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ABSTRACT 

 

Sclerotinia sclerotiorum causes devastating stem rot and associated yield losses 

of canola/rapeseed (Brassica napus) and mustard (B. juncea) worldwide, including in 

Australia. Management options like cultural, chemical, and biological control are neither 

consistently effective nor consistently economical. Host resistance offers the only fully 

cost-effective and long-term reliable solution. In addition to stems, this pathogen also 

attacks cotyledons and leaves. Importantly, virulence and/or pathogenicity commonly 

differ for different pathotypes/isolates, as does expression of resistance across different 

plant genotypes, and even across different plant growth ages of the one genotype, making 

identification of resistances-in-common challenging. Hence, the aim was to identify and 

locate host resistances across the different plant components and ages within the different 

crossing populations, hypothesizing that there would be at least some common pattern(s) 

of inheritance of resistance within the different crossing populations and/or across the 

different plant components and ages. 

For these studies, four inbred B. napus lines and two check varieties were chosen 

as parents based on their background of resistance(s) to S. sclerotiorum. These were NC8 

(stem-resistance), RQ-001-NCA-8 NC2-7 (cotyledon-susceptible), Charlton (stem-

resistance), NC4-5 (stem-susceptible), Mystic (check, cotyledon/stem-resistance) and 

Rainbow (check, cotyledon/stem-susceptible). Four crossing populations used were C2 

(NC-8 × RQ-001-NCA-8 NC2-7), C3 (Mystic x Rainbow), C5 (Charlton × RQ-001-

NCA-8 NC2-7) and C6 (Charlton × NC4-5). Parents, F1, F2, BC1P1 and BC2P2 were 

included, except for C5 population lacking BC1P1. 

Populations C2, C5 and C6 were tested for resistance response against the 

prevailing pathotype of S. sclerotiorum at cotyledon and leaf growth stages in a controlled 

environment. Broad sense heritability of 0.42, 0.31 and 0.49 for cotyledon resistance was 

found in populations C2, C5 and C6, respectively, and was 0.45 for leaf resistance but 

only in population C6. In stems, heritability of stem lesion length ranged from moderate 

to high for population C2 (0.57 and 0.73 at 3- and 5-weeks post-inoculation, respectively), 

but was low in C5 (0.21 at 5-weeks). C3 showed heritability of 0.58 for stem lesion length 

and 0.44 for days to flowering. 

Importantly, genetic control of resistance was mostly non-additive. Additive-

dominance model was adequate to explain the genetics of cotyledon resistance in 

population C2, while dominance explained genetic control in population C6, with 

heterosis towards resistance (i.e., smaller lesions). For leaf resistance in population C6, 

genetic variance was mostly non-additive and both dominance and epistatic interactions 
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were found. Genetic variance for stem lesion length in populations C2, C3 and C5 was 

entirely non-additive, but population C6 showed no genetic variation for stem lesion 

length. Additive genetic variance was evident within three populations for days-to-

flowering but not for stem diameter and was non-additive for days-to-flowering and stem 

diameter in population C3. In a subsequent genome-wide association study in population 

C3, a significant quantitative trait locus was identified on chromosome A03 for stem 

lesion length. These studies have provided valuable new understanding of inheritance of 

stem resistance to S. sclerotiorum, and have identified Quantitative Trait Loci (QTL), 

Marker-Trait Associations (MTA), and transgressive segregants with high-level 

resistances. 

Bivariate analysis revealed positive genetic covariance between the non-additive 

effects for mean leaf lesion and cotyledon lesion diameters, and significant negative 

covariance of residuals, supporting a common genetic control of cotyledon and leaf 

resistance. While population C6 showed no genetic variation for stem lesion length, it 

showed significant non-additive genetic variance at cotyledon and leaf stages, confirming 

that host resistance varies across different plant growth stages and the need for breeding 

to target resistance at each growth stage. 

There was significant non-additive genetic covariance of stem lesion length at 3 

and 5 weeks-post-inoculation in populations C2 and C5. Moreover, the significant 

negative correlation between stem lesion length and stem diameter (r=-0.39) and between 

stem lesion length and days to flowering (r=-0.28) was found in population C3. This 

opens a possibility of co-selection of these traits along with stem lesion length for 

improving overall resistance.  

Overall, these studies not only provide an overview of inheritance pattern across 

different plant growth stages, but also highlight common and contrasting resistances 

across cotyledons, leaves and stems. These findings will enable more rapid selection for 

multiple traits associated with this disease resistance, allowing breeders to make decisive 

and critical choices towards selecting/developing cultivars and possibly even directly 

deploying one or more of these host resistances. 
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Chapter 1: Literature review 

 

1.1 Why Sclerotinia rot is important to canola industry?  

Sclerotinia sclerotiorum (Lib.) de Bary is one of the most devastating 

cosmopolitan fungal pathogens, and is known to cause significant yield reductions in 

more than 400 plant spp. (Boland and Hall, 1994) including diploid oilseed brassicas, viz. 

Brassica rapa (AA), B. nigra (BB), B. oleracea (CC), and their tetraploid derivatives, 

i.e., B. juncea (AABB), B. carinata (BBCC) and B. napus (AACC). B. napus, commonly 

known as rapeseed/canola, ranks second after soybean for food oil production worldwide 

(Salisbury and Barbetti, 2011; Kumar et al., 2015), is approximately 40% oil by weight, 

38-43% protein in meal, 16.5-18.7% hull, and about 8% moisture content. Canola oil has 

a light quality oil due to low saturated fats compared with other vegetable oils (Sarwar et 

al., 1984).  

In 2019-20, world rapeseed/canola production was ~69 Mt (million tonnes), 

reflecting a 5% decrease compared to 73 Mt in 2018-19, owing to the global Covid-19 

pandemic (FAO, 2020). Australian canola ranks third after wheat and barley, and current 

harvested area was 1.6 m ha, with production of 2,316,000 tonnes in 2020 (AOF, 2020). 

Australian exports average 2.25 Mt, roughly 15-20% of the world’s canola/rapeseed 

export (ABARES, 2020). 

Sclerotinia species (causing sclerotinia stem rot) have become a serious threat to 

major canola growing regions, for example in Canada (Kharbanda & Tewari, 1996) and  

North America in general (Cubeta et al., 1997), European Union (Koch et al., 2007), 

China (Wang et al., 2009a), and Australia (Hind-Lanoiselet et al., 2008; Barbetti et al., 

2013).  Sclerotinia stem rot is now considered amongst the most threatening diseases of 

rapeseed/canola globally (Zheng et al., 2020), and examples of yield losses range from 

10-70% across Australia (Hind-Lanoiselet and Lewington, 2004), and up to 50% in the 

United Kingdom and elsewhere (Boland and Hall, 1994; Pope et al., 1989; Singh et al., 

2010). 

  In Australia, S. sclerotiorum is reported to cause A$10.1 million loss per annum 

to canola industry, but reaches up to A$40 million if disease is left unmanaged (Murray 

and Brennan, 2012). Despite current control practices, yield loss of 20 - 29% regularly 

occur in Western Australia (Khangura et al., 2014, 2020). Owing to the unpredictable 

nature and levels of disease incidence and severity across different locations and seasons, 

it is essential to not only understand the pathogen, but in the particular the host-pathogen 

https://apsjournals.apsnet.org/doi/full/10.1094/PDIS-12-19-2575-RE#b9
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interactions and genetics of disease resistance if effective host resistance is to be a cost-

effective basis for control of S. sclerotiorum in Australia and elsewhere.  

 

1.2 Sclerotinia sclerotiorum 

1.2.1 The pathogen, mode of action and life cycle 

Sclerotinia sclerotiorum is a plant pathogenic fungus that causes sclerotinia stem 

rot (also known as cottony rot, watery soft rot, crown rot, cabbage drop, white mould, or 

blossom blight) (Purdy, 1979). This fungus survives in the soil as resting structures called 

sclerotia, each of which consists of a hard, black outer (rind) and lighter inner portion 

(medulla) (Arseniuk and Macewicz, 1994). The rind is consists of melanin and is resistant 

to degradation, while the medulla contains fungal cells rich in carbohydrates and proteins 

(Le Tourneau, 1979; Butler and Day, 1998; Butler et al., 2009). The size and shape of 

sclerotia varies depending plant host and whether they are produced in or on infected 

plants (Bolton et al., 2006). When conditions are appropriate, sclerotia germinate to 

produce cup-shaped apothecia (sexual fruiting bodies), from within which airborne 

ascospores are released (Queensland Department of Agriculture and Fisheries, 2021). 

Based on mode of action, this fungus is generally classified as necrotrophic, 

survives on dead plant tissues, but it can switch from necrotrophic to biotrophic or hemi-

biotrophic mode, depending on host defence response (Bolton et al., 2006; Kabbage et 

al., 2015). The optimum conditions for fungal growth include, 10-25 °C, a moist plant 

surface, and an exogenous energy source fostering its growth on host plant tissues, such 

as flower petals (Abawi and Grogan, 1975; Turkington et al., 1991a,b; Clarkson et al., 

2004). For mimicking natural ascospore germination, germ tube growth and infection 

under artificial conditions, glucose or inorganic phosphorus is often added to inoculum 

as an energy source (Leone and Tonneijck, 1990). Ascospores landing on host plants stick 

to the plant surface using sticky mucilage that also helps them survive for weeks under 

drier conditions, moderate temperatures, and ultraviolet light. Germ tubes develop once 

the environmental conditions are suitable (Abawi and Grogan, 1975; Clarkson et al., 

2003). In flowering species, such as in canola, invasion is usually aided by dead petals on 

leaves or stems that increase the mycelium biomass for initiating infections, although 

spores can germinate directly on host leaves/stems without needing petals (Abawi et al., 

1975; Lumsden, 1979; Lumsden and Dow, 1973). Subsequently, finger-like appendages 

are formed from mycelia, and then develop into dome-like structures known as “infection 

cushions” (Abawi et al., 1975). After 12-24 hours post-infection, colonization of host 

tissue occurs and with mycelia continuing to grow outwards increasing the size of lesions, 
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subsequently overcoming all plant defences, and resulting in massive cell death (Abawi 

et al., 1975; Lumsden and Dow, 1973).   

 The disease cycle commences with germination of sclerotia, either 

myceliogenically or carpogenically, giving rise to direct stem base infection from 

mycelium in the soil, or to aerial infection from airborne ascospores, respectively (Singh 

et al., 2008 a, b, 2010). However, generally, airborne ascospores are considered as the 

primary source of mostdisease epidemics (Abawi and Grogan, 1975; Boland and Hall, 

1987a; Smith and Boland, 1989). Released ascospores, particularly those settling on floral 

parts and/or dead tissues of host plants, germinate to infect flower petals that then fall 

onto and infect leaf and/or stem tissues (Hegedus and Rimmer, 2005). Through enzymatic 

activity, hyphae penetrate through the cuticle whether damaged or undamaged, cell walls 

are dissolved, and mycelia network captures inter- or intra-cellular spaces of host cells, 

quickly leading to massive cell death and visible lesions appearing (Huang et al., 2008). 

The fungus produces sclerotia on the resulting necrotic tissues (Lumsden, 1979). 

Importantly, sclerotia can remain viable for several years (Adams and Ayers, 1979), 

providing protection against unfavourable seasons, the disease cycle recommencing again 

once the environmental conditions allow. 

1.2.2 Disease symptoms 

S. sclerotiorum can develop disease symptoms across different tissue types, 

including cotyledons, leaves (shown below in Figures 1.2.2a and 1.2.2b) (M.A. Khan, 

unpublished data) or stems (see Chapter 5 Fig. 1) of host plants (Hims, 1979; Laemmlen, 

2001; Delourme et al., 2012). While there is no one unique set of symptoms that 

universally applies across all plant species, cotyledons/leaves usually develop necrotic 

and water-soaked lesions, progressing down to the petiole and subsequently into the stem 

(Bolton et al., 2006). Stem infections can initially show as dark and water-soaked lesions, 

but subsequently show whitish fluffy mycelium on necrotic tissues of host plants as the 

disease progresses (Rimmer and Buchwaldt, 1995; Bolton et al., 2006; Saharan and 

Mehta, 2008). Bleaching of infected stem tissues is common at later stage of lesion 

development, along with shredding of inner stem and premature ripening of girdled stems 

(Bolton et al., 2006; Kamal et al., 2016). Severely infected plants easily lodge and/or 

break. It is usually at this stage that the resting sclerotia are visible inside of stem when it 

is split open, and sometime observed on the outside of stems when humidity is high. 
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Fig. 1.2.2a. Typical S. sclerotiorum symptoms on cotyledons of Brassica napus. 

