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Abstract 

 

Sclerotinia stem rot (SSR) caused by the fungus Sclerotinia sclerotiorum is one 

of the most damaging and difficult-to-manage diseases of Brassicaceae crops. 

Identifying Brassica genotypes with effective resistance offers the best long-term 

prospect for management of the disease. Despite some significant interactions between 

Brassica genotypes and S. sclerotiorum reported in earlier studies, in most cases only a 

single pathogen isolate has been used to identify resistant genotypes. This is a limitation 

because existing resistance can be broken down by the potential S. sclerotiorum 

variation regarding pathogenicity. Here, this limitation was addressed by determine the 

Brassica genotypes’ resistance profile by multiple Sclerotinia isolates. 

Selection of advanced breeding lines from Australia, China and India with 

resistance to different isolates of S. sclerotiorum is imperative for sustained control of 

the disease it causes. Here, 20 B. napus and B. juncea advanced breeding lines were 

screened against three S. sclerotiorum isolates. Significant variation was found in 

resistance, in the response to isolates and in breeding lines x isolates interactions. Line 6 

(HZAU), Line 1 (HZAU) and Line 5 (HZAU) were identified as useful germplasm for 

future applications.  

Fifty-three isolates of S. sclerotiorum were collected from the northern and 

southern agricultural regions of Western Australia affected by S. sclerotiorum of oilseed 

rape. Two field experiments were done: the first one was 14 Brassica genotypes against 

three S. sclerotiorum isolates and the second one was eight Brassica genotypes 

challenged with 50 S. sclerotiorum isolates. There were significant effects of isolates 

and host genotypes, as well as a significant interaction between isolates and genotypes in 

relation to stem lesion length. Eight distinct pathotypes of S. sclerotiorum were 

delineated and characterised. Further, an outcome of this research was the provision of a 

reliable means to characterise pathotypes of S. sclerotiorum.  It allowed identification of 

resistance(s) against the predominant pathotype(s) of S. sclerotiorum prevailing in a 

particular region, and enables oilseed rape breeding programs to combine host 

resistances against several specific pathotypes of S. sclerotiorum into future cultivars. 

Significant yield damage arises at both adult and seedling stage of oilseed rape 

(B. napus) and mustard (B. juncea) from infection by S. sclerotiorum. The study showed 
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that some breeding lines were not resistant at both seedling stage and adult plant stage. 

The study suggested that there may be different QTLs for SSR resistance at the seedling 

and adult plant stages. Genotypes that expressed resistance and isolate-independence at 

both seedling and adult stages, such as B. juncea cv. Xinyou 9, were likely to be 

valuable inclusions in breeding programs. 

When diverse cruciferous hosts were assessed, differences in disease severity 

were measured in terms of cotyledon lesion diameter. The study identified B. juncea 

genotypes with cotyledon resistance to S. sclerotiorum, and this information can now be 

utilised to determine mechanisms of resistance. The results concluded that unless there 

was a prevailing pathotype of S. sclerotiorum against which resistance was sought, 

ideally pathotypes of different physiological specialization should be included in any 

screening program to identify durable host resistance.  

Studies of the interaction between Arabidopsis thaliana and S. sclerotiorum are 

difficult because of the extreme susceptibility of A. thaliana to this pathogen. In order to 

characterise host response and isolate virulence of the A. thaliana-S. sclerotiorum 

pathosystem, 17 A. thaliana ecotypes and eight isolates of S. sclerotiorum were 

investigated. In contradiction to early reports, strong ecotype x pathogen interactions 

were observed. The contradictions demonstrate the challenges to understanding the A. 

thaliana- S. sclerotiorum pathosystem if only a single isolate of S. sclerotiorum was 

utilised. The results also highlight that the currently available recombinant inbred lines 

populations Bay-0 x Sha, Oy-0 x Col-0, Col-0 x Sha are not suitable for locating 

Sclerotinia resistance Quantitative Trait Loci (QTL) mapping due either to their extreme 

susceptibility (e.g., Bay-0 and Sha) or their inconsistent and isolate-dependent relative 

resistance (e.g.,Col-0).  

The histological study demonstrates at the tissue level that resistance to S. 

sclerotiorum in B. juncea may be related to the retardation of pathogen development at 

the plant surface.  

The resistance mechanisms identified in this study could be useful for the 

development of disease-resistant brassica genotypes and for developing markers to 

screen for brassica resistance against prevailing S. sclerotiorum pathotypes.  
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Chapter 1 

General Introduction 

 

1.1 Background 

 

Sclerotinia diseases, of which there are more than 60 types, are severe diseases 

caused by the fungal genus Sclerotinia (Saharan and Mehta, 2008). 

Sclerotinia sclerotiorum (Lib.) de Bary is a necrotrophic fungal pathogen. The 

host index of S. sclerotiorum prepared by Boland and Hall in 1994 lists 75 families, 278 

genera, 408 species and 42 subspecies of plants susceptible to sclerotinia (Boland and 

Hall, 1994). Cruciferous hosts, such as oilseed rape (Brassica napus), mustard (Brassica 

juncea), vegetable brassica (Brassica oleracea), soybean (Glycine max) and sunflower 

(Helianthus annus) are some of the most commonly reported hosts (Barbetti, 1994; 

Cubeta et al., 1997; Hind-Lanoiselet et al., 2005; Saharan and Mehta, 2008). The 

pathogen’s invasion patterns are rapid and destructive in disease-conducive 

environments. The devastating nature of Sclerotinia infection and the inefficiency of 

chemical control in managing this disease have led a worldwide push to find methods of 

sustainable disease management (Bolton et al., 2006; Li et al., 2007). The most 

economic and sustainable method for control of Sclerotinia is likely to be through 

development of host resistance, but this form of control requires plants with high and 

durable levels of host resistance that need to be identified and characterised (Ge et al, 

2012). In oilseed rape, genetic studies have identified loci and genes associated with 

partial resistance to the fungus (Zhang et al., 2011a; Zhao et al., 2006). Alternatively, 

sustainable disease control could be developed by preventing fungal infection by better 

understanding the nature of pathogenicity of S. sclerotiorum. In S. sclerotiorum, the 

genome sequence has been mapped to facilitate the understanding of this pathogen 

(http://www.broad.mit.edu/annotation/fungi/fgi/). Together, identification of new 

resistance phenotypes and further elucidation of the mechanism(s) of resistance will 

advance the control of the disease.  

Garg et al. (2008, 2010a, 2010b, 2010c, 2013) recently reported on plant and 

pathogen interactions between Brassica napus (canola, oilseed rape) and S. 

sclerotiorum, testing of pathogenicity and resistance screening, as well as histological 
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and proteomic studies. However, the interaction of Sclerotinia with other Brassica 

species, such as B. juncea (Indian mustard, canola) genotypes and ecotypes of the model 

plant species Arabidopsis thaliana, are not well understood. Sclerotinia’s strain statuses, 

including the basis of variations in pathogenicity among different isolates of S. 

sclerotiorum, are also not well understood. Hence, this project focuses on the 

interactions between various species of cruciferous plants, including B. napus and B. 

juncea genotypes and A. thaliana ecotypes and various pathotypes of S. sclerotiorum, to 

better understand the Sclerotinia-crucifer pathosystem. 

 

1.2 Importance of Brassica crops and other cruciferous plants 

 

A number of cruciferous plants that are susceptible to Sclerotinia have important 

commercial and research value. Oilseed brassicas, in particular oilseed rape and 

mustard, have become increasingly important in Australia and are now its third largest 

broad-acre crop after wheat and barley (AOF, 2013). Australia is the world’s second 

largest exporter of canola from the seeds of Brassica napus, B. rapa and B. juncea 

(AFO, 2009). Approximately 1.16 million hectares were sown to canola in Australia in 

2011/12, yielding 1.46 million tonnes of canola seed (AFO, 2011a). A dramatic increase 

in production of canola has also been reported in Western Australia. In 1993, 35,000 

hectares were sown with canola in this state. By 2011 this had increased nearly 20 fold 

to 620,000 hectares (AOF, 2011b). 

In addition to contributing to canola, mustard has additional commercial value. 

The leaves, seeds, and stem of mustard plants are consumed in countries such as China, 

Japan, India, and Iran. In India and Ukraine, mustard is also used as an oilseed and in 

the Western world mustard seed is used as a condiment (Rakow, 2004). In many 

countries including Australia, mustard is now cultivated for canola production (Burton 

et al., 2002) 

Other vegetable brassicas also have high individual commercial value. Some 

brassicas can serve as functional foods for the treatment of coronary disease and cancer 

(Dixon, 2007). However, pest and pathogen damage at even low levels can have 

devastating effects on yield and economic return of these vegetable brassicas. The 

presence of even slight blemishes may make produce unacceptable to the market and 

hence totally worthless (Dixon, 2007).  
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The cruciferous plant A. thaliana is also susceptible to the infection by 

Sclerotinia. This plant is an important model for studying pathogenesis (Dickman and 

Mitra, 1992). A number of A. thaliana ecotypes have been partially mapped and 

phenotyped (Rowe and Kliebenstein, 2008). Study of the S. sclerotiorum resistance 

mechanisms in these ecotypes may help determine the resistance mechanisms in other 

hosts, including brassicas (Dickman and Mitra, 1992). 

 

1.3 Impact of S. sclerotiorum infection 

 

In eight field trials, Thomson et al. (1984) found a close relationship between S. 

sclerotiorum infection and yield loss. More recently, production losses of between 5–

100% have been observed in fields of oilseed brassicas following infection (Saharan et 

al., 2005). This disease is now considered as a serious problem in Australia with 

substantial yield losses observed in Western Australia (WA), New South Wales (NSW), 

Victoria (VIC) and Southern Australia (SA) (AOF, 2011b). In southern NSW alone, 

yields have been found to decrease by 1.54 t/ha after S. sclerotiorum infection 

(Kirkegard et al., 2006). The amount and quality of oil harvested from oilseed plants 

also decreases significantly when they are infected by Sclerotinia (Aggarwal et al., 

1997).  

In non-brassicaceous vegetables, S. sclerotiorum infection also causes 

significant yield losses. Yield losses of 30-40% have been observed for pepper (Yanar 

et al., 1996), 30% for potato (Quentin, 2004), 30-90% for carrot (Finlayson et al., 

1989), and 18.8-38.6% for soybean (Danielson et al., 2004). In green beans, if 1% of the 

crop is infected, up to 0.8% yield losses can occur (Wong, 1978). In tomatoes, S. 

sclerotiorum infection may significantly reduce both the weight (84%) and size (62%) 

of fruits (Jnr et al., 2000). 

 

1.4 Symptoms  

 

The first symptom of S. sclerotiorum infection is pale to dark brown water 

soaked lesions on the leaf and stem. These lesions often develop into white fluffy 

mycelia on plant surfaces (Singh, 1987), that later cluster together to form whitish and 
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soft lumps that then become black, hard structures known as sclerotia (Wang et al., 

2008). The diameter of sclerotia can range from 1–10 mm or more. However, these 

symptoms can vary according to the host plant, the site of infection and the 

environmental conditions at the time of infection (Saharan and Mehta, 2008). The stems 

of herbaceous succulent plants respond quite differently to Sclerotinia infection than the 

typical response. These plants are symptomless on their foliage in the beginning and, as 

a result, the symptoms are usually overlooked. For plants with storage organs, such as 

carrots, infection can take place either in the field or in storage. The infected roots 

become darkened, soft and water soaked and infection often spreads to adjacent roots 

(Koponen and Valkonen, 1996). 

 

1.4.1 Oilseed Brassica 

 

Oilseed brassicas show a fairly typical response to S. sclerotiorum infection. 

Primary infection usually occurs on the flower petal, initiated by ascospores from the 

carpogenic germinated apothecia (Saharan and Mehta, 2008). The symptoms later 

spread as the infected flower petals fall onto the foliage below. The infected leaves then 

develop dark necrotic tissues, and then greyish, irregularly shaped lesions quickly 

spread into the inside of the plant stem. On the stem, the lesions firstly are water-soaked. 

After 2-3 days the lesions are covered by cottony mycelia. When the stem is completely 

girdled by such lesions, the plant wilts and dies. Sclerotia are formed inside of the stem 

(Steadman, 1979). 

 

1.4.2 Vegetables 

 

S. sclerotiorum diseases of vegetables have been described as watery soft rot for 

cabbage, white mould for beans, cottony soft rot for carrot, and white rot in some other 

vegetable brassicas (Saharan and Mehta, 2008). The symptoms of Sclerotinia infection 

vary widely from one vegetable species to another. However, unlike the ascosporic 

cause of infection in oilseed brassicas, the most common cause of infection in 

vegetables is from mycelial germination of S. sclerotiorum followed by foliar infection 

(Sherf and Macnab, 1986). 
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1.4.3 Arabidopsis 

 

The first symptoms of S. sclerotiorum infection in Arabidopsis thaliana are 

similar to the symptoms of infection in oilseed Brassica. Primary infection is initiated 

by both carpogenic and mycelial germination. Wang et al. (2008) have shown that 

infection with S. sclerotiorum occurs first in old leaves that are close to the ground and 

spreads rapidly through the petiole into the stem, causing water-soaked lesions. The 

upper leaves are subsequently infected via the stem resulting in death of the plant. When 

the leaves of an infected plant make contact with those of uninfected plants, the 

infection is spread (Wang et al., 2008). 

 

1.5 Life cycle of S. sclerotiorum 

 

The life cycle of necrotrophic fungi, such as S. sclerotiorum, may be studied 

using culture media supplemented with nutritional and non-nutritional factors. These 

studies of the growth, morphogenesis and pathogenicity of S. sclerotiorum in culture are 

important for disease control because they may lead to an understanding of how the life 

cycle of this fungus can be disrupted, in particular if it is aimed at blocking formation of 

sclerotia (Tourneau, 1979). A number of studies have focused on the link between 

morphological characteristics of sclerotia and pathogenicity (Garg et al., 2010a; 

Garrabrandt et al., 1983; Li et al., 2003). Variation in the growth rate, hyphal density, 

time for formation of sclerotia, number of sclerotia formed, average size of sclerotia, 

and level of pigmentation at the time of sclerotia formation have been observed at 

different levels of pathogenicity (Boland and Smith, 1991; Ge et al., 2012; Nedeleu et 

al., 1988).  

The life cycle is initiated by either myceliogenic or carpogenic germination and 

both can cause disease in plants (Figure 1.1) (Bolton et al., 2006; Dueck, 1977; Purdy, 

1958; Saito, 1977; Willetts and Wong, 1980). While myceliogenic germination is 

generally more common, there are conditions where carpogenic germination is 

favoured. Where myceliogenic infection is common in cabbage (Sherf and Macnab, 

1986) and cauliflower (Singh, 1987), carpogenic germination and ascosporic infection 

are more common in rapeseed as these plants grow in disease conducive conditions 
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involving moisture, fallen flower petals and necrotic tissues (Scheibert-Bohm et al., 

1981; Steadman, 1979).  

In carrots and bean, S. sclerotiorum infection can occur after either myceliogenic 

or carpogenic germination (Saharan and Mehta, 2008). The primary infection cycle is 

often initiated by carpogenic germination, which leads to ascosporic germination for 

foliar infection. The secondary foliar infection cycle is initiated by myceliogenic 

germination through contact and infection of the foliage (Kora et al., 2003).  

 

 

 

Figure 1.1 S. sclerotiorum disease cycle (Bolton et al., 2006). 

 

After either form of germination initiates infection, the two disease cycles 

combine into one, growing through the host tissues for several days and then producing 

sclerotia externally on affected plant parts or internally in stem pith cavities, fruit 

cavities, or between plant tissues (Dueck, 1977; Purdy, 1979). When conditions are 

favourable, sclerotia buried in soil, or plant debris can persist for five years when 

carpogenic or myceliogenic germination conditions are initiated, thus completing the 

cycle (Purdy, 1979). 
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1.6 Management of S. sclerotiorum  

 

Currently a range of strategies are used to manage S. scleroitorum infection at 

various life cycle stages (Bardin and Huang 2001; Bolton et al., 2006; Mila et al., 

2003). Optimal disease management often involves more than one of these strategies. 

Cultural strategies such as crop rotation, moisture regulation, sanitation, mulching of the 

soil, and tillage operations are commonly used (Saharan and Mehta, 2008). Seed 

treatment is also used to control S. sclerotiorum in hosts such as rapeseed (Davies and 

Muncey, 2004). Soil fumigation has been used as an effective pre-plant treatment for 

exterminating sclerotia in plant debris and soil (Alabouvette and Louvet, 1973). 

Moreover, some chemicals, such as calcium cyanamide and sodium azide have been 

proved to have positive effects on prevention of S. sclerotiorum apothecial formation 

(Salinas and Sanchez-Serrano 2006). Foliar application of fungicides can effectively 

control the disease if proper timing of sprays and adequate coverage for the host can be 

achieved (Saharan and Mehta, 2008). Potential biological control by using the 

mycoparasite Coniothyrium minitans also provides effective protection from S. 

sclerotiorum diseases (Whipps and Mcquilken, 2009). While effective in the short term, 

in the long term many of these strategies are compromised by changes in the virulence 

of S. sclerotiorum. 

Selection of host resistance is the only economic and sustainable means of 

managing this disease (Zhao et al. 2004). Varying levels of host resistance have been 

reported against S. sclerotiorum in different crops (Abawi et al., 1978; Newton and 

Sequera, 1972), and partially resistant B. napus accessions from China, India and 

Australia have been described (Ge et al., 2012; Li et al., 2008; Zhao et al. 2004). 

Selection of resistant cultivars from evaluation of field crops infected with S. 

sclerotiorum often identifies hosts with various levels of resistance, because responses 

of various genotypes are heavily dependent upon the environment (Abawi and Grogan, 

1979; Ge et al., 2012; Li et al., 2006; Li et al., 2008). Resistance is also heavily 

dependent on the S. sclerotioum pathotype(s) involved (Ge et al., 2012). 
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1.7 Variability of S. sclerotiorum 

 

In order to develop better screening programmes to identify host resistance to 

specific S. sclerotiorum groups, a number of methods have been used to differentiate S. 

sclerotiorum isolates. These methods have been used to assess morphology (Morrall et 

al., 1972; Ghasolia and Shivpuri, 2007), pathogenicity (Marciano et al., 1983; Ghasolia 

and Shivpuri, 2007) and mycelial compatibility (Kohli et al. 1992). Geographic origins 

(Garg et al., 2010a) and genetic characterisation (Carbone et al., 1999) have also been 

used for systematic classification of intraspecific groupings. While one or more methods 

are often used to differentiate isolate groups, the most commonly used methods include 

pathogenic variability, mycelial compatibility groupings (MCG) and molecular 

characterisation. 

 

1.7.1 Pathogenic variability 

 

Pathogenicity has been used in a number of studies to differentiate various 

strains of a pathogen. As new pathogenic strains emerge, breakdown of resistance often 

limits disease management strategies (Hemmati et al., 2009). An understanding of S. 

sclerotiorum evolutionary potential and pathogenic variability is important for the 

identification of host resistance (Ge et al., 2012). Variation in pathogenicity has been 

associated with the production of pectalytic enzymes, hemicellulase and oxalic acid 

(Noyes and Hancock, 1981). These factors appear to be the primary determinants of 

pathogenicity. 

Various studies have included pathogenicity differences. Price and Calhoun 

(1975) described wide variation in different isolates of S. sclerotiorum in terms of 

pathogenicity. The isolates of S. sclerotiorum collected from rapeseed-mustard have 

also shown variation in virulence (Rai and Dhawan, 1976). Dhawan et al. (1981) 

collected four isolates from Chinese mustard and observed that these isolates differed in 

their virulence. Willets and Wong (1980) recorded the variation in isolates on the basis 

of pathogenicity and morphology, and found some S. sclerotiorum isolates produce high 

levels of toxins related to virulence. In Australia, Garg et al. (2010a) confirmed the 

variation in pathogenicity of morphologically different isolates of S. sclerotiorum with 

B. napus and B. juncea genotypes, and suggested that more than one S. sclerotiorum 
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isolate should be included in any screening programme to identify host resistance. 

