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ABSTRACT

Zhang, Xuehua. Ph.D., The University of Manitoba, March, 2016. Exploring disease
resistance in the Brassica napus-Leptosphaeria maculans pathosystem.

Ph.D. Supervisor: Dr. W. G. Dilantha Fernando.

Blackleg disease, caused by the ascomycete fungal pathogen Leptosphaeria maculans,
is a devastating disease of canola (Brassica napus) in Australia, Canada and Europe. The
pathogen is considered a global invasive species and poses a threat to canola production in
China, where only the weakly aggressive strain L. biglobosa is present. In Canada,
breakdown of blackleg resistance has been shown. In order to develop a more effective
disease management strategy, there is a need to elucidate host resistance and defense
mechanisms underlying the B. napus-L. maculans pathosystem. This is the very first study to
investigate major resistance genes (R genes) and adult plant resistance (APR) in Canadian
canola germplasm. This study also analyzed the avirulence allele frequency in L. maculans
populations in western Canada. R genes were detected in the majority of these B. napus
germplasm, with the RIm3 gene being predominant. The frequency of AvrLm3 allele in field
fungal populations was extremely low. APR was identified in more than 50% of the
germplasm. This indicated the breakdown of RIm3 resistance, which could be due to the
widespread use of this single resistance gene in Canadian B. napus germplasm and varieties.
To address concerns of introducing L. maculans from Canada into China, this study further
characterized R genes and APR to L. maculans in a collection of Chinese B. napus
germplasm. R genes were detected in more than 40% of the germplasm tested, with RIm3 and

RIm4 being predominant. A large portion of the Chinese germplasm showed high to moderate



APR in field trials at three locations in MB, SK and AB in western Canada. This study
highlighted the availability of fair to good resistance in the Chinese B. napus germplasm
against blackleg disease and was the first study to investigate a large number of Chinese
germplasm against Canadian fungal populations in different environments. RNA sequencing
of resistant and susceptible host tissues and a streamlined bioinformatics pipeline identified
unique genes and plant defense pathways specific to plant resistance in the B. napus-L.
maculans LepR1-AvrLepR1 interaction. The sequencing data coupled with functional
characterization of some unique genes, in depth histological analysis, and in situ gene activity
analysis directly at the site of infection provide unprecedented spatial and temporal resolution

of the plant defense response to L. maculans.
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1 GENERAL INTRODUCTION

Brassica napus (canola, oilseed rape) is an economically important oilseed crop cultivated
worldwide (Snowdon et al. 2007; Hayward 2012). Canada is one of the world’s leading
producers and exporters of canola seeds. Canola is not only widely used as a major source of
vegetable oil, but also applied for a broad range of industrial purposes (Hayward 2012).
However, the production of canola is hindered by many diseases including blackleg,

sclerotinia stem rot, and club root (Li and McVetty 2013).

Blackleg, caused by the ascomycete fungal species Leptosphaeria maculans, is one of
the major diseases in many B. napus growing regions including Canada, Australia, and
Europe, excluding China (Fitt et al. 2006). This disease can be controlled by crop rotation,
utilization of resistant varieties, and fungicide application (Fernando et al. 2007; Kutcher et al.
2011). The use of resistant varieties has been proven to be the most effective and
environmentally friendly strategy to control the disease (Raman et al. 2013; Li and McVetty
2013). However, field populations of L. maculans display a high evolutionary potential and
are able to overcome major resistance genes within a few years. For example, RIm1-carrying
varieties became ineffective in France only a few years after commercial release (Rouxel et al.
2003a), and LepR3 resistance was broken down in Australia within 3 years (Sprague et al.

20064, b; Van de Wouw et al. 2010).

Brassica species fight against the infection of L. maculans by activating a set of
defense pathways (Staal et al. 2006; Kaliff et al. 2007; Sasek, et al. 2012; Lowe et al. 2014).

Genetic studies identified that there are two types of resistance against L. maculans infection:

1



qualitative resistance (seedling resistance, major gene resistance) mediated by a single major
resistance (R) gene and quantitative resistance mediated by multiple minor genes (field
resistance, adult plant resistance, APR) (Pongam et al. 1998; Balesdent et al. 2001; Jestin et
al. 2011, 2015). The R gene mediated resistance follows the gene for gene concept proposed
by Flor (1971). In this theory, proteins encoded by R genes are able to recognize small
proteins encoded by Avr genes in the pathogen. A specific ‘R-Avr’ interaction generally can
result in hypersensitive response (HR) in the plant to restrict further invasion of the pathogen
(Flor 1971; Jones and Dang 2006). To date, at least 16 R genes and many quantitative trait
loci (QTLS) in Brassica species have been identified that confer resistance to L. maculans
infection (Raman et al. 2013). Although R gene mediated resistance can be very effective in
disease control, repeated use of a single R gene may result in resistance breakdown (Rouxel

et al. 2003; Sprague, et al. 2006; Van de Wouw, et al. 2010; Marcroft et al. 2012a).

While the knowledge on genetics of resistance against the disease is accumulating,
little is known about the R genes carried by Canadian canola varieties and advanced breeding
lines (Rimmer 2006; Kutcher et al. 2010a). Although many Canadian canola varieties were
labeled as resistant to blackleg, disease incidence of blackleg in canola fields have continued
to increase within the last ten years (Canadian plant disease survey,
http://phytopath.ca/publication/cpds; Fernando et al. unpublished). China, where only the less
aggressive L. biglobosa is present, is one of the major buyers of Canadian canola seeds.
However, due to the high risk of introducing L. maculans into China through blackleg
infected canola seeds, a transitional period of restriction in canola seeds importation from

countries where blackleg is present was announced by China in 2009 (Zhang et al. 2014). To

2


http://phytopath.ca/publication/cpds

better evaluate the risk of L. maculans introduction into China, it is important to understand
the presence of R genes in Chinese B. napus germplasm. Although earlier studies reported
some Chinese B. napus varieties were very susceptible to blackleg in field trials done in
England, however, these results were based on a small number of samples (Li et al. 2008;
Zhang et al. 2014), and the resistance to the Canadian population of L. maculans was
unknown. The high risk of introducing L. maculans into China requires a better
understanding of resistance genes in Chinese B. napus germplasm to be better prepared for

risk mitigation via the facilitatation of disease resistance breeding programs in China.

To achieve better and durable control of blackleg, it is important to understand
resistance genes in the host and defense mechanisms underlying the B. napus-L. maculans
pathosystem. In spite of some studies attempting to unravel defense mechanisms against L.
maculans in Arabidopsis and B. napus, our understanding in defense mechanisms in this
pathosystem is still at the early stages (Staal et al. 2006; Kaliff et al. 2007; Sasek, et al. 2012;
Lowe et al. 2014). Rapid development of next generation sequencing (NGS) technologies and
associated bioinformatics tools provide opportunities to use high-throughput sequencing

technologies to unravel host defense mechanisms at the transcriptomic level.
Therefore, the overall objectives of this study can be summarized as follows:

1. Characterize R genes and APR in a collection of Canadian B. napus germplasm and
seed samples collected from growers’ fields; identify avirulence allele frequency of
field L. maculans populations.

2. Characterize R genes and APR in a collection of Chinese B. napus germplasm.



3. Unravel key genes and regulatory pathways associated with disease resistance in the B.
napus-L. maculans pathosystem, and compare dynamics of defense mechanisms in

compatible and incompatible B. napus-L. maculans interactions.