Expression from highly resistant (A), resistant (B), moderately resistant (C), moderately 

susceptible (D) to highly susceptible (E) (M.A. Khan, unpublished data). 

 
Fig. 1.2.2b. Typical S. sclerotiorum symptoms on leaves of Brassica napus. Expression 

from highly resistant (A), resistant (B), moderately resistant (C), moderately susceptible 

(D) to highly susceptible (E) (M.A. Khan, unpublished data). 

 

1.2.3 Epidemiology and pathogenicity 

Epidemiology of S. sclerotiorum isolates depends on environmental conditions 

such as temperature, light and moisture that play important roles in virulence of this 

pathogen (Uloth et al., 2015b; Willetts and Wong, 1980; Garg et al., 2010d). Isolates can 

differ in adaptation to cooler or warmer temperatures (Uloth et al., 2015b). Rainfall 

patterns effect the ability of ascospores to infect host surface, for example, drier 

conditions can result in shrivelling of apothecia (sexual fruiting bodies) while excessive 

rains can wash ascospores away and into soil, either way reducing ascospore infection 

(Krüger, 1975). Further, faster infection occurs in morning than in the afternoon, and the 

rate of ascospore movement through pollinators, and their relative viability under sunny 

or shaded leaves, all affect the final severity of disease (Stelfox et al., 1978; Caesar and 

Pearson, 1983; Turkington et al., 1991a; Venette, 1998). 

S. sclerotiorum survives on dead plant tissues, generally killing host cells in 

advance of colonising them. For effective pathogenicity, oxalic acid reduces pH level of 

host cell wall, extracellular enzymes such as cellulases, hemi-cellulases, pectinases, and 

other acidic proteases are activated and disrupt the integrity of plant tissues, resulting in 

disease (Bateman and Beer, 1965; Marciano et al., 1983; Godoy et al., 1990; Riou et al., 

1991; Cessna et al., 2000; Poussereau et al., 2001; Girard et al., 2004). Importantly, the 

disease severity varies with isolates/pathotypes used, whether the plant is seedling or 
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adult, and across different tissue types, for example, cotyledon vs leaf vs stem (e.g., Garg 

et al., 2008, 2010b; Uloth et al., 2013, 2014; Ge et al., 2012, 2015; You et al., 2016; Khan 

et al., 2020a, b). These factors, along with time of inoculation, time of disease assessment 

post-inoculation, and inoculum application method chosen, such as foliar spray, direct 

stem or soil inoculation (Li et al., 2007; Sharma et al., 2009; Singh et al., 2010), constitute 

confounding factors when trying to identify appropriate sources of disease resistance. 

1.2.4 Genetic diversity in S. sclerotiorum  

Knowledge of the pathogen’s genetic makeup, its genetic variations in terms of 

pathotypes and their relative prevalence in a region are prerequisites to effectively 

manage this pathogen. Studies have demonstrated diverse S. sclerotiorum genotypes and 

occurrence of both clonal and sexual modes of reproduction, and a range of markers, 

including DNA fingerprinting, mycelial compatibility groupings (MCGs) and 

microsatellites have been used to detect genetic diversity in S. sclerotiorum isolates 

(Kohli and Kohn, 1998; Carbone and Kohn, 2001; Atallah et al., 2004; Sexton and 

Howlett, 2004; Clarkson et al., 2013). Microsatellites can be more advantageous due to 

their high reproducibility and ability to detect multiple alleles, and such microsatellites 

and partial DNA sequences have been used in S. sclerotiorum genetic diversity studies 

(Atallah et al., 2004; Sexton and Howlett, 2004; Clarkson et al., 2013). However, MCGs 

do not effectively describe genetic variability of pathogens, until complemented by DNA 

polymorphisms/fingerprinting techniques (Kohn et al., 1991; Sexton and Howlett, 2004; 

Atallah et al., 2004; Attanayake et al., 2013; Litholdo Júnior et al., 2011; Meinhardt et 

al., 2002). Some studies suggest predominant clonal populations of S. sclerotiorum in 

many regions, with no frequent outcrossing (Kohli and Kohn, 1998; Sexton and Howlett 

2004), while other suggest occurrence of more frequent outcrossing, for example some 

studies in UK, Brazil, Iran (e.g., Gomes et al., 2011; Hemmati et al., 2009; Li et al., 

2009c).   

Despite several studies describing genetic variation, the association of phenotypic 

characteristics with genetic factors generally remains poorly understood (Attanayake et 

al., 2013; Clarkson et al., 2017). Possible explanations could be that S. sclerotiorum 

populations are mostly loosely structured over space and not by aggressiveness, cultivar, 

or field source (Leyronas et al., 2018), and that studies exploring genetic variation have 

been limited to housekeeping genes or microsatellites. Despite this, such studies could be 

extended to associated functional genes for better understanding (Uloth et al., 2015c). It 

is clear that ‘bridging the gap’ in our understanding of genetic vs phenotypic traits of S. 
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sclerotiorum would enhance our ability to more effectively develop and deploy host 

resistance against this pathogen.  

1.2.5 Host species infected by S. sclerotiorum  

S. sclerotiorum infects some 408 different host species (Boland and Hall, 1994) 

across Europe, Canada, India, China and Australia. Some severely affected major crops 

include canola/rapeseed (B. napus), sunflower (Helianthus annuus), soybean (Glycine 

max), dry bean (Phaseolus vulgaris), chickpea (Cicer arietinum), dry pea (Pisum 

sativum), peanut (Arachis hypogea), lentils (Lens culinaris), and even flowers such as 

tulip (Tulipa gesneriana) (Boland and Hall, 1994; Bolton et al., 2006). In addition to 

these, other susceptible crops include mustard (B. juncea), faba bean (Vicia faba), lupin 

(Lupinus angustifolius), alfalfa (Medicago sativa), and a number of vegetables such as 

onion (Allium cepa), lettuce (Lactuca sativa) and carrots (Daucus carota subsp. sativus) 

(Boland and Hall, 1994). Examples of important hosts from model plants, used in genetic 

studies, include Arabidopsis thaliana, A. halleri, and A. lyrata (Boland and Hall, 1994; 

Schmidt and Bancroft 2011; Ge and Barbetti, 2019). While this thesis focuses on S. 

sclerotiorum as a major threat to the canola industry in Australia, it is also a significant 

threat to sunflower, soybeans, peas, lentils, faba bean and lupin. Some wild weeds, such 

as wild radish and capeweed, are also known hosts (GRDC, 2014).  

1.2.6 B. napus and Triangle of U  

In the Triangle of U, there are six vegetable and oilseed species viz, Brassica 

napus, B. rapa, B. juncea, B. carinata, B. oleracea and B. nigra. U’s Triangle model is 

based on developing hybrids through artificial inter-specific crossing and describes a 

genetic relationship between these six species (Nagaharu, 1935). The Tringle includes 

diploid oilseed brassicas, viz. Brassica rapa (AA, 2n = 2x = 20), B. nigra (BB, 2n = 2x = 

16), B. oleracea (CC, 2n = 2x = 18), and their tetraploid derivatives, i.e., B. juncea 

(AABB, 2n = 4x = 36), B. carinata (BBCC, 2n = 4x = 34) and B. napus (AACC, 2n = 4x 

= 38). This hypothesis is widely accepted, especially after genome sequencing of 

Brasssicas, as comparative genomics results agree with U’s Triangle (Chalhoub et al., 

2014; Yang et al., 2016). Importantly, the evolutionary relationship between these six and 

other Brassicas, such as B. incana (C genome), and Brassica fruticulosa (B genome) for 

example., could potentially be utilized in breeding programs for exchange of resistance 

genes (e.g., Atri et al., 2019; Disi et al., 2014; Rana et al., 2017, 2019; Yu et al., 2010).  

 

1.3 Managing the disease 

1.3.1 Cultural and biological control  
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Cultural management includes disease avoidance, pathogen exclusion/ 

eradication, crop rotation and tillage options (Williams and Stelfox, 1980; Morrall and 

Dueck, 1982; Bailey, 1996; Kharbanda and Tewari, 1996; Gulya, et al., 1997). The wide 

host range of S. sclerotiorum can be a limiting factor in effectively managing this disease 

through crop rotation (Boland and Hall, 1994). While deep ploughing/burial of sclerotia 

can minimize their germination and restrict apothecia production in comparison with zero 

or minimum tillage options, there can be instances where zero tillage can restrict the 

pathogen’s long-term survival, such as by making sclerotia more available to predators 

(Merriman et al., 1979; Williams and Stelfox, 1980; Mueller et al., 2002a; Kurle et al., 

2001; Bailey and Lazarovits, 2003). 

Biological control using naturally occurring bio-control agents such as fungi, 

bacteria, and viruses including mycoviruses, have been extensively tested (Li et al., 2006 

a, 2008; Xie et al., 2006; Zhang et al., 2009, Zeng et al., 2012; Mu et al., 2018; Tian et 

al., 2020). Sclerotinia diseases can potentially be controlled through reducing inoculum 

build-up by killing sclerotia, restricting their germination, and by reducing virulence 

(Saharan and Mehta, 2008). Biocontrol agents collected either using mycelial/sclerotia 

baiting or direct isolation from field, have been used to control Sclerotinia (Sandys‐

Winsch et al., 1994). These agents act as parasites, weaken, reduce, or even kill sclerotia, 

and may help protect plants from the ascospore mode of infection (Mukerji et al., 1999; 

Saharan and Mehta, 2008). However, generally, biological control agents have in the past 

shown relatively limited potential to be used as an effective control in broad-acre farming 

(Jiang et al., 2013). 

1.3.2 Chemical control  

Chemical control through foliar spray(s) is a commonly utilised measure for 

control S. sclerotiorum (Hind-Lanoiselet and Lewington, 2004; Bradley et al., 2006a; 

Hind-Lanoiselet et al., 2008). Fungicides largely target the ascosporic stage of lifecycle 

and vary in efficacy depending on several factors, including the type of chemical 

formulation, time of application, weather conditions, crop phenology, spray coverage, 

disease cycle, pathogen immunity to chemical, and period of protection provided by the 

chemical (Hunter et al., 1978; Mueller et al., 2002b,c; Yin et al., 2010a; Zhou et al., 2014). 

Deciding the best application time for fungicide application can also be challenging with 

variations in one or more of these factors, coupled with asynchronous maturity of crop 

plants (Bolton et al., 2006). A wide range of different fungicide active ingredients have 

or are being used against sclerotinia stem rot, including iprodione, procymidone, 

(prothioconazole + tebuconazole), cyprodinil + fludioxonil, vinclozolin, and azoxystrobin 
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(Anonymous, 2001; Hind-Lanoiselet et al., 2008). That fungicides can be relatively 

expensive, hazardous to human health and environment, that their effectiveness varies 

from poor to excellent. Their effectiveness varies with time of application, especially for 

crops with asynchronous maturity. Together these factors make fungicides an option of 

‘last resort’ during the ‘wait’ for effective host resistance to be available (Bolton et al., 

2006; Barbetti et al., 2015b). Although, disease prediction models have been employed 

to cope with timing of spraying (e.g., Clarkson et al., 2007; Koch et al., 2007; Foster et 

al., 2011; Jones et al., 2011), spray application programmes focusing on canola in Canada, 

USA, Australia, or in the UK, still clearly require further refinement/improvement to 

increase their reliability and cost-effectiveness (Cheung, 2012; McLaren et al., 2004).  