However, there are very few investigations which group S. sclerotiorum isolates by 

pathogenicity variation and there has been no S. sclerotiorum pathotype delineation 

prior to this study. 

 

1.7.2 Mycelial (vegetative) compatibility groupings (MCG) 

 

According to Kohn et al. (1991), systematic definition of intraspecific groupings 

based on factors such as pathogenicity has been difficult due to lack of independent 

criteria. Mycelial incompatibility, the inability of two strains to fuse and form one 

colony, has been used in studies of S. sclerotiorum to differentiate isolates into different 

groups/strains. In S. sclerotiorum cultures, an incompatible interaction between mycelia 

has been observed as a zone of hyphal cell lysis and reduced growth (Kohn et al., 1990). 

Their data demonstrate that a field population of S. sclerotiorum is genetically 

heterogeneous, and suggest that the distinct genotypes that compose the population are 

each conserved, increasing either by clonal asexual or by homothallic sexual 

reproduction. 

 

1.7.3 Molecular characterisation 

 

A range of molecular techniques have been used to characterise different field 

isolates of S. sclerotiorum (Kohli and Kohn, 1998, Kohn et al., 1988, 1991). These 

techniques include random amplification of polymorphic DNA (RAPD), DNA 

fingerprinting, mtDNA haplotype and clamped homogenous electric field 

electrophoresis (Steadman et al., 1998). A number of different genomic clones have 

also been isolated by screening a genomic DNA library in phage EMBL3 southern-blot 

and restriction mapping (Fraissinet-Tachet et al., 1995). Telomere sequencing for 

revealing genotypic differences among isolates of S. sclerotiorum have been suggested 

(Meinhardt et al., 2002). Comparison of S. sclerotiorum populations on cultivated 

oilseed rape and on the wild perennial host Ranunculus ficaria indicated major genetic 

differences between agricultural and wild populations. DNA fingerprint diversity is high 

in agricultural populations but low in wild populations, and there is no evidence of 



10 
 

out-crossing in agricultural populations even though recombination occurs in wild 

populations (Kohn, 1988).  

Studies have shown an association between MCGs, DNA fingerprints and 

microsatellite markers (Carbone and Kohn, 2001; Sexton and Howlett, 2004). Kohn et 

al. (1990, 1991) classified populations of S. sclerotiroum into different groups using 

mycelia compatibility grouping and DNA fingerprinting. They found that each 

molecular marker produces a unique, complex hybridization pattern for each mycelia 

compatibility group. Isolates were grouped into the same clone if their mycelia were 

compatible and their DNA fingerprints were identical. Kohli et al. (1992) used similar 

molecular markers to assess 36 mycelial compatibility groups, and found 33 had a 

unique DNA fingerprint. Nedeleu et al. (1988) associated morphology with 

pathogenicity by reporting that their S. sclerotiorum isolates with small sclerotia 

(0.3-0.5 cm) are more virulent than those with large sclerotia (1.0-1.5 cm). Nedeleu et 

al. (1988) demonstrated that isolates from weeds are more pathogenic to those from 

soybean. Ghasolia and Shivprui (2007) studied the morphological and pathogenic 

variability of 38 isolates of S. sclerotiorum by morphologically placing the isolates into 

nine groups and put these nine groups into two pathotypes according their 

pathogenicity. However, as demonstrated in Saharan and Mehta, (2008), there is no 

single method whose advantages outweigh the others. 

 

1.8 Sources of resistance 

 

The pathogen S. sclerotiorum has a very wide host range and breeding for 

disease resistance appears to be limited (Li et al., 2006). Brassica juncea cv. Rugosa has 

been reported to possess resistance against S. sclerotiorum in the field as well as under 

green house conditions (Singh, 1994). Nine genotypes viz., Cutton, ZYR-6, PSM-169, 

PDM-169, Wester, PYM-7, Parkland, Tobin and Candle showed resistance to stem rot 

in India out of 34 Brassica genotypes belonging to four species tested (Shivpuri et al. 

1997). Four genotypes viz., PCR-10, RW-8410, RW-9401 and RGH-8006 had 

resistance against S. sclerotiorum as compared to susceptible varieties (Pathak et al., 

2002). Ninety three genotypes of B. napus and B. juncea from China and Australia were 

screened in the field for resistance to S. sclerotiorum under semi-field conditions in 

Western Australia by Li et al. (2008). ZY006 showed outstanding levels of resistance 
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and genotypes viz 06-6-3792, ZY004, and RT108 showed a very high level of 

resistance. Garg et al. (2010a) showed B. napus cv. Charlton has a fairly good 

resistance. For A. thaliana, ecotype Col-0 is reported to be comparatively the most 

resistant ecotype (Perchepied et al., 2010) 

 

1.9 Host-pathogen interaction 

 

Studying host-pathogen interactions is important because there are limiting 

factors in resistance deployment against plant diseases. These factors include the genetic 

diversity of S. sclerotiorum populations, development of new pathogenic strains, and the 

breaking down of resistance (Hemmati et al., 2009). Various combinations of 

determinants attribute to host - S. sclerotiorum interactions, and these include oxalic 

acid (Garg et al., 2010b) and enzymes produced by this pathogen to colonize the tissue 

(Lumsden, 1979), enzymes produced by host resistance, as well as host resistant 

responses such as hypersensitive response (HR). 

 

1.9.1 Oxalic acid 

 

Oxalic acid (OA) plays an important role in the infection process in S. 

sclerotiorum (Maxwell and Lumsden, 1970). This compound is known to induce S. 

sclerotiorum-like disease symptoms. OA has been observed mostly as calcium crystals 

in infected host tissues (Riou et al., 1991). In A. thaliana, OA plays a direct role in the 

infection process of S. sclerotiorum (Dickman and Mitra, 1992). 

Increases in OA are also known to decrease extracellular pH, which reduces host 

resistance in a number of ways (Marciano et al., 1983). OA enhances the function of 

cell-wall degrading enzymes (CWDE) (Lumsden, 1969, 1976). By lowering pH to 

below the optimum CWDE, OA reduces acidic polygalacturonase (PG) inhibition by 

plant defence polygalacturonase inhibiting proteins (PGIPs) (Favaron et al., 2004). OA 

works in synergy with cell-wall-degrading enzymes to hydrolyse Ca2+ pectate (Smith et 

al., 1986). Stomatal opening and closure by abscisic acid can also be affected by OA 

(Guimaraes and Stotz, 2004). OA can suppress the oxidative burst, which is an 

important early plant defence response (Cessna et al., 2000). At the biochemical and 
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molecular level, by decreasing the environmental pH, OA may affect the transcriptional 

regulation of pH regulated genes necessary for the pathogenesis and developmental life 

cycle of S. sclerotiorum (Rollins and Dickman, 2001; Rollins, 2003). 

 

1.9.2 Enzymes involved in host cell degradation  

 

The intercellular penetration of S. sclerotiorum hyphae through tissue during 

infection is enhanced by enzymes that degrade the cell wall of the host (Lumsden and 

Dow, 1973). These enzymes include pectin methyl esterase (PME), 

endopolygalacturonase (endo-PG), exopolygalacturonase (exo-PG), hemicellulase, 

phosphatidase, proteases, cellulase, and proteolytic enzymes.  

Lumsden (1976) reported that PME is responsible for demethylation of pectin 

and endo-PG is responsible for the hydrolysis of the middle lamella, both of which 

enable intercellular penetration by the hyphae. PME and endo-PG work in concert to 

rapidly degrade highly methylated pectin. The demethylated pectin in the middle 

lamella can form pectate, which is also a substrate for exo-PG and endo-PG (Lumsden, 

1976). Other cellulolytic enzymes also facilitate hyphal penetration and intracellular 

colonization, including hemicellulose, which has been shown to degrade cellulose in 

infected tissue late in pathogenesis (Saharan and Mehta, 2008). Lumsden (1976) also 

reported that endo-PG readily macerates susceptible host tissue but not resistant host 

tissue. In addition to playing an important role in infection, enzymes that break down 

the cell wall and cellular contents also contribute to pathogenesis by providing a supply 

of nutrients to sustain the intensive metabolic activity of S. sclerotiorum (Saharan and 

Mehta, 2008). 

Nutritional sources of nitrogen for S. sclerotiorum required for growth and 

extracellular enzyme production can be supplied by the action of phosphatidase 

(Lumsden, 1970; Newton, 1972; Saharan and Mehta, 2008) and proteases (Khare and 

Bompeix, 1976; Saharan and Mehta, 2008).  
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1.9.3 Compounds involved in host resistance 

 

Numerous compounds are considered to be involved in resistance to S. 

sclerotiorum infection and these compounds form a multi-component defence system. 

These compounds include phenolic compounds, phytoalexins, peroxidases and 

phenylalanine ammonia lyase (PAL), and glycoproteins. In sunflower, phenolic 

compounds have been shown to accumulate in response to S. sclerotiorum infection 

(Prats et al., 2006). In a comparison of two B. napus Chinese cultivars in response to S. 

sclerotiorum, phenolic compounds were found to accumulate in the resistant cv. 

Xiangyou 15, but not the susceptible cv. Metador (Guan et al., 2005). Phytoalexins have 

also been reported to be associated with resistance to S. sclerotiorum. Debnam and 

Smith (1976) found that cultivars of red clover that are resistant to S. trifoliorum 

accumulate more phytoalexin than susceptible cultivars. While the phytoalexin response 

of oilseed rape to S. sclerotiorum has not been assessed, oilseed brassicas have also 

been reported to accumulate phytoalexin when challenged with Alternaria brassicae or 

Leptosphaeria maculans (Conn et al., 1988; Rouxel et al,. 1989). This suggests that S. 

sclerotiorum infection of Brassica genotypes may elicit phytoalexins with a similar 

response. 

Peroxidases and PAL also contribute to the multi-component defense system 

(Malolepsa and Urbanek, 1994). Peroxidases are generally involved in the 

polymerization of hydroxyl and methoxycinnamic alcohols into lignins, suberisation of 

cell walls, binding of cell walls and accumulation of phenolic polymers (Graham and 

Hanson, 1953). There is a possibility that oilseed rape cultivars also show increase in 

peroxidase and/or PAL enzyme activity against S. sclerotiorum, and investigation is 

needed to see if this is the case for Australian germplasm. Plants are known to produce 

cell wall associated glycoproteins that are capable of inhibiting fungal endo-PGs, known 

as PGIP’s (De Lorenzo et al., 2001; Bolton et al., 2006). Oligogalacturonidases released 

from the plant cell wall by the enzymatic activity of endo-PGs have been shown to act 

as endogenous elicitors of the HR (Davis et al., 1986). Phaseolus vulgaris PGIP was 

shown to prevent the HR induced by S. sclerotiorum endo-PGs (Zuppini et al., 2005). 

Many of these host resistant enzymes induce HR in plants. 
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1.9.4 Hypersensitive response  

 

The HR of plants to a pathogen is generally regarded as a rapid localised 

collapse and death of cells at the infection site, which limits hyphal growth and/or 

fungal reproduction (Dong et al., 1999; Hua Li et al., 2004, 2007b). Various kinds of 

defence-related responses are often accompanied by HR, including induction of mitogen 

activated protein (MAP) kinase activity, systemic acquired resistance-mediated increase 

of salicylic acid and noninducible immunity (NIM1) gene activity (Dong et al., 2008). 

HR also includes activation of phenylalanine ammonia-lyase and glutathione 

S-transferase and ion influxes across the membranes, alkalinisation of the growth 

medium, cell membrane depolarisation and production of active oxygen species (AOS) 

(Garg et al., 2010b). A proper screening technique should be introduced to allow these 

unique responses to appear. A recent report of HR in the B. napus - S. sclerotiorum 

pathosystem (Garg et al., 2008) has opened a door to identify and clone genes related to 

resistance to S. sclerotiorum in Brassica crops. 

The HR includes localized tissue collapse and cell death at the infection site 

(Mayer et al., 2001). HR is an active process in which an oxidative burst is triggered by 

fungal elicitors, resulting in a response that develops rapidly within hours of the 

pathogen attack (Lamb and Dixon, 1997; Levine et al., 1994). 

When HR is elicited by biotrophic fungi, it usually undergoes an incompatible 

interaction between the single dominant resistance gene of the host and the avirulent 

(avr) strains of the pathogen followed the gene-for-gene relationship (Flor, 1971; Hua 

Li et al., 2004; Mayer et al., 2001). For necrotrophic fungal pathogens such as S. 

sclerotiorum, no single-dominant S. sclerotiorum resistance genes were identified in the 

plant host, nor were the avr genes identified in the pathogen (Wang et al., 2009). This is 

a case in which HR could become an extremely controversial issue. Researchers trying 

to tackle the underlying mechanisms of HR, however, have mainly applied only a single 

isolate of S. sclerotiorum. 
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1.10 Screening techniques 

 

Screening techniques are crucial for studying the Brassica - S. sclerotiorum 

pathosystem and identifying resistant host species. Since S. sclerotiorum is a fungal 

pathogen with a wide host range, screening a complete host resistance becomes 

impractical. Apart from this, the pathogen strain specificity to these various hosts has 

not been widely investigated (Saharan and Mehta, 2008). Therefore, screening partial 

resistance (or various level of resistance) is a vital role of any breeding programme 

(Garg et al., 2010c; Li et al., 2006; Nelson et al., 1991; Pathak et al., 2002; Zhang et al., 

2011b).  

Resistance screening of certain cultivars can be carried out by assessing response 

of reliable inoculation of S. sclerotiorum isolate(s) (Kapoor et al., 1990; Kull et al., 

2003; Middleton et al., 1995; Sexton et al., 2006). There are numerous screening 

methods applied in the cruciferous S. sclerotiorum pathosystem. Most of these methods 

involve screening at the mature or seedling stage of the plant life cycle. Table 1.1 

outlines some common screening methods of this pathosystem. 

The most common screening technique for B. napus and B. juncea in the 

University of Western Australia’s (UWA) plant pathology group involved field stem 

inoculation at the 50% flowering stage (Buchwaldt et al., 2005; Li et al., 2006, 2007, 

2008; Garg et al., 2010c; Ge et al., 2012). Apart from the stem inoculation method, 

Garg et al. (2008) introduced a cotyledon assay approach for B. napus which allows 

screening of large amount of genotypes challenged by various isolates of S. 

sclerotiorum under glasshouse conditions. Both the findings of Ge et al. (2012) and 

Garg et al. (2010a), conclusively support that multi-pathotype tests should be utilized 

for any host resistance breeding programme. However, whether this cotyledon assay can 

be modified and utilized in other cruciferous species, such as other brassicas and A. 

thaliana, is unknown. 
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Table 1.1 Common screening methods for resistance selection. 

 

Reference Inoculation stage Host species Inoculation method Assessment method 

Zhao et al. 
(2003)  

Mature plant stage B. napus 

Inoculation was carried out in 
the field. Sterilized tooth-picks 
were colonized by the fungus 
on PDA for 48 h to allow the 
tooth-picks to be covered by 
the mycelium, and plant stems 
were pierced through with the 
mycelium-covered toothpicks 
at a height about 35 cm above 
the ground. 

The lesion length 
along the stems was 
measured 5 days after 
inoculation 

Zhao et al. 
(2003)  

Seedling stage at the 9 
to 12 leaf stage 

B. napus 

Young leaves were excised 
from plants, 30 leaves were 
placed into a box bedded with 
wet-paper, and subsequently 
inoculated with two plugs of 
mycelial agar (diameter of 
5-mm). The box were covered 
with plastic film and incubated 
at 20-25oC in dark 

The lesion diameter 
was measured at 48h 
after inoculation 

Mei et al. 
(2011) 

Mature plant stage 

B. rapa; 
B. oleracea; 
B. napus; 
B. juncea; 
B. carinata 

Stems of approximately 30 cm 
length were cut at a height of 
10 cm above ground, an 5mm 
artificial wound was created by 
a puncher and 6mm PDA plugs 
from the margin of 3-day-old 
culture of S. sclerotiorum were 
placed over the wounds. 

The lesion lengths 
were measured 3 days 
after inoculation 

Buchwaldt 
et al. 
(2005) 

Mature plant stage 
when 50% plants 
reach flowering 

B. napus 

One 5-mm diameter agar plug 
disc bearing actively growing 
mycelium from the edge of a 
culture on a glucose-rich 
medium was wrapped onto the 
first internode above the 
middle node of each stem 
using parafilm. 

 The lesion lengths 
were measured 3 
weeks after 
inoculation 

Garg et al. 
(2008) 

Cotyledon stage when 
cotyledons were 10 
days-old 

B. napus 

A total of four droplets of S. 
sclerotiorum suspension each 
of 10 µl were deposited on 
each cotyledon lobe using a 
micropipette.  

Lesions assessed on 
the basis of lesion 
diameter (mm) at 4 
days post-inoculation. 

Perchepied 
et al. 
(2010) 

Four-week old mature 
plant 

A. thaliana 

Mycelium of S. sclerotiorum 
grown at 25oC on paper discs 
previously saturated with 
potato-dextrose broth medium. 
Four-week-old plants were 
inoculated with a disc covered 
by mycelium and applied on 
one leaf of each plant. 

Each ecotype was 
evaluated every 2 day 
with a 0-6 scale 
scoring system where 
no symptom=0 and 
plant dead = 6. 
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1.11 Arabidopsis thaliana as a model plant 

 

The cruciferous weed A. thaliana has become a valuable model plant for 

molecular biology, comprising of thousands of mutants and hundreds of natural 

accessions (Dixon 2007). In December, 2000, the journal ‘Nature’ reported the 

complete A. thaliana genome sequencing mapping of around 0.13 billion base pairs, and 

about 25,000 genes (Maleck et al. 2000; Tabata et al. 2000). A. thaliana was introduced 

in the 1940s as a model organism for genetic studies (Laibach 1943) and has since 

found wide acceptance as the model plant of choice for exploring genes involved in 

plant development. However, it was not until the early 1990s that this cruciferous plant 

took up a leading role in genetic studies of plant-pathogen interactions (Buell 1998; 

Thomma et al. 2001). As a result, significant progress has been made in establishing 

Arabidopsis pathogenesis models for a range of bacterial, fungal and viral pathogens. 

The volume of Arabidopsis information has increased enormously in recent years as a 

result of the sequencing of the genome and other large-scale genomic projects. Much of 

the data are stored in public databases, where data are organised, analysed, and made 

freely accessible to the research community. These databases are resources that we can 

utilize for making predictions and testing hypotheses. 

The development of whole systems approaches that allows global analysis of 

gene expression, protein and metabolite dynamics has encouraged scientists to explore 

new scenarios that are extending the limits of our knowledge (Salinas and 

Sanchez-Serrano 2006). As both Arabidopsis and Brassica are crucifers, the information 

obtained from Arabidopsis could be applied to agricultural or horticultural Brassica, and 

implemented into UWA’s plant pathology group’s other pathogen-systems. To identify 

more defence components, possibly acting in as yet unidentified defence pathways, 

screening of mutagenised Arabidopsis populations for mutants displaying enhanced 

sensitivity or enhanced resistance to a pathogen provides a powerful tool. So far, such 

screenings were predominantly performed using biotrophic pathogens including downy 

mildew or powdery mildew and resulted in the isolation of numerous mutants. These 

mutants include nim1 (non-inducible immunity; Delaney et al. 1995), ndr1 

(non-race-specific disease resistance; Century et al. 1995) and several eds mutants 

(enhanced disease susceptibility) (Dewdney et al. 2000; Glazebrook et al. 1996; Parker 

et al. 1996; Volko et al. 1998) many of which appear to be affected in SAR-related 

pathways. Similarly, a number of mutants exhibiting enhanced resistance such as edr1 
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(enhanced disease resistance; Frye et al. 2001) and several pmr mutants (powdery 

mildew resistant; Voger and Somerville, 2000) generally appear to be affected in genes 

that regulate SA-dependent defence responses. Different defence pathways in 

Arabidopsis provide efficient protection to species subsets of pathogens; moreover, 

different pathogens appear to trigger different signal transduction cascades (Thomma et 

al. 2001). Therefore, it seemed likely that the range of mutants obtained upon screening 

for a range of responses to necrotrophic fungi would lead to the identification of novel 

types of resistance. So far, only very few reports, such as that by Tierens et al. (2002), 

deal with necrotrophic pathogens. Tierens et al. (2002) reported esa1, a mutant 

displaying enhanced susceptibility towards the necrotrophic fungus Alternaria 

brassicicola. However, direct screenings using necrotrophic pathogens inducing 

hypersensitive response in hosts are yet to be reported in Arabidopsis. 