2 LITERATURE REVIEW

2.1 Introduction

Brassica napus L. (oilseed rape, canola, rapeseed) is a major oilseed crop cultivated
worldwide. In 2015, the production of canola seeds in Canada was approximately 13.3
million tonnes (Statistics Canada, 2015). Canola is not only used as a source of edible
vegetable oil, but also applied for a broad range of industrial purposes (Hayward 2012).
Blackleg (stem canker), caused by the fungal pathogen, Leptosphaeria maculans, is one of
the most devastating diseases of canola (Fernando et al. 2007; Raman et al. 2013). This
disease can cause significant yield loss up to 80% depending on disease severity in the field
(Marcroft et al. 2004). In Canada, L. maculans was first identified in Saskatchewan in 1975
(McGee and Petrie 1978), and later in Manitoba, Alberta and British Columbia (Gugel and
Petrie 1992). Although cultural strategies such as crop rotation, fungicide application, and
tillage are adopted to control the disease, the most promising disease control strategy is the
utilization of resistant canola varieties (Fitt et al. 2006; Fernando et al. 2007; Raman et al.
2013). To facilitate the use of genetic resistance in disease control, it is important to identify
blackleg resistance genes in B. napus germplasm and unravel defense mechanisms underlying
the B. napus-L. maculans pathosystem. This literature review provides insights into the
research progress in understanding host resistance in B. napus, pathogen virulence in L.

maculans, and their interactions.



2.2 The host

2.2.1 Brassica species

The genus Brassica in the Brassicaceae family, containing 37 different species, is of great
economic importance in agriculture worldwide. Brassica species have undergone two
duplication events and two triplication events and resulted in a large number of duplicated
regions in the genome (Jenczewski et al. 2013; Fopa Fomeju et al.2015). Three basic
Brassica genomes, A (n=10), B (n=8), and C (n=9) have been considered to be partially
homologous based on genetic and gemonic studies (Chen et al. 2014). There are six
cultivated Brassica species: B. nigra (L.) Koch (n=8, BB genome), B. oleracea L. (n=9, CC
genome), B. rapa L. (n=10, AA genome), B. carinata (A.) Braun (n=17, BC genomes), B.
juncea (L.) Czern (n=18, AB genomes), and B. napus L. (n=19, AC genomes). The genetic

relationships of the six Brassica species were described by ‘the triangle of U’ (U 1935).

Brassicas are considered as ideal model species to elucidate the evolution of
polyploid plants, therefore their genome sequencing projects were of major interest to
scientists (Gaeta et al. 2007). The application of the high-throughput next-generation
sequencing (NGS) technologies and advanced bioinformatics tools enabled the completion of
genome sequences of many Brassicas, including B. rapa (Wang et al. 2011), B. oleracea (Liu
et al. 2014), and B. napus (Chalhoub et al. 2014). The availability of these genome sequences
provides new insights and opportunities for Brassica research. Moreover, rapid development
of NGS also facilitated sequence-based transcriptome analysis in B. napus to understand

mechanisms underlying developmental and defense processes (Lowe et al. 2014; Haddadi et



al. 2015; Sonash et al. 2016).

2.2.2 Brassica napus L./canola/rapeseed

During the past three decades, the cultivation and production of canola has grown rapidly and
canola has become the second most important oilseed crop, after soybean, with an annual
production of 53.3 million tonnes globally (FAO 2013, http://faostat.fao.org/). In Canada,

acreage of canola is the second largest in recent years (Statistics Canada, 2014).

Evolutionally, B. napus (2n=38, AACC) is a relatively new species (5,000-10,000
million years ago) that most likely originated from inter-specific hybridizations between B.
rapa (2n=20, AA) and B. oleracea (2n=18, CC) during medieval times (Gupta and Pratap
2007). Brassica napus is closely related to Arabidopsis thaliana, a well studied model species
thus allowing comparative genetic and genomic studies to unravel homoeologous regions
regulating important traits. Due to high concentration of two toxicants, erucic acid and
glucosinolates in traditional B. napus, oil extracted from these cultivars was not suitable for
human and animal consumption (Gupta and Pratap 2007). Therefore, intensive breeding
programs aimed for breeding high quality B. napus varieties with significantly lower erucic
acid and glucosinolates were initiated in the 1970s. This resulted in a milestone in B. napus
industry leading to the appearance of CanOLA (Canadian Oil Low Acid) during the 1970s
(Buzza 1995). Canola varieties must meet with the standard of low erucic acid (<2% in the
oil), and low in glucosinolates (<30 mg/g in the meal). The first canola variety, Tower,
developed by Canadian scientists from University of Manitoba was released in 1974. The

fatty acids profile in canola oil, i.e., high monosaturated fatty acids, low saturated fatty acids,
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and rich in omega-3 fatty acids, granted canola oil as a suitable vegetable oil for human

consumption (Stringam et al. 2003).

2.2.3 Major diseases of Brassica napus L.

During the whole life cycle of B. napus, there are many pathogenic organisms that can cause
diseases. According to the causal agents, diseases of B. napus can be categorized into four
groups: fungal disease, bacterial disease, viral disease, and phytoplasma-initiated disease (Li
and McVetty 2013). Most of the economically important diseases are caused by fungal
pathogens, except for clubroot and aster yellow which are caused by protist and phytoplasma,
respectively. Globally, major diseases of B. napus include sclerotinia stem rot (caused by
fungal pathogen Sclerotinia sclerotiorum), blackleg (caused by Leptosphaeria maculans and
L. biglobosa), clubroot (caused by the obligate protist Plasmodiophora brassicae), aster
yellows (caused by a pytoplasma), Fusarium wilt (caused by Fusarium avenaceum and F.
oxysporum), white rust (caused by the fungus Albuga candida), downey mildew (caused by
the fungus Peronspora parasitica), light leaf spot (caused by Pyrenopeziza brassica), and
Verticillium stripe (caused by Verticillium longisporum). Among these diseases, blackleg and
sclerotinia stem rot are the most economically important diseases in Canada, and clubroot and
Verticillium stripe are emerging diseases in Canada (Fernando et al. 2007; Gossen et al. 2015;
Peng et al. 2015). Currently, blackleg is the most severe disease of canola, causing more than

$ 900 million of economic losses per growing season worldwide (Fitt et al. 2008).



2.3 The pathogen

2.3.1 Taxonomy of Leptosphaeria maculans

The causal agent of blackleg was first discovered on dead cabbage stems and was classified

as Sphaeria lingam (Tode 1791). Later, the same fungal pathogen was found in living B.
oleraces and reclassified to the genus Phoma (Phoma lingam) (Desmaziere 1849). The sexual
stage of P. lingam was first reported in New Zealand and the pathogen was confirmed as L.
maculans (Desm.) Ces & De Not. (Punithalingam and Holliday 1972). Due to the
morphological similarity of a few distinct blackleg-causing species, the taxonomy associated
with L. maculans was confusing for a period of time (Howlett et al. 2001). In 1994, the
International Blackleg of Crucifers Network (ICBN) was established to address the

taxonomic problems. To date, L. maculans is considered as a hemibiotrophic fungal pathogen,
belonging to the kingdom Fungi, phylum Ascomycota, class Dothideomyctes, order
pleosporales, genus Leptosphaeria and species maculans. The sexual stage of the pathogen is
L. maculans (Desm) Ces. & de Not., and the asexual stage of the pathogen is P. lingam (Tode)

Desm (Kaczmarek and Jedryczka 2011).