1.3.3 Host resistance 

Host resistance is an innate resistance ability developed by the plant while 

interacting with a pathogen and is the only long-term cost-effective and reliable solution 

for large scale cultivation of canola/rapeseed in the face of sclerotinia stem rot. In rapidly 

changing climates, pathogenicity, and genetics of S. sclerotiorum also change, 

challenging the search for effective, especially complete, resistance (Fernando et al., 

2007). In a continuous search for resistance after the first report of resistance against this 

pathogen in runner bean (Phaseolus coccineus), many important crops are reported to 

display varying levels of resistance to S. sclerotiorum, including in Glycine max, 

Helianthus annuus, Phaseolus vulgaris, Pisum sativum, Arachis hypogaea (Blanchette 

and Auld, 1978; Lyons et al., 1987; Coffelt and Porter, 1982; Sedun and Brown, 1989; 

Nelson et al., 1991). Australian, Indian, and Canadian registered rapeseed/canola varieties 

show low level resistance at best to S. sclerotiorum (Kharbanda and Tewari, 1996; 

Sharma et al., 2009; Li et al., 2009a). In China, highest levels of resistance in B. napus 

were observed in mutated doubled haploid lines M083 and M084 (Liu et al., 2005a) 

followed by two partially resistant cultivars, Zhongyou 821 and Zhongshuang No. 9 

(Buchwaldt et al., 2003; Wang et al., 2004). Other less susceptible cultivars of 

canola/rapeseed do occur, such as those developed in France, but yields were lower under 

disease-free conditions (Winter et al., 1993; Krueger and Stoltenberg, 1983). However, 

when faced with the limitations of cultural, biological, or chemical control options, there 

clearly remains a dire need to develop rapeseed/canola varieties with effective resistance 

to S. sclerotiorum, resistance that would be both effective and cost-effective for 

management of this disease. Towards this aim, in more recent years there has been a 

greater focus and strong interest worldwide to identify, understand, and utilise effective 

host resistance, as detailed in the sections below. 
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1.4 Host-pathogen interactions and resistance mechanisms in Brassicas 

1.4.1 Anatomy and histology 

Anatomical/histological studies and electron microscope scans in canola/rapeseed 

show that S. sclerotiorum ascospores attach, grow, penetrate young plants using germ 

tubes, that epidermal host cells collapse, and that the resistant types can limit the pathogen 

invasion to upper surface while in susceptible types the pathogen colonizes through 

mesophyll cell tissues (Jamaux, 1995; Garg et al., 2010c). Particularly initially, the lack 

of high-level resistance meant that most ‘early’ anatomical studies included susceptible 

genotypes, at least for comparison (Jamaux et al., 1995; Huang., et al., 2008), for B. napus 

or other hosts (Abawi et al., 1975; Jones, 1976; Rodríguez et al., 2004). Subsequently, 

Garg et al. (2010c) demonstrated slower growth on partially resistant cotyledons of B. 

napus, where hyphae were distorted, infection restricted, in the same way as for a 

hypersensitive reaction (HR). This HR mechanism was important, as S. sclerotiorum 

cannot grow further if availability of dead tissues is restricted (Walz et al., 2008). 

Subsequently, Ni et al. (2014) highlighted that epicuticular surface wax helps block 

pathogen infection. Uloth et al. (2016) showed that there were a variety of mechanisms, 

including hypersensitive reactions and lignification within the stem cortex, endodermis 

and in tissues surrounding the lesions, that together contribute to host resistance against 

S. sclerotiorum across three Brassica species (B. napus, B. juncea, B. carinata). They 

highlighted how these complex interactions between pathogen and host help to explain 

variable expressions of resistance often observed in the field.  

1.4.2 Proteomics and Biochemistry 

Proteomic and biochemical analysis-based understanding of resistance 

mechanisms against S. sclerotiorum has advanced rapidly over the past decade. The 

response time of host plant can be critical in determining how effective resistance can be, 

with increased protein production and upregulation of plant defence related genes 

activated faster in times of crisis in resistant compared with the slower response in 

susceptible host types. For example, activation of the WRKY family of genes, engaging 

cell wall related proteins and phytoalexin production, is more rapid in resistant Brassica 

hosts than susceptible ones (Bennett and Wallsgrove, 1994; Zhao et al., 2007). There has 

been significant interest in studying respiratory/oxidative burst involving rapid release of 

biochemical compounds such as anions (O – 2), reactive oxygen species (ROS) and 

hydrogen peroxide (H2O2) from plant cells as an immunity response to invading 

pathogens at the point of challenge, as mechanisms for disease resistance in host plants 

(Zhao et al., 2007; Zhao et al., 2009; Wang et al., 2009b; Rietz et al., 2012; Wang et al., 
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2014). For fungi such as S. sclerotiorum, pathogenicity relates to its ability to acidify the 

host cells (Rollins and Dickman, 2001) and produce oxalate (Dutton and Evans, 1996), 

leading to inhibition of the oxidative burst. This enables the fungus to highjack the host 

defence pathway, resulting in  cell death (Kim et al., 2008; Williams et al., 2011). Using 

artificial agents such as applying thiamine to host surface can increase oxidative burst, 

resulting in enhanced resistance to S. sclerotiorum (Zhou et al., 2013). Furthermore, Garg 

et al. (2013) showed that engaging primary metabolic pathways that included ethylene 

biosynthesis, antioxidants, pathogenesis related proteins, synthesis and folding of proteins 

could be involved in resistance against S. sclerotiorum. The proteomic and other 

biochemical responses relating to expression of host resistance against S. sclerotiorum 

remains an area worthy of further investigation and likely will help foster selection of 

resistant genotypes.  

1.4.3 Pattern-Triggered Immunity and Effector Triggered Immunity 

To recognize and cope with biotic attack, plants have evolved innate immunity 

(Jones and Dangl, 2006; Zhou and Zhang, 2020). Among two types of responses, Pattern-

Triggered Immunity (PTI) refers to blocking of pathogen invasion (Zipfel et al., 2004) 

while Effector Triggered Immunity (ETI) relates to secondary responses that combat 

virulence (Jones and Dangl, 2006). While the interdependency of PTI and ETI is much 

debated, it appears that ETI pathway depends on a PTI machinery for effective immunity 

response (Zipfel and Couto, 2016; Ngou et al., 2021). However, deeper understanding 

and examination of host-pathogen systems, other than in just Arabidopsis, is required to 

achieve the goal of broad-range disease control. 

 

1.5 Host-resistances identified against S. sclerotiorum 

There has been continuous focus in searching for and identifying varying levels 

of resistance against S. sclerotiorum in selected breeding material in rapeseed/canola 

worldwide. Progress has been most promising where the search for resistance has 

involved broadening the genetic base by introgression of resistance into canola (B. napus) 

from related Brassicas using backcross breeding or developing hybrids. Following are 

some of the main resistance sources identified in Brassicas, along with additional 

examples from other crops. 

1.5.1 Rapeseed/canola and mustard   

The search to identify resistance sources against S. sclerotiorum across the 

rapeseed/canola growing regions worldwide have especially involved countries such as 

China, Australia, and India, where varying levels of resistance has been identified in 
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germplasm from these regions (Li et al., 2006b, 2007, 2009a; Uloth et al., 2013). Wide 

ranging resistance across oilseed brassicas has also been evident in studies into the 

understanding of host-pathogen interactions and into identifying the genes underlying 

expression of resistance (Bradley et al., 2006b; Li et al., 2006b, 2007, 2009a; Garg et al., 

2010a; Uloth et al., 2013; Khot et al., 2011; Barbetti et al., 2014, 2015a; You et al., 2016; 

Rana et al., 2017, 2019; Atri et al., 2019; Qasim et al., 2020). Importantly, from/in China, 

B. napus ZY006, and B. juncea Xinyou 9 (Li et al., 2009a; Ge et al., 2012), and from/in 

Australia B. napus cv. Mystic, have shown resistance responses across multiple studies 

and that resistance is expressed at different plant growth stages (e.g., Garg et al., 2008; 

2010b; Uloth et al., 2013; 2015a). Further examples from B. napus and/or B. juncea of 

significant resistance levels include Li et al. (2006b, 2007), Goyal et al. (2011), Barbetti 

et al. (2015a), and You et al. (2016). Furthermore, examples of effective resistances 

include introgression of resistances from B. oleracea, B. rapa or B. carinata, and from 

weedy species into B. napus (Yu et al., 2010; You et al., 2016; Dhaliwal et al., 2017) or 

B. juncea (Barbetti et al., 2014; Atri et al., 2019; Rana et al., 2017, 2019). This approach 

is now being more widely recognised for the important opportunities it offers, not only in 

relation to new understanding of the genetics of disease resistance, but particularly 

towards opening the way to developing commercial rapeseed/canola and mustard with 

effective host resistance to S. sclerotiorum.  

1.5.2 B. oleracea and other Brassicaceae 

Early evidence of host resistance in B. oleracea such as in var. capitata was 

reported by Dickson and Petzoldt (1996). Significant genetic variation was found by Mei 

et al. (2011), in a study of 68 species including 47 B. oleracea, and the highest level was 

present in B. oleracea and its wild relatives such as B. incana, B. insularis, B. rupestris, 

and B. villosa. This highlights the potential to select B. oleracea and relatives for disease 

resistance against S. sclerotiorum. Aiming to introduce resistance into cultivated 

Brassicas, hybrids have also been developed from B. oleracea x B. rapa (Niu et al., 2005), 

B. napus x Sinapis alba (Li et al., 2009b), E. cardaminoides x B. rapa, and E. 

cardaminoides x B. nigra (Chandra et al., 2004). This opens an opportunity of developing 

a range of different horticulture and broadacre Brassicaceae crops with better immunity 

(Chen et al., 2011; Mason and Batley, 2015).  
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1.6 Genetic and molecular basis of host resistance to S. sclerotiorum 

That domesticated crops such as B. napus have narrow genetic variation available 

for resistance to biotic or abiotic stresses is also evident from DNA polymorphism studies 

(Diers et al., 1996; Lombard et al., 2000; Zhou et al., 2006; Snowdon et al., 2007; Bus et 

al., 2011; Prakash et al., 2011), and the same applies to B. napus in Australia (Cowling, 

2007). Ways to broaden or identify genetic variation include backcross/introgression 

breeding, gene manipulations, mutations, and QTL mapping (Michelmore et al., 1995; 

Snowdon et al., 2007; Tester and Langridge, 2010; Yu et al., 2010). Various QTL and/or 

candidate genes have been identified in relation to resistance to S. sclerotiorum across a 

range of different crops, including soybean, sunflower, common bean (Hartman et al., 

2000; Kim and Diers, 2000; Gilmore et al., 2002; Godoy et al., 2005; Fusari et al., (2012), 

and particularly in one or more Brassicaceae (Zhao and Meng, 2003; Liu et al., 2005b; 

Zhao et al., 2006; Mei et al., 2013; Wu et al., 2013; Disi et al., 2014; Li et al., 2015; Wei 

et al., 2016; Rana et al., 2017; Qaim et al., 2020). In Brassicas, specific examples of gene 

identifications for resistance to S. sclerotiorum include B. napus (Zhao and Meng, 2003; 

Li et al., 2015), B. oleracea and B. rapa (Ding et al., 2013; Mei et al., 2013), B. juncea 

carrying genome segments from B. fruticulosa (Rana et al., 2017), and introgressed genes 

from wild relatives into B. juncea or B. napus (Atri et al., 2019; Rana et al., 2017, 2019; 

Yu et al., 2010). Doubled haploids (DH) populations have been utilised for identification 

of novel resistances genes, examples include studies in a population derived from B. 

oleracea x B. incana (Disi et al., 2014), and a B. napus J964 x J902 population (Qasim et 

al., 2020). Inbred lines (ILs) have also been used to identify genes through high resolution 

association mapping approach (Wu et al., 2016). Most important are examples of 

candidate gene identification in B. napus, such as by Li et al. (2015), Gyawali et al. 

(2016), Wu et al. (2013, 2016), and Qasim et al. (2020).  

Linkage-based QTL-mapping using biparental populations has been successfully 

employed towards understanding genetics of resistance to pathogens such as S. 

sclerotiorum (Wu et al., 2013; Qasim et al., 2020). However, linkage disequilibrium (LD) 

based mapping on more diverse populations in genome wide association studies (GWAS) 

provides higher resolution of QTL than in biparental populations, and GWAS has been 

successfully utilized in relation to S. sclerotiorum resistance by Wu et al. (2016) and 

Wang et al. (2020). Markers based on single nucleotide polymorphisms (SNPs) coupled 

with next generation sequencing (NGS), offer improved robustness and denser genome 

coverage in identifying genes and genomic regions contributing to traits of interest (e.g., 

Ganal et al., 2011, 2014). Using one or more of SNP markers, QTL analysis, genome-
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wide association (GWAS) analysis and gene expression analysis using RNA-sequencing 

(RNA-seq), various QTL (e.g., Zhao and Meng, 2003; Zhao et al., 2006; Yin et al., 2010b; 

Mei et al., 2011,2012, 2013; Han et al., 2016; Wu et al., 2013, 2016, 2019; Wei et al., 

2014; Atri et al., 2019; Rana et al., 2017, 2019) and putative candidate genes (e.g., Li et 

al., 2015; Gyawali et al., 2016; Wu et al., 2013, 2016; Qasim et al., 2020) have been 

reported involving resistance to S. sclerotiorum.  

