JA

kB

LD

LG

MAPKSs

MAS

MR

MS

MYA

NBS-LRR

NGS

NILs

NLRs

ORF

PAMPs

PCD

Genotype-by-environment

Genomic selection

Glutathione S transferases
Genome-wide association studies

High erucic acid rapeseed

Horizontal resistance

Indole glucosinolates

Jasmonic acid

kilobase

Linkage disequilibrium

Linkage groups

Mitogen-activated protein kinases
Marker-Assisted Selection

Moderately (intermediate) resistant
Moderately (intermediate) susceptible
Million years ago

Nucleotide binding site-leucine-rich repeats
Next-generation sequencing
Near-isogenic lines

Nucleotide binding site, leucine rich repeats
Open reading frame
Pathogen-associated molecular patterns

Programmed cell death
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PCR

PG

PRs
PRRs
PTI

PS

QR
QRL
gRT-PCR
QTL
RFLP
RAPD
R

RGA
RLPs
RNA-Seq
ROS
Rubisco
SCAR
SRAP
SSR
SNP

S

Polymerase chain reaction

Pathogenicity group

Pathogenesis related proteins

Pattern recognition receptors
PAMP-triggered immunity

Photosystems

Quantitative resistance

Quantitative resistance loci

Quantitative real-time PCR

Quantitative trait loci

Restriction fragment length polymorphism
Random amplified polymorphic DNA
Resistant

Resistance gene analog

Receptor-like proteins

RNA sequencing

Reactive oxygen species

Ribulose biphosphate carboxylase/oxygenase
Sequence characterized amplified region
Sequence related amplified polymorphism
Simple sequence repeats

Single nucleotide polymorphism

Susceptible

116



SA Salicylic acid

TIR Toll/Interleukin-1 receptor
WAKS Wall-associated kinases
WGD Whole genome duplication
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