Until 2001, strains of L. maculans were classified into two pathotypes: the highly
virulent, aggressive ‘A’ group strains that cause stem cankers on canola, and the
nonaggressive, weakly virulent, ‘B’ group strains that do not cause stem cankers on canola
(Williams and Fitt 1999). Later, ‘A’ pathotype isolates were divided into different
pathogenicity groups (PG) according to the differential B. napus varieties test, whereas ‘B’

pathotype isolates (PG1 group) were classified as another species, termed L. biglobosa



(Shoemaker and Brun 2001; Kuusk et al. 2002; Chen and Fernando 2006). ‘A’ pathotype
isolates were classified into PG2, PG3, PG4, and PGT based on their interaction phenotypes
on a few differential B. napus varieties, including Glacier (RIm2 and RIm3), Quinta (RIm1
and RIm3), and Westar (no resistance) (Koch et al. 1991; Balesdent et al. 2005). Interaction
phenotypes of PG3 isolates are: Westar (S), Glacier (S), Quinta (IR). Interaction phenotypes
of PG4 isolates are: Westar (S), Glacier (S), Quinta (S). Interaction phenotypes of PGT
isolates are: Westar (S), Glacier (IR), Quinta (S) (Mengistu et al. 1991). L. biglobosa and L.
maculans are closely related and may have evolved from a common ancestor

(Mendes-Pereira et al. 2003).

2.3.2 Host range of Leptosphaeria maculans

L. maculans has a broad host range within the Brassicaceae family, including cultivated
Brassica crops B. napus, B. rapa, B. juncea and B. oleracea, and many cruciferous species,
such as radish (Raphanus sativus) and white mustard (Sinapis alba) (Johnson and Lewis 1994;
Williams and Fitt 1999). Another member of the Brassicaceae family, Arabidopsis thaliana,

is either considered as a host or non-host to L. maculans depending on the Arabidopsis

genotypes used (Rouxel and Balesdent 2005; Jones and Dangl 2006).

2.3.3 Pathogenicity of Leptosphaeria maculans

Although a bank of characterized L. maculans mutants was developed by Agrobacterium
tumefaciens-mediated mutagenesis to analyse the role of pathogenicity genes, pathogenicity
mechanisms of L. maculans were largely unstudied (Howlett et al. 2004). Using a reverse

genetics approach, Idnurm and Howlett (2002) found isocitrate lyase encoded by an isocitrate
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lyase gene (icll) is essential for pathogenicity of L. maculans to canola. To date, a few
pathogenesis related genes have been functionally studied, mainly including the THIOL gene
(Elliott and Howlett 2006), the Ipa gene (Elliott and Howlett 2008), the Lmpmal gene (Remy
et al. 2008a), the Lmgpil5 gene (Remy et al. 2008b), the LmIFRD gene (van de Wouw et al.
2009b), Lmepi gene (Remy et al. 2009), and the LmSNF1 gene (Feng et al. 2014). In addition,
L. maculans is able to produce phytotoxins that are essential for virulence, with sirodesmin

PL being the well studied major phytotoxin (Rouxel et al.1988; Elliott et al. 2011).

2.3.4 Epidemiology of blackleg caused by Leptosphaeria maculans

The severity of blackleg has increased in recent years mainly due to the intensive cultivation
of canola, rapid evolution and adaptation of fungal populations, and improper use of
management practices. L. maculans has been recorded on crucifers since 1791, but the severe
damage to Brassica species was only recorded in the last four decades (Rouxel et al. 2005). L.
maculans is able to attack nearly all parts of the whole plant, including cotyledons, leaves,
stems, roots and pods (Gabrielson 1983). The pathogen causes both leaf lesions and stem
canker (West et al. 2001). Leaf lesions are dirty-whitish spots with fruiting bodies (pycnidia).
During infection, the pathogen generally first infects cotyledons or true leaves, and then
grows down towards the stem and the root, causing severe symptoms in the form of stem
canker at the adult plant stage (Huang et al. 2014; Appendix I, I1, I11). The fungus can survive
on infected stems or other parts of crop residues for several years and can produce both

sexual and asexual fruiting bodies (West et al. 2001).

Prior to the 1970s, only L. biglobosa was identified in Canada and blackleg was not a
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big concern in canola production. However, L. maculans was detected in Saskatchewan in the
1970s and further spread to other canola-growing regions in Canada by the late 1980s (Gugel
and Petrie 1992). Later, L. maculans spread throughout countries including USA, Mexico,
Brazil and Argentina (Fitt et al. 2006; Chen and Fernando 2006; Moreno-Rico et al. 2001;
Fernando and Parks 2003; Gaetan 2005). To date, these two species have been found coexist
in North America, Australia and Europe, whereas only L. biglobosa has been identified in
China (West and Fitt 2005; Fitt et al. 2006; Magyar et al. 2006; Karolewski et al. 2007;

Brazauskiene et al. 2011; Zhang et al. 2014).

L. maculans has both sexual and asexual stages on host plants and can either be
monocyclic or polycyclic according to the source of inoculum (Li et al. 2007a). The fungus
can remain on crop residues in the form of mycelium, pycnidia and pseudothecia (Li et al.
2007b). Sexual mating occurs between isolates with different mating type alleles and results
in the production of ascospores which can travel for long distances (West et al. 2001;
Marcroft et al. 2012b). Both ascospores and pycnidiospores can adhere to cotyledons or
young leaves, germinate and produce hyphae to penetrate through stomata and wounds (L.i et
al. 2004). The pathogen generally spreads from leaf lesions through the lamella and petiole,
and further colonizes either the upper parts or the crown (Li et al. 2008). Stem cankers can be
observed at the end of the growing season even if leaf lesions were not visible at earlier

growth stages.

The epidemiology of blackleg differs between continents and regions because of

differences in climate, growing season, cultivars and especially fungal populations (West et al.
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2001; Fitt et al. 2006). Under humid or wet conditions, both ascospores and conidia
(pycnidiospores) can infect leaves of new crops via stomatal spores and wounds (L.i et al.
2004). Although the incidence of seed infection by L. maculans and L. biglobosa is relatively
low, seed-borne inoculum is a major concern in transporting L. maculans into countries
where L. maculans has not been identified, such as China (Fitt et al. 2006; Zhang et al. 2014;
Van de wouw et al. 2015; Fernando et al. 2016). The most common primary inoculum of
Phoma stem canker is ascospores released from pseudothecia formed on residues of infected
plants (West et al. 2001). The period of ascospores release varies from region to region and
generally coincides with the emergence of young plants (Savage et al. 2013). In the case of
ascospores as the primary inoculum, the disease is considered as monocyclic. However, the
disease may be considered as polycyclic when pycnidiospores is the primary inoculum or

even the secondary inoculum (Li et al. 2007a).

Ascospores are released in June in western Canada (Kharbanda 1993; Guo and
Fernando 2005a), May in Australia (Khangura et al. 2001) and late September/early October
in western and central Europe (Huang et al. 2005). In Europe, ascospore showers are believed
to be the major inoculum (Fitt et al. 2006). In Australia, the major inoculum of blackleg is
ascospores, in combination with pycnidiospores (Barbetti 1975, 1976; Marcroft et al. 2004).
In western Canada, pycnidiospores is the major inoculum in infection and disease
development (Petri 1995; Guo and Fernando 2005; Ghanbarnia et al. 2011; Dilmaghani et al.
2011, 2013). Pycnidiospores are mainly dispersed by rain-splash and can only travel short
distances. Conidial inoculum of L. maculans is able to colonize stubble. Therefore,

pycnidiospores may have contributed greatly to increase the genetic diversity of the pathogen
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on individual stubble (West and Fitt 2005).