Comprehensive molecular studies, like those of Zhao et al. (2007), highlight the 

defence related genes as associated with jasmonic acid, ethylene signalling transduction, 

against S. sclerotiorum in B. napus, and the possible role of WRKY transcription factors 

and other cell wall related defensive proteins. Gene expression profiling in resistant and 

susceptible genotypes have been studied towards understanding the mechanism of 

resistance (Zhao et al., 2009) and early responding genes to S. sclerotiorum, have also 

been mapped in silico (Calla et al., 2009). Furthermore, BnaNPR1 expression analysis 

indicated down-regulation of this host-defence related gene facilitates the pathogen 

infection process, and such overexpression might help immunize hosts (Wang et al., 

2020). With available new tools coupled with genome sequencing, genes and their 

functions can be more accurately predicted, and this will help improve the definition of 

resistance against S. sclerotiorum (Bayer et al., 2017). 

 

1.7 Plant characteristics and resistance to S. sclerotiorum  

Both seedlings and adult plants are economically important in Brassicas. Crops 

such as B. napus, B. oleracea and Raphanus spp., can be grown as vegetable salad mixes 

that are prone to damping-off caused by S. sclerotiorum (Hims, 1979). There has been a 

strong focus on Brassicaceae young plants, especially within B. napus (Garg et al., 2010 

b; Uloth et al., 2014; Ge et al., 2015). Expression of resistances may or may not be similar 

between seedling cotyledons and leaves and between these and stems on adult plants 

(Garg et al., 2008; Uloth et al., 2014). While leaf resistances were highlighted in set of 

diverse crucifers including B. rapa var. chinensis Ivory and Oriental radish (R. sativus) 

(Uloth et al., 2013), there were independent leaf vs stem resistances in-field within B. 

napus or a population derived from B. oleracea x B. incana (Disi et al., 2014; You et al., 

2016). Taylor et al. (2015, 2018) also highlighted the importance of studying juvenile and 

adult plant resistances for S. sclerotiorum and a related pathogen S. subartica. 

Stem diameter (SD) and flowering time (DTF) are important traits in association 

with disease resistance. Wider stems are reported to better manage pathogen attack 

compared to thinner stems (Li et al., 2006b), although, other contrasting reports show no 
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association of these traits (Li et al., 2007; Mei et al., 2012). Other studies found early 

flowering was associated with higher disease (Mei et al., 2013; Wei et al., 2014; Wu et 

al., 2019; Zhang et al., 2019; Qasim et al., 2020), and a positive correlation between early 

blooming and susceptibility to S. sclerotiorum in B. napus (Wu et al., 2019). Collectively, 

studying resistance expression at multiple growth stages, genetic correlations between 

these plant ages plus association of stem resistance to stem diameter and days to flowering 

should help guide breeders towards selecting more effective resistances.   

 

1.8 Concept, design and aims of this study  

Managing S. sclerotiorum has traditionally been challenging and very high levels 

of resistance have not been readily available in most crops (Boland and Hall, 1987b; 

Nelson et al., 1991; Kim and Diers, 2000). The sporadic nature of S. sclerotiorum disease 

outbreaks make it difficult to screen this disease under natural field conditions without 

the need of artificial inoculation and/or irrigation. Similarly, it is hard to ascertain the 

differences between physiological resistance or just disease-escape (Boland and Hall, 

1987b; Nelson et al., 1991; Kim and Diers, 2000) if infection is not consistent and at a 

high level. This has led to a reliance on use of controlled environment or green house 

conditions in resistance screening and associated breeding methodologies (Dickson and 

Petzoldt, 1996; Kim et al., 2000; Miklas et al., 1999; Whipps et al., 2002; Zhao et al., 

2004).  

Control measures such as cultural means, chemical application and biological 

control measures all have one or more serious limitations, as discussed above. Hence, 

host resistance remains the best and most cost-effective long-term option for effectively 

managing S. sclerotiorum. However, even host resistance has significant challenges. 

These include the laborious search needed to locate useful resistances; dealing with 

variable temperatures that favour/disfavour selection of S. sclerotiorum temperature-

dependent phenotypes (Uloth et al., 2015b); the large variations in virulence within the S. 

sclerotiorum pathogen populations as particularly evident by the occurrence of a range of 

distinct pathotypes (Ge et al., 2012); and, lastly, that resistance against S. sclerotiorum 

can be isolate- or  pathotype-dependent or independent (Barbetti et al., 2015b). Together, 

these highlight the difficulty in achieving measurable improvement in terms of improved 

resistance to S. sclerotiorum in commercial Brassicaceae crops, particularly 

rapeseed/canola. Clearly, there remains an ongoing need for locating new/improved host 

resistances and in determining and understanding how such resistances function if we are 

to effectively manage this disease (Barbetti et al., 2011).  
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Collectively the above studies highlight the need to develop and screen purpose-

designed canola/rapeseed breeding populations against S. sclerotiorum for their resistance 

inheritance patterns under both controlled environment and field conditions, and across 

multiple plant growth stages (i.e., cotyledons, leaves and adult plants). Towards this aim, 

four inbred B. napus lines and two check varieties were chosen as parents based on their 

background of resistance to S. sclerotiorum in cotyledon and/or stems. These were NC8 

(stem-resistance), RQ-001-NCA-8 NC2-7 (cotyledon-susceptible), cv. Charlton (stem-

resistance), NC4-5 (stem-susceptible), Mystic (check, cotyledon/stem-resistance) and 

Rainbow (check, cotyledon/stem-susceptible). Four crossing populations developed from 

these lines and checks were used, viz, C2 (NC-8 × RQ-001-NCA-8 NC2-7), C3 (Mystic 

x Rainbow), C5 (Charlton × RQ-001-NCA-8 NC2-7) and C6 (Charlton × NC4-5). 

Parents, F1, F2, BC1P1 and BC2P2 were included, except for C5 population lacking 

BC1P1. Subsequently, just population C3 (Mystic x Rainbow) was further utilized to 

identify any resistance associated genetic regions/quantitative trait loci (QTL).  

This PhD project aims to identify, locate, and combine the genes that provide 

resistance to S. sclerotiorum in the above B. napus crossing populations across different 

plant growth stages, hypothesizing: 

1. That the B. napus crossing populations created from genetic resources from within 

Australia and introduced from abroad offer one or more potential new sources of 

genetic variation for S. sclerotiorum resistance.  

2. That some plant genotypes will vary in their resistance to S. sclerotiorum at 

different growth stages, but others will exhibit more consistent resistance across 

different plant ages. 

3. That resistances identified will lead to identification of one or more novel genes 

controlling such resistance(s). 

Specifically, the testing of these hypotheses will be covered in Chapters 2-5 as follows: 

Chapter 2 covers the identification of genetic variation at cotyledon stage and mode 

of inheritance of resistance to S. sclerotiorum in three different breeding populations 

of B. napus at the cotyledon stage. 

Chapter 3 covers the inheritance of resistance pattern of S. sclerotiorum in the same 

three breeding populations of B. napus at the leaf stage and genetic correlation with 

inheritance patterns in cotyledons.  
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 Chapter 4 covers the inheritance of resistance to S. sclerotiorum in same these 

breeding populations of B. napus in an independent field study at adult age and 

compares inheritance patterns of stem resistance with that of cotyledons and leaves. 

Chapter 5 covers the heredity of resistance to S. sclerotiorum in a fourth and different 

selected breeding population followed by a molecular study to highlight any potential 

genes controlling resistance to S. sclerotiorum.   
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Abstract 

Identifying the molecular and genetic basis of resistance to Sclerotinia stem rot 

(Sclerotinia sclerotiorum) is critical for developing long-term and cost-effective 

management of this disease in rapeseed/canola (Brassica napus). Current cultural or 

chemical management options provide, at best, only partial and/or sporadic control. 

Towards this, a B. napus breeding population (Mystic x Rainbow), including the parents, 

F1, F2, BC1P1 and BC2P2, was utilised in a field study to determine the inheritance pattern 

of Sclerotinia stem rot resistance (based on stem lesion length, SLL). Broad sense 

heritability was 0.58 for SLL and 0.44 for days to flowering (DTF). There was a 

significant negative correlation between SLL and stem diameter (SD) (r = -0.39) and 

between SLL and DTF (r = -0.28), suggesting co-selection of SD and DTF traits, along 

with SLL, should assist in improving overall resistance. Non-additive genetic variance 

was evident for SLL, DTF, and SD. In a genome wide association study (GWAS), a 

significant quantitative trait locus (QTL) was identified for SLL. Several putative 

candidate marker trait associations (MTA) were located within this QTL region. Overall, 

this study has provided valuable new understanding of inheritance of resistance to S. 

sclerotiorum, and has identified QTL, MTAs, and transgressive segregants with high-

level resistances. Together, these will foster more rapid selection for multiple traits 

associated with Sclerotinia stem rot resistance, by enabling breeders to make critical 

choices towards selecting/developing cultivars with enhanced resistance to this 

devastating pathogen. 

mailto:jacqueline.batley@uwa.edu.au
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INTRODUCTION 

Sclerotinia sclerotiorum is a necrotrophic fungus causing a devastating stem rot and 

associated yield losses of canola/rapeseed (Brassica napus) and mustard (B. juncea) 

worldwide, including in Australia, China, Europe, and North America (Pope et al., 1989; 

Boland and Hall, 1994; Zhou et al., 1994; Hind-Lanoiselet and Lewington, 2004; Deng 

and Tang, 2006; Li et al., 2006; Li et al., 2007; Li et al., 2009; Singh et al., 2010).  In 

Australia, yield losses can range from 10-70% (Hind-Lanoiselet and Lewington, 2004; Li 

et al., 2006; Li et al., 2007; Li et al., 2009), with an estimated value of losses of AUS $10 

million annually a decade ago (Murray and Brennan, 2012), but subsequently Sclerotinia 

has become a widespread major disease of canola in Australia. In Western Australia 

alone, approximately one third of canola crops are affected annually by this pathogen 

(Khangura et al., 2014) and losses up to 45% occur in the worst-affected crops (M. J. 

Barbetti, unpublished data). 

While stem infection is primarily a consequence of ascospore showers at flowering 

(Newton and Sequeira, 1972; Abawi and Grogan, 1975; Abawi and Grogan, 1979; Smith 

and Boland, 1989), carpogenic germination of sclerotia in the soil can also result in direct 

stem-base infection, particularly in India (Singh et al., 2007; Singh et al., 2008; Singh et 

al., 2010). S. sclerotiorum also readily attacks foliage, of both younger plants including 

cotyledons and leaves (Hims, 1979; Laemmlen, 2001; Khan et al., 2020a; Khan et al., 

2020b), and leaves and stems in adult Brassicaceae (Delourme et al., 2012). Importantly, 

the virulence and/or pathogenicity on seedlings commonly differs for different 

pathotypes/isolates (Ge et al., 2012; Ge et al., 2015), as does the expression of stem 

resistance within the breeding populations of B. napus and B. juncea from India and China 

(Barbetti et al., 2014). The response of a particular host can also differ in response to 

temperature adaptation of isolates (Uloth et al., 2014) and with different plant ages (Uloth 

et al., 2014; Ge et al., 2015; Khan et al., 2020a; Khan et al., 2020b). 

Cultural practices, chemical control and host resistance are all employed to varying 

degrees, to mitigate this disease. Traditionally used cultural controls are more a 

precaution, rather than a direct effective control against Sclerotinia rot (Garg et al., 2008; 

Barbetti, 2019), and involve avoiding inoculum carry-over from infested crop residues or 

alternative hosts (Garg et al., 2008; Garg et al., 2010c; Uloth et al., 2015; Barbetti, 2019). 

However, sclerotial resting bodies remain viable in the field for up to a decade or more 

(Li et al., 2006) and the pathogen has a wide host range (Garg et al., 2010c), which 

together constrain the effectiveness of cultural control (Boland and Hall, 1994). While 

application of fungicides is widely adopted, the cost of application is considered high and 

efficacy is, at best, variable, because of asynchronous timing of application(s) with 

ascospore dispersal showers with the flowering crop (Bolton et al., 2006) and in many 

cases environmental conditions are not conducive for infection. Consequently, it is 

critical to identify, develop and deploy host resistance from within existing canola genetic 

resources or introgressed from relatives in the Brassicaceae. It may be necessary to 

combine host resistance with other cultural and/or chemical management options for best 

control options (Barbetti, 2019; Barbetti et al., 2014). 