Interactions of pathogens (fungus & oomycete) with A. thaliana, host & 

non-host resistance: the interaction of Arabidopsis with Hyloperonospora parastica, 

Golovinomyces cichoracearum, Blumeria graminis f. sp. hordei, Botrytis cinerea, 

Colletotrichum destructivum, Albugo candida and its resistant genetic information to 

these pathogens has been investigated extensively during the past ten years (Borhan et 

al., 2008; Denby et al., 2004; Fabro and Alvarez, 2012; Goritschnig et al., 2012; Koch 

and Slusarenko, 1990; Narusaka et al., 2005; Naumann et al., 2013; O’Connell et al., 

2004; Veroneses et al., 2006; Vogel et al., 2000)  

 

1.12 Histological examinations of the infection processes 

 

Development of resistant cultivars is a more effective and sustainable means of 

controlling S. sclerotiorum disease compared to cultural or chemical practices (Li et al., 

2008). Although there have been many attempts to introduce SSR resistance genetically 

from wild relatives into cultivated crops (Garg et al., 2010c), there is a common 

inability of crops to apply this resistance against this pathogen (Dai et al., 2006). In 

addition, a complex combination of factors in host-pathogen interactions determines the 

host resistant mechanism (Lumsden, 1979). Breakdown of resistance could be initiated 

by as little as one of these factor changes (Godoy et al., 1990). Understanding the 

host-pathogen interaction through histological examination is the first key step to study 

the host-pathogen interaction for the basis of resistance (Garg et al., 2010b). Hence, 
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studying host-pathogen interactions of the Brassica - S. sclerotiorum pathosystem at the 

cellular level may lead to better methods of disease management. 

At the cellular level, there have been a large number of studies of the infection 

processes in the S. sclerotiorum pathosystem (Table 1.2). However, very few studies 

have focused on the host difference with respect to the infection process. Garg et al. 

(2010b) assessed the infection process on two different B. napus cultivars: a resistant cv. 

Charlton and a susceptible cv. RQ001-02M2. They found cv. Charlton impeded S. 

sclerotiorum growth both at the surface and within the tissues and suppressed 

appressoria and infection cushion formation. In cv. Charlton, pathogen invasion was 

mainly confined to the upper epidermis, whereas in cv. RQ001-02M2 the pathogen 

colonised up to the spongy mesophyll. Host difference with respect to infection process 

is useful for future engineering of disease-resistant genotypes as well as development of 

resistance markers against S. sclerotiorum. However, the knowledge of differences in 

infection processes between genotypes with different resistance in other cruciferous 

species, such as Brassica juncea, is inadequate and indeed crucial. 

Many histological studies suggest starch deposition plays an important role with 

certain pathogens, such as biotrophic pathogens (Long et al., 1975), necrotrophic 

pathogens such as L. maculans (Hua Li et al., 2007a) and Kabatiella caulivora (Bayliss 

et al., 2001) (see also the studies of Garg et al. (2010b)). All these studies found that 

starch was deposited close to the infection site and suggest that the pathogen is able to 

reprogramme host plant metabolism and redirect accumulation of photosynthetic 

products away from other plant sites toward the infection site (Berger et al., 2007; 

Kocal et al., 2008; Wright et al., 1995). As photosynthetic products such as glucose and 

fructose produced by invertase undergo glycolysis to form triosephosphate in 

chloroplasts, these triosephosphates are metabolized into starch (Chou et al., 2000; 

Long et al., 1975). 
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Table 1.2 Literature review of some histological examinations of infection processes of 

S. sclerotionia on various hosts. 

Reference Host Observation Key finding Host tissue 

Huang et al. 
(2008) 

B. napus 

Electron 
microscopy and 
cytochemical 
labelling 

Formation and function of infection 
cushions; hyphal penetration; inter- 
and intra-cellular hyphal spreading; 
disorganization of cytoplasm, 
disintegration of cell walls and 
collapse of host cells. 

Leaves and 
stems 

Jamaux et al. 
(1995) 

B. napus 
Scanning electron 
microscopy 

Process of early field infection of 
petals shich fall onto leaf surface. On 
young petals, ascospore adhesion and 
germination, penetration of the host 
from germ tubes and collapse of 
epidermal cells were observed. Petals 
adhere onto leaf, mycelium invade 
leaf tissues straightaway and 
proceeding of infection. 

Flower 
petals and 
leaves 

Huang et al. 
(1992) 

Pisum 
sativum 

Scanning electron 
microscopy 

Germination of pathogen ascospores, 
subsequent ramification of mycelia, 
and the creation of specific infection 
sites. Mycelia on anthers and 
filaments spread onto the pod surface 
and development of infection 
cushions consisting of compact, 
dichotomously branched hyphae that 
initiated the penetration of pod 
tissues. 

Pea pods 

Tariq and 
Jeffries 
(1986) 

Phaseolus 
vulgaris L.; 
Phaseolus 
coccineus L. 

Electron 
microscopy  

Direct entry from plant surface by 
hyphae and appresoria. Appressed 
hyphal tip development and 
plasmalemmal invagination. Rapid 
and extensive destruction of 
epidermal cell walls. Intercellular 
hyphal growth accompanied by 
cellular necrosis in advance of the 
mycelial front. 

Leaves and 
stems 

Sutton and 
Deverall 
(1983) 

Phaseolus 
vulgaris and 
Glycine max 

Optical 
microscopy and 
scanning electron 
microscopy 

Ascospore germination profile in the 
absence of exogenous nutrient source. 
Hypersensitive response by cells in 
which fungus remained restricted to 
these cells. Water-soaked lesions 
characteristic of successful infection 
developed when many individual 
infection sites coalesced. 

Detached 
plant parts 
such as pods 

Tariq and 
Jeffries 
(1984) 

Lactuca 
sativa; 
Brassica 
napus; 
phaseolus 
vulgaris 

light and scanning 
electron 
microscopy 

Appressorium formation and extent of 
appressorium development shown to 
vary with the nature of the surface 
under attack. 

Leaves 

Sedun and 
Brown 
(1987) 

Helianthus 
annuus 

Scanning electron 
microscopy 

Ascospores germinate and form 
extensive colonies on the leaf surface. 
Infection also developed on severely 
wounded main leaf veins. Leaf 
wetness was required for infection. 

Leaves 
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In addition, Ride (1975) found that in wound areas, cell wall strengthening 

involves excessive lignification and this lignin is synthesized rapidly around wounds in 

wheat leaves following inoculation with the non-pathogenic fungi Botrytis cinenea and 

Mycosphaerella pinodes. In these wheat leaves, subsequent fungal growth was limited 

to the wounds. There are several processes for defence mechanisms of cell wall 

strengthening to occur (Sangha et al., 2010). Plant defence responses are initially 

activated by various perceived elicitors (Dixon et al., 1994), which later results in direct 

or indirect activation of complex signalling cascades (Cluzet et al., 2004). These 

cascades usually begin with an influx of calcium and an oxidative burst (Scheel, 1998), 

followed by the synthesis of defence signal compounds such as salicylic acid, jasmonic 

acid and/or ethylene (Reymond and Farmer, 1998; Sticher et al., 1997). Cell wall 

strengthening could further complemented by reinforcement of cell walls by 

cross-linking and lignifications, accumulation of anti-microbial compounds including 

phytoalexins and chitinase, and synthesis of anti-microbial proteins including the 

pathogenesis-related proteins (Kombrink and Somssich, 1995; Nürnberger and Lipka, 

2005; Scheel, 1998).  

 

1.13 Significance and purpose of this study 

 

There is potential for selection of cultivars of B. napus and B. juncea with 

improved field resistance to S. sclerotiorum. Currently, field or semi-field screening 

procedures are not adequate to accurately identify the best Brassica genotypes because 

multiple pathotypes of S. sclerotiorum are not utilised. 

Past studies on S. sclerotiorum pathosystems focused mainly on the host side of 

the interaction, such as the differences in resistance of genotypes, histology at the 

cellular level of the infection process, and host responses involving molecular 

expression and signalling transduction (Huang et al., 2008; Li et al., 2006; Yang et al., 

2007). These aspects of infection are important; however, there is also a need to 

consider the pathogenicity differences in S. sclerotiorum isolates, host response 

variation, the range of symptom differences induced, and the effects on S. sclerotiorum 

morphology (Garg et al., 2010a). There is no study where cruciferous hosts have been 

challenged with a range of classified pathotypes of S. sclerotiorum in order to gain a 

better understanding of the interactions and symptom differences in these host-pathogen 
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combinations. This study addresses a knowledge gap of the role of S. sclerotiorum 

pathotypes in delineating Brassica response to infection. 

In order to delineate S. sclerotiorum pathotypes, a differential set of Brassica 

genotypes is needed. Whether this differential set is able to delineate host responses 

should be tested at different stages in the host life cycle. It is currently unclear whether 

responses are uniform at the mature and seedling plant stages. Therefore, an aim is to 

establish a host differential set at mature and seedling plant stages using a range of local 

Western Australian S. sclerotiorum isolates. 

Past studies of the Arabidopsis - S. sclerotiorum pathosystem focused on the 

host partner, especially the resistance mechanisms, by using various mutant accessions 

(Chen et al., 2008, Wang et al., 2009). A few studies looked at response of multiple 

Arabidopsis ecotypes to S. sclerotiroum (Boccongelli et al. 2003b; Perchepied et al., 

2010). To our knowledge, there are no studies of the responses of Arabidopsis to a 

series of S. sclerotiorum isolates. The aim was to study interactions between ranges of 

pathogen isolates against Arabidopsis ecotypes to investigate if this type of study is 

valid across related genera.  

Interactions between this pathogen and various hosts such as B. napus and A. 

thaliana at the cellular or histological level have been studied (Dai et al., 2006; Garg et 

al., 2010b; Huang et al., 2008). An aim of this study was to undertake the first 

histological study of host-pathogen interactions between B. juncea and S. sclerotiorum. 

The differences among B. juncea genotypes in their levels of resistance to a less virulent 

but still pathogenic S. sclerotiorum isolate may provide a better understanding of the B. 

juncea - S. sclerotiorum pathosystem.  

 

1.14 Research questions 

 

Will the delineation of a set of S. sclerotiorum pathotypes against which 

Brassica breeding lines can be assessed, enable the development of new cultivars with 

enhanced and more durable field resistance against S. sclerotiorum under Western 

Australia environmental conditions?  
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Can an oilseed Brassica host differential set be developed that can delineate a 

range of Western Australian S. sclerotiorum pathotypes?  

 

Can this host differential set be used as a scale to determine resistance levels for 

other host genotypes?  

 

Can this host differential set also be developed for adult oilseed Brassica when 

resistance assessment is applied at the seedling stage? 

 

If S. sclerotiorum pathotypes are classified, is there a range of host responses to 

these pathotypes in diverse cruciferous and Arabidopsis genotypes?  

 

Can B. juncea genotypes are identified that exhibit resistance to various S. 

sclerotiorum isolates and pathotypes? What is the histological difference between 

resistant, intermediary and susceptible B. juncea genoypes at cellular levels? 

 

1.15 Thesis structure 

 

The format of this thesis is in accordance with The University of Western 

Australia Handbook 2013 - Doctor of Philosophy rules. It contains chapters 

formatted as research papers. All of the data stated in this thesis is the result of this 

study. The eight chapters of the thesis consist of an introductory and background 

chapter (Chapter 1), six research chapters of which four are formatted as scientific 

papers (Chapters 3, 5, 6, 7), and a general discussion chapter (Chapter 8). To allow 

the reader to gain a better understanding of this whole thesis, a short overview of the 

contents of each chapter is presented below: 

 

Chapter 1 presents the topic, scope, purpose and significance of the research undertaken. 

It gives a brief background of S. sclerotiorum, its pathogenic variation and the 

host-pathogen interaction. The chapter concludes with the research questions. 
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Chapter 2 describes using multiple isolates of S. sclerotiorum to validate 20 new oilseed 

Brassica breeding lines from the Brassica breeding programme in Western Australia. 

The resistance of each of these 20 lines is determined and they are classified as either 

isolate-dependent or isolate-independent. Genotypes which showed good partial 

resistance and where resistance is determined to be isolate-independent are 

recommended as the best candidate genotype for future application. 

 

Chapter 3 delineates S. sclerotiorum pathotypes using a B. napus and B. juncea 

differential set. The characterizations of 53 isolates of S. sclerotiorum from various 

regions of Western Australia are described and these characteristics are compared to 

pathogenicity. The 53 isolates are also identified at the molecular level as those of S. 

sclerotiorum. Several highly resistant and isolate-independent genotypes are identified 

from the screening test involved.  

 

Chapter 4 describes the application of the B. napus and B. juncea differential set to 

multiple isolates of S. sclerotiorum at the seedling plant stage. This chapter assesses the 

rationality of the set for S. sclerotiorum differentiation, and determines whether host 

genotype resistance and isolate-independent resistance in the adult plants is 

compromised in the seedlings.  

 

Chapter 5 describes multiple characterized isolates of S. sclerotiorum and their use to 

challenge a range of cruciferous hosts. Pathotypes of S. sclerotiorum produced unique 

symptom are described. For the screening test carried out in this chapter, some resistant 

B. juncea genotypes are identified.  

 

Chapter 6 extends the findings of Chapter 5 and examines the modelling cruciferous 

plant A. thaliana. Multiple, characterized isolates of S. sclerotiorum are used to 

challenge a range of A. thaliana ecotypes. Good partial resistance and 

isolate-independent ecotypes were identified. Optimal parents for development of 

populations of S. sclerotiorum resistant recombinant inbred lines (RIL) are identified. 
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Chapter 7 focuses on understanding the mechanism of resistance and HR on cotyledon 

of resistant, intermediary and susceptible B. juncea genotypes (resistant and 

intermediary ones were identified in Chapter 5) by using an isolate of S. sclerotiroum 

identified in work described in Chapter 3. Differences in infection of these three 

genotypes at the cotyledon stage are compared. Various characteristics at the cellular 

level are identified for both plant and pathogen.  

 

Chapter 8 draws together the findings of the previous six experimental chapters, places 

them in a more global context, and highlights future research that may be undertaken in 

S. sclerotiorum research. 
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Chapter 2 

Field evaluation of 20 advanced breeding lines of Brassica 
napus and B. juncea from Australia, India and China against 

Sclerotinia sclerotiorum 
 

2.1 Introduction 

 

Sclerotinia stem rot (SSR) is the most serious and damaging disease of Brassica 

napus and B. juncea (Li et al., 2006). Various cultural methods are used for controlling 

S. sclerotiorum disease, and maximal disease control has been achieved when several 

methods were combined into a single programme of disease management (Mei et al., 

2011; Mila et al., 2003). However, rarely are the methods effective enough. Using 

resistant cultivars may be the best way to manage this disease (Zhao et al., 2004). 

Screening for S. sclerotiorum resistance has been undertaken using various methods 

worldwide, yet despite the wide host range of this fungus, very few resistant host 

genotypes have been identified and breeding for resistant line has been limited (Bradley 

et al., 2006; Mei et al., 2011; Pathak et al., 2002; Shivpuri et al., 1997; Singh et al., 

1994). Genotypes of B. napus and B. juncea from China, India and Australia were 

screened in the field for resistance to S. sclerotiorum under semi-field conditions in 

UWA’s plant pathology group in Western Australia by Li et al. (2006, 2007 and 2008) 

and certain genotypes viz. Fan 028, Ding 110, Oscar, and Charlton, etc showed high 

levels of resistance. These lines have become an important source for breeding 

programme. 

While a number of partially-resistant Brassica genotypes were identified earlier 

(Li et al., 2008), it is now thought that genotypes that are completely resistant to S. 

sclerotiorum may never be found (Saharan and Mehta, 2008). Field evaluation of SSR 

for selection of cultivars with good partial resistance often provides variable results as 

the response of various genotypes are dependent upon the environment (Abawi and 

Grogan, 1979; Ge et al., 2012; Li et al., 2006; Li et al., 2008).  

In the past few decades, breeding from Australia, China and India produced 

many lines and crosses from different sources of B. napus and B. juncea (Li et al., 2006, 

2007 and 2008). To select from these lines as well as to test the validity of their 

resistance to S. sclerotiorum, they were screened in different locations, facing different 
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environmental factors as well as challenges from different pathotypes of S. sclerotiorum 

(Ge et al., 2012). This chapter describes field challenge of 20 advanced breeding lines 

by S. sclerotiorum infection.  

 

2.2 Material and Methods 

 

2.2.1 Pathogen isolate and maintenance for consistent inoculation 

 

Isolates of S. sclerotorum used in this study were MBRS1, MBRS5, and WW3. 

They are historical isolates studied previously (Li et al., 2006; 2007; 2008; Garg et al., 

2010a). In 2004, isolate WW3 was collected in the Walkaway area of the northern 

agricultural region, while isolates MBRS1 and MBRS5 were collected from the Mt 

Barker area in the southern agricultural region of Western Australia.  

To subculture the isolate, each single sclerotium was surface sterilised in 1% 

(w/v) sodium hypochlorite for 3 min and then 70% (v/v) ethanol for 1 min, followed by 

two washes in sterile distilled water for 1 min each (Clarkson et al., 2003). Each 

sclerotium was cut in half, and each half placed cut-side-down onto the surface of 

freshly poured potato dextrose agar (PDA) in separate Petri dishes and maintained in the 

dark at 20oC as original culture. The original culture from each sclerotium was allowed 

to colonize 40 sterile filter paper circles (5 mm diameter) placed on the surface of the 

culture for 5 days. The colonized filter papers were air dried in a laminar flow cabinet 

before being stored dry at 4oC. Isolates on sterile filter paper circles were revived on 

PDA when needed in this study. 

 

2.2.2. Advanced breeding lines 

 

Twenty advanced breeding lines were obtained from Australia, China and India 

(Table 2.1). A field experiment was designed to assess the type and consistency of 

response of these lines as well as one resistant (ZY006) and one susceptible (Montara) 

line from Ge et al. (2012) and Li et al. (2008).  
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Table 2.1 Details of advanced breeding lines used in this study 

Genotype Species Source 

OCRI-1 B. napus Australia 

OCRI-2 B. napus Australia 

OCRI-3 B. napus Australia 

OCRI-4 B. napus Australia 

OCRI-5 B. napus Australia 

OCRI-6 B. napus Australia 

Line 1 (HZAU) B. napus China 

Line 2 (HZAU) B. napus China 

Line 3 (HZAU) B. napus China 

Line 4 (HZAU) B. napus China 

Line 5 (HZAU) B. napus China 

Line 6 (HZAU) B. napus China 

JC134 (PAU) B. juncea India 

JC67 (PAU) B. juncea India 

Surpass400 NCB4 (PAU) B. napus India 

Rivette NCB5 (PAU) B. napus India 

RH0270 x JM018 (HAU) B. juncea China 

RH9902 x JN028 (HAU) B. juncea China 

Fan 028 x Charlton (HAU) B. napus China 

Ding 110 x Oscar (HAU) B. napus China 

Resistant (ZY006) B. napus China 

Susceptible (Montara) B. juncea China 

 

 

2.2.3. Field experimental trial 

 

Test genotypes were grown in the field at The University of Western Australia 

Field Station at Shenton Park, Western Australia, under a nylon mesh tent to exclude 

insects and with overhead sprinklers to supplement moisture when there was 

insufficient natural rainfall to be conducive to disease development during the cropping 

season. For each field experiment, test lines were arranged in single rows in a 
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randomized complete block design with four replications. Fifteen seeds per line were 

sown in single 1 m rows, with 0.6 m between rows. 