The timing of onset of seasonal release of ascospores is affected by many
environmental factors, and models to predict the date of ascospore release have been
developed by some researchers (Salam et al. 2007). During initial infection stage, the fungus
grows as a biotroph, and switches into a necrotrophic pathogen and produces pycnidia in
dead plant tissues (Rouxel and Balesdent 2005). After infection, the incubation period until
the formation of leaf lesions may differ under different environmental conditions (Biddulph
et al. 1999; Huang et al. 2001; Hadrami et al. 2010; Lob et al. 2013). L. maculans then spread
from infected leaves through petiole to produce lesions on stems. The fungus can invade and
kill cells of the cortex and form a blackened canker that may girdle the base of the stem.
There is a symptomless growth stage of the fungus between initial leaf infection and the
formation of stem cankers (Pilet et al. 1998; Delourme et al. 2006; Huang et al. 2014). The
symptomless stage can be divided into two parts; one is in leaf petioles before the pathogen
reaches the stem, and the other one is in stem tissues before the appearance of stem canker
symptoms (West et al. 1999; Fitt et al. 2006). The term phoma stem canker was used to
describe all symptoms on stems, including phoma stem lesions, crown canker and blackleg.
Phoma stem canker may lead to premature ripening of the pods, and even cause lodging and
plant death (West et al. 2001). After harvest, the infected plant residues remain in the field
and will be supplied as inoculum for the following season. The detailed life cycle of L.

maculans in western Canada is described in Fig. 2.1.
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Life cycle of Leptosphaeria maculans on canola in Canada
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Fig. 2.1 Life cycle of Leptosphaeria maculans in western Canada.

2.3.5 Genomics of Leptosphaeria maculans

In 2004, the Leptosphaeria Genome Consortium was established and the 45-Mb genome of L.
maculans ‘brassicae’ (Lmb) was published in 2011 (Rouxel et al. 2011,
http://www.genoscope.cns.fr). The genome of L. maculans is organized with gene abundant
GC-rich and gene poor AT-rich blocks. The AT-rich regions contain many class | long
terminal repeat (LTR) retrotransposons and house 3.5% of the total genes found within the
genome. About 20% of these genes encode small secreted proteins, including fungal effectors
such as avirulence genes. The degenerated transposable elements (TEs) that surround the

avirulence genes results in the loss or inactivation of avirulence genes caused by repeat-point
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mutation during sexual reproduction.The genome of L. maculans is predicted to encode
10,000 to 13,000 genes within 16 chromosomes, and TEs account for 33% of the genome
(Rouxel et al. 2011). The base composition (GC) of Lmb genome was relatively
homogeneous locally, but variation was present over scales of hundreds of Kbs to Mbs. This
variation in base composition, or the so called ‘isochore’ is a remarkable genomic structure of
mammalian chromosomes that affects both coding and non-coding regions of the genome
(Eyre-walker and Hurst, 2001). TEs associated with pathogenicity also likely contribute to
the evolution of fungal virulence by promoting the translocations of effector genes to highly
unstable regions. High percentage of TEs along with RIP mutation in Lmb genome generates
large AT-rich regions, termed AT-isochores (Grandaubert et al. 2014). About 36% of Lmb
genome is covered by AT-isochores, enriched in genes encoding effectors and gene clusters
involved in the biosynthesis of secondary metabolites. The formation of large AT-isochores is
in favour of the adaptation of the pathogenicity determinants to new plant resistance genes.
The plasticity of L. maculans genome appears to be the basis of evolutionary potential of L.

maculans that results in the rapid breakdown of resistance genes (Van de Wouw et al. 2010).

Two interesting observations within the L. maculans genome are chromosomal length
polymorphisms and RIP mutations (Rouxel et al. 2011). Sexual crossing of L. maculans can
be achieved in vitro, and genetic studies of L. maculans can be pursued. Since L. maculans
isolates have different-sized chromosomes, progenies can have chromosomes in different
length compared with the parental isolates. This was postulated to be due to different amounts
of repetitive DNA homologs and unequal paring during meiosis (Plummer and Howlett 1993,

1995). Higher frequency of RIP mutations was shown to commonly occurr in the resulting
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progenies of L. maculans isolates (Idnurm and Howlett 2003). Such active RIP is considered
as a genome defense strategy that hypermutates repetitive DNA and therefore limits the

accumulation and movement of these repetitive DNA sequences (Idnurm and Howlett 2003).

To better understand the genome structure of the L. maculans species complex,
genomes of L. biglobosa “brassicae”, L. biglobosa “thlaspi”, L. biglobosa “Canadensis”, L.
biglobosa “lepidii”, and L. maculans “brassicae” were sequenced (Grandaubert et al. 2014).
Genomes of these species all encode similar numbers of small secreted proteins, which
include putative effectors. Unlike L. maculans genome, the genomes of these L. biglobosa
species are more compact (30-32 Mb), with lower proportion of TEs (less than 4% of the
genome) mainly at the chromosome ends. These TEs contain both class | and class 1l type
transposons (DNA transposons). High amounts of repetitive DNA (33%) and an isochore
structure appeared to be unique to L. maculans “brassicae”. These unique characteristics of L.
maculans genome structure correlate with the rapid evolution of the L. maculans populations
and its ability to cause severe blackleg epidemics in canola growing regions (Grandaubert et

al. 2014).

2.3.6 Population variations of Leptosphaeria maculans

High levels of genetic variation have been found in L. maculans field populations in Australia
(Barrins et al. 2002, 2004), Canada (Mahuku et al. 1997; Chen and Fernando 2006;
Dilmaghani et al. 2009; Kutcher et al. 1993, 2007, 2010b; Liban et al. 2016) and Europe
(Gout et al. 2006). All isolates collected from Manitoba and Saskatchewan in 1991 belonged

to PG2 group (Kutcher et al. 1993). PG2 isolates remained the most common isolates found
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in western Canada until the year 2000, but new PGT isolates were identified in isolates
collected between 1998 and 2000, and a new PG3 isolate was detected in Manitoba in 1999
(Fernando and Chen 2003; Rimmer 2006; Chen and Fernando, 2006). Later, PG4 isolates
were isolated in North Dakota, USA (Bradley et al. 2005). This phenomenon of PG groups
change in western Canada was unusual. Theoretically, isolates of all four PG groups were
expected to be present in western Canada if sexual recombination happened between PGT
and PG3 isolates. This highlighted the fact that sexual recombination may not be common in
Canadian L. maculans populations and ascospores may not be the major inoculum in blackleg

epidemics each year (Guo and Fernando 2005a; Ghanbarnia et al. 2011).