Recent studies towards understanding the inheritance of resistance across different plant 

growth stages against this pathogen has been an important first step (Khan et al., 2020a; 

Khan et al., 2020b). However, finding improved stem resistance to S. sclerotiorum has 

been the major focus over the past two decades (e.g., Li et al., 2006; Li et al., 2007; Li et 

al., 2009; Yu et al., 2010; Mei et al., 2011; Mei et al., 2012; Uloth et al., 2013; Barbetti 

et al., 2015; You et al., 2016; Atri et al., 2019; Rana et al., 2017; Rana et al., 2019; Qasim 

et al., 2020). Enhanced stem resistance has been found in wild relatives of canola (B. 
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rapa, B. carinata, B. oleracea,) and/or weedy species (e.g., Mei et al., 2011; Uloth et al., 

2013; Ding et al., 2013; Mei et al., 2015; Dhaliwal et al., 2017) which were introgressed 

into cultivated Brassica species such as B. juncea (Barbetti et al., 2014; Atri et al., 2019; 

Rana et al., 2017; Rana et al., 2019). The genetics of host-pathogen interactions between 

S. sclerotiorum and B. napus or B. juncea have been evaluated within breeder’s 

populations in India and China (e.g., Barbetti et al., 2014; Atri et al., 2019; Rana et al., 

2017; Rana et al., 2019; Khan et al., 2020a; Khan et al., 2020b). Qualitative/mono-geneic 

stem resistance was found by Abawi et al., (1978) and Garg et al., (2010a) and 

quantitative/polygenic/partial stem resistance was reported by several authors (Baswana 

et al. 1991; Zhao and Meng, 2003; Mei et al., 2011; Barbetti et al., 2014; Taylor et al., 

2015; Wei et al., 2016) across different Brassicaceae species. Epistatic interactions play 

a significant role in inheritance across one or more of the different plant growth stages 

(cotyledon/leaf/adult) (Disi et al., 2014; Khan et al., 2020a; Khan et al., 2020b).  

Linkage based QTL-mapping using biparental populations has been successfully 

employed to understanding genetics of resistance to pathogens such as S. sclerotiorum 

(Wu et al., 2013; Qasim et al., 2020). However, linkage disequilibrium (LD) based 

mapping on more diverse populations in genome wide association studies (GWAS) 

provides higher resolution of QTL than in biparental populations, and GWAS has been 

successfully utilized in relation to S. sclerotiorum resistance by Wu et al., (2016) and 

Wang et al., (2020). Markers based on single nucleotide polymorphisms (SNPs) coupled 

with next generation sequencing (NGS), offer improved robustness and denser genome 

coverage in identifying genes and genomic regions contributing to traits of interest (e.g., 

Ganal et al., 2011, 2014). Using one or more of SNP markers, QTL analysis, GWAS 

analysis and gene expression analysis using RNA-sequencing (RNA-seq), various QTL 

(e.g., Zhao and Meng, 2003; Zhao et al., 2006; Yin et al., 2010; Mei et al., 2011; Mei et 

al., 2012; Mei et al., 2013; Han et al., 2016; Wu et al., 2013; Wu et al., 2016; Wu et al., 

2019; Wei et al., 2014; Atri et al., 2019; Rana et al., 2017; Rana et al., 2019) and putative 

candidate genes (e.g., Li et al., 2015; Gyawali et al., 2016; Wu et al., 2013; Wu et al., 

2016; Qasim et al., 2020) have been reported for resistance to S. sclerotiorum. 

Stem diameter (SD) and days to flowering (DTF) have been reported to be associated 

with resistance to Sclerotinia stem rot. Wide SD was significantly associated with stem 

resistance in one report (Li et al., 2006), but there was no association in other reports (Li 

et al., 2007; Mei et al., 2012; Khan et al., 2021). Early flowering was reported to be 

associated with susceptibility to Sclerotinia stem rot (e.g., Mei et al., 2013; Wei et al., 

2014; Wu et al., 2019; Qasim et al., 2020). Wu et al., (2019) highlighted the positive 

correlation of early flowering and susceptibility coupled with RNA-seq, suggesting that 

similar genes or gene pathways may be involved in controlling these traits in B. napus.  

To further define the genetic nature of resistance to S. sclerotiorum, we undertook 

phenotypic and genotypic characterization of a newly developed F2 and backcross 

population derived from a S. sclerotiorum resistant (Mystic) and a susceptible (Rainbow) 

parent, both recently tested for disease reaction at multiple growth stages (cotyledon, leaf, 

and stem) (Khan et al., 2020a; Khan et al., 2020b; Khan et al., 2021). The Brassica 60K 

Infinium SNP array platform (Clarke et al., 2016), was used to obtain genotyping data 

and carry out a GWAS. The newly detected QTL were compared to previously identified 

QTL. Putative candidate genes underlying significant QTL were also investigated. This 

study will help understanding genetic basis and determining molecular evidence of 

resistance to S. sclerotiorum in the population derived from Mystic x Rainbow. 
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MATERIALS AND METHODS 

Breeding populations 

A B. napus crossing population derived from cv. Mystic x cv. Rainbow (C3) was used in 

this study. Cultivar Mystic has been reported to have resistance to S. sclerotiorum in both 

cotyledon (Garg et al., 2008; Garg et al., 2010b) and stem (Uloth et al., 2013; Uloth et al., 

2015), while cv. Rainbow, is known to be both cotyledon-susceptible (Garg et al., 2008) 

and stem-susceptible (Uloth et al., 2015). Additionally, these two cultivars were used as 

checks in previous studies based on resistance to S. sclerotiorum in cotyledons (Khan et 

al., 2020a) leaves (Khan et al., 2020b), and stems (Khan et al., 2021). Seeds were 

available from inbred parents (P1 and P2), F1, F2, F1 to each parent, BC1P1 and BC1P2, 

respectively. We used pure line cv. Mystic and cv. Rainbow seeds harvested from an 

earlier study (Khan et al., 2021), as checks in this experiment. 

Sowing of seedlings 

There were 50 plants (replicates) of each parental genotype and F1, 450 F2 individuals, 

50 individuals of each BC1 of the F1 to each parent, and 10 plants each of the check 

cultivars Mystic and Rainbow (total 720 plants). Seedlings were grown in trays each 

containing 15 small coir forestry tubes measuring 130 mm high, 55 mm wide and 35 mm 

base and thinned to a single plant in each tube. Single plants were maintained in each pot 

in a naturally lit glasshouse with a temperature range of 22 ± 2 °C during day and 16 ± 2 

°C during night. Seedlings were regularly fertilised with all-purpose plant nutrient 

(Thrive™) as recommended by the manufacturer and watered daily to free draining. 

Design of field experiment 

After 8 weeks of growth in the controlled environment facility, plants were transplanted 

to the field plot facility at The University of Western Australia. The layout consisted of 

three blocks each with 240 plants with a pathway between blocks to facilitate 

inoculations, data collection and visual scoring. Each block was 5 columns deep by 48 

rows wide with 20 cm between plants in each direction. Replicated parent and F1 

genotypes and checks were first allocated to blocks and then randomised in a spatially 

optimised design in sub-blocks 5 columns deep by 24 rows wide and sub-sub-blocks 5 

columns deep by 12 rows wide before non-replicated genotypes were randomly allocated 

to vacant positions in a p-rep design generated in DiGGer (Coombes, 2009). Buffer rows 

of canola plants were planted all around the field trial to provide uniform growing 

conditions to genotypes under study and to avoid any ‘edge effects’. 

Culturing of S. sclerotiorum 

A single resting-structure sclerotium of pathogenic isolate MBRS-1 (available at The 

University of Western Australia Culture Collection as UWA MBRS-1) was used in this 

study. This isolate belongs to the highly virulent pathotype 76, the prevailing pathotype 

in Western Australia comprising approximately 74% of the S. sclerotiorum population 

(Ge et al., 2012). This isolate was successfully utilised to identify cotyledon (Garg et al., 

2008; Garg et al.,2010b; Uloth et al., 2014; Khan et al., 2020a), leaf (Uloth et al., 2013; 

You et al., 2016; Khan et al., 2020b) and stem (Li et al., 2006; Li et al., 2007; Li et al., 

2009; Ge et al., 2012; Uloth et al., 2013, Uloth et al., 2015; You et al., 2016; Khan et al., 

2021) resistances in B. napus and/or B. juncea. The sclerotium was surface sterilized in 

1% (v/v) sodium hypochlorite and 70% ethanol for 4 minutes followed by double washing 

in sterilized distilled water for 1 minute (Clarkson et al., 2003). The sclerotium was cut 
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in half and placed onto potato dextrose agar (PDA; potato peptone 4 g.L-1, glucose 20 

g.L-1 and agar 15 g.L-1). S. sclerotiorum was then sub-cultured, sealed and maintained in 

an incubator at 25 °C on PDA. 

Inoculum production 

A glucose rich solid medium was used (peptone 10 g, glucose 20 g, agar 20 g, KH2PO4 

0.5 g, H2O 1 L, adjusted to pH 4.0 with HCl before autoclaving) (Li et al., 2006). This 

medium was poured into plastic Petri plates and allowed to harden. Plates were inoculated 

by subculturing from the growing margins of three-day-old colonies growing on PDA 

and then incubated at room temperature (23 ± 2 °C). 

Inoculation and data recording  

Three days after incubation, 5 mm agar plug discs were taken from the growing edges of 

cultures on glucose rich medium and applied to stems at the first internode above the 

middle node and secured using Parafilm, as described by Li et al., (2006) and Li et al., 

(2007). Stems were kept wet before inoculation, either by natural rainfall or by overhead 

sprinklers. After inoculation, regular rainfall supplemented by irrigation using overhead 

sprinkler irrigation provided a suitable environment for disease development. Plants were 

inoculated on the day of first flowering and scored for stem lesion length (SLL) at 3 weeks 

after inoculation, following Li et al., (2007). SLL was recorded on each plant at each 

scoring date using a linear ruler to the nearest mm. Additionally, the stem diameter (SD) 

of each plant was measured at time of inoculation (first flowering) as per Li et al., (2006) 

using Vernier callipers to the nearest mm and days to first flower (DTF) were recorded 

on each plant. 

Phenotype data analysis 

A statistical model for SLL, SD and DTF was fitted using ASREML-R (v. 3.0) (Butler et 

al., 2009), which produces residual maximum likelihood (REML) estimates of the 

variance parameters and best linear unbiased prediction of the random effects (in this 

population, genotype was considered a random effect). A pedigree file of the genotypes 

in the population was used to form a genetic relationship matrix, and both additive 

(predicted breeding values correlated according to the relationship matrix) and non-

additive (uncorrelated) genetic effects were included in the linear mixed model. Bivariate 

analysis in ASREML-R was used to evaluate genetic covariance between SLL, SD and 

DTF following Ganesalingam et al., (2013). The traits tested were SLL at 3 weeks post-

inoculation, SD and DTF. 

DNA extraction 

We selected 100 F2 individuals based on SLL for genotyping. These F2 were classified 

into two groups, viz. resistant (SLL ≤14 mm) and susceptible (SL L≥60 mm). Leaf (100 

mg) samples for parents and each F2 plant were collected, sealed in plastic bags, and 

stored at -80°C for DNA extraction until use. A sub-sample of 12-15 mg of each leaf was 

added to 1.5 mL Eppendorf tube with one 3 mm Tungsten Carbide Bead (QIAGEN 

Hilden, German). The tube was incubated in liquid nitrogen for few minutes and the plant 

material ground using a Tissue Lyser II (QIAGEN Hilden, German). The plant DNA was 

extracted using the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) according to the 

manufacturer’s protocol. The concentration of the plant DNA was measured using the 

QubitTM dsDNA BR Assay Kit (Invitrogen, USA) according to the manufacturer’s 

instructions. 
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SNP genotyping 

SNP genotyping was carried out using the Brassica 60 K Illumina InfiniumTM SNP array 

(Clarke et al., 2016) for parents and selected F2 from population C3. The genotyping was 

performed according to the manufacturer’s instructions (Illumina Inc., San Diego, CA). 

The SNP array consists of 52,157 SNP markers from the A and C sub-genomes in B. 

napus (Clarke et al., 2016). SNP calling was performed according to manufacturer’s 

protocol, and data filtering resulted in 36,225 markers retained for association analysis. 

QTL analysis 

QTL were mapped using R/qtl2 vo.24 (Broman et al., 2003). Genotype probabilities were 

calculated with an error probability of 0.01 (error.prob=0.01). A single QTL model was 

run using Haley-Knott regression (method=’hk’). P-value cutoffs were determined using 

1,000 permutations. 