 

2.2.4. Stem inoculation 

 

Ten plants in each test line row were arbitrarily picked and inoculated when 50% 

of the plants in the row had at least one opened flower. Stem inoculation was 

undertaken using the method of Buchwaldt et al. (2005) as modified by Li et al. (2008). 

For each plant, a single agar plug (5 mm diameter) was sub-cultured from the actively 

growing margin of a 3 day-old colony of one S. sclerotiorum isolate on a glucose-rich 

solid medium [1% (w/v) peptone, 2% (w/v) glucose, 1.8% (w/v) agar, 0.05% (w/v) 

KH2PO4, adjusted to pH 4.0 with HCl]. The inoculum plug was attached to each stem 

by wrapping with Parafilm® at the first internode above the middle node of each stem. 

Plants were irrigated by overhead sprinklers once daily for 10 min for the first three 

days and subsequently only when natural rainfall was considered to be insufficient for 

robust disease development. 

 

2.2.5. Disease assessment 

 

Stem lesion length was measured with a ruler at three weeks post-inoculation, as 

any impact from different times of flowering in the genotypes due to differing maturity 

was rendered insignificant by delaying the disease assessment for this period (Li et al., 

2007).  

 

2.2.6. Statistical analyses 

 

The mean lesion length of the ten plants of each genotype was used for each 

replicate. The stem lesion datawere analyzed using ANOVA with Genstat 10 Edition 

(Genstat Procedure Library Release PL14) once normality of the data for ANOVA had 

been confirmed. Treatment means were compared using Fisher’s least significant 

difference (l.s.d.) to test for the significance for differences between genotype means, 
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isolate means and genotypes x isolates interactions. Genotypes were ranked according 

to their means in relation to stem lesion length. 

 

2.3 Results 

 

Analysis of variance showed significant differences among the 20 genotypes in 

relation to stem lesion length (P ≤ 0.001) (Table 2.1). Overall, the lines with higher 

levels of resistance were ZY006, Line6 (HZAU), Line1 (HZAU), Line5 (HZAU) and 

OCRI-3. All the four PAU lines were highly susceptible. Susceptible lines also included 

Line3 (HZAU), RH0270 x JM018 (HAU) and RH9902 x JN028 (HAU). For some 

susceptible lines, necrotic and bleached lesions were observed as early as three days 

post inoculation.  

 

 

 

Figure 2.1 Appearance of stems three weeks post inoculation with isolate MBRS1. A: 

The most susceptible genotype OCRI-6. B: Partially susceptible genotype OCRI-1. C: 

The most resistant genotype Line6 (HZAU). 

 

On the most susceptible genotypes at three weeks post inoculation, sclerotia 

were found inside and outside of the infected stems, and the stem above the point of 
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inoculation wilted and collapsed (Figure 2.1 A). Typically, inoculated stems exhibited a 

white cottony mould (Figure 2.1 B). 

In relation to lesion length, there was a significant difference among fungal 

isolates (P ≤ 0.001) (Table 2.1). Isolate WW3 was least virulent and isolate MBRS1 

was the most virulent. The most resistant genotypes to isolate MBRS1 were Line6 

(HZAU) (Figure 2.1 C), Line5 (HZAU) and OCRI-3. The most susceptible genotypes to 

MBRS1 were OCRI-6, RH0270 x JM018 (HAU) and Rivette NCB5 (PAU). For isolate 

MBRS5, the most resistant genotypes were Line1 (HZAU), Line6 (HZAU) and 

OCRI-5. Three genotypes, Surpass400 NCB4 (PAU), Line3 (HZAU), and Rivette NCB5 

(PAU) had stem lesion length exceeding 10 cm when challenged with this isolate. For 

isolate WW3, the lesion length range was small, from the most resistant OCRI-1, 

genotype having a lesion length of 0.75 cm to the most susceptible genotype Fan 028 x 

Charlton (HAU), having a lesion length of 2.87 cm. 

Statistically significant (P ≤ 0.001) interactions were recorded between the host 

genotypes and the three fungal isolates (Table 2.1). Significance was most pronounced 

when there was great variation in relation to relative ranking of a genotype when 

challenged by three isolates. Surpass4000 NCB4 (PAU), and OCRI-4 showed greatest 

variation in resistance when challenged by isolates MBRS1 and MBRS5. For example, 

Surpass4000 NCB4 (PAU) was semi-resistant (ranked 9th) when challenged with isolate 

MBRS1, but was highly susceptible (ranked 19th) to isolate MBRS5. Conversely, 

OCRI-4 was semi-resistant (ranked 8th) to isolate MBRS5, but susceptible (ranked 15th) 

when challenged with isolate MBRS1. OCRI-2, Line1 (HZAU), Line5 (HZAU), JC67 

(PAU), Rivette NCB5 (PAU), RH9902 x JN028 (HAU), Ding 110 x Oscar (HAU) 

reacted similarly to all three isolates in terms of rankings. 
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Table 2.2 Stem lesion length (cm) on 20 advanced breeding lines inoculated with three 

historical Sclerotinia sclerotiorum isolates, at three weeks post inoculation. Numbers in 

parenthesis are genotype rank orders for resistance, with 1 being most resistant and 22 

most susceptible.  

Genotype 
Isolate 

Mean 
MBRS1 MBRS5 WW3 

OCRI-1 9.60(10) 5.27(10) 0.75(1) 5.21(8) 

OCRI-2 10.72(13) 5.55(12) 1.10(9) 5.79(10) 

OCRI-3 5.00(3) 4.50(7) 1.22(12) 3.57(4) 

OCRI-4 12.75(15) 4.65(8) 0.95(8) 6.12(12) 

OCRI-5 9.10(8) 3.47(4) 0.77(2) 4.45(6) 

OCRI-6 19.15(21) 9.40(18) 0.90(6) 9.82(21) 

Line1 (HZAU) 7.95(6) 2.67(2) 0.85(3) 3.28(3) 

Line2 (HZAU) 13.15(17) 4.00(6) 0.87(4) 6.01(11) 

Line3 (HZAU) 13.07(16) 10.92(20) 1.17(11) 8.39(19) 

Line4 (HZAU) 8.22(7) 5.45(11) 2.00(19) 5.22(9) 

Line5 (HZAU) 7.52(4) 3.50(5) 0.87(4) 3.97(5) 

Line6 (HZAU) 4.60(2) 3.22(3) 1.50(15) 3.11(2) 

JC134 (PAU) 12.55(14) 9.17(17) 2.07(20) 7.93(18) 

JC67 (PAU) 10.80(12) 8.80(16) 1.50(15) 7.03(14) 

Surpass400 NCB4 (PAU) 9.20(9) 10.57(19) 2.15(21) 7.31(15) 

Rivette NCB5 (PAU) 14.97(19) 12.27(21) 1.95(18) 9.73(20) 

RH0270 x JM018 (HAU) 15.25(20) 6.50(14) 1.25(13) 7.67(17) 

RH9902 x JN028 (HAU) 13.75(18) 7.80(15) 1.40(14) 7.65(16) 

Fan 028 x Charlton (HAU) 9.82(11) 6.00(13) 2.87(22) 6.23(13) 

Ding 110 x Oscar (HAU) 7.77(5) 4.77(9) 0.92(7) 4.49(7) 

Resistant (ZY006) 1.65(1) 0.50(1) 1.10(9) 0.75(1) 

Susceptible (Montara) 19.55(22) 14.12(22) 1.50(15) 11.72(22) 

Mean 10.74 6.51 1.3   

 

Significance of genotypes P<0.001; l.s.d. (P≤0.05) = 1.974 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.729 

Significance of genotypes × isolates P<0.001; l.s.d. (P≤0.05) = 3.419 
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2.4 Discussion 

 

This is the first reported study to select advanced breeding lines for resistance 

under local conditions in Western Australia to multiple S. sclerotiorum isolates. This 

study was successful in differentiating resistance to S. sclerotiorum in these oilseed 

Brassica lines. For isolate WW3, the range of lesion length among genotypes was small. 

All genotypes ranked as resistant to WW3 implicated WW3 as an isolate with low 

pathogenicity. Isolate WW3 was derived from Walkaway region and isolates MBRS1 

and MBRS5 were from Mt Barker region of Western Australia. This is in accordance to 

Garg et al. (2010a) where all isolates obtained from Walkaway were formed to show 

lower virulence than isolates from Mt Barker region. These results all suggest that most 

of the breeding lines were suitable to grow in the Walkaway region, but not suitable to 

grow in the Mt Barker region. 

Over all, ZY006 and Line6 (HZAU) were the most resistant and their resistance 

was outstanding compared to lines studied earlier by Li et al. (2006, 2007, and 2008). 

Line6 (HZAU) was ranked as the second best in terms of resistance in this experiment 

after ZY006. ZY006 had the thickest stems and shortest internodes; the resistance 

profile was probably helped by the physical protection of the rigid outer-layers of the 

stem tissues. ZY006, the most resistant to infection, took the longest time for flower 

initiation, where 50% of flowering took place ≥6 months after sowing. Hence, ZY006 

may be considered to be inferior to Line6 (HZAU) in agronomic terms.  

Lines of PAU from India fell into the susceptible group, and these are probably 

not suitable for the Mt Barker region of Western Australia. Lines from OCRI, HZAU, 

and HAU had showed a range of scales from resistant to susceptible. Surpass4000 

NCB4 (PAU) and OCRI-4 showed great variation when challenged with MBRS1 and 

MBRS5, suggesting their resistance is highly isolate-dependent. OCRI-2, Line1 

(HZAU), Line5 (HZAU), RH9902 x JN028 (HAU), Ding 110 x Oscar (HAU) shared 

similar rank when challenged with three isolates, indicating that they may be 

isolate-independent, at least with the three isolates tested. Line 6 (HZAU) also reacted 

consistently to the two pathogenic isolates MBRS1 and MBRS5 in terms of ranking, 

which indicate it is also isolate-independent.  

Consistent resistance across different isolates is a commercially attractive trait 

(Ge et al., 2012). Line 6 (HZAU), Line1 (HZAU) and Line5 (HZAU) best demonstrated 
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such resistance, and these lines should be carried forward in Western Australia breeding 

programmes. 

While the B. napus genotypes tested ranged from highly resistant to highly 

susceptible, it was notable that all the B. juncea genotypes tested were susceptible. This 

finding reflects that of Li et al. (2006, 2008). However, before discarding B. juncea 

lines, assessing them for resistance to SSR in low rainfall areas such as Walkaway, 

where the disease is less severe is recommended.  

When compared with the findings of Ge et al. (2012) and Li et al. (2008), the 

results of this study confirmed host responses for genotypes ZY006 and Montara. These 

results suggest that this screening technique is consistent and reliable for determining 

response to S. sclerotiorum isolates (Li et al., 2006, 2007, and 2008). 
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Chapter 3 

Delineation of Sclerotinia sclerotiorum pathotypes using 
differential resistance responses on Brassica napus and B. 

juncea genotypes enables identification of resistance to 
prevailing pathotypes 

 

3.1 Introduction 

 

Oilseed Brassica crops worldwide, in particular oilseed rape (Brassica napus) 

and mustard (B. juncea), provide oils for human consumption, industrial lubricants, 

animal feeds, condiments, soil conditioners, and green manure and composting crops 

(Dixon, 2007; AOF, 2009). Sclerotinia stem rot (SSR) of oilseed rape and mustard, 

caused by the fungus Sclerotinia sclerotiorum, is one of the most important 

yield-limiting and least controllable diseases threatening oilseed Brassica production 

world-wide (Delourme et al., 2011), including Australia (Howlett et al., 1999; Barbetti 

and Khangura, 2000; Hind-Lanoiselet and Lewington, 2004; Li et al., 2006, 2007, 

2008), North America (Cubeta et al., 1997; Malvarez et al., 2007), Europe (Koch et al., 

2007; Volovik and Razgulayeva, 2011), India (Kang and Chahal, 2000; Saharan and 

Mehta, 2008; Singh et al., 2011), China (Zhou et al., 1994) and several other Asian 

countries (Chang and Kim, 2003). There is generally a close relationship between S. 

sclerotiorum incidence and yield loss (Thomson et al., 1984) and yield losses in oilseed 

Brassica can vary between 5 and 100% (Saharan and Mehta, 2008). In addition to seed 

yield loss, oil content and quality of the seed are also significantly reduced by SSR 

(Aggarwal et al., 1997).  

There is an urgent need to locate more effective host resistance in both B. napus 

and B. juncea to SSR. However, the pathogen’s wide host range has curtailed success in 

breeding for disease resistance (McCartney, 2000). While no sources of complete host 

resistance have been identified, high levels of resistance have recently been identified in 

B. napus genotypes such ZY006 (Li et al., 2008). In addition, very high but still 

incomplete resistance is located within introgression lines developed following 

hybridization of three wild crucifers (viz. Erucastrum cardaminoides, Diplotaxis 

tenuisiliqua and E. abyssinicum) with B. napus or B. juncea (Garg et al., 2010c). Lower, 

partial resistance has been reported in some other oilseed Brassica genotypes, including 

B. napus 06-6-3792 and ZY004 from China (Zhou et al., 1994; Li et al., 1999; Zhao et 
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al., 2004); B. napus RT108 and B. juncea JM06018 from Australia (Li et al., 2008), and 

various B. juncea genotypes from India such as Rugosa (Singh et al., 1994), Cutton, 

ZYR-6, PSM-169, PDM-169, Wester, PYM-7, Parkland, Tobin and Candle (Shivpuri et 

al., 1997), and PCR-10, RW-8410, RW-9401 and RGH-8006 (Pathak et al., 2002). 

While some polygenic resistance to SSR in oilseed rape genotypes from China has been 

identified, further progress has been hampered by the occurrence of virulent pathotypes 

(Zhao et al., 2004; Tiedemann et al., 2011).  

The life-history characteristics and evolutionary potential of a pathogen are 

major factors associated with a pathogen’s ability to overcome host resistance or to 

express preferences for particular hosts (Garcίa-Arenal and McDonald, 2003; 

McDonald and Linde, 2002; Hemmati et al., 2009). Studies on population structure of 

S. sclerotiorum have demonstrated diversity in relation to a number of characteristics, 

including those associated with morphological characters and sexual reproduction in 

populations (Atallah et al., 2004; Carbone and Kohn, 2001; Cubeta et al., 1997; Kohli 

and Kohn, 1998; Sexton and Howlett, 2004; Sexton et al., 2006). Specific differences in 

the morphology of S. sclerotiorum isolates have been reported (Li et al., 2003) 

including isolates that produce tan sclerotia (Gerrabrandt et al., 1983) or 

darkly-pigmented hyphae from Australia (Garg et al., 2010a), Canada and the south 

western region of the United States of America (Lazarovits et al., 2000; Sanogo and 

Puppala, 2007). However, no relationship was found between pigmentation and 

virulence in S. sclerotiorum (Garg et al., 2010a). Colony characteristics including in 

vitro radial growth rates of S. sclerotiorum isolates have been related to virulence under 

controlled environmental conditions (e.g., Durman et al., 2003; Ziman et al., 1998). 

Further, these studies did not examine the relationships between virulence and other 

morphological characteristics such as the number and size of sclerotia produced. 

Variation in S. sclerotiorum isolates on the basis of virulence have been reported 

by Willets and Wong (1980) and on B. napus and B. juncea genotypes by Garg et al. 

(2008, 2010a). Despite this, S. sclerotiorum is generally considered to exhibit little host 

specificity (Purdy, 1979). However, it is critical to understand the diversity of this 

pathogen for the development of effective host screening strategies to identify and 

deploy host resistance. Diversity in virulence of S. sclerotiorum has been investigated 

across different crops in Canada and the United States (e.g., Auclair et al., 2004; 

Hambleton et al., 2002; Kull et al., 2003; Maltby and Mihail, 1997; Pratt and Rowe, 

1991). Some previous studies have demonstrated that genetic diversity within S. 
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sclerotiorum is not related to its virulence (e.g., Cubeta et al., 1997; Kohli et al., 1992; 

Kohn et al., 1991; Malvarez et al., 2007; Sun et al., 2005). In contrast, Garg et al. 

(2010a) found significant host x pathogen interaction across 16 Brassica genotypes in 

terms of cotyledon lesion size caused by eight isolates of S. sclerotiorum. Ekins et al. 

(2007) found differences in aggressiveness among S. sclerotiorum isolates collected 

from south east Australia on sunflower. These contradictions demonstrate the need for a 

more thorough understanding of the pathogen host interactions in pathosystems 

involving S. sclerotiorum. 

Development of new pathotypes or strains and the breaking down of resistance 

are limiting factors in effective deployment of host resistance against plant diseases. 

This study evaluated isolates of S. sclerotiorum obtained from the northern and southern 

agricultural regions of Western Australia, the two regions where significant losses from 

SSR have been reported on B. napus in the past decade. The study initially aimed to 

determine if in vitro colony morphological characteristics were related to virulence for 

50 isolates of S. sclerotiorum from the two different regions. It then determined the 

levels of resistance to S. sclerotiorum within B. napus and B. juncea genotypes from 

China and Australia. It further evaluated the variation in virulence of 53 Western 

Australian S. sclerotiorum isolates, and, finally, identified a set of Brassica genotypes as 

universal differentials for delineating and characterizing pathotypes of S. sclerotiorum, 

using an octal nomenclature system. The significance of these findings in relation to 

reliably differentiating and monitoring prevailing pathotypes of S. sclerotiorum in 

different regions are discussed. In addition, the opportunity for screening for host 

resistance to the predominant pathotypes of S. sclerotiorum in relation to developing 

new cultivars with resistance to prevailing pathotypes is highlighted.  

 

3.2 Materials and Methods 

 

3.2.1 Pathogen collection and morphology 

 

Forty nine isolates of S. sclerotiorum were collected in 2009 as sclerotia taken 

from infested oilseed rape or lupin (Lupinus angustifolius) crops from both the northern 

and southern agricultural regions of Western Australia. Details of the isolates collected 

are provided in Table 3.1. Each isolate was cultured from a single sclerotium obtained 

from an individual stem taken from a specific location. For example, isolates UWA1 
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and UWA2 represent two separate and different locations, while isolate UWA1S1 and 

UWA1S2 represent two individual isolates cultured from sclerotia from two different 

oilseed rape or lupin plants on the same farm. Isolates MBRS1, MBRS5, WW3, and 

WW4 are as described in Chapter 2.2.1. 

For subculture, each single sclerotium was surface sterilized as described in 

Chapter 2.2.1. Each sclerotium was cut into halves, and each half placed cut-side-down 

in separate petri dishes as original culture as described in Chapter 2.2.1. One original 

culture obtained from each sclerotium was sub-cultured to four replicate PDA plates for 

the morphology studies. In this case, the radial growth (mm diameter) was measured 

after 72 h, as was the time (days) for sclerotial formation to commence, the total number 

of sclerotia formed per plate, and the diameter of sclerotia (mm) (Table 3.2). The 

second original culture from each sclerotium was allowed to colonize 20 sterile filter 

paper circles (5 mm diameter) placed on the surface of the culture for 5 days. The 

colonized filter papers were air dried in a laminar flow cabinet before being stored dry 

at 4 oC. These were revived on to PDA as and when needed in these studies. For isolates 

MBRS1, MBRS5 and WW3, 20 out of the 40 sterile filter paper circles (5 mm diameter) 

utilized as in Chapter 2.2.1 for each isolates were applied for this experiment in order to 

achieve consistency of inoculation. 
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Table 3.1 S. sclerotiorum isolates: Details for the 49 Sclerotinia sclerotiorum isolates 

collected from various field sites and hosts (Brassica napus or Lupinus angustifolius) in 

Western Australia (WA) in 2009 and the four historical isolates collected in 2004 (viz. 

MBRS1, MBRS5, WW3 and WW4) that were utilized in this study.  

 

Grower 
site No. 