To better address population variation of L. maculans, a new term, race structure was
introduced by Balesdent et al. (2005) to describe population structures of L. maculans
populations. Avirulence allele analysis in field L. maculans populations can provide
information to guide proper use of resistance sources. For example, blackleg disease surveys
in Europe (Balesdent et al. 2006; Stachowiak et al. 2006) and western Canada (Kutcher et al.
2010b; Liban et al 2016; Fernando et al. unpublished) demonstrated race structures of L.
maculans and provided guidance in utilization of resistance genes. Population structure
analysis of L. maculans in western Canada demonstrated high frequency of a few avirulence
genes such as AvrLm4, AvrLm6 and AvrLm7 (Kutcher et al. 2010b). Therefore, continuous
monitoring of local fungal populations is essential for the deployment of effective resistance

genes (Liban et al. 2016).
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2.3.7 Disease management

As large number of ascospores can be released from infected stems and contribute to an
increase in subsequent blackleg disease severity (Wherrett et al. 2004), the integration of
genetic resistance and cultural strategies such as tillage, fungicide application, and crop
rotation are able to affect the concentration of ascospores (West and Fitt 2005; Aubertot et al.
2006; Fernando et al. 2007). In western Canada, the combination of appropriate rotation and
tillage were proven to reduce the amount of airborne inoculum and the infection level (Guo et
al. 2005, 2008). However, the most important approach to control blackleg is through genetic
breeding and using resistant canola varieties (Rimmer 2006; Fernando et al. 2007; Kutcher et
al. 2011, 2013). The durability and long-term effectiveness of resistance genes in resistant
varieties are affected by the biology of the pathogen and its potential to undergo mutation and

recombination of the avirulence genes (Kutcher et al. 2011; Howlett et al. 2015).

In spite of the effectiveness of resistance genes in disease control, rapid breakdown of
blackleg resistance in commercial crops due to the increase in the frequency of the virulent
isolates has been reported. In France, RIm1 resistance was overcome within 5 years of release
of RIm1-carrying varieties (1996-1999) (Rouxel et al. 2003). Similarly, in Australia,
“sylvestris” resistance (RIm1 and LepR3) was broken down in three years after commercial
release in the Eyre Peninsula area (Sprague et al. 2006a, b). This is not unusual as there is a
typical boom and bust plant pathogen cycle in blackleg resistance under field conditions
(Rouxel et al. 2003; Brun et al. 2010; Delourme et al. 2014). With new resistance introduced,

the phenomenon that well-performing varieties are grown extensively in the following years
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is described as the boom phase of the cycle. Changes in the pathogen population occurred
under selection pressure and the frequency of the virulent isolates increased, resulting in the
increase in disease severity, or even breakdown of the resistance. The bust cycle then comes
when the variety was not grown in the field, and the frequency of the virulent isolates
decrease over time (Delourme et al. 2014; Brun et al. 2010). The breakdown of “sylvestris”
resistance in the Eyre Peninsula in 2003 resulted in the withdrawal of these cultivars from
cultivation. By 2006, the frequency of virulent L. maculans isolates declined on trial sites in
the Eyre Peninsula, where the variety was maintained (Sprague et al. 2006a, b; Van de wouw

et al. 2014b).

Pyramiding of multiple resistance genes in a single cultivar is not a cost-effective
strategy in the control of blackleg, as this strategy results in direct selection towards all
corresponding avirulence genes (Fitt et al. 2006). Furthermore, when dealing with fungal
populations with sexual recombination, multiple resistance genes pyramided in a single
cultivar may lose their effectiveness rapidly (McDonald and Linde 2002; Fitt et al. 2006).
Rotations of cultivars with different components of resistance genes have become evidently
effective, but it requires the identification of resistance genes in commercial canola cultivars
(Marcroft et al. 2012b). The combination of qualitative resistance and quantitative resistance
to L. maculans in canola variety is able to improve the durability of blackleg resistance (Brun

et al. 2010; Marcroft et al. 2012b; Delourme et al. 2014).

L. maculans can reside in infected stubbles in the field or infected seeds (Bailey et al.

2003; Van de Wouw et al. 2015; Fernando et al. 2016). Destruction of blackleg-infested
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stubbles by tillage has been recommended. A paddy rice crop following winter canola in
some canola growing regions of China has been proven to be able to minimize the impact of
inoculum in stubble (Peluola et al. 2013). In Australia, new canola crops are recommended to
be grown at least 500 meters from previous year’s canola stubble (Marcroft et al. 2003). In
western Canada, blackleg resistant canola varieties were first released in the 1990s and more
resistant varieties were released in recent years (Kutcher at al. 2010a). Although resistance
genes in these resistant canola varieties were not publicly known, blackleg was well
controlled by using resistant varieties. Initially, a 4-year rotation of canola with other crops
was the standard recommendation in western Canada (Rimmer et al. 2003; Kutcher et al.
2014). However, more frequent rotations were adopted by growers, and therefore, 3-year
rotation was suggested to be sustainable (Cathcart et al. 2006). In recent years, due to the
economic return of canola, many growers adopted two-year rotation or even grew canola in
successive years (Backie et al. 2011; Marcroft et al. 2012b; Kutcher et al. 2014). To achieve a
more effective blackleg management strategy, rotations of canola with other crops every four
years seem to be a practical rotation strategy for western Canada canola growers (Kutcher et

al. 2014).

Fungicide applications have been proven to be of limited value to maintain canola
yield (Huang et al. 2011; Liu et al. 2014). A few studies have investigated the effect of
fungicide on L. maculans and L. biglobosa, and most of these studies revealed that L.
maculans was more sensitive to fungicides than L. biglobosa (Karolewski et al. 1998;
Cavelier et al. 1999; Griffiths et al. 2003; Eckert et al. 2009; Huang et al. 2011). Among

different L. maculans isolates, variations in sensitivity to Qol fungicides (fungicides with the
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action mode of Quinone outside inhibitor) were observed (Liu 2014).The timing of fungicide
application is crucial in blackleg control as the fungicides are not able to control the disease
once the pathogen has reached the stem (Gladders et al. 1998; Steed et al. 2007; Peng et al.
2012; Liu 2014). Although foliar fungicides have been shown to reduce disease severity and
increase Yyield in blackleg susceptible canola varieties (Kutcher et al. 2008), there is no
economic benefit of using fungicide in resistant canola varieties (Bailey et al. 2000; Liu

2014).

Wind-dispersed ascospores that can travel for long distances are the major source of
inoculum in Australia, whereas pycnidiospores (asexual) are the major source of inoculum in
western Canada (Guo and Fernando 2005; Fernando et al. 2007; Ghanbarnia et al. 2011).
Therefore, in western Canada, the distance between canola fields was recommended at least
50 to 100 meters to reduce the impact of inoculum movement (Guo and Fernando 2005).
However, the recommended distance is more than 400 meters as canola plants grown within

400 m are in higher risk of infection than that of more than 400 m (Marcroft et al. 2004).