Genome-wide association analysis (GWAS) 

We used a Mixed Linear Model (MLM) in Genomic Association and Prediction 

Integrated Tool (GAPIT) v3.0 in R (Lipka et al., 2012). We used an approach like Gacek 

et al., (2017). Briefly, the SNP data were exported in HapMap format based on Top allele 

setting, where the genotype can be either homozygous, or heterozygous or missed call 

(NN). Phenotypic data accompanied in a separate text (Tab delimited) format. GAPIT 

automatically selects quality control parameters such as principle component (Price et al., 

2006) to define population structure. Minor allele frequency (MAF) was set to zero, and 

marker-trait associations (MTA) threshold was set to p=0.05 after applying False 

Discovery Rate (FDR) correction (Benjamini and Hochberg, 1995) to control false 

positives. The variation explained by MTA (R2) was based on the difference between the 

R2 value of GAPIT with and without strongest associated SNP included. 

QTL Alignment and Candidate Gene Prediction 

The QTL/candidate SNPs identified in this study were compared with previously reported 

QTL from 12 different studies by using BlastN analysis against the B. napus reference 

genome ‘Darmor-bzh’ (v4.1) (Chalhoub et al., 2014). To ascertain potential candidates, 

all genes within a ±100,000 bp upstream and downstream region from any significant 

SNPs were compiled (Anderson et al., 2019). The putative function of each gene in B. 

napus was then determined using the UniProt Knowledgebase (The UniProt Consortium, 

2021). 

 

RESULTS 

Phenotype data: analysis of variance   

A range of reactions for the SLL segregating F2 population and backcrosses to both 

parents, was observed. The range of disease symptoms and resulting host reactions 

against S. sclerotiorum are shown in Figure 1. In this population, SLL ranged from 350 

mm, in the most susceptible, to 0.5 mm in the most resistant types, with five F2 genotypes 

possessing the strongest resistance (SLL<2 mm), followed by 10 F2 genotypes (SLL>2 

to ≤5 mm) with very high resistance (Figure 2). Resistant genotypes had very small 

lesions, with a visible, blackish hypersensitive reaction. Conversely, susceptible types 

had much larger lesion sizes and extensive white fungal hyphal growth in and around the 
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inoculated region, and the most susceptible types had sclerotia present inside the infested 

stem. The most severely diseased plants showed dead stem areas up to 35 cm and 

subsequent plant collapse and death. Broad-sense heritability (H) based on variance in 

the population was moderately high for SLL at 3 weeks (Table 1), and moderate for DTF, 

but low for SD (Table 1). 

Phenotype data: bivariate analysis  

We observed significant non-additive genetic effects, but not additive effects, for SLL, 

SD or DTF in both the univariate and bivariate models, hence only the bivariate models 

are presented (Table 2). Bivariate models based on unstructured covariance for non-

additive genetic effects and residuals showed significant improvement over the diagonal 

models for SLL: SD, SLL: DTF and DTF: SD (Table 2). There was significant negative 

covariance of non-additive genetic effects between SLL: SD and SLL: DTF, that is, SLL 

tended to be larger in genotypes with smaller diameter stems and those that were earlier 

flowering. The positive covariance of non-additive genetic effects between SD: DTF 

indicates that genotypes with wider diameter stems tended to be later flowering. 

SNPs associated with disease resistance  

Of the 60K SNPs, 36,255 polymorphic SNPs were retained after filtering and used for the 

GWAS analysis. The A genome contained a significantly higher number of polymorphic 

SNPs (22,363) compared to the C genome (10,761). A further 3,101 unplaced SNPs were 

also included in the analysis. On average, the A genome had 2,236 SNPs per 

chromosome, ranging from 1,765 (A08) to 2,990 (A03), while the C genome contained 

1,195 SNPs per chromosome ranging from 424 (C05) to 1,889 (C04). 

Using GWAS one SNP marker (Bn-A03-p9939018) was found to be significantly 

associated with Sclerotinia stem rot resistance based on SSL, using the threshold value, -

log10 (0.05) = 1.38 E-5, this SNP explained 32.3% of phenotypic variation for disease 

resistance (Figure 3). GAPIT calculated MAF=0.26 and LD (r2) at 0.34 with the 

significant SNP in GWAS. In addition, a SNP that fell just below the significance 

threshold was detected on chromosome A01 (Bn-A01-p5265598), at 3.31E-5 and 

explaining 28% of the phenotypic variation for disease resistance (Figure 3). Using QTL 

analysis, we identified the same region on chromosome A01 associated with resistance, 

with a peak at 4,880,464 bp, range 4,829,792-4,968,084 bp, LOD 6.05), explaining 24% 

variation. We did not find any significant associations with inheritance pattern for SD or 

DTF.  

Integrative analysis of novel loci detected in this study 

The region ±100,000 bp downstream and upstream from the significant SNP on 

chromosome A03 (9039748-9239748 bp in Darmor-bzh v4.1), contained 41 genes (Table 

3). Among these genes, five were predicted to contain protein kinase domains 

(BnaA03g19370D, BnaA03g19330D, BnaA03g19260D, BnaA03g19250D and 

BnaA03g19170D) and one was predicted to contain a transmembrane domain 

(BnaA03g19290D) and have been shown previously to be involved in disease resistance. 

This region did not overlap with previously identified QTL with resistance to S. 

sclerotiorum, suggesting this region is a new locus for resistance. The SNP Bn-A01-

p5265598 was positioned far from any previously known QTL, underneath this QTL 

region, there were two putative resistance genes; BnaA01g09840D and 

BnaA01g09850D, encoding NL and NBS respectively 
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DISCUSSION 

Identifying the molecular and genetic basis of resistance to Sclerotinia stem rot is critical 

for developing long-term and cost-effective management of this disease in 

rapeseed/canola (Brassica napus). We identified non-additive genetic variance for SLL, 

DTF, and SD in a segregating bi-parental population of Mystic (Sclerotinia-resistant) x 

Rainbow (Sclerotinia-susceptible), and SLL was higher in genotypes with narrow SD and 

early DTF based on significant negative covariance of non-additive genetic effects. The 

most resistant genotypes showed symptoms in the form of very small lesions, or simply 

a hypersensitive-type reaction as reported by Li et al., (2006), Li et al., (2007), Li et al., 

(2009) and Khan et al., (2021), which confirms the effectiveness of this high-level 

resistance. The moderate broad-sense heritability (H) for SLL in this report is consistent 

with earlier studies (Wu et al., 2013 and Wei et al., 2014). Non-additive inheritance of 

resistance to S. sclerotiorum in B. napus based on cotyledon/leaf/stem resistance has been 

reported earlier, for example by Disi et al., (2014), Khan et al., (2020a), Khan et al., 

(2020b) and Khan et al., (2021). Epistatic inheritance of disease resistance in other 

crops/pathogens has also been reported such as, for downy mildew (Pseudoperonospora 

cubensis) in muskmelon (Shashikumar et al., 2010). DTF in the current study is also under 

epistatic control similar to a report in B. oleracea (Mei et al., 2013) although, additive 

effect has also been reported in B. napus such as by Zhang et al. (2019).  

The negative covariance of SLL with both SD and DTF infers that genotypes with wider 

stems and later flowering tend to be more resistant to Sclerotinia stem rot. Another report 

also suggested that early flowering was associated with susceptibility genes (Wu et al., 

2019), and breeders need to be aware of this association or the population may be 

inadvertently selected for late flowering time. A similar warning relates to SD, which in 

this study was negatively correlated with SLL– that is, narrow-stemmed genotypes tended 

to have higher SLL. This contrasts with a previous study (Li et al., 2006), where distinct 

quadratic relationship between SLL and SD (r= 0.54) suggested that narrow stems (low 

SD) were associated with S. sclerotiorum stem resistance. No association was reported 

between SD and SLL in other studies (Li et al., 2007; Mei et al., 2012; Khan et al., 2021). 

We conclude that each genetic population needs to be taken on its merits so that breeders 

do not bias their selection of resistant types based on indirect measures of SD or SLL, and 

bivariate analysis is a powerful tool to assess these genetic correlations in each 

population.   

Crucially, genome wide association study (GWAS) identified a significant QTL 

associated with disease resistance against S. sclerotiorum stem disease on chromosome 

A03. There were additional associations on chromosomes A01 and A02, but their genetic 

effects can only be detected at the sub-threshold level. This is likely due to the low number 

of lines used in the analysis. The GWAS region on A01 was also identified using QTL 

analysis. Regardless, the unique resistance identified in this study, at adult plant age, to 

S. sclerotiorum supports, previously identified resistances in B. napus at the molecular 

level (e.g., Zhao et al., 2006; Zhao et al., 2007; Zhao et al., 2009; Gyawali et al., 2016; 

Atri et al., 2019; Rana et al., 2019; Wu et al., 2019) or via field screening/anatomical 

studies (e.g., Uloth et al., 2013; Uloth et al., 2014; Disi et al., 2014). This also confirms 

Rana et al., (2017)  in that the resistance can be influenced by uncharacterized multiple 

genes (quantitative nature) to this pathogen that offer potential high-level resistance 

source(s) if selected (Zhao et al., 2006) for further testing and characterizing of these 

resistance(s). Such resistance(s) can potentially be ‘fixed’ by self-pollination in later 

generations, for example, as done by Niemann et al., (2017) by delaying selection to F5 

against club root (Plasmodiophora brassicae) in Chinese cabbage (B. rapa ssp. 

pekinensis). We found no QTL associated with DTF in this study, although co-
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localization of QTL associated with SLL and DTF on chromosome A02 has been reported 

before (Wu et al. 2019; Zhang et al. 2019). 

Of the 41 putative genes, five contain kinase domains and one contains a transmembrane 

domain, which both play important functions in pathogen recognition and are common 

features of RGAs (Neik et al., 2020; Zhang et al., 2020). RGAs can be broadly categorised 

into pattern recognition receptors (PRRs), which include receptor-like kinases (RLKs) 

and receptor-like proteins (RLPs), or nucleotide-binding-site leucine-rich repeats (NLRs) 

(Jones and Dangl, 2006). None of the identified genes in the present study belong to the 

NLR class of RGAs. This is in contrast to previously described candidate genes for 

Sclerotinia stem rot resistance, which are mostly NLRs (Mei et al., 2013; Li et al., 2015). 

This discrepancy is expected for a quantitatively controlled trait such the Sclerotinia stem 

rot resistance, as quantitative resistance relies on a number of mechanisms mediated by 

several classes of genes, including but not limited to RGAs (Zipfel et al., 2004; 

Kliebenstein et al., 2005; Raman et al., 2018; Tirnaz et al., 2020). This is also reflected 

in the variety of predicted functions of the candidate genes identified in this study. Of the 

genes underlying the GWAS region on A03, a number have previously been shown to be 

involved in disease resistance. BnaA03g19330D is a CDPK-related kinase 1 (CRK1) and 

these gene families have been found to be involve in basal defense against blackleg in 

canola (Beker et al. 2019; Haddadi et al. 2016) and Arabidopsis thaliana (Dubiella et al 

2013, Gravino et al. 2015). Genome-wide analysis also revealed these gene families to be 

involved in disease resistance of tomato and SlCRK6 was the first CRK gene proven to 

function in plant disease resistance (Wang et 2016). BnaA03g19370D encodes a 

phosphatidylinositol 4-phosphate 5-kinase 5), previously silencing of a 

phosphatidylinositol 3-kinases gene by Phytophthora sojae reduced the virulence of the 

pathogen on soybean, while secretion of phosphatidylinositol 3 phosphate-5-kinase by 

Nicotiana benthamiana leaves significantly increased the level of resistance to infection 

by Phytophthora parasitica and Phytophthora capsica (Lu et al., 2013). 

BnaA03g19260D encodes a protein kinase and type 2C protein phosphatase (PP2C-like 

domain-containing protein) and while protein kinases are involved in resistance, the role 

of the  Type 2C Protein Phosphatase is yet to be fully discovered, however they have been 

shown to be a key regulator of antiviral extreme resistance limiting virus spread in 

soybean (Seo et al., 2014). BnaA03g19290D encodes a vacuolar WAT1 (WALLS ARE 

THIN 1-related protein). WAT genes have been shown to modulate salicylic acid 

biosynthesis and local lignin deposition participating in plant resistance against Verticillium 

dahlia in cotton (Tang et al. 2019). Further validation will be needed to confirm their 

involvement in the Sclerotinia stem rot - Brassica napus pathosystem. Moreover, epistatic 

interactions occur between avirulence genes of pathogen and host plant resistance genes, 

thus making the host-pathogen interaction more complex than a simply assumed gene-to-

gene hypothesis (Cantila et al., 2021).  