Location Host  GPS coordinates Isolates derived 

1 Narra Tarra, WA B. napus S 28º 74. 015; E 114º 70. 338 
UWA1S1; UWA1S2; UWA1S3; 
UWA1S4; UWA1S5 

2 Walkaway, WA B. napus S 28º 85. 299; E 114º 96. 321 UWA2S1; UWA2S2; UWA2S3 

3 Walkaway, WA B. napus S 28º 55. 002; E 114º 52. 577 
UWA3S1; UWA3S2; UWA3S4 
UWA3S5 

4 East Chapman, WA B. napus S 28º 67. 968; E 114º 77. 957 UWA4S1 

5  Moonyoonooka, WA  L. angustifolius S 28º 65. 994; E 114º 75. 422 UWA5S1; UWA5S2; UWA5S3 

6 Walkaway, WA L. angustifolius S 28º 43. 768; E 114º 55. 642 
UWA6S1; UWA6S2; UWA6S3 
UWA6S4 

7 East Chapman, WA B. napus S 28º 64. 392; E 114º 75. 693 
UWA7S1; UWA7S2; UWA7S3; 
UWA7S4; UWA7S5 

8 East Chapman, WA B. napus S 28º 67. 968; E 114º 77. 957 
UWA8S1; UWA8S2; UWA8S3; 
UWA8S4; UWA8S5 

9 Walkaway, WA B. napus S28º 86. 330; 112º 17. 107 
UWA9S1; UWA9S2 
UWA9S3; UWA9S4; UWA9S5 

10 Kendenup, WA B. napus S 34° 44.686; E 117° 42.844 UWA10S1; UWA10S2; UWA10S4 

11  Mt. Baker, WA B. napus S 34° 36.796; E 117° 44.008 
UWA11S1; UWA11S2; UWA11S3; 
UWA11S4; UWA11S5 

12  Moonyoonooka, WA  L. angustifolius S 28º 66. 054; E 114º 74. 313 UWA12S3; UWA12S4 

13 Naragulu, WA B. napus S28º 48. 978; E114º 44.577 
UWA13S1; UWA13S3; UWA13S7; 
UWA13S8 

14  Mt. Barker, WA B. napus N/A MBRS1; MBRS5 

15 Walkaway, WA B. napus N/A WW3, WW4 
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3.2.2 Molecular identification of S. sclerotiorum isolates 

 

Fungal DNA was extracted and used to amplify the approximately 600 bp region 

of genomic DNA encompassing the 3’-end of the 28 S rRNA gene, ITS1, the 18 S 

rRNA gene, ITS2 and the 5’-end of the 5.8 S rRNA gene (the ITS region) using primers 

ITS4 (5_ TCC TCC GCT TATTGA TAT GC) and ITS5 (5_ GGAAGTAAAAGT CGT 

AACAAGG) (White et al., 1990). Each PCR assay contained 25 pmol of each primer, 

17.5 μl 2x PCR mix (2xGoTaq Green Mix, Promega, USA), 1.25 μl DNA extracted 

from a single isolate and water to 25 μl. Cycling conditions were 95 °C for 5 min; 30 

cycles of 94 °C for 30 s, 42 °C for 2 min and 72 °C for 2 min; and a final extension of 

72 °C for 10 min. PCR products were sized on 1.5% (w/v) agarose gels stained in 1% 

(w/v) ethidium bromide and sequenced. The BLAST algorithm was employed to 

compare the sequences with those available in GenBank to identify the best match.  

 

3.2.3 Selection of B. napus and B. juncea genotypes used in field studies  

 

Brassica napus and B. juncea genotypes were selected according to their 

differential expression of resistance / susceptibility in our previous studies (Li et al., 

2006, 2007, 2008; Garg et al., 2010a). All seeds were obtained through an Australian 

Centre for International Agricultural Research collaborative research programme 

between Australia, China and India.  

Resistant genotypes: On the basis of strong resistance to S. sclerotiorum in 

previous stem inoculation field tests (Li et al. 2006, 2008), four B. napus genotypes 

(RT108 from Australia, ZY006, ZY004 and 06-6-3792 from China) and four B. juncea 

genotypes (JM06018 and JM06006 from Australia, Xinyou9 and Brassica juncea #2 

from China) were selected. From previous cotyledon inoculation tests with S. 

sclerotiorum (Garg et al. 2010a), B. napus Charlton was selected as it was ‘isolate 

independent’ in its resistance expression and B. napus Mystic was selected as it was 

‘isolate dependent’ and of varying susceptibility in its resistance expression. 

Susceptible genotypes: From previous stem inoculation field tests with S. 

sclerotiorum (Li et al., 2006, 2007, 2008), one B. napus genotype (06-P71-2 from 

China) and one B. juncea genotype (Montara from China) were selected. From previous 
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cotyledon tests with S. sclerotiorum (Garg et al., 2010a), B. napus Rivette was selected 

as it was ‘isolate independent’ but susceptible. 

 

3.2.4 Field experimental design and details 

 

Two field experiments were carried out to examine the interactions of various 

Brassica genotypes with S. sclerotiorum isolates. Experiment 1 was designed to assess 

the type and consistency of response of 14 Brassica genotypes to three distinctive S. 

sclerotiorum isolates (MBRS1, MBRS5 and WW3) of different virulence. Experiment 2 

was designed to assess 50 S. sclerotiorum isolates against four B. napus (RT108, 

ZY006, ZY004, 06-6-3792) and four B. juncea (JM06018, JM06006, Xinyou9, 

Brassica juncea #2) genotypes previously found to be resistant to one or more S. 

sclerotiorum isolates. 

Test genotypes of B. napus and B. juncea were grown in the field at The 

University of Western Australia Field Station at Shenton Park, Western Australia, under 

a nylon mesh tent to exclude insect pests and with overhead sprinklers to supplement 

moisture when there was insufficient natural rainfall for conducive to disease 

development during the 2010 cropping season. For each field experiment, test lines 

were arranged in single rows in a randomized complete block design with four 

replications. For experiment 1, 15 seeds per line were sown in single 1 m rows, with 0.6 

m between rows, and plants were not thinned after germination. For experiment 2, eight 

seeds per line were sown and treated in the same way except that there was only 0.15 m 

between rows. 

 

3.2.5 Stem inoculation 

 

Stem inoculation was undertaken exactly as described in Chapter 2.2.4. 

 

3.2.6 Disease assessment 

 

Disease assessment was undertaken exactly as described in Chapter 2.2.5. 
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3.2.7 S. sclerotiorum pathotype nomenclature 

 

Octal nomenclature, as developed by Goodwin et al. (1990) for characterizing 

Rhynchosporium secalis pathotypes and later applied to characterizing Phytophthora 

clandestina pathotypes in Australia (You et al., 2005) was used to code S. sclerotiorum 

isolates. Isolates were coded according to their virulence (expressed as length of lesion 

denoting disease severity) on six of the eight differentials Brassica accessions (four B. 

napus and four B. juncea) evaluated for this purpose. Octal numbers were assigned 

based on the virulence of the isolates and interaction with each differential within the set 

in which 0 indicates a resistance reaction (i.e., resistance of the differential) and 1 

indicates a susceptible reaction (i.e., susceptibility of the differential). Octal digits were 

assigned as follows: 000=0; 001=1; 010=2; 011=3; 100=4; 101=5; 110=6; 111=7.  

 

3.2.8 Statistical analyses 

 

The mean lesion length score for the ten plants of each genotype in each replicate 

was used as the score for each replicate. Lesion length data for each field experiment 

were analysed separately using ANOVA with Genstat 10 Edition (Genstat Procedure 

Library Release PL14) once normality of the data for ANOVA had been confirmed. 

Treatment means were compared using Fisher’s least significant difference (l.s.d.) to 

test for the significance for differences between genotype means, isolate means and 

genotypes x isolates interactions. Genotypes were ranked according to their means in 

relation to stem lesion length in both field trials. Additional comparisons of 

morphological characters with isolate field performance were undertaken by using the 

general linear regression models procedure of Genstat and correlation co-efficients were 

tested for significance. 

 

3.3 Results  

 

3.3.1 Morphological study 

Each of the 50 fungal isolates used in experiment 2 had similar morphological 

characteristics to S. sclerotiorum (Table 3.1). Isolates UWA6S3 and UWA3S1 grew 

much faster, while isolate UWA13S7 was not only very slow growing, but took the 
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longest time, 6.5 d, to form sclerotia. However, isolate UWA13S3, which was isolated 

from the same location as isolate UWA13S7 and also took 6.5 d to form sclerotia, was 

not slow growing. The mean number of sclerotia produced per plate ranged from eight 

to 54. The two isolates that produced the greatest number of sclerotia (isolates UWA1S1 

ad UWA5S1) also produced the smallest sclerotia.  

 

3.3.2 Molecular confirmation of S. sclerotiorum isolates 

 

The 53 fungal isolates used in this study, including the four historical isolates 

(MBRS1, MBRS5, WW3, WW4) previously determined to be S. sclerotiorum (Garg et 

al., 2010a; Andrew and Kohn, 2009), were confirmed to be S. sclerotiorum using the 

BLAST algorithm to compare the sequence of the ITS region from each isolate with 

those available in GenBank. All the isolates had 99-100% sequence identity (accession 

number: EF091809) over the approximately 600 bp of sequence obtained for each 

isolate. 
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Table 3.2 S. sclerotiorum morphology: the morphological characteristics assessed for 

50 isolates of Sclerotinia sclerotiorum were mycelium growth (mm) on potato dextrose 

agar over 72 h; time 9d) to appearance of sclerotia; number of sclerotia per plate 

culture; and mean diameter (mm) of sclerotia. Incubation temperature was 23 °C. 

  

S. sclerotiorum 
isolate 

Mean colony diameter 
at 72 h (mm) 

Mean time for sclerotial 
appearance (d) 

Mean No. 
sclerotia per plate

Mean sclerotial 
diameter (mm) 

UWA1S1 9.8 4.0 52.0 1.7 

UWA1S2 36.4 4.0 18.0 3.5 

UWA1S3 30.6 4.5 14.0 4.5 

UWA1S4 35.6 4.0 29.0 3.0 

UWA1S5 36.4 4.0 8.0 6.0 

UWA2S1 29.1 3.0 16.0 5.0 

UWA2S2 35.0 3.5 23.0 4.5 

UWA2S3 35.0 4.0 40.0 3.0 

UWA3S1 51.8 3.0 27.0 2.0 

UWA3S2 36.6 4.0 32.0 2.5 

UWA3S4 36.5 4.0 27.0 6.0 

UWA3S5 25.5 4 18.0 4.5 

UWA4S1 39.3 3.5 28.0 3.7 

UWA5S1 35.9 3.5 54.0 1.5 

UWA5S2 26.2 3.5 31.0 4.0 

UWA5S3 37.7 3.5 12.0 5.5 

UWA6S1 36.6 4.0 37.0 4.0 

UWA6S2 36.1 5.5 15.0 6.5 

UWA6S3 58.3 2.5 26.0 3.5 

UWA6S4 35.2 5.5 38.0 4.0 

UWA7S1 10.3 6.0 32.0 3.0 

UWA7S2 18.1 5.5 32.0 3.5 

UWA7S3 26.6 5.5 14.0 4.5 

UWA7S4 30.1 6.0 11.0 8.0 

UWA7S5 20.7 5.5 26.0 4.5 

UWA8S1 4.1 4.0 11.0 12.5 

UWA8S2 5.5 4.0 43.0 3.0 

UWA8S3 19.6 3.5 32.0 3.0 

UWA8S4 16.3 3.5 26.0 3.0 

UWA8S5 14.1 2.5 12.0 6.5 

UWA9S1 8.4 5.0 31.0 3.7 

UWA9S2 38.8 5.5 30.0 4.5 

UWA9S3 40.5 6.0 26.0 4.5 
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S. sclerotiorum 
isolate 

Mean colony diameter 
at 72 h (mm) 

Mean time for sclerotial 
appearance (d) 

Mean No. 
sclerotia per plate 

Mean sclerotial 
diameter (mm) 

UWA9S4 4.0 3.5 18.0 5.0 

UWA9S5 32.1 5.5 34.0 3.5 

UWA10S1 40.6 6.0 12.0 5.5 

UWA10S2 33.6 5.0 22.0 2.2 

UWA10S4 39.7 4.5 23.0 4.0 

UWA11S1 39.0 5.0 8.0 6.5 

UWA11S2 24.3 3.0 14.0 4.0 

UWA11S3 20.3 3.5 24.0 4.5 

UWA11S4 11.9 3.0 21.0 5.0 

UWA11S5 35.2 3.0 23.0 5.0 

UWA12S3 18.6 3.0 18.0 5.5 

UWA12S4 38.7 3.5 15.0 4.2 

UWA13S1 17.5 6.0 16.0 4.0 

UWA13S3 37.7 6.5 21.0 4.0 

UWA13S7 1.5 6.5 27.0 5.0 

UWA13S8 27.5 3.5 11.0 7.0 

WW4 44.6 3.5 24.0 4.5 

 

 

3.3.3 Field experiment 1 

 

3.3.3.1 Host-pathogen interaction 

 

Analysis of variance showed significant effects of isolates (P ≤ 0.001) and host 

accessions (P ≤ 0.001), as well as a significant interaction between isolates and 

accessions (P ≤ 0.001) in relation to stem lesion length (Table 3.3). However, the 

variance ratio (VR) for each of these components was different, with a VR of 10.8 for 

genotypes, 159.9 for isolates and 3.2 for genotypes x isolates. 

 

3.3.3.2 Variation among pathogen isolates 

 

Different isolates of S. sclerotiorum varied in their virulence, demonstrated in 

particular by variation in stem lesion length (Table 3.3). Isolate MBRS1 was generally 

more virulent than MBRS5. However, MBRS5 was more virulent than MBRS1 on 

Brassica juncea #2, and both isolates were equally virulent on B. napus cv. Charlton. 
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Isolates MBRS1 and MBRS5 were both significantly more virulent than isolate WW3, 

which was only weakly virulent. 

 

Table 3.3 Field experiment 1: Stem lesion length (cm) on nine Brassica napus and five 

B. juncea genotypes inoculated with three historical Sclerotinia sclerotiorum isolates at 

three weeks post-inoculation. Numbers in parenthesis are genotype rank orders for 

resistance, with 1 being most resistant and 14 most susceptible. 

 

Cultivar 

 

Species 

 

Origin 
Isolate 

 

 
  MBRS1 MBRS5 WW3 Mean 

06-6-3792 B. napus China 12.1(11) 7.8(6) 0.8(3) 6.9(6) 

06-p71-2 B. napus China 15.513) 10.2(10) 2.3(12) 9.3(13) 

ZY004 B. napus China 5.5(2) 1.7(2) 0.9(6) 2.7(2) 

ZY006 B. napus China 2.2(1) 0.2(1) 0.5(1) 1.0(1) 

Zhongyou 821 B. napus China 11.5(7) 7.1(4) 2.7(13) 7.1(7) 

Rivette B. napus Australia 11.6(8) 14.3(13) 1.8(11) 9.2(12) 

RT108 B. napus Australia 9.0(4) 5.3(3) 1.7(10) 5.3(3) 

Mystic B. napus Australia 8.7(3) 7.9(7) 0.7(2) 5.8(4) 

Charlton B. napus Australia 11.9(9) 11.8(11) 0.8(5) 8.2(9) 

Brassica juncea #2 B. juncea China 10.9(6 ) 14.8(14) 1.6(9) 9.1(11) 

Montara B. juncea China 19.0(14) 13.8(12) 1.0(7) 11.3(14) 

Xinyou9 B. juncea China 9.5(5) 7.7(5) 0.8(3) 6.0(5) 

JM06006 B. juncea Australia 13.2(12) 8.4(8) 1.3(8) 7.6(8) 

JM06018 B. juncea Australia 12.7(10) 9.8(9) 4.2(14) 8.9(10) 

Mean   10.9 8.6 1.5   

 

Significance of genotypes P<0.001; l.s.d. (P≤0.05) = 2.3 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 1.1 

Significance of genotypes × isolates P<0.001; l.s.d. (P≤0.05) = 4.1 

 

3.3.3.3 Variation in host reaction types 

 

There was significant variation among the 14 host accessions tested (Table 3.3), 

with stem lesion lengths ranging from 1 cm in the highly resistant genotype B. napus 

ZY006 to more than 9 cm for susceptible B. napus genotypes Rivette and 06-p71-2, and 

B. juncea genotypes Brassica juncea #2 and Montara. B. juncea Montara was the most 
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susceptible genotype tested with a mean lesion length of 11.3 cm. B. napus ZY006 was 

classified as highly resistant and ZY004 as resistant, while RT108, Mystic, 06-6-3792, 

Zhongyou 821 and B. juncea Xinyou 9 were classified as moderately resistant according 

to the classification scheme of Garg et al. (2010c). 

B. napus ZY006 was the most resistant genotype against all three of the S. 

sclerotiorum isolates tested. In this genotype, stem lesion length ranged from 0.2 to 2.2 

cm, a much smaller range compared to the other genotypes tested (Table 3.3). This 

result suggested that expression of the high level resistance in this cultivar was largely 

independent of the S. sclerotiorum isolate. In contrast, responses by some genotypes 

were much more isolate dependent. For example, the relative resistance rankings for B. 

napus Zhongyou 821, 06-6-3792, RT108 and Charlton varied by up to 9, 8, 7, and 6 

ranking places, respectively, depending upon the test isolate. 

 

3.3.4 Field Experiment 2 

 

3.3.4.1 Host-pathogen interaction 

 

Analysis of variance showed significant effects for isolates (P ≤ 0.001) and host 

accessions (P ≤ 0.001), as well as a significant interaction between isolates and 

accessions (P ≤ 0.001) in relation to stem lesion length (Table 3.4). However, the VR 

for each of these components was different, with a VR of 458.9 for genotypes, 71.2 for 

isolates and 3.7 for genotypes x isolates. The particularly high VR for genotypes in this 

experiment suggests that genotype resistances should be easier to distinguish in 

experiment 2 than in experiment 1. 
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Table 3.4 Field experiment 2: Stem lesion length (cm) on four Brassica napus and four 

B. juncea genotypes at three weeks post inoculation with 50 Sclerotinia sclerotiorum 

isolates. Numbers in parenthesis are genotype rank orders for resistance, with 1 being 

most resistant and 8 the most susceptible.  