2.4 Host-pathogen interactions

2.4.1 Host resistance genes and disease resistance breeding

In B. napus, there are two types of resistance against blackleg, qualitative resistance (R gene,
major gene) mediated by single major genes and quantitative resistance (adult plant resistance,
APR) controlled by multiple genetic factors (QTLs) (Rimmer 2006; Raman et al. 2013). R
gene mediated resistance is qualitative, race specific and generally expressed at seedling

stage (Delourme et al. 2006; Elliott et al. 2016). R gene resistance is effective and can prevent
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the spread of initial infection from spread to the whole plant (Johnson and Lewis 1994;
Raman et al. 2013). Quantitative resistance is considered as non-race specific mediated by
multiple QTLs (Delourme et al. 2006; Jestin et al. 2011, 2015). However, in some cases,
adult plant resistance seems to be isolate-specific (Marcroft et al. 2012a). The effectiveness of
quantitative resistance is affected by environmental conditions (Huang et al. 2014, 2016).
Resistance of B. napus to L. maculans is evaluated based on disease severity under both
controlled and field conditions (Marcroft et al. 2012a, b). The characterization of major gene
resistance is performed under controlled condition using cotyledon inoculation test.
Resistance to L. maculans has been identified in some wild Brassica species, such as B. rapa
subsp. sylvestris (L.) Janchen, B. oxyrrhina Coss, and B. insularis Moris (Mithen et al. 1987,
Salisbury 1989). Resistance from B. rapa subsp. sylvestris has been successfully introgressed
into B. napus and was subsequently incorporated into an Australian cultivar ‘Surpass 400’
and other cultivars. A. thaliana is another source of resistance to blackleg. Adult-leaf
resistance from A. thaliana has been transferred into B. napus by asymmetric somatic hybrids
(Bohman et al. 2002). In Canada, blackleg resistant canola varieties were released in the

1990s and have been performing well for a period of time (Kutcher et al. 2010a).

Major gene resistance has been introgressed into B. napus from other Brassica species
(Li and Cowling 2003). To date, there are at least 18 well studied major blackleg resistance
(R) genes in Brassica species (Table 2.1): RIm1, RIm2, RIm3, RIm4, RIm7 and RIm9 from B.
napus; RIm5 and RIm6 from B. juncea; RIm10 from B. nigra; LepR1, LepR2, LepR3, LepR4
and RImS from re-synthesized B. rapa subsp. sylvestris; RIm8 and RIm11 from B. rapa; and

BLMR1 and BLMR2 from Surpass 400 (Raman et al. 2013). Most of the R genes are located
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on chromosome A7 and A10 (Raman et al. 2013). Only two R genes, LepR3 that interacts
with AvrLm1 and RIm2 that confers resistance to AvrLm2, have been cloned so far (Larkan et
al. 2013, 2015). LepR3 and RIm2 are two allelic variants located on the LepR3/RIm2 blackleg
resistance locus encoding alternate forms of the same Leucine-rich repeat receptor-like

protein (LRR-RLP) (Larkan et al. 2013, 2015).

It has been considered that complete resistance to L. maculans is present in all B
genome Brassica species (Rimmer and van den Berg 1992). However, Keri et al. (1997) and
Fernando et al. (unpublished) identified some B. juncea varieties that were susceptible to L.
maculans, indicating that complete resistance in B genome is not completely correct. Most of
the identified R genes are located on A genome, with a few on B genome and none on C
genome. By using a set of L. maculans isolates with known Avr gene profile, R genes in B.
napus can be identified (Williams and Delwiche 1979; Balesdent et al. 2002; Marcroft et al.
2012a). For example, RIm1 was identified in Quinta (Ansan-Melayah et al. 1998), RIm4 in Jet

Neuf (Basesdent et al. 2001), and RIm9 in Darmor (Delourme et al. 2004).
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Table 2.1 R genes conferring blackleg resistance in Brassica species.

. Chromos
R gene Originated from References Note
ome
RIm1l B. napus A7 Ferreria et al. 1995
RIm3 B. napus A7 Ansan Melayah et al. 1998 R
ene
RIm4 B. napus A7 Zhu and Rimmer, 2003 Ig ‘
cluster
RIm7 B. napus A7 Rimmer 2006
RIm9 B. napus A7 Delourme et al. 2006
BLMR1 B. napus Al10 Long et al. 2011
BLMR2/R Van de Wouw et al. 2009; Long et al. 2011; Larkan et
B. napus Al10 .
ImS al. unpublished
B. rapa
LepR1 . A2 Yu et al. 2005
ssp.sylvestris
B. rapa
LepR2 . Al10 Yu et al. 2007
ssp.sylvestris
B. rapa ;
LepR3 . Al10 Larkan et al. 2013 Allelic
ssp.sylvestris .
variants
RIm2 B. napus Al0 Mayerhofer et al. 1997, Larkan et al. 2015
B. rapa
LepR4 . A6 Yu et al. 2008
ssp.sylvestris
RIm8 B. rapa - Balesdent et al. 2002
RIm11 B. rapa - Balesdent et al. 2013
RIm5 B. juncea - Chévre et al. 1997
RIm6 B. juncea B8 Balesdent et al. 2002
RIm10 B. nigra B4 Chévre et al. 1996; Eber et al. 2011
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Quantitative resistance evaluation is generally performed under field conditions (Li et
al. 2008; Huang et al. 2016). Inoculum is provided in the forms of spraying fungal spore
suspension or spreading infected stubbles. Both disease severity and disease incidence are
used to evaluate disease resistance against L. maculans infection (Marcroft et al. 2012b).
However, field evaluation is affected by many environmental factors and there are genotye by
environment (GXE) interactions (Huang et al. 2016). Jestin et al. (2015) adopted a multi-cross
connected design using a few populations derived from four resistant lines and one
susceptible line. Using this strategy, they identified population-common and
population-specific QTLs. Association mapping approach has been adopted to confirm the
markers located with QTLs in Darmor (Jestin et al. 2011). The combination of quantitative
resistance and qualitative resistance can maximize the durability of resistance (Brun et al.
2010; Marcroft et al. 2012b). Compared with single RIm6 resistance, the combination of
RIm6 resistance with quantitative resistance was shown to provide 4-year-long effective
control of blackleg (Brun et al. 2010). Moreover, the disease severity remained at lower level
even after the major gene had been overcome by the fungal populations (Delourme et al.

2014).

Quantitative resistance is associated with reduced disease susceptibility controlled by
a set of ‘minor’genes that produce resistance matabolites and proteins (Kushalappa et al.
2016). In spite of efforts in dissecting genetics and genomics of quantitative resistance, the
mechanisms underlying quantitative resistance are still poorly understood. A few
pathosystems such as wheat-Puccinia triticina, Arabidopsis-Botrytis have been used to

explore quantitative resistance underlying the host immune system (Niks et al. 2015; Corwin
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et al. 2016). Thousands of genes associated with a wide variety of cellular processes
including hormone signaling and reactive oxygen signaling were activated in the
Arabidopsis-Botrytis pathosystem (Corwin et al. 2016). Although quantitative resistance is
generally considered as non-race-specific, race-specific quantitative resistance has been
reported in some pathosystems. These include rice blast, leaft rust and leaf stripe in barley,
black stem in sunflower, and rose blackrot (Poland et al. 2009). In addition, quantitative
resistance may have a qualitative inheritance and vice versa (Niks et al. 2015). Molecular
mechanisms of adult plant resistance in the B. napus-L. maculans pathosystem is generally

unknown.