Importantly, in the current study, the locus we identified on chromosome A03 explains 

21.6% (r2 = 0.216) of phenotypic variation for disease resistance. This value is 

comparatively high in comparison with studies that identify significant association close 

to this region, including 11.52% by Atri et al., (2019), 7.76% by Wu et al., (2019) and 5-

20% observed by Rana et al. (2019). In field experiments on blackleg (Leptosphaeria 

maculans) resistance in adult B. napus plants, QTL detected at A03 explained 4.1% of 

phenotypic variance (Kumar et al., 2018), but in another field experiment in Australia, no 

QTL for blackleg resistance were detected on A03 (Raman et al., 2018). However, that 

QTL identified at the seedling stage are generally more consistent (Raman et al., 2018), 

highlights the need for further comparative studies on inheritance patterns of resistance 

to diseases such as sclerotinia rot and/or blackleg to locate and map stable QTL across 

different growth stages and different environments.  
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In conclusion, this study of a newly developed Mystic x Rainbow population has provided 

combined phenotypic and genotypic selection indicators for resistance screening and 

identification of causative genes against S. sclerotiorum. The range of available 

phenotypic variation and the significant QTL located on chromosome A03 of B. napus 

have together provided valuable new understanding of inheritance of resistance to S. 

sclerotiorum and has identified QTL, MTAs, and transgressive segregants with high-level 

resistances. Bivariate analysis was important to demonstrate that Sclerotinia stem 

resistance was genetically correlated with later flowering and wider stems in this 

population, and that co-selection of later flowering types and wider stems may occur 

unless breeders focus on selecting “normal” flowering time genotypes with Sclerotinia 

stem rot resistance. 
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Table 1:  Mean ± standard error (SE), variance, variance components, heritability and number of individuals (n) for stem lesion length (SLL, mm, square root transformed, 

measured at 3 weeks after inoculation), stem diameter (SD, mm) and days to flowering (DTF) in each generation of population C3. 

Total genetic variance (Vg), error variance (Ve), and broad sense heritability (H) were calculated from simple variance calculations within each generation. Ve = average 

variance of P1, P2 and F1; Vg = variance (F2) - Ve; H = Vg/(Vg + Ve) 

 

 

Trait Attributes 

Generation 

Vg Ve H 

P1 P2 F1 F2 BC1P1 BC1P2 

SLL Mean ± SE 3.82 ± 0.18 6.23 ± 0.51 4.52 ± 0.24 5.66 ± 0.16 5.49 ± 0.50 5.83 ± 0.52    

 Variance 1.1 6.75 1.73 7.57 8 9.85 3.19 4.38 0.58 

 n 34 26 29 298 32 36  

SD Mean ± SE 16.03 ± 0.43 12.19 ± 0.49 11.44 ± 0.64 10.76 ± 0.15 10.76 ± 0.44 11.68 ± 0.51    

 Variance 6.38 7.29 12.93 6.35 6.24 9.23 8.87 -2.52 0.00 

 n 35 31 32 298 32 36  

DTF Mean ± SE 155.89 ± 0.89 129.19 ± 1.17 127.25 ± 2.12 127.96 ± 0.65 119.34 ± 2.3 126.94 ± 2.43    

 Variance 27.46 42.56 143.23 126.66 169.39 213.08 71.08 55.57 0.44 

 n 35 31 32 298 32 36  
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Table 2. Unstructured bivariate analysis for stem lesion length (SLL, mm, square root transformed, 

measured at 3 weeks after inoculation), stem diameter (SD, mm) and days to flowering (DTF) in each 

generation of a cv. Mystic x cv. Rainbow population, including the parents, F1, F2, BC1P1 and BC2P2, 

allowing for genetic covariance of non-additive and residual effects, significance of variance components 

(VC) ± standard error (SE), covariance (Trait 1&2) between any two traits, and genetic correlation (r). 

Trait 

 aSLL1 vs SD2  bSLL1 vs DTF2  

 

cSD1 vs DTF2  

VC ± SE Z-ratio r 

 

VC ± SE 
Z-

ratio 
r VC ± SE Z-ratio r 

 Additive effects   Additive effects  Additive effects  

Trait 1 0.00 ± 0.00 0.00  0.00 ± 0.00 0.00  0.05 ± 0.40 NS 0.12 NS  

Trait 2 0.07± 0.44 0.17NS  10.31 ± 16.65 0.62 NS  9.89 ± 16.81NS 0.59 NS  

 
Non-additive 

effects 
  

Non-additive 

effects 
 

Non-additive 

effects 
 

Trait 1 5.45 ± 0.71 7.68**  5.39 ± 0.71 7.54 **  1.38± 0.55 2.53 **  

Trait 

1&2 
-1.28 ± 0.52 -2.44** 

-

0.39 
-5.96 ± 2.19 -2.71** 

-

0.28 
4.51± 2.28 1.98* 0.44 

Trait 2 1.93 ± 0.61 3.16**  87.08 ± 14.95 5.83**  75.36 ± 15.68 4.81**  

 Residual effects   Residual effects  Residual effects  

Trait 1 2.71 ± 0.39 6.98**  2.75 ± 0.39 6.94**  6.41± 0.59 10.89**  

Trait 

1&2 
-9.69 ± 0.37 -2.65** 

-

0.24 
0.08 ± 1.28 0.06 NS 0.00 -4.92± 1.79 -2.74** -0.24 

Trait 2 5.97 ± 0.56 10.58**  58.98 ± 7.65 7.71**  65.45 ± 9.06 7.23**  

Note: 1&2 Traits as in rows, VC=Variance component, SE=Standard error, r = correlation 

Significance based on Z-test; Positive NS=non-significant; Positive *sig P≤0.05; Positive **sig P≤0.01 
aLog likelihood (-1404.805) for this pair of traits (with pedigree information) diagonal model significantly 

improved in the unstructured bivariate analysis (-1386.9480). 
bLog likelihood (-2074.5153) for this pair of traits (with pedigree information) diagonal model significantly 

improved in the unstructured bivariate analysis (-2069.0670). 
cLog likelihood (-2118.57) for this pair of traits (with pedigree information) diagonal model significantly 

improved in the unstructured bivariate analysis (-2114.06). 
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Table 3. Potential candidate resistance genes identified (this study). 

Genes within the 

region 

Function/Feature UniProtKB ID 

BnaA03g19510D S-formylglutathione hydrolase A0A078HD96 

BnaA03g19500D Cytokinin dehydrogenase A0A078HAD3 

BnaA03g19490D Peroxidase A0A078HCC2 

BnaA03g19480D DNA-(apurinic or apyrimidinic site) endonuclease A0A078HC93 

BnaA03g19470D BnaA03g19470D protein A0A078HF36 

BnaA03g19460D BnaA03g19460D protein A0A078HDA3 

BnaA03g19450D BnaA03g19450D protein A0A078HAE1 

BnaA03g19440D Involved in cell division and spindle assembly A0A078HCC7 

BnaA03g19430D Coiled coil domain A0A078GAY7 

BnaA03g19420D Involved in protein disulfide oxidoreductase activity A0A078HF41 

BnaA03g19410D Phosphorelay signal transduction system A0A078HDA8 

BnaA03g19400D Strictosidine synthase activity A0A078HAE8 

BnaA03g19390D BnaA03g19390D protein A0A078HCD3 

BnaA03g19380D 3 iron, 4 sulfur cluster binding/glutamate synthase (NADH) 

activity 

A0A078HCA3 

BnaA03g19370D Phosphatidylinositol 4-phosphate 5-kinase A0A078HF44 

BnaA03g19360D BnaA03g19360D protein A0A078HDB3 

BnaA03g19350D Involved in amino acid transport A0A078HAF5 

BnaA03g19340D Involved in positive regulation of DNA-binding transcription 

factor activity 

A0A078HCD8 

BnaA03g19330D ATP binding/calcium-dependent protein serine/threonine 

kinase activity 

A0A078HCA8 

BnaA03g19320D Involved in calcium ion binding Q6LD03 

BnaA03g19310D BnaA03g19310D protein A0A078HDB9 

BnaA03g19300D BnaA03g19300D protein A0A078HAG1 

BnaA03g19290D WAT1-related protein that contains a transmembrane domain A0A078HCE3 

BnaA03g19280D Belongs to cytochrome P450 family A0A078HCB3 

BnaA03g19270D Cysteine proteinase inhibitor A0A078HF49 

BnaA03g19260D Has a protein kinase domain that is involved in ATP 

binding/protein serine/threonine phosphatase activity 

A0A078HDC4 

BnaA03g19250D 1-phosphatidylinositol 4-kinase which belongs to PI3/PI4-

kinase family 

A0A078HAG6 

BnaA03g19240D BnaA03g19240D protein A0A078HCE9 

BnaA03g19230D RING-type E3 ubiquitin transferase A0A078HCC0 

BnaA03g19220D BnaA03g19220D protein A0A078HF51 

BnaA03g19210D BnaA03g19210D protein A0A078HDD0 

BnaA03g19200D BnaA03g19200D protein A0A078HAH2 

BnaA03g19190D Involved in DNA-binding transcription factor 

activity/transcription regulatory region sequence-specific 

DNA binding 

A0A078HCF6 
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BnaA03g19180D Involved in DNA-binding transcription factor 

activity/sequence-specific DNA binding 

A0A078HCC5 

BnaA03g19170D Has a protein kinase domain that is involved in protein 

kinase activity/ATP binding 

A0A078HF53 

BnaA03g19160D BnaA03g19160D protein A0A078HDD7 

BnaA03g19150D Has a response regulatory domain that is involved in 

phosphorelay signal transduction  

A0A078HAH9 

BnaA03g19140D Has a BZIP domain and coiled coil feature that is involved in 

DNA-binding transcription factor activity 

A0A078F3F6 

BnaA03g19130D Expansin that is involved in plant-type cell wall organization A0A078F7H8 

BnaA03g19120D 40S ribosomal protein S26 that is involved in mRNA binding 

and is a structural constituent of ribosome 

A0A078F3M4 

BnaA03g19110D Has a NAC domain-containing protein that is involved in 

DNA binding 

A0A078EZT4 
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FIGURE 1. Showing a range of genotype reactions in terms of size and nature of stem lesion symptoms 

on Brassica napus caused by Sclerotinia sclerotiorum, from highest level of resistance (A,B,C), moderate 

resistance/moderate susceptibility (D, E) and high susceptibility (F,G,H). 
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FIGURE 2. Histogram showing frequency distribution for stem lesion length in F2 population. 

 

 

  

FIGURE 3. Manhattan plot showing significant SNPs associated to Sclerotinia sclerotiorum resistance 

using Mixed Linear Model (MLM)  

 

 

 

 

 

 

 

 

 

 



 

109 

 

 

FIGURE 4. Comparison of this study to previously reported QTL for Sclerotinia sclerotiorum resistance. 

Blue bars indicate the position of previously identified QTL in the B. napus Darmor-bzh v4.1. The red bar 

is the significant region on chromosome A03, while green bar is suggestive association on chromosome 

A01. No other associations were detected, hence no other chromosomes are shown. Each bar represents 1 

Mbp. 
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Chapter 6: General Discussion 

 

My research started with an objective to explore disease resistance to S. 

sclerotiorum in canola, hypothesizing that untapped genetic variation was available from 

regions other than Australia and that host resistance needs testing at multiple plant ages. 

Additionally, my project set out to highlight new genetic regions/genes associated with 

resistance that can help improve our understanding of the resistances identified. 

In the last decade and a half, S. sclerotiorum has been a focus of research across 

a wider host range, in particular in relation to its growing incidence and adverse impact 

on rapeseed/canola. Towards more effectively managing this pathogen there have been 

several significant developments and advancements in our understanding. These include 

the first genome sequence (Amselem et al., 2011), new understanding of pathogen 

genetics and population structure (e.g., Attanayake et al., 2013; Clarkson et al., 2017), 

comparisons of response of resistant vs susceptible hosts to pathogen attack (e.g., Garg et 

al., 2010c; Uloth et al., 2016), host defence expressions at cell/molecular level (e.g., Rietz 

et al., 2012; Wang et al., 2014), identification of new resistance sources (e.g., Li et al., 

2006, 2009; Garg et al., 2010a; Uloth et al., 2013; You et al., 2016) and,  importantly, 

new understanding of genetics of host resistance (e.g.,  Disi et al., 2014) and recent gene 

discoveries (e.g., Wu et al., 2013; Rana et al., 2017, 2019; Atri et al., 2019; Qasim et al., 

2020 etc.). Together, these have paved the way forward towards the ultimate goal of 

achieving reliable resistance. Understanding the quantitative nature and both the additive 

and/or non-additive gene effects are foundational towards effective control of S. 

sclerotiorum using host resistance, and examples include additive control in B. napus 

(Wu et al., 2013, 2016) or B. oleracea (Mei et al., 2013), non-additive genetic control in 

B. napus (Zhao and Meng, 2003; Zhao et al., 2006) or in a population from Brassica 

incana x B. oleracea var. alboglabra (Disi et al., 2014). 