Cultivar   

Isolate B. juncea B. napus Mean 
JM06018 JM06006 Xinyou9 Montara 06-6-3792 06-p71-2 Charlton Mystic 

UWA1S1 5.9(6) 5.0(4) 2.0(2) 5.5(5) 2.1(3) 11.8(8) 6.5(7) 0.5(1) 4.9(6) 

UWA1S2 13.4(3) 17.6(5) 15.1(4) 33.1(8) 12.1(2) 29.4(7) 18.2(6) 7.7(1) 18.3(38) 

UWA1S3 19.8(5) 17.1(4) 13.1(3) 29.6(8) 12.2(2) 26.7(7) 20.8(6) 7.2(1) 18.3(38) 

UWA1S4 17.5(6) 18.9(5) 13.2(3) 28.5(8) 14.0(4) 25.1(7) 10.4(2) 5.2(1) 16.6(32) 

UWA1S5 17.2(4) 16.2(3) 13.9(2) 38.7(8) 25.8(6) 29.5(7) 20.9(5) 11.6(1) 21.7(50) 

UWA2S1 8.3(2) 12.2(4) 11.0(3) 40.2(8) 15.3(5) 31.2(7) 16.2(6) 7.1(1) 17.7(35) 

UWA2S2 13.5(1) 16.0(4) 15.1(2) 37.9(8) 17.4(5) 26.5(7) 18.3(6) 15.1(2) 20.2(46) 

UWA2S3 16.3(3) 20.6(5) 14.1(1) 31.1(8) 20.1(4) 26.8(7) 20.9(6) 16.0(2) 20.7(49) 

UWA3S1 22.3(6) 21.5(5) 17.4(3) 26.5(7) 17.7(4) 22.8(8) 9.0(2) 5.4(1) 17.8(36) 

UWA3S2 17.0(5) 17.5(6) 10.5(3) 27.0(8) 8.5(2) 21.0(7) 14.8(4) 7.2(1) 15.4(30) 

UWA3S4 14.5(4) 15.4(6) 9.4(3) 25.8(7) 4.7(1) 27.8(8) 15.3(5) 5.6(2) 14.8(26) 

UWA3S5 7.2(5) 1.9(2) 0.4(1) 24.1(7) 7.2(5) 24.5(8) 5.6(4) 3.5(3) 9.1(10) 

UWA4S1 15.5(3) 20.8(6) 12.9(2) 32.6(8) 18.2(4) 28.8(7) 18.2(4) 11.5(1) 19.8(43) 

UWA5S1 11.8(1) 13.2(3) 12.4(2) 32.0(8) 20.4(6) 27.8(7) 19.0(5) 17.2(4) 19.2(42) 

UWA5S2 7.9(4) 9.6(6) 4.4(1) 16.3(8) 4.8(2) 15.7(7) 8.1(5) 5.8(3) 9.1(10) 

UWA5S3 13.8(5) 12.1(4) 10.8(2) 23.7(8) 15.0(6) 21.0(7) 11.3(3) 9.2(1) 14.6(25) 

UWA6S1 15.2(3) 18.0(4) 14.8(2) 33.2(8) 23.9(6) 26.5(7) 18.1(5) 11.6(1) 20.2(45) 

UWA6S2 17.6(3) 18.4(4) 14.1(2) 37.0(8) 23.6(5) 28.4(7) 23.6(5) 12.7(1) 21.9(48) 

UWA6S3 17.2(5) 16.5(3) 12.6(1) 33.3(8) 20.7(6) 28.0(7) 17.1(4) 13.8(2) 19.9(44) 

UWA6S4 8.5(5) 7.5(4) 4.9(2) 29.7(8) 5.6(3) 16.3(7) 8.6(6) 4.5(1) 10.7(15) 

UWA7S1 1.9(5) 1.6(4) 0.8(1) 2.7(8) 2.4(7) 1.3(3) 2.3(6) 1.0(2) 1.7(4) 

UWA7S2 4.3(4) 8.3(6) 2.6(3) 19.0(8) 5.3(5) 13.5(7) 1.6(2) 1.0(1) 6.9(8) 

UWA7S3 7.9(4) 6.6(3) 3.9(1) 26.3(8) 13.9(6) 20.5(7) 10.8(5) 4.6(2) 11.8(18) 

UWA7S4 10.3(4) 8.7(3) 3.9(1) 21.0(8) 14.2(7) 13.1(6) 12.8(5) 8.2(2) 11.5(17) 

UWA7S5 5.8(2) 6.1(3) 4.4(1) 15.6(7) 8.0(6) 20.2(8) 6.5(5) 6.4(4) 9.1(10) 

UWA8S1 1.1(6) 0.3(3) 0.3(3) 1.2(7) 0(1) 1.3(8) 0.1(2) 0.3(3) 0.6(1) 

UWA8S2 1.2(2) 2.9(6) 1.8(4) 2.8(5) 3.5(8) 1.7(3) 2.9(6) 1.1(1) 2.2(5) 

UWA8S3 6.6(5) 5.7(3) 3.4(1) 21.5(8) 7.2(6) 17.4(7) 6.4(4) 3.7(2) 9.0(9) 

UWA8S4 8.7(6) 8.3(5) 7.3(4) 19.9(7) 6.0(3) 20.4(8) 5.2(2) 1.8(1) 9.7(14) 

UWA8S5 1.2(3) 1.1(2) 0.5(1) 18.0(8) 2.8(6) 13.1(7) 2.6(5) 1.3(4) 5.1(7) 

UWA9S1 0.3(1) 0.3(1) 0.5(3) 2.8(8) 1.3(6) 1.9(7) 0.9(5) 0.8(4) 1.1(3) 

UWA9S2 11.7(6) 9.0(4) 7.6(3) 31.6(8) 7.5(2) 22.9(7) 9.2(5) 5.0(1) 13.1(20) 

UWA9S3 10.2(4) 10(3) 5.0(2) 28.4(8) 13.6(5) 27.0(7) 15.0(6) 4.8(1) 14.2(24) 

UWA9S4 0.4(3) 0.3(2) 0.2(10) 1.7(8) 0.9(6) 0.9(6) 0.5(4) 0.6(5) 0.7(2) 

UWA9S5 14.2(5) 16.2(6) 13.5(2) 28.5(8) 12.9(1) 25.8(7) 13.7(3) 14.1(4) 17.4(33) 

UWA10S1 11.3(4) 14.5(6) 9.3(1) 13.3(5) 10.8(3) 26.4(8) 15.1(7) 9.5(2) 13.8(22) 

UWA10S2 14.2(2) 16.7(3) 13.3(1) 27.8(7) 21.5(5) 27.9(8) 21.8(6) 20.8(4) 20.5(47) 

UWA10S4 16.4(4) 17.1(5) 6.4(1) 32.1(8) 14.9(2) 25.3(7) 19.1(6) 12.2(3) 17.9(37) 
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Cultivar   

Isolate B. juncea B. napus Mean

JM06018 JM06006 Xinyou9 Montara 06-6-3792 06-p71-2 Charlton Mystic 

UWA11S1 14.2(3) 17.2(4) 11.3(1) 30.5(8) 17.9(6) 27.2(7) 17.7(5) 13.7(2) 18.7(41) 

UWA11S2 10.0(3) 11.6(4) 8.0(1) 21.9(8) 14.5(5) 17.4(7) 16.3(6) 9.9(2) 13.7(21) 

UWA11S3 15.6(6) 14.7(5) 14.4(4) 37.5(8) 14.1(3) 29.4(7) 12.7(2) 10.0(1) 18.5(40) 

UWA11S4 12.8(4) 13.9(5) 12.3(3) 35.8(8) 10.5(2) 26.8(7) 15.5(6) 7.3(1) 16.9(33) 

UWA11S5 12.6(5) 14.7(6) 9.2(3) 32.0(8) 7.6(2) 28.0(7) 12.2(4) 5.6(1) 15.2(29) 

UWA12S3 13.2(5) 14.3(6) 9.7(3) 18.8(7) 10.0(4) 20.2(8) 8.2(2) 7.5(1) 12.7(19) 

UWA12S4 8.0(5) 7.5(4) 3.5(1) 25.1(8) 6.8(3) 19.3(7) 11.1(6) 6.3(2) 11.0(16) 

UWA13S1 13.7(5) 16.9(6) 11.7(3) 18.7(7) 4.3(1) 32.3(8) 12.2(4) 10.9(2) 15.1(28) 

UWA13S3 10.8(3) 19.0(7) 11.8(4) 18.5(6) 5.2(1) 23.3(8) 12.1(5) 10.0(2) 13.8(22) 

UWA13S7 15.1(6) 12.7(5) 6.0(2) 35.0(8) 10.5(4) 26.2(7) 10.4(3) 3.9(1) 15.0(27) 

UWA13S8 15.1(3) 15.9(5) 11.1(1) 15.2(4) 18.7(7) 21.0(8) 19.9(6) 15.0(2) 16.5(31) 

WW4 3.2(3) 1.2(2) 0.7(1) 20.2(7) 12.6(6) 23.8(8) 9.3(5) 3.6(4) 9.3(13) 

Mean 11.0(3) 11.8(5) 8.3(2) 24.2(8) 11.3(4) 21.4(7) 12.1(6) 7.6(1) 

 

Significance of genotypes P<0.001; l.s.d. (P≤0.05) = 0.8 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 1.9 

Significance of genotypes × isolates P<0.001; l.s.d. (P≤0.05) = 5.5 

 

3.3.4.2 Variation among pathogen isolates 

 

There were significant differences in virulence among isolates in terms of stem 

lesion length. Some isolates were highly virulent, such as UWA1S5, UWA2S2, 

UWA2S3, UWA6S1, UWA6S2 and UWA10S2. These isolates produced a mean lesion 

length across the eight genotypes of more than 20 cm. In contrast, the six least virulent 

isolates produced a mean lesion length of less than 5 cm across the eight genotypes 

tested. In some cases, S. sclerotiorum isolates collected from the same geographical 

location had similar levels of virulence in terms of mean lesion length. For example, 

three isolates from the UWA2 location showed similar levels of virulence across the 

eight genotypes, with lesion lengths ranging from about 18 to nearly 21 cm. In most 

cases, however, there was substantial variation in isolate virulence within each location, 

measured as mean lesion length. For example, isolates from location UWA1 had mean 

lesion lengths across the eight genotypes ranging from about 5 to 22 cm.  
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3.3.4.3 Variation in host reaction types 

 

Based on the means across all S. sclerotiorum isolates, B. napus Mystic and B. 

juncea Xinyou 9 were the most resistant genotypes with mean lesion lengths of no 

greater than about 8 cm. B. napus 06-p71-2 and B. juncea Montara were the most 

susceptible with mean lesion lengths of more than 21 cm. The most resistant genotypes 

generally ranked as the best or second best genotype in terms of resistance across the 

majority of the S. sclerotiorum isolates tested.  

In the material harvested from experiment 2, there was a significant positive 

correlation (P<0.001) between growth rates on PDA plates after 72 h and lesion length 

on stems across the 50 isolates of S. sclerotiorum (r = 0.46; P , 0.001; n= 49; Table 3.2). 

There was no significant correlation between lesion length on stems and the other 

morphological characters measured (viz. time to form Sclerotia, number of sclerotia 

produced per plate, and mean sclerotial diameter). 

 

3.3.4.4 Characterization of S. sclerotiorum isolates on Brassica accessions  

 

There was a significant interaction between S. sclerotiorum isolates and disease 

severity on the eight tested Brassica accessions used across experiments 1 and 2. The 

six accessions suitable for use as differentials were grouped in two sets according to 

their genetic inheritance and continuity. B. juncea genotypes JM06006, Montara and 

JM06018 were grouped as one set or triplet while B. napus genotypes 06-p71-2, 

Charlton and Mystic were grouped as the second set or triplet. The three B. juncea 

genotypes JM06006, Montara and JM06018, and the three B. napus genotypes 

06-p71-2, Charlton and Mystic showed clear bimodal distributions of lesion lengths 

(Figure 3.1). Analyses of these histograms based on the virulence of the 53 isolates of S. 

sclerotiorum (Table 3.1) on these six differential genotypes showed resistance / 

susceptibility separation points for the B. juncea genotypes of 3.1 (JM06006), 6.1 

(Montara) and 2.1 (JM06018), and for the B. napus genotypes of 3.1 (06-p71-2), 3.1 

(Charlton), and 16.1 (Mystic) (Figure 1). Where the disease severity rating was less than 

the separation point, it was considered a resistance response, while a rating greater than 

and including the separation point was considered a susceptible response. On this basis, 

from among the 53 isolates tested, eight different and distinct pathotypes were 

characterized (Table 3.5). Across the regions sampled, pathotype 76 predominated, 



51 
 

followed by pathotype 00, occurring at an overall frequency of about 74% and 9%, 

respectively. Three different pathotypes occurred at the UWA7 and UWA8 locations, 

two different pathotypes at the UWA1, UWA3, UWA5, UWA9 and UWA10 locations, 

while only one pathotype occurred at the remaining locations. The historical isolates 

WW3 and WW4 corresponded to pathotypes 10 and 36, respectively. The two historical 

isolates MBRS1 and MBRS5 were both the 76 pathotype.  

 

 

Table 3.5 Sclerotinia pathotype delineations: Pathotypes of Sclerotinia sclerotiorum as 

determined by disease severity assessed as stem lesion length (cm), on three differential 

accessions of Brassica napus and three differential genotypes of B. juncea, in which 0 

indicates a resistance reaction (i.e., resistance of the differential) and 1 indicates a 

susceptible reaction (i.e., susceptibility of the differential). 

 

B. 
juncea 
JM060

06 

B. 
juncea 
Monta

ra 

B. 
juncea 
JM060

18 

B. 
napus 
06-p71

-2 

B. 
napus
Charlt

on 

B. 
napus
Mystic 

Strain octal 
code 

Isolates belonging to each 
race code 

Strain 
frequency 

(%) 

0 0 0 0 0 0 00* UWA7S1, UWA8S1, UWA8S2, 
UWA9S1, UWA9S4  9.4 

0 0 1 0 0 0 10 WW3 1.9 

0 1 0 1 0 0 24 UWA8S5 1.9 

0 1 1 1 1 0 36 UWA3S5, WW4 3.8 

1 0 1 1 1 0 56 UWA1S1 1.9 

1 1 1 1 0 0 74 UWA7S2 1.9 

1 1 1 1 1 0 76 

MBRS1, MBRS5, UWA10S1, 
UWA10S4, UWA11S1, UWA11S2, 
UWA11S3, UWA11S4, UWA11S5, 
UWA12S3, UWA12S4, UWA13S1, 
UWA13S3, UWA13S7, UWA13S8, 
UWA1S2, UWA1S3, UWA1S4, 
UWA1S5, UWA2S1, UWA2S2, 
UWA2S3, UWA3S1, UWA3S2, 
UWA3S4, UWA4S1, UWA5S2, 
UWA5S3, UWA6S1, UWA6S2, 
UWA6S3, UWA6S4, UWA7S3, 
UWA7S4, UWA7S5, UWA8S3, 
UWA8S4, UWA9S2, UWA9S3, 
UWA9S5 

73.6 

1 1 1 1 1 1 77 UWA10S2, UWA5S1 3.8 

 

*Octal digits were assigned as follows: 000 = 0; 001 = 1; 010 = 2; 011 = 3; 100 = 4; 101 

= 5; 110 = 6; 111 = 7. The octal digits are sorted according to the number of virulences 

per triplet (Goodwin et al., 1990).  



52 
 

A: Brassica juncea - suitable genotypes for first triplet 
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B: Brassica napus - suitable genotypes for second triplet 
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C: Brassica juncea - unsuitable genotype 

 

 

D: Brassica napus - unsuitable genotype 

 

 

Figure 3.1 Bimodial plots for three Brassica juncea and three B. napus genotypes 

suitable for characterizing pathotypes and for assignment of octal digits in response to 

the 53 Sclerotinia sclerotiorum isolates (50 isolates tested in experiment 2 and three 

historical isolates in experiment 1). Analyses of histograms based on virulence of 53 

isolates of S. sclerotiorum on these six differential accessions showed that the resistance 

or susceptibility separation point of selected differentials are as follows: 3.1, 6.1 and 2.1 

for B. juncea genotypes JM06006, Montara and JM06018, respectively; and 3.1, 3.1, 

16.1 for B. napus genotypes 06-p71-2, Charlton and Mystic, respectively. Where the 

disease severity rating was less than the separation point, it was considered a resistance 

response, while a rating greater than and including the separation point was considered 

susceptibility. Plots for unsuitable differential genotypes, B. juncea Xinyou 9 and B. 

napus 06-6-3792, are also displayed to demonstrate their lack of a suitable biomodal 

mode precluding their inclusion as differential genotypes. 
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3.4 Discussion 

 

This study reports the development of a set of six host differentials that can now 

be universally applied to characterizing pathotypes of S. sclerotiorum causing SSR on 

oilseed Brassicas. While this nomenclature system had been used to delineate races of 

Phytophthora clandestina on subterranean clover (Trifolium subterraneum), and races 

of sunflower downy mildew (Plasmopara halstedii) by Tourvieille et al. (2000) and 

Shindrova (2005), this is the first time octal nomenclature (Goodwin et al., 1990) has 

been used to code S. sclerotiorum isolates according to their virulence. The genotypes 

used as differentials were grouped in two sets of triplets according to their genetic 

composition and for continuity with previous studies (e.g., Garg et al., 2010a; Li et al., 

2006, 2007, and 2008). All of the 53 S. sclerotiorum isolates used to define this 

pathotype structure were isolated from B. napus, currently the predominant oilseed 

Brassica species grown in Australia, Europe and Canada. While eight distinct S. 

sclerotiorum pathotypes were delineated by this differential set of Brassica accessions, 

there is scope not only to delineate many more pathotypes in the future using these six 

genotype differentials, but to add additional triplets to accommodate wider S. 

sclerotiorum variation as and when required.  

Across both the northern and southern agricultural regions of Western Australia, 

pathotype 76 predominated, followed by pathotype 00, occurring at overall frequencies 

of 74% and 9%, respectively. All eight pathotypes occurred in the northern agricultural 

region, in contrast to only two different pathotypes in the southern agricultural region. 

Whilst this is likely a consequence both of the greater number of isolates sampled from 

the northern agricultural region and it may also be due at least in part to the more 

frequent and severe SSR epidemics that have occurred in the northern agricultural 

region compared with the southern agricultural region in the past decade (M.J. Barbetti, 

unpubl.) and a possible greater pathogen variation in that northern region. 

It is noteworthy that up to three distinct pathotypes occurred at some individual 

locations. This finding contrasts to those of a previous investigation in Canada (Kohn, 

1994) that showed no evidence of outcrossing or segregation within agricultural 

populations of S. sclerotiorum. As eight pathotypes were delineated in this study from a 

random selection of 53 isolates, it is highly likely that more pathotypes will be 

delineated as the screening is extended to include isolates sampled from different host 

species, at different seasonal times and from different locations and regions, and also as 
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more differentials are found. This approach to the pathotype delineations is clearly 

conservative. It is based on separation of peaks in the histograms that represent 

susceptible and resistant responses of host differentials to the pathotypes of S. 

sclerotiorum. This study shows that the scheme of Goodwin et al. (1990), as applied in 

this study, is of great value in relation to the future search for and agronomic evaluation 

of Brassica oilseed genotypes with improved resistance to the prevailing S. sclerotiorum 

pathotypes in a region. Accurate delineation of S. sclerotiorum pathotypes is crucial not 

only for understanding the diversity in virulence and pathogenicity of this pathogen, but 

also for focusing and coordinating plant breeding efforts to develop disease-resistant 

cultivars. Delineation will also support the identification of molecular markers for S. 

sclerotiorum resistance. 

Variability in virulence was successfully demonstrated among Western Australia 

isolates of S. sclerotiorum. However, in this field study, some S. sclerotiorum isolates 

displayed greater variation in terms of stem lesion length (e.g., UWA3S5, UWA8S4, 

UWA6S4) compared to others were more consistent in their virulence across the test 

genotypes (e.g., UWA7S1, UWA9S4, UWA3S1, UWA8S1 and UWA8S2). This is 

perhaps not surprising, as isolates of S. sclerotiorum collected from rapeseed or mustard 

are known to display variation in virulence (Ekins et al., 2007; Garg et al. 2010a; Morrall 

et al., 1972; Rai and Dhawan 1976; Riddle et al., 1991;). However, in these previous 

studies, the differences in virulence did not justify grouping the S. sclerotiorum isolates 

into distinct pathotypes on the basis of virulence. Perhaps a reason for such a conclusion 

were the observations of Melzer and Boland (1996) from work on lettuce and Morrall et 

al. (1972) from work on 23 different hosts. Both groups defined what amounted to a 

‘continuum’ of virulence within isolates of this pathogen. Further, even where significant 

differences in virulence among isolates occur, their responses were overlapping (e.g., 

Ekins et al., 2007; Riddle et al., 1991). The findings from these studies are in contrast to 

my findings demonstrating that an appropriate set of host differentials allows distinct 

pathotypes of S. sclerotiorum to be delineated. This previous inability to demonstrate 

distinct pathotypes perhaps relates to not being able to identify and utilize more 

appropriate host differentials in those earlier studies. 