2.4.2 Pathogen avirulence genes

Avirulence genes as well as other effectors are usually located in AT-rich gene-poor regions
of the genome (Rouxel et al. 2011). These regions comprise repetitive DNA derived from TEs
and therefore provide an unstable genomic environment that promotes the gain and loss of
avirulence and other effector genes (Soyer et al. 2014). The availability of reference genome
facilitated the identification of candidate avirulence genes, and to validate the interaction
between Avr genes and R genes (Selin et al. 2016). To date, at least seven avirulence (Avr)
genes have been cloned: AvrLm1 (Gout et al. 2006), AvrLm2 (Ghanbarnia et al. 2014),
AvrLm3 (Plissonneau et al. 2016), AvrLm5/AvrLmJ1 (Van de Wouw et al. 2014a; Balesdent
and Howlett unpublished data), AvrLm4-7 (Parlange et al. 2009), AvrLm6 (Fudal et al. 2007),
and AvrLm11 (Balesdent et al. 2013). AvrLm1 is located in a recombination-deficient,

transposon-rich region, and linked with AvrLm6 and five other avirulence genes (Gout et al.
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2006; Parlange et al. 2009). Four cloned Avr genes, AvrLm1, AvrLm6, AvrLm4-7 and
AvrLm11 encode small secreted proteins (Gout et al. 2006; Fudal et al. 2007; Parlange et al.
2009; Balesdent et al. 2013). The other three cloned Avr genes, AvrLm2, AvrLmJ1, and
AvrLm3 encode small cysteine-rich secreted protein (Ghanbarnia et al. 2014; Van de Wouw et
al. 2014a; Plissonneau et al. 2016). It is quite interesting to notice that although LepR3 and
RIm2 are two allelic variants, their corresponding Avr genes AvrLm1 and AvrLm2 are not

allelic variants and encode different proteins.

Polymorphisms of AvrLm1 in L. maculans isolates collected before and after the
breakdown of ‘sylvestris’ resistance in Australia demonstrated deletions, amino acid
substitutions, and RIP mutations (Van de Wouw et al. 2010). The AvrLm6 gene was adjacent
to a single-copy non-coding sequence at the 3’ end. This gene had six different RIP alleles
conferring virulence. During the breakdown of ‘sylvestris’ resistance, there was an eightfold
increase in isolates lacking AvrLm1, where no RIP was identified. Surprisingly, although
varieties with RIm6 were not grown in that region, the frequency of isolates lacking AvrLm6
increased six fold. These findings strongly suggest that selection of one avirulence gene
affects other linked avirulence genes and could potentially lead to a selective sweep (Barton
et al. 2013). Therefore, widespread use of one R gene could lead to the breakdown of other R
genes (Rouxel et al. 2003; Sprague et al. 2006a, b; Zhang et al. 2016). Some known L.
maculans Avr genes are organized in the form of a gene cluster: the AvrLm1-AvrLm2-Avrim6
cluster, and the AvrLm3-AvrLm4-AvrLm7 cluster (Balesdent et al. 2002). This suggests the
possible relationship between an Avr gene cluster in L. maculans and the counterpart R gene

cluster in B. napus (Delourme et al. 2004).
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2.4.3 Molecular interactions between Arabidopsis thaliana and L. maculans

Success in disease resistance breeding relies on a solid understanding of the genetic basis of
resistance and defense mechanisms in the host plant. Using A. thaliana as a model system to
study defense mechanisms against L. maculans infection has many advantages. For example,
Arabidopsis lines can be used to screen for pathogenicity of L. maculans transformants
(Elliott et al. 2008). Resistance in Arabidopsis against L. maculans isolates is believed to be
controlled by a dominant R gene encoding a nucleotide binding site-leucine-rich repeat
(NBS-LRR) (Staal et al. 2006, 2008). At least three genes in Arabidopsis have been identified
so far: AtRIm1, AtRIm2, and AtRIm3 (Staal et al, 2006, 2008). As a model plant, Arabidopsis,
a non-host of L. maculans, has been used to unravel defense mechanisms against L. maculans
infection (Bohman et al. 2004). Although defense mechanisms in Arabidopsis and B. napus
may differ, studies in A. thaliana-L. maculans pathosystem provide insights in the B. napus-L.
maculans pathosystem. The defense responses induced by RLM1 were proven to be
associated with physical barriers and complex cross-talk among hormone signaling pathways
including salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) (Staal et al, 2006, 2008).
Major gene-mediated resistance in Arabidopsis against L. maculans was shown to be
dependent on callose deposition promoted by abscisic acid (ABA) through the repression of
PR2 (Oide et al. 2013). The fungus can infect the plants and form pycnidia when the single
Toll interleukin-1 receptor-nucleotide binding-leucine-rich repeat R gene was lost (Staal et al.
2006). Oxidative burst and ABA contributed to resistance in Arabidopsis to L. maculans
(Jindrichova et al. 2011; Oide et al. 2013). ABA has also proven to be involved in L.

maculans resistance in Arabidopsis (Kaliff et al. 2007). Although multiple defense pathways
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restricting the growth and infection of L. maculans on A. thaliana has been studied, the roles

of these pathways in B. napus are still uncertain.

2.4.4 Molecular interactions between B. napus and L. maculans

Plants have evolved to defend themselves from attack by a wide range of pathogens. After
pathogen attack, receptor proteins called pattern recognition receptors (PRRs) are stimulated
upon recognition of conserved microbial elicitors, known as pathogen-associated molecular
patterns (PAMPS) (Boller and Felix 2009; Dodds and Rathjen 2010; Denancé et al. 2013).
The interaction of PRRs and PAMPs leads to the first class of plant immunity,
PAMP-triggered immunity (PTI) (Jones and Dangl 2006; Bigeard et al. 2015). The second
class of perception is the recognition of pathogen avirulence molecules called effectors by
intracellular receptors; this recognition leads to effector-triggered immunity (ETI) (Dangl et
al. 2013). Compared with the conservation of PAMPs, effectors are variable and dispensable
(Dodds and Rathjen 2010). Generally, PTI is effective against non-adapted pathogens, and
this type of resistance is called non-host resistance, whereas ETI is active against adapted
pathogens leading to a rapid localized cell death called hypersensitive response (HR) (Tsuda

and Katagiri 2010).

Compared to other intensive studies on host resistance and fungal avirulence genes,
resistance mechanisms underlying the B. napus-L. maculans pathosystem is largely
unresolved. For qualitative resistance, the interaction between B. napus and L. maculans
follows the gene-for-gene concept (Flor 1971; Ansan-Melayah et al. 1998). This concept

states that for each resistance gene in the host, there is a corresponding specific avirulence
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gene in the pathogen. Gene for gene interaction involved the direct or indirect recognition of
pathogen effectors by the proteins encoded by the corresponding R genes (Flor 1971).
Generally, most R genes encode proteins with NBS-LRR proteins (Marone et al. 2013). The
successful interaction between R protein and the corresponding Avr effectors will lead to the
induction of signaling pathways and downstream defense responses (Dangl et al. 2013). The
mechanism and genetic factors involved in quantitative resistance against blackleg appears to
be more complicated and largely unknown. Some R gene-mediated host resistance in B.
napus has been recently considered as an example of effector-triggered defense (ETD) as
proposed by Stotz et al. (2014). Unlike ETI, effectors of the apoplastic pathogens are
recognized by R proteins on the cell surface during ETD. R genes involved in ETD encode
cell surface-localized receptor-like proteins (RLPS) that contain the receptor like kinase

SOBIR1 (Stotz et al. 2014).