The expression of host resistance at different plant ages is a challenging current 

area of investigation and where phenotypic evaluations of resistance have primarily 

focused on stem only or on stem vs leaf resistances (e.g., Li et al., 2006, 2007, 2009; Ge 

et al., 2012; Uloth et al., 2013, 2015a,b; 2016; You et al., 2016) or genetic control (e.g., 

Zhao et al., 2006, 2007, 2009; Gyawali et al., 2016; Atri et al., 2019; Rana et al., 2019; 

Wu et al., 2019). In contrast, the genetics of host resistance has not been studied at 

cotyledon stage in B. napus, despite several attempts at defining the phenotypic 

expression of resistance at the cotyledon stage (e.g., Garg et al., 2008; Garg et al., 2010b; 

Uloth et al., 2014). Further, there have been no genetic studies comparing cotyledon vs 
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leaf resistances. In addition, no attempts have been made to compare expression of 

resistance across all three plant ages (cotyledon, leaves and stem), and particularly not 

against a well characterized prevailing pathotype of the pathogen, such as used in my 

studies. Finally, phenotyping for molecular studies has historically been primarily 

conducted under a controlled environment and utilising detached plant parts or at best 

injurious methods of inoculation instead of ‘whole plant’ evaluations as utilised in my 

studies. Addressing these vital knowledge gaps is important if reliable resistance against 

this pathogen is to be achieved across more than a single plant age, important as S. 

sclerotiorum is an important pathogen across plant ages ranging from seedling to post-

flowering (Taylor et al., 2015, 2018). This is important as not only are one or more 

Brassicaceae crop species such as B. napus, B. oleracea and Raphanus spp. used for 

oilseed and adult plant vegetable production, but they are also used as young plants for 

vegetable salad mixes (e.g., Hims, 1979), emphasising the need for protection against S. 

sclerotiorum across the different plant growth stages/ages. 

In response to the situations outlined above, this thesis focuses on identifying new 

resistance sources in especially designed breeding populations, delineating the respective 

patterns of inheritance across different growth stages, comparing common or uncommon 

genetics between these growth ages, and locating genes controlling the resistance 

response to S. Sclerotiorum at the adult plant stage. The key findings from my studies 

have been fully discussed in detail in earlier Chapters (2-5) and are briefly summarised 

below.  

 

Key findings 

1. Cotyledon resistance 

 This is an important first report on the inheritance patterns of cotyledon resistance 

as explored in these purpose-designed new B. napus breeding populations. I found 

significant genetic variation, of which a significant proportion was clearly heritable 

(Chapter 2), important new information that supplements existing information from 

historical studies on inheritance of resistance to S. sclerotiorum in canola/rapeseed at leaf 

and stem stages (e.g., Wu et al., 2013; Disi et al., 2014). The potential heterosis identified 

for resistance in cotyledons in my study represents a significant new advancement 

towards strategically mitigating the pathogen at the cotyledon stage by utilising the innate 

host resistance/immunity I identified within these B. napus breeding populations. 
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2. Leaf resistance 

This study not only highlights the pattern of inheritance of leaf resistance to S. 

sclerotiorum, but importantly, highlights correlated resistance across cotyledon and 

leaves (Chapter 3). This is important as both resistances are important in context of 

achieving reliable seedling resistance to S. sclerotiorum. This is unique in that there are 

no previous reports noting correlated resistance across different growth ages of cotyledon 

and leaves, the closest examples only comparing cotyledon vs stem resistances but in 

independent trials for each stage (e.g., Garg et al., 2008; Wu et al., 2013). Importantly, 

again my study differs in that earlier studies usually use detached and/or excised leaves 

(Mei et al., 2011; Wu et al., 2013; Disi et al., 2014) or natural leaf infections were 

recorded as part of stem rot field-screening experiments (Uloth et al., 2013; You et al., 

2016). The consistent heritability across cotyledon vs leaf resistances and genetic 

correlation of resistance across these two tissue types, suggests that there are at least one 

or more genes in common likely involved in this resistance against S. sclerotiorum in B. 

napus.  

3. Stem resistance 

 The high-level stem rot resistance identified in these B. napus breeding 

populations is a critical plant breeding asset for making selections and developing 

enhanced resistance against S. sclerotiorum. My study highlights that different disease 

recording times can improve the reliability of selection for stem resistance (Chapter 4). 

The genetics of resistance for disease may (e.g., cotyledon vs leaf) or may not (e.g., stem 

vs leaf and stem vs cotyledon) be the same across different plant ages. My studies 

highlighted how morphological traits such as stem diameter and days to flowering did not 

correlate or ‘interfere’ with selection for stem resistance across these first three breeding 

populations. Collectively, these findings (Chapters 2-4) support a role for unique 

resistance genes at the seedling and at the adult plant stages for resistance to S. 

sclerotiorum, and compliment the resistances previously identified in B. napus in 

historical molecular (e.g., Zhao et al., 2007, 2009) or field/anatomical studies (e.g., Uloth 

et al., 2013, 2014; Disi et al., 2014). Importantly, together, the high heritability, the 

heterosis for resistance, the inheritance of disease irrespective of other selected traits, and 

that inoculations were made in-field or under controlled conditions without using 

‘injurious’ inoculation methodologies, makes these outcomes practically relevant to plant 

breeders. These outcomes offer breeders a much more focused resistance breeding 

strategy than was available previously, particularly where more than resistance at just a 
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single plant growth stage is required, and especially where ‘whole of crop’ protection to 

S. sclerotiorum is needed. 

4. Genetic/molecular study 

Towards identifying the molecular basis of resistance to stem rot, a combination 

of a well characterized and prevailing S. sclerotiorum pathotype along with two ‘extreme’ 

parents i.e., Mystic (Sclerotinia-resistant) and Rainbow (Sclerotinia-susceptible) were 

chosen. In the F2 population derived from these parents, that there was a strongly heritable 

genetic component, a negative association of disease resistance with stem width and 

flowering time, and a particular genetic region on chromosome A03 associated with 

disease resistance, are all important new findings (as highlighted in Chapter 5). In contrast 

to the first three studies across the first three breeding populations (C2, C5, C6), in this 

fourth breeding population (i.e., Mystic x Rainbow) there was significant association of 

the expression of resistance with stem diameter and with stem lesion length. This contrast 

between the first three vs the fourth breeding population, highlights how each genetic B. 

napus breeding population needs to be taken on its merits so that breeders do not bias 

their selection of resistant types based on indirect measures such as stem diameter or stem 

lesion length. Similarly, that later flowering tended towards greater resistance highlights 

to breeders the need for caution in relation to this association to make sure that selection 

within the breeding population is not inadvertently selected towards later flowering time. 

Critically, my study of the purpose-developed Mystic x Rainbow population has not only 

provided breeders with combined phenotypic and genotypic selection indicators for 

resistance screening but has done so in a way that allows identification of causative 

resistance genes against S. sclerotiorum. 

 

Future work 

 The quantitative inheritance characteristics of each type of resistance (cotyledon / 

leaf / stem) and the variation in nature of resistance(s) between the breeding populations 

raises significant challenges for future breeding in terms of combining resistances for 

different plant growth stages. However, this thesis significantly enhances our 

understanding on pathogen behaviour, the interplay of resistance across different plant 

ages, the genetic determinants of resistance at the molecular level and highlights how 

these contribute significantly towards improving host resistance against S. sclerotiorum. 

Further, there are some valuable opportunities that can further enhance resistance levels 

against S. sclerotiorum based on information derived from my studies. Important 



 

117 

examples outlining best prospects from further continuation onwards from my studies are 

elaborated below. 

i. Utilising available genetic variation 

 The genetic variation identified in this study, the heritable transmission of the 

resistance from parents to offspring, and the quantitative genetic control, together clearly 

demonstrate the potential of further advancement and improvement in resistance levels in 

these and other B. napus populations across one or more plant ages. The non-additive 

genetic control in disease resistance I found is important for practical applications, such 

as for heterosis breeding. With seed harvested from selected plants, it will now be possible 

to cross progeny of populations C2, C5 and C6 to develop new genotypes with resistance 

at the cotyledon, leaf, and stem stages. Genetic improvement of resistance to S. 

sclerotiorum in cotyledon, leaf and stem must occur over several cycles of crossing and 

selection, as resistance is controlled in a non-additive manner by complex dominance or 

epistatic effects. One simple option might be to identify/select the type of resistance(s) 

most associated with yield increase in each selection cycle. This means it is possible that 

delaying selection until later generations when heritability is increased and/or resistance 

is more ‘fixed’ could be advantageous. Further, using well characterized pathogen 

pathotypes, such as used in this study, ensures that any resistant genotypes developed will 

have effective resistance against the prevailing pathotype(s).  

ii. Interplay of resistance across plant ages. 

Using the new resistances identified on cotyledon, leaf and stem in my studies 

presents added opportunities to not only further identify additional independent genetic 

resistances, but importantly, offers opportunities to combine current and/or any new 

resistances using the appropriate plant breeding methodologies. Future host-pathogen 

interactions studies across the different plant ages for these breeding populations are also 

warranted at both anatomical and cytogenetic levels. This will further define our 

understanding of the mechanisms occurring in the first three of the four specifically bred 

populations used in these studies. 

iii. Time of disease assessment 

Time of assessment was found to be a very important indicator impacting heritability 

of stem resistance and is an aspect that needs to be seriously considered in future studies 

(Chapter 4).  

iv. Links between stem diameter, flowering time, and disease  

Considering the possible links/correlation between stem girth, time of flowering and 

disease severity is critically important while selecting for resistance. Breeders need to 
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carefully choose/test populations or germplasm accessions based on correlation that may 

be affected by sample size in a crossing population or may differ between individual 

accessions. 

v. Molecular evidence and way forward  

  As significant genetic association of resistance was found in the fourthspecifically 

bred population of my studies (Chapter 5), further molecular studies across the first three 

populations would also be prudent. Using genomics assisted phenotypic selections in field 

experiments could not only help reduce the number of generations until final selection is 

made but could improve accuracy and reduce cost. Further to the fourth study (Chapter 

5), it is likely that once expression analysis (i.e., using RNA sequencing) verifies the 

gene(s) identified, isolation of resistance genes should then be possible. If this happens 

for other three populations as well, there exists the possibility to investigate stacking 

(gene pyramiding) of these resistances, potentially enabling development of combined 

resistance sources that are effective across all plant ages and growth stages. Additionally, 

genetic modification using induced mutations or introducing novel genes from diverse 

resources into cultivated types, and using genetic engineering tools, can potentially 

accelerate the breeding process when aiming to achieve higher resistance and/or yield.  

 

Conclusions 

 The positive correlation between resistances expressed at the leaf vs cotyledon 

stages in the current study, would not only be beneficial in protecting young plants, but 

would also likely lead to reduced inoculum build-up within-crop and reduce the extent of 

spread onto stems. Clearly, my studies provide strong guidance for breeders in selecting 

and developing genotypes with joint cotyledon and leaf resistance against the prevailing 

pathotypes of S. sclerotiorum. In addition, consistent non-additive genetics across 

cotyledon, leaf and stem stages provide important clues of common inheritance patterns 

across these three different plant components. However, the expression of these 

resistances was variable at all plant ages except when same plants were used (i.e., for 

cotyledons and leaves). Further, transgressive segregants for each resistance type 

(cotyledon, leaves or stems), can contribute to enhanced resistance if selfing is allowed 

until genetic purity is achieved. The genotypes within each of the three populations that 

expressed the highest levels of resistance against S. sclerotiorum in my studies will 

provide important new sources of resistance for B. napus breeding programs targeting 

improved resistance to this disease. Finally, associations of disease with genetic markers, 

and with traits such as stem diameter and days to flowering should prove helpful in 
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selecting for reliable resistance in breeding populations. Overall, together, the selectable 

genetic variation, the combined cotyledon/leaf resistances, the stem resistance alongside 

its molecular evidence, and the use of a well characterised and prevailing pathogen 

pathotype, make the outcomes of my studies readily applicable and of practical relevance 

for B. napus breeders in developing effective host resistances. My studies also highlight 

an ongoing need to continually include new genetic resources, to target resistance 

separately for each plant age unless common resistances identified are stabilized, and to 

appreciate and accommodate the evolving nature and diversity of the S. sclerotiorum 

populations and resulting variable host-pathogen interactions.  
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