There are relatively few reports showing a significant genotype x S. sclerotiorum 

interaction of the type we observed, and as reported earlier by Garg et al. (2010a) for 

cotyledon tests. This is despite some previous studies either having a balance between 

numbers of isolates and genotypes, a predominance of isolates but with only a very 
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small number of genotypes, or vice versa (e.g., Auclair et al., 2004; Ekins et al., 2007; 

Morrall et al., 1972; Pratt and Rowe, 1995; Riddle et al., 1991). For example, it is 

interesting that no significant interaction was observed in Canada using five Glycine 

max cultivars and four S. sclerotiorum isolates (Auclair et al., 2004) or in the USA 

using seven alfalfa cultivars and five pathogen isolates (Pratt and Rowe, 1995). In 

contrast, in my studies, using a stem inoculation test across host genotypes representing 

a wide genetic diversity of Brassica germplasm from Australia and China has likely 

‘enhanced’ the opportunities for significant host-pathogen interactions and as we 

observed. I found that when there were more S. sclerotiorum isolates than Brassica 

genotypes, as in experiment 2, genotypes showed a much greater VR than isolates, 

while when there were more genotypes than isolates, as in experiment 1, there was a 

greater VR from isolates than genotypes. This finding suggests that using a sufficiently 

large number of isolates that is more representative of the genetic variation existing in 

field populations of S. sclerotiorum would greatly enhance the differentiation of 

resistant, moderately resistant, moderately susceptible and susceptible genotypes.  

S. sclerotiorum isolate MBRS1 was used previously for resistance screening in 

the field (Li et al., 2006, 2007, 2008). The S. sclerotiorum isolates MBRS5, WW3 and 

WW4 I included here had previously only been studied in terms of differential virulence 

on cotyledons of B. napus Charlton, Mystic and Rivette (Garg et al., 2010a). 

Interestingly, MBRS5 was more virulent than MBRS1 in the earlier cotyledon assays. 

Garg et al. (2010a) ranked B. napus genotypes Charlton > Mystic > Rivette for 

resistance, and subsequently defined the histological and biochemical mechanisms for 

this resistance (Garg et al., 2010b). However, B. napus Charlton performed more 

consistently and was more resistant when cotyledon lesion diameter was used as the 

assay for S. sclerotiorum virulence, than when the same pathogen isolates were assayed 

for virulence by measuring stem lesion length in our field study. This difference 

between studies could be at least in part a consequence of using different seed sources 

for Charlton in the two studies. This would be especially likely if there has been any 

hybridization of seed. Zhang et al. (2011b) demonstrated that transgressive segregation 

existed in oilseed Brassica lines, and suggested that the frequency distribution of 

disease index of SSR resistance can be influenced by the degree of hybridization 

between lines. Further, B. napus Charlton, 06-6-3792 and B. juncea JM06018 and 

JM06006 all fell within the susceptible category here, while Charlton was previously 

found to be moderately resistant to MBRS1, with much smaller stem lesions than those 
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observed here (Li et al., 2006). While this discordance between virulence rankings for 

these genotypes remains, this field study confirms that stem resistance against S. 

sclerotiorum is best assessed at flowering and under field conditions, as earlier 

established by Buchwaldt et al. (2005), especially as this is the plant growth stage 

generally infected under natural field conditions. 

There was a significant variation in disease reaction among the 14 host 

genotypes tested in field experiment 1 and the eight host genotypes tested in experiment 

2. Brassica napus genotype ZY006 was consistently the most resistant against all three 

isolates. Similar levels of variation were found for field tests across three seasons 

(Barbetti et al., 2011) and ZY006 was found to have outstanding resistance in an earlier 

field study (Li et al,. 2008; Barbetti et al., 2011). Both experiment 1 and experiment 2 

confirm B. napus ZY006 as the most resistant genotype yet identified across all the B. 

napus or B. juncea genotypes screened in Australia. Brassica napus ZY004 and B. 

juncea Xinyou 9 from China and B. napus Mystic and RT108 from Australia also 

displayed resistance in my field study, confirming earlier studies by Li et al. (2006, 

2008). While Kutcher et al. (2001) also confirmed variation exists in lodging resistance 

against SSR in some genotypes currently grown in Canada; others (e.g., Bradley et al., 

2006) have highlighted the lack of wide genetic variation in oilseed rape against SSR. In 

my experiment 1, I noted that the level of resistance in B. napus Rivette, RT108, 

ZY006, ZY004 and in B. juncea Xinyou 9 and Montara was less variable to the 

different S. sclerotiorum isolates, and so seemingly less isolate-dependent, than in some 

other genotypes. In contrast, B. napus 06-63792 and Zhongyou 821 showed greater 

variation in resistance towards S. sclerotiorum isolates than other genotypes, suggesting 

that these genotypes were more isolate-dependent in expressing resistance. One possible 

explanation for this comes again from the findings of Zhang et al. (2011b) that the 

frequency distribution of disease index of SSR resistance can be influenced by the 

degree of hybridization of the generation lines. Further, Zhang et al. (2011b) found that 

in segregating lines there could be large differences in resistance to SSR expressed 

between individual plants from a single seed source. Environmental and other factors 

also play an important role towards each genotype’s resistant response to SSR (Falak et 

al., 2011). For example, Jurke and Fernando (2002) confirmed a significant correlation 

between plant architectural components (e.g., petal drop, canopy density) and SSR 

incidence and severity. Li et al. (2007) found that the variable impact of the time of 

stem inoculation on disease level depended upon the time of disease assessment and that 
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this could be reduced to an insignificant level if the assessment was delayed until three 

weeks post-inoculation. These results allowed a quantum leap towards significantly 

reducing the variability in genotype responses commonly observed in field screening for 

resistance against S. sclerotiorum in crop plants. It is not surprising then, that producing 

consistent expression of relative resistances to S. sclerotiorum in oilseed Brassica 

genotypes has been such a challenge in the past.  
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Chapter 4 

Cotyledon test on 14 differential Brassica napus and B. juncea 
against three isolates of Sclerotinia sclerotiorum in glasshouse 

 

4.1 Introduction 

 

Sclerotinia sclerotiorum causes significant losses in crop production world-wide 

(Bolton et al., 2006; Bom and Boland, 2000; Yang et al. 2007; Zhang et al., 2011a). In 

oilseed brassicas such as B. napus and B. juncea, infection with this fungus results in 

significant disease symptoms both at seedling and adult plant stages (Garg et al. 2010a, 

Li et al., 2008). Zhang et al. (2011b) showed that some B. napus lines that are classified 

as ‘resistant’ at the seedling stage may be ‘susceptible’ at the adult stage and vice versa. 

In addition, for hosts that have resistance to this fungus, the emergence of new isolates 

of S. sclerotiorum can compromise resistance (Ge et al., 2012; Garg et al., 2010a). 

Hence, there is an urgent need to include a range of S. sclerotiorum isolates in the B. 

napus and B. juncea screening programmes in both adult plant stem inoculation in the 

field (Chapter 3), and in laboratory seedling cotyledon tests. In addition, a host response 

differential set is needed to verify the variation in pathogenicity of these isolates at 

different growth stages of the plant. 

The aim of this study was to determine the levels of resistance to S. sclerotiorum 

of a differential set of B. napus and B. juncea genotypes at the seedling stage. This 

differential set of genotypes was first described in Chapter 3 for their responses at the 

adult stage. This study tested the rationality of this set against S. sclerotiorum isolates at 

the seedling stage, further exploring the response of B. napus and B. juncea to S. 

sclerotiorum infection at various growth stages of the host to verify the findings of 

Zhang et al. (2011b). 

 

4.2 Materials and Methods 

 

4.2.1 Pathogen and plant 
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The three fungal isolates (MBRS1, MBRS5, and WW3) used in this study are 

described in Chapter 2.2.1. 

Fourteen genotypes of Brassica were selected for the cotyledon test as described 

in Chapter 3.3.3. Each genotype was sown in 30 × 20 × 7 cm tray holding 40 cells filled 

with potting mix. Each tray was placed in a 34 × 23 × 13 cm plastic storage container. 

Five seeds of each genotype were sown in each cell and thinned to 3 seedlings per cell 

after emergence. The seedlings were raised in a controlled growth room with 12/12 h 

day/night at 20 °C, and a light intensity of 385 μEm−2s−1. Seedlings were grown until 

the cotyledons were fully expanded (12 d) and then inoculated, as described by Bradley 

and Makepeace (1984), and Garg et al. (2010a). 

 

4.2.2 Experimental design 

 

A randomized complete block design was applied with 168 treatments: 

genotypes (14) × isolates (3) × replicates (4). Three seedlings was included in each 

treatment, each seedling had four cotyledon lobules. Therefore, the mean lesion 

diameter measured from 12 lobules represented the score for each treatment. This 

experiment (experiment 1) was repeated under identical conditions (experiment 2).  

 

4.2.3 Cotyledon inoculation 

 

Isolates stored on sterile filter paper circles (as described in Chapter 2.2.1) were 

revived and sub-cultured on potato dextrose agar (PDA). Inoculum production was 

followed exactly as Garg et al. (2008). Inoculations were carried out using the methods 

described by Garg et al. (2010a) with modifications. Briefly, when cotyledons were 10 

days-old, the inoculum concentration was adjusted to 1 × 104 fragments/mL using a 

haemocytometer (SUPERIOR, Berlin, Germany) two droplets of mycelial suspension 

(10 µl) were deposited on each half of the cotyledon using a micropipette. The mycelial 

suspension was shaken regularly to maintain a homogenous suspension state during 

inoculation. After inoculation, the plastic storage containers containing the inoculated 

seedling were sprayed with water mist and sealed with a lid to maintain a high humidity 

of ca. 100%. A piece of black plastic sheet was placed on top of the storage containers 
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to reduce the light intensity to ~ 10 μEm−2s−1 at room temperature (23 °C) for three days 

prior to disease assessment being undertaken. 

 

4.2.4 Disease assessment 

 

At 72 hours post-inoculation (72 hpi), container lids were removed and lesions 

assessed on the basis of lesion diameter (mm) as described by Garg et al. (2008). In 

cases where the lesion area had expanded to the cotyledon edge, the lesion diameter was 

recorded as 17 mm which was the length of the biggest cotyledon in this study.  

 

4.2.5 Statistical analyses 

 

Data were analysed using Genstat 10 Edition ANOVA (Genstat Procedure 

Library Release PL14) function. Treatment means were compared using Fisher’s least 

significant difference (l.s.d.) to test significant differences between genotypes, isolates 

and genotype x isolate interactions. Genotypes were ranked according to their means in 

relation to lesion diameter in all three experiments. Additional comparisons of the 

relationship between experiments and relationship between repeat experiment 1 and 

field trial result in Chapter 3 were assessed by Pearson correlation coefficients using the 

data analysis function in Microsoft Excel. 

 

4.2.6 Comparison between glasshouse and field trial 

 

A resistance profile was attributed to each genotype according to the observed 

resistance ranking from Table 3.3 (Chapter 3) and Table 4.1: genotypes ranked 1 to 5 

were classified as resistant (R), Genotypes ranked 6 to 9 were classified as intermediary 

(M), and genotypes ranked 10 to 14 were classified as susceptible (S). 

 

4.3 Results 

 

4.3.1 Host-pathogen interaction 
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For both experiments, analysis of variance of cotyledon lesion size showed 

significant effects of isolates (P ≤ 0.001) and host genotypes (P ≤ 0.001), as well as an 

interaction between isolates and genotypes (P ≤ 0.001) (Table 4.1; Table 4.2). The 

variance ratio (VR) for each of these components was different, of 61.9 and 80.11 for 

genotypes, 269.1 and 401.4 for isolates and 20.2 and 21.2 for genotypes x isolates, for 

experiment 1 and 2, respectively. Meanwhile, the results of experiment 1 were 

significantly correlated to the results of experiment 2 (Figure 4.1). The 

diseasesymptoms showed typical necrotic and/or water-soaked lesions on cotyledons of 

all genotypes. The size and severity of lesions varied among genotypes and among 

isolates, and ranged from 4 mm to 12 mm. 

Table 4.1 Experiment 1: Lesion diameter (mm) on nine Brassica napus and five B. 

juncea genotypes inoculated with three historical Sclerotinia sclerotiorum isolates at 72 

hours post-inoculation. Numbers in parenthesis are genotype rank orders for resistance, 

with 1 being most resistant and 14 most susceptible. 

Genotype 
Isolates 

Mean 
MBRS1 MBRS5 WW3 

06-6-3792 8.91(6) 9.33(5) 6.87(4) 8.37(4) 

06-P71-2 12.11(14) 10.11(11) 10.27(14) 10.83(14) 

B. juncea 2 10.35(11) 8.55(2) 8.8(11) 9.23(10) 

Charlton 10.6(13) 10.34(12) 6.89(5) 9.28(11) 

JM06006 9.48(8) 9.26(4) 9.49(13) 9.41(12) 

JM06018 8.7(4) 9.63(7) 8.6(10) 8.98(7) 

Mystic 10.29(10) 8.62(3) 5.49(3) 8.14(3) 

Montara 8.78(5) 9.66(8) 7.39(8) 8.61(6) 

Rivette 9.28(7) 10.39(13) 8.89(12) 9.52(13) 

RT108 6.13(1) 10.54(14) 5.05(2) 7.24(2) 

Xinyou 9 7.42(2) 6.38(1) 4.25(1) 6.02(1) 

ZY004 8.26(3) 10.1(10) 7.34(7) 8.57(5) 

ZY006 10.49(12) 9.66(8) 7.29(6) 9.14(8) 

Zhongyou 821 9.83(9) 9.39(6) 8.26(9) 9.16(9) 

Mean 9.33 9.43 7.49   

 

Significance of genotypes P<0.001; l.s.d. (P≤0.05) = 0.402 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.189 

Significance of genotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.696 
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Table 4.2 Experiment 2: Lesion diameter (mm) on nine Brassica napus and five B. 

juncea genotypes inoculated with three historical Sclerotinia sclerotiorum isolates at 72 

hours post-inoculation. Numbers in parenthesis are genotype rank orders for resistance, 

with 1 being most resistant and 14 most susceptible. 

Genotype 
Isolates 

Mean 
MBRS1 MBRS5 WW3 

06-6-3792 9.12(5) 10.45(13) 6.69(5) 8.75(5) 

06-P71-2 12.47(14) 9.72(6) 10.19(14) 10.79(14)

B. juncea 2 10.34(13) 8.76(2) 9.08(13) 9.39(12) 

Charlton 10.02(9) 10.45(13) 6.98(6) 9.15(9) 

JM06006 9.87(8) 10.2(11) 9.02(12) 9.7(13) 

JM06018 8.68(4) 9.81(7) 8.69(11) 9.06(8) 

Montara 9.16(6) 10.3(12) 7.6(8) 9.02(7) 

Mystic 10.08(10) 9.1(3) 5.71(3) 8.3(3) 

Rivette 9.77(7) 9.65(5) 8.32(10) 9.25(10) 

RT108 6.3(1) 10.15(8) 5.42(2) 7.29(2) 

Xinyou 9 6.94(2) 6.21(1) 4.19(1) 5.78(1) 

ZY004 8.5(3) 10.16(9) 7.27(7) 8.64(4) 

ZY006 10.17(11) 10.16(9) 6.61(4) 8.98(6) 

Zhongyou 821 10.22(12) 9.54(4) 8.28(9) 9.35(11) 

Mean 9.4 9.62 7.43 

 

Significance of genotypes P<0.001; l.s.d. (P≤0.05) = 0.364 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.168 

Significance of genotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.63 

 



65 
 

 

Figure 4.1 Correlation between experiment 1 and 2 for cotyledon lesion diameter (mm) 

72 hpi across 14 genotypes on three isolates of S. sclerotiorum. 

 

4.3.2 Variation among pathogen isolates 

 

Different isolates of S. sclerotiorum varied in their virulence as demonstrated by 

the variation in lesion diameter (Table 4.1; Table 4.2). Isolate MBRS5 from both 

experiments was equally virulent to MBRS1 for most genotypes resulting in similar 

lesion sizes. However, MBRS1 was much more virulent than MBRS5 on 06-P71-2, 

Mystic. Overall, isolates MBRS1 and MBRS5 were both more virulent than isolate 

WW3. MBRS1 is more virulent than WW3 for every genotype tested. However, WW3 

was more virulent than MBRS5 for 06-P71-2, Brassica juncea 2 in both experiments 

and for JM06006 in experiment 1. 

 

4.3.3 Variation in host reaction types 

 

There was significant variation among the 14 Brassica genotypes tested (Table 

4.1; Table 4.2), with overall stem lesion diameter (mean lesion diameter of the three S. 

sclerotiorum isolates) ranging from 5 cm in the resistant genotype B. juncea Xinyou 9 

to more than 10 cm for susceptible B. napus genotypes 06-p71-2.  

B. juncea Xinyou 9 was the most resistant genotype against all three of the S. 

sclerotiorum isolates tested in both experiments. For this genotype, lesion diameter 

ranged from approximately 4-7 cm, a much smaller range compared to the other 

genotypes tested (Table 4.1; Table 4.2). This result suggested the resistant expression of 
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Xinyou 9 was S. sclerotiorum isolate independent, at least for the isolates tested. In 

addition, although not highly resistant, B. napus genotypes 06-6-3792, 06-P71-2 and 

Zhongyou 821, and B. juncea genotypes Montara and JM06018 also reacted 

isolate-independently. In contrast, the responses of other genotypes were isolate 

dependent. For example, the relative resistance rankings for RT108 , B. juncea 2, 

Charlton, Mystic and JM06018 varied by up to 13, 9, 8, 7 and 6 ranking places, 

respectively, depending upon the test isolate. Notably, RT108 was highly resistant to 

isolate MBRS1 and WW3, but highly susceptible to MBRS5.  

 

4.3.4 Comparison between glasshouse and field trial 

 

Adult plants in the field trial (Chapter 3) and seedling plants in the glasshouse 

trial of experiment 1 were compared based on this resistance profile (Table 4.3). 

Differences in the resistance profile of each genotype between adult and seedling stage 

and among isolates were observed. Some genotypes showed large differences in their 

resistance profile between adult and seedling stages, such as ZY006, Mystic and 

Montara when challenged with MBRS1, ZY004, RT 108 and Brassica juncea 2 when 

challenged to MBRS5 and RT 108 when challenged with WW3. Other genotypes 

showed large differences in their resistance profile between isolates. These include 

ZY004, RT108 and Mystic at the seedling stage and Zhongyou 821, RT108 and 

Charlton at the adult stage. The resistant profile also in another way illustrate these 

genotypes are isolate-dependent. Notably, Zhongyou 821 was isolate-dependent at the 

adult stage and isolate-independent at its seedling stage. 

The correlation between stem lesion length in the field trial and cotyledon lesion 

diameter was not significant (P= 0.17, R= 0.45, n= 42; Figure 4.2). The figure indicates 

that adult and cotyledon responses to S. sclerotiorum were different for some genotypes. 
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Table 4.3 Comparison of symptom responses of adult (field experiment, Chapter 3) 

with seedling (glasshouse experiments) plants infected with one of three S. sclerotiorum 

isolates.  

Cultivar 
MBRS1 MBRS5 WW3 

Adult Seedling Adult Seedling Adult Seedling 

6-06-3792 S M M R R R 

06-P71-2 S S S S S S 

ZY004 R R R S M M 

ZY006 R S R M R M 

Zhongyou 821 M M R M S M 

Rivette M M S S S S 

RT108 R R R S S R 

Mystic R S M R R R 

Charlton M S S S R R 

Brassica juncea 2 M S S R M S 

Montara S R S M M M 

Xinyou 9 R R R R R R 

JM06006 S M M R M S 

JM06018 S R M M S S 

* Rank 1 – 5: Resistant (R); rank 6 – 9: Intermediary (M); rank 10 – 14: Susceptible (S)  

 
Figure 4.2 Correlation for stem lesion length in adult plants and seedlings.  
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4.4 Discussion 

 

This host differential set selected for this seedling susceptibility experiment was 

based on Li et al. (2008). This set was tested in the field with the same fungal isolates. 

Results (Chapter 3) confirmed that this differential set was suitable for isolate 

differentiation at adult stage using the field stem inoculation, as the mean lesion 

diameter for all three isolates are different, and with a high variance ratio (VR) for 

isolates (Chapter 3). However, this differential set is not suitable for isolate 

differentiation at the seedling cotyledon stage because the mean lesion diameter for 

isolates MBRS1 and MBRS5 were not different so it cannot differentiate these two 

isolates. Further differential sets needs to be designed for cotyledon screening using 

host genotype with high isolate dependence.  