The gene for gene interaction involves in direct or indirect recognition of pathogen
effectors (A = avirulence genes) by the R protein are encoded by the R gene (Fig. 2.2). Many
of the cloned R genes of plant species encode NBS-LRR proteins (Bent 1996). The response
of B. napus after L. maculans infection include HR, callose, lignin, and phytoalexin
production (Howlett et al. 2001). Early molecular studies demonstrated the complexity of
host responses against L. maculans infection (Fristensky et al. 1999). During L. maculans
infection, several cell-wall-degrading enzymes are activated (Hassan et al. 1991). In B. napus,
more callose deposition was observed in compatible interaction (RIm1-avrLm1l), whereas
enhanced callose deposition was observed in incompatible interaction in Arabidopsis (Staal et

al. 2006). In the B. napus-L. maculans pathosystem, JA, ET and SA signaling pathways were
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activated during the host-incompatible interaction (Sasek et al. 2012). RIm1 mediated
resistance in B. napus involved in the increase in biosynthesis of SA and induced the
expression of SA-associated genes, such as PR-1, ICS1, and WRKY70 (Sasek, et al. 2012).
The induction of ET signaling related genes, HEL, CHI, and ASC2a were also observed

(Sasek, et al. 2012).

, Pathogen AvrLm2 avrLm2
genotype

Host , Avirulent Virulent
genotype

RIm2

Resistant

rim2
Susceptible S

Fig. 2.2 Gene for gene interaction between R genes and Avr genes in the B. napus-L.
maculans pathosystem. Resistant reaction only resulted from the recognition of Avr gene by
the protein of the corresponding R gene.

With an increase in understanding both R genes and Avr genes, a set of differential
interactions between Brassica species and L. maculans isolates were adopted to predict R
genes in the host and Avr genes in the pathogen (Williams and Delwiche 1979, Balesdenr et
al. 2002), such as the interaction between RIm1/LepR3 and AvrLm1 (Larkan et al. 2013), and

the interaction between RIm2 and AvrLm2 (Larkan et al. 2014).
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2.5 RNA sequencing

2.5.1 The development of sequencing technology

In 1977, DNA sequencing technologies based on chain-termination method (Sanger
sequencing) and chemical modification method were developed by Frederick Sanger and
Walter Gilbert, respectively (Brautigam and Gowik 2010). Sanger sequencing was widely
applied and later considered as the “first generation sequencing” because of its low
radioactivity and high efficiency (Liu et al. 2012). Since DNA sequencing at that time
required radioactive materials and was laborious, a more accurate and faster sequencing
platform was in high demand. In 1987, the first automatic sequencing machine (AB370)
adopting capillary electrophoresis and Sanger sequencing was introduced by Applied
Biosystems. The completion of the human genome project in 2001 largely stimulated the
development of more powerful sequencing technologies. In 2005, the 454 system was
launched (http://my454.com/products/technology.asp). In 2006, the Genome Analyzer was
released by Solexa (purchased by Illumina in 2007) and Sequencing by Oligo Ligation
Detection (SOLiD) was launched by Agencourt (purchased by Applied Biosystems in 2006).
These are the three typical massively parallel sequencing systems that were referred to as

“second-generation sequencing” (Liu et al. 2012; Egan et al. 2012; Mardis 2013).

The Roche 454 system uses pyrosequencing technology that relies on the detection of
pyrophosphate released during nucleotide incorporation (Liu et al. 2012; Frese et al. 2013).
The AB SOL.ID system uses the technology of two-base sequencing centered on ligation

sequencing. The Illumina GA/HiSeq system adopts the technology of sequencing by
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synthesis (SBS) (Mardis 2008). The Roche 454 system has advantages including long read
length and rapid in terms of sequencing, with disadvantages such as error rate with poly base
more than 6, low throughput and high cost. Compared with Roche 454 system, both Illumina
and SOL.iD generate shorter reads and much higher output data per run (Varshney et al. 2009;
Liu et al. 2012; Egan et al. 2012). NGS technologies are able to produce huge amounts of
DNA sequences at a much lower cost in a high-throughput manner (Wall et al. 2009). To date,
NGS has been successfully applied in studying genomes and transcriptomes of a broad range

of species (Brautigam and Gowik 2010; Frese et al. 2013).

The technology evolution in NGS affords new opportunities to answer biological
questions in a genome- or transcriptome- wide manner. How to manage the ever-growing
amount of NGS data, and extract biological knowledge from these data, however, poses
unprecedented challenges to research scientists. Processing NGS data requires intensive
computation and the development of new software tools. In spite of efforts in developing new
tools for NGS data analysis, the barrier of using these tools remains to be resolved since most
tools are only compatible with Unix (or Linux) environment. Prior to NGS data analysis,
biologists or students without bioinformatics background had to acquire a broad range of
skills including familiarity with Unix/Linux, basic knowledge of programming languages in
R and Perl, basic knowledge of key concepts in computational biology and biostatstics, and
basic understanding of a relational database and computer software (Wang 2016).The
development of some user-friendly systems or projects, such as Galaxy (Goecks et al. 2010)

and Bioconductor (www.bioconductor.org) based on R (www.r-project.org) enables scientists

to analyse NGS data with less training in bioinformatics.
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2.5.2 The application of RNA sequencing in host-pathogen interactions

Transcriptomics mainly aimed to analyze all species of transcripts (MRNAs, small RNAs and
non-coding RNAS); to quantify gene expression levels of transcripts (mainly mRNAS); and to
reveal transcriptional structures (5’ and 3’ ends, splicing patterns, and post-transcriptional
modifications) of genes (Wang et al. 2009). Technologies applied in transcriptome analysis
mainly include hybridization-based and sequencing-based approaches. Microarray is a
hybridization-based approach that has been the most popular approach for transcriptomic
analysis particularly for model organisms with high-quality gene annotation data since the
invention of this technology in the 1990s (Marguerat et al. 2008). However, there are several
limitations when using microarray, mainly including high background levels caused by
cross-hybridization; reliance upon existing knowledge about genome sequence; lack of
reproducibility; and a limited dynamic range in detection due to background and saturation of
signals (Guarnaccia et al. 2014). Tag-based sequencing approaches were developed to
overcome these limitations in microarray. These approaches included massively parallel
signature sequencing (MPSS) (Brenner et al. 2000; Reinartz et al. 2002), serial analysis of
gene expression (SAGE) (Velculescu et al. 1995; Harbers and Carninci 2005), and cap
analysis of gene expression (CAGE) (Kodzius et al. 2006; Shiraki et al. 2003). Although
these approaches are of high throughput and can quantify gene expression levels, they have
significant disadvantages, including reliability on expensive Sanger sequencing, limitation in
the number of transcripts analyzed and mapping bias of these short tags. RNA sequencing
(RNA-Seq) overcome limitations in microarray and has shown great potential to replace

microarray in gemone-wide transcriptome analysis. RNA-Seq is a sequencing-based
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technology that allows a user to survey the entire transcriptome of any eukaryote in a
high-throughput manner. RNA-seq has a wider dynamic range, more accurate estimation of
gene expression levels, and higher technical reproducibility (Marioni et al. 2008; Fu et al.

2009).

RNA-seq is a recently developed technology based on NGS technologies. In general,
cDNA libraries constructed from RNA samples are sequenced in a high-efficient manner
within high-throughput sequencing platforms (Holt and Jones 2008). This technology can not
only perform whole transriptomic analysis, reveal RNA sequence variations, but also
characterize alternative splicing patterns. Theoretically, any high-throughput sequencing
technology can be applied in RNA-Seq, and some pioneering studies have been performed on
Illumina (Marioni et al. 2008; Morin et al. 2008), SOLID (Cloonan et al. 2008) and Roche
454 (Emrich et al. 2007; Vera et al. 2008) platforms. In recent years, with the rapid
development and reduced cost of NGS, NGS platf