Repeat experiment 1 was significantly correlated to repeat experiment 2 for the 

cotyledon trial (Figure 4.1), demonstrating consistency of the inoculation technique, as 

well as the response of these genotypes to these isolates.  

The difference of virulence between WW3 and MBRS1/MBRS5 was less in the 

cotyledon trial than in the stem trial. For example, in both cotyledon experiments, WW3 

was even more virulent than MBRS5 for Brassica juncea 2 and 06-P71-2. More 

interestingly, RT108 was ranked as the most resistant genotype for MBRS-1 in both 

cotyledon repeat experiments, while it also ranked as the most susceptible genotype for 

MBRS5. This implies that RT108 lost much of its resistance when challenged with 

MBRS5. As also reported by Garg and colleagues (2010a), overall isolate MBRS5 was 

the most virulent isolate in the cotyledon trial. However, isolate MBRS1 was more 

virulent than MBRS5 for B. napus ZY006, Zhongyou821, 06-P71-2, Mystic and B. 

juncea B. juncea 2, Xinyou9 in both experiments. This was unlike the reaction seen in 

adult plants, in which isolate MBRS1 was much more virulent than isolate MBRS-5. 

It is noteworthy that the level of resistance in B. napus 06-P71-2 and in B. 

juncea Xinyou 9 was less variable to the different S. sclerotiorum isolates, and 

seemingly less isolate-dependent than some other genotypes. In contrast, B. napus 

06-6-3792, RT 108, and Zhongyou 821 showed greater variation in resistance towards 

S. sclerotiorum isolates than other genotypes in both field and glasshouse studies, 

suggesting that these genotypes were more isolate-dependent in expressing resistance. 

This study demonstrated that there was no correlation between cotyledon-based 

glasshouse experiments and field experiments with adult plants. This result is not 
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surprising, as a study carried out by Nelson et al. (1991) comparing laboratory and field 

evaluations of resistance in soybean (Glycine max) to S. sclerotiorum also demonstrated 

there was no correlation (P = 0.05) between laboratory and field evaluations. In 

addition, Hua Li et al. (2006) demonstrated the relationship between Brassica napus 

seedling and adult plant responses to Leptosphaeria maculans is determined by plant 

growth stage at inoculation and temperature regime. 

Brassica napus ZY006, previously reported as highly resistant in earlier 

experiments (Chapter 2, Chapter 3 and Li et al., 2008), was susceptible in the cotyledon 

trial. However RT108, Mystic, 06-6-3792, B. juncea 2 and Xinyou 9 and ZY004 were 

resistant in both the field trial and cotyledon test. Zhang et al. (2011b) demonstrated that 

QTLs linked to SSR resistance in B. napus, either at the seedling or adult plant stage, 

could be difficult to use in breeding, as some lines classified as ‘resistant’ at the 

seedling stage were ‘susceptible’ at the adult plant stage, and vice versa. The result of 

this study for B. napus corresponds to the findings of Zhang et al. (2011b) (Table 4.3). 

Zhang et al. (2011b) verified that QTLs qSRS1, qSRS9, qSRM3 and qSRM9 had a 

positive effect towards SSR resistance. However, only qSRS9 at the seedling stage and 

qSRM9 at the adult stage were at the same position on linkage group N9. This study 

suggests that for B. juncea, QTLs for SSR resistance for mature and seedling stage 

could be different. The genotypes B. juncea Xinyou 9 and ZY004, which expressed 

resistance and isolate-independence at both seedling and adult stage, are the best 

genotypes for future breeding programmes looking to introgress resistance to S. 

sclerotiorum. 
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Chapter 5 

Reaction of cruciferous genotypes to three S. sclerotiorum 
isolates, using a cotyledon assay 

 

5.1 Introduction 

 

Sclerotinia sclerotiorum causes severe yield-limiting diseases worldwide for 

many agriculturally and horticulturally important species, such as cruciferous species 

(Saharan and Mehta, 2008). These diseases in Brassicaceae include Sclerotinia stem rot 

(SSR) on Brassica napus and Brassica juncea (Barbetti and Khangura, 2000; Delourme 

et al., 2011; Singh et al., 2011; Volovik and Razgulayeva, 2011; Zhou et al., 1994), and 

what is more commonly known as Sclerotinia rot in vegetable Brassicaceae crops such 

as cabbage, Chinese cabbage, rape, radish, broccoli, turnip, rutabaga and kale (Kim et 

al., 2003; Pedras and Ahiahonu, 2004). The fact that S. sclerotiorum exhibits little host 

specificity to Brassicaceae, and infects almost all species, has constrained selection for 

locating disease resistance, including responses such as the hypersensitive response 

(HR) among Brassicaceae species (McCartney, 2000; Purdy, 1979). 

In addition to the lack of host specificity by S. sclerotiorum, infection with 

various S. sclerotiorum pathotypes or isolates can result in a range of virulence and/or 

pathogenicity including variations in disease progress and severity (Garg et al., 2010a; 

Ge et al., 2011). The molecular basis of this variation is uncertain and may come from 

various S. sclerotiroum genetic determinants (Harel et al., 2006; Jurick and Rollins, 

2007; Rahmanpour et al., 2010). Many studies report tremendous pathogenic and 

phylogenic variation in S. sclerotiorum populations. In Ontario, Canada, studies have 

shown that field populations of S. sclerotiorum on canola are genetically heterogenous 

(Kohn et al., 1990, 1991). In south-east Australia, S. sclerotiorum isolates collected 

from oilseed rape crops also showed high levels of genotypic heterogeneity (Sexton et 

al., 2006). Our studies have shown that, within a particular geographic region, oilseed 

rape can host different S. sclerotiorum pathotypes (Ge et al., 2012). High variation in 

aggressiveness between isolates of S. sclerotiorum has been observed on beans 

(Phaseolus vulgaris) (Otto-Hanson et al., 2011), and on sunflower (Helianthus annuus) 

(Ekins et al., 2007). S. sclerotiorum polymorphism may be responsible for these 

pathogenic and phylogenic differences.  
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As S. sclerotiorum exhibits little host specificity within Brassicaceae, 

identification of resistant genotypes may be best achieved by screening genotypes from 

diverse cruciferous species rather than a single species (Purdy, 1958; Saharan et al., 

2008). In addition, as polymorphisms in S. sclerotiorum may be responsible for 

pathogenic and phylogenic differences, identification of hosts with durable resistance 

may only be possible if several pathotypes are used to screen for resistance (Garg et al., 

2010a; Ge et al., 2012). 

Studying the interaction of a range of cruciferous host species to multiple 

pathotypes of S. sclerotiorum is important because it enhances our understanding of 

resistance and increases the possibility of identifying resistant hosts to individual 

pathotypes, and most importantly, hosts with resistance against multiple pathotypes 

(Garg et al., 2010a; Ge et al., 2012). While various Brassica genotypes have been 

studied for resistance to S. sclerotiorum (Chang and Kim, 2003), few studies have 

assessed resistance when challenged with multiple isolates. Kim and Cho (2003) studied 

pathogenicity in a cruciferous crop using six randomly picked S. sclerotiorum isolates. 

They found no significant differences in the susceptibility of the host to these different 

isolates. Our studies have shown that 53 isolates can be clustered into as little as eight 

pathotypes (Ge et al., 2012). This suggests that randomly chosen isolates may not be 

effective when screening for resistance as they are likely to exert similar host reactions. 

Screening multiple hosts using multiple pathotypes should prove to be more efficient in 

screening for resistance against S. sclerotiorum. 

Absolute resistance to S. sclerotiorum is likely to be rare (Garg et al. 2010c), and 

screening to identify complete host resistance to S. sclerotiorum is considered by some 

to be unrealistic (e.g., Saharan and Mehta, 2008). On the other hand, screening for 

partial resistance, while more practical, requires a screening method that is consistent in 

terms of assessment of host resistance across multiple experiments (Garg et al., 2010c; 

Li et al., 2006; Nelson et al., 1991, 1992; Pathak et al., 2002; Prajapati et al., 2005; 

Zhang 2011a). Screening for partial resistance in genotypes has been carried out by 

assessing their response to inoculation with S. sclerotiorum isolates (Kapoor et al., 

1990; Kull et al., 2003; Middleton et al., 1995; Sexton et al., 2006). Resistance 

screening against S. sclerotiorum in B. napus and/or B. juncea commonly involves 

utilization of a field stem inoculation test that has proved very successful in identifying 

resistance relevant to that needed for commercial crops (Buchwaldt et al., 2005; Garg et 

al., 2010c and Ge et al., 2012; Li et al., 2006, 2007, 2008). However, not all cruciferous 
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genotypes can be assessed using this method as some have mature phenotypes that are 

not amenable to field stem inoculation. A cotyledon assay has also been used to screen 

large number of B. napus genotypes challenged by various isolates of S. sclerotiorum 

(Garg et al, 2008, Garg et al. 2010a). As all Brassica genotypes have similar cotyledon 

structures, this method has the potential to be applied much more broadly to other 

Brassica genotypes than has been done to date.  

Crucial to the study reported in this chapter, is that it utilized different 

pathotypes of S. sclerotiorum (viz. two S. sclerotiorum pathotypes from B. napus with 

very different pathogenicity, and one isolate from an infected cabbage (Brassica 

oleracea) devastated by S. sclerotiorum). Using these isolates, it was demonstrated that 

using the selected isolates representing distinct pathotype groups is a more efficient and 

effective means for resistance screening than utilizing a single isolate or using 

uncategorized isolates that may belong to the same pathotype group. This study 

assessed the role of the host response and isolate virulence on the severity of S. 

sclerotiorum disease development in cotyledons across a diverse range of cruciferous 

species. 

 

5.2 Materials and Methods 

 

5.2.1 S. sclerotiorum isolates 

 

Three isolates of S. sclerotiorum were used in this study, namely: MBRS1, 

WW4 and Cabbage. Isolate MBRS1 had been extensively used previously for resistance 

screening of B. juncea and B. napus genotypes in the glasshouse and the field (Garg et 

al., 2010a; Ge et al., 2012; Li et al., 2006; 2007; 2008; Chapter 2; Chapter 3; Chapter 

4). Isolate WW4 had previously been utilized in field stem and cotyledon tests (e.g., 

Garg et al., 2010a; Ge et al., 2012, respectively). In 2004, isolate MBRS1 was collected 

from the Mt Barker area in the southern agricultural region of Western Australia (WA) 

and WW4 was collected from the Walkaway area of the northern agricultural region of 

Western Australia (Garg et al., 2010a; Ge et al., 2012). In 2009, the isolate Cabbage 

was isolated from severely diseased cabbage grown in the Perth metropolitan region 

from a market garden. In all screening trials, isolate MBRS1 showed very high 

virulence levels (Garg et al., 2010a; Ge et al., 2012; Li et al., 2006; 2007; 2008) and 

isolate WW4 was the least virulent isolate of eight isolates tested by Garg et al., 
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(2010a). All three isolates have been identified as S. sclerotiorum (Garg et al., 2010a, 

Ge et al., 2012), and MBRS1 and WW4 have been categorized as two separate and 

distinct pathotypes, 36 for WW4 and 76 for MBRS1 according to octal nomenclature 

code (Ge et al., 2012). 

 

5.2.2 Inoculum production 

 

Dry-stored sclerotia at room temperatue (approx. 22 oC) for each of the three 

isolates were surface sterilized, cut in half andsub-cultured on potato dextrose agar 

(PDA). In preparing for the inoculation, the S. sclerotiorum isolates were cultured using 

methods described by Garg et al., (2008, 2010a, b) and in Chapter 4.2.4. 

 

5.2.3 Pathogenicity test 

 

5.2.3.1 Genotypes 

 

Previous studies of S. sclerotiorum utilizing a cotyledon test have been 

constrained to B. napus species (Garg et al., 2008). However, the current study included 

B. juncea as well as many other cruciferous species in three separate experiments. 

Details of all 38 genotypes used in the study are provided in Table 5.1. In experiment 1, 

10 genotypes listed in Table 5.1 were used (Table 5.2). In experiment 2, 34 genotypes 

listed in Table 5.1 were chosen, and that included five genotypes from experiment 1 for 

comparison between experiments (Table 5.3). In experiment 3, 22 genotypes listed in 

Table 5.1 were selected, including eight genotypes from experiment 1 and 19 from 

experiment 2 to confirm key findings across the three experiments (Table 5.4). 
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Table 5.1 Genus and species, common name, genotype and origin for 38 cruciferous 

genotypes used in one or more of experiments 1, 2, 3. 

Number Genus/species Common name Genotype (and origin) 

1 Brassica carinata Ethiopian mustard ATC-94011 (Australia) 

2 Brassica carinata Ethiopian mustard ATC-04129 (Australia) 

3 Brassica carinata Ethiopian mustard ATC-94024 (Australia) 

4 Brassica juncea Indian mustard JM-06020 (Australia) 

5 Brassica juncea Indian mustard JM-18 (Australia) 

6 Brassica juncea Indian mustard JN-006 (Australia)  

7 Brassica juncea Indian mustard Berry (China) 

8 Brassica juncea Indian mustard Datonghuangyoucai (China) 

9 Brassica juncea Indian mustard Hetianyoucai (China) 

10 Brassica juncea Indian mustard Ringot I (China) 

11 Brassica juncea Indian mustard Xinyou 9 (China) 

12 Brassica juncea Indian mustard Yilihuang (China) 

13 Brassica juncea Indian mustard GM-1 (India) 

14 Brassica juncea Indian mustard Seeta (India) 

15 Brassica juncea Indian mustard Sej-2 (India)  

16 Brassica napus Oilseed rape Charlton (Australia) 

17 Brassica napus Oilseed rape GSL -1 (India) 

18 Brassica napus Oilseed rape Oscar (Australia) 

19 Brassica napus Oilseed rape RQ-001 (Australia) 

20 Brassica nigra Black mustard 4381 (Australia) 

21 Brassica nigra Black mustard ATC-91105 (Australia) 

22 Brassica nigra Black mustard ATC-94745 (Australia) 

23 Brassica tournefortii Wild turnip Wild turnip #1 (Western Australia) 

24 Brassica tournefortii Wild turnip Wild turnip #2 (Western Australia) 

25 Crambe Abysinicia  Abyssinian Kale Shuie (Western Australia) 

26 Camelina sativa False flax R4175-01W2 (Australia) 

27 Eruca vesicaria ssp. sativa Rucola MJB-black seed #1A (Australia) 

28 Eruca vesicaria ssp. sativa Rucola MJB-brown seed #1 (Australia) 

29 Eruca vesicaria ssp. sativa Rucola MJB-brown seed #2 (Australia) 

30 Eruca vesicaria ssp. sativa Rucola MJB-yellow seed #1 (Australia) 

31 Raphanus sativus Oil radish Adagio (Europe) 

32 Raphanus sativus Oil radish Pegletta (Europe) 

33 Raphanus sativus Oil radish Colonel (Europe) 

34 Raphanus sativus Oil radish Boss (Europe) 

35 Raphanus sativus Vegetable radish White Icicle (Australia) 

36 Sinapis alba  White mustard Concerta (Europe) 

37 Sisymbrium irio London Rocket Wild #1 (Western Australia) 

38 Sisymbrium irio  London Rocket Wild #2 (Western Australia) 
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5.2.3.2 Test conditions 

 

Test conditions were mainly as described in Chapter 4 with minor modification. 

In all three experiments, each genotype was sown in tray as described in Chapter 4.2.2. 

Five seeds of each genotype (except B. tournefortii, Brassica nigra and Sisymbrium 

irio) were sown in each cell and thinned to three seedlings per cell after emergence. For 

B. tournefortii, and S. irio and B. nigra genotypes, 10 seeds of each genotype were sown 

in each cell and thinned to five seedlings after emergence. The seedlings were cultivated 

in the controlled growth room conditions with 12/12 h day/night at 20 °C, and a light 

intensity of 385 μEm−2s−1. Seedlings were grown until the cotyledons were fully 

expanded (12 d) and then inoculated, as described by Sylvester-Bradley et al. (1984); 

Garg et al. (2010a).  

 

5.2.3.3 Inoculation procedure  

 

Inoculation procedures were followed as described in Chapter 4.2.4 with minor 

modification. Inoculations were carried out when cotyledons were 12 days-old. The 

inoculum concentration was adjusted to 1 × 104 fragments/mL using a haemocytometer 

(SUPERIOR, Berlin, Germany). A single droplet of mycelia suspension (8 µl) was 

deposited on each cotyledon using a micropipette. For all genotypes except B. 

tournefortii, and S. irio and B. nigra lines, two drops of inoculum (8 µl) were applied to 

each half of the cotyledon as described by Garg et al. (2008, 2010a). For B. tournefortii, 

and S. irio and B. nigra lines, each half of cotyledon was inoculated with a single 

inoculum drop in the center of the cotyledon because of their smaller sized cotyledons. 

The mycelial suspension was shaken regularly to maintain a homogenous suspension 

state during inoculation. After inoculation, the plastic storage container containing the 

inoculated plants was sprayed with water mist and sealed with a lid to maintain a high 

humidity of ca. 100%. A piece of black plastic sheet was placed on top of the storage 

containers to reduce the light intensity to ~ 10 μEm−2s−1 for three days prior to disease 

assessment being undertaken.  
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5.2.3.4 Disease assessment  

 

Except disease assessment was taken at 48 hpi, disease assessments were 

followed exactly as described in the cotyledon trial in Chapter 4.2.5. 

 

5.2.4 Experimental design and statistical analyses 

 

A randomized complete block design was applied with treatment number of 

cultivars (10) × isolates (3) = 30 for experiment 1, cultivars (34) × isolates (3) = 102 for 

experiment 2 and cultivars (22) × isolates (3) = 66 for experiment 3. Each treatment 

included three seedlings (12 lobules of cotylendons); therefore the mean lesion diameter 

from 12 lobles represented the score for that treatment. Data were analysed using 

Genstat 10 Edition ANOVA (Genstat Procedure Library Release PL14) function. 

Treatment means were compared using Fisher’s least significant difference (l.s.d.) to 

test significant differences between genotypes, isolates and genotype x isolate 

interactions. Genotypes were ranked according to their means in relation to lesion 

diameter in all three experiments. Additional comparisons of the relationship between 

experiments were assessed by Pearson correlation coefficients using the data analysis 

function in Microsoft Excel. 

 

5.3 Results 

 

5.3.1 Genotypes, isolates and genotype-isolate interactions  

 

There were significant differences between genotype (P ≤ 0.001) in terms of cotyledon 

lesion diameter; significant difference between isolates (P ≤ 0.001) in relation to their 

pathogenicity; and significant isolate × genotype interactions (P ≤ 0.001) throughout 

three experiments. Tested genotypes, except a few genotypes (i.e. B. juncea cv. Ringot I), 

performed consistently in terms of cotyledon lesion diameter (Tables 5.2, 5.33 and 5.4). 

For experiments 1, 3, and 2, as the number of test genotypes increased from 10 to 

22 to 34, respectively, so did the isolates variance ratios (VR = 113.2 for experiment 1, 

604.7 for experiment 3, and 1171.6 for experiment 2, respectively); host genotypes 

variance ratios (VR = 11.0 for experiment 1, 137.1 for experiment 3, and 233.8 for 
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experiment 2) and genotypes × isolate variance ratios (VR = 5.5 for experiment 1, VR = 

14.6 for experiment 3 and VR = 37.7 for experiment 2) increased. 

 

Table 5.2 Experiment 1: Diameter of lesions (mm) recorded 72 h after inoculation of 

the cotyledons of 10 Brassicaceae species with three different isolates of Sclerotinia 

sclerotiorum. Rank order numbers representing lesion diameter from the smallest (1) to 

largest (10) are in parentheses  

 

  Isolate   

Genotype Cabbage MBRS1 WW4 Mean

Adagio (R. sativus) 11.89(4) 7.80(5) 8.91(8) 9.53(6)

ATC-94011 (B. carinata) 13.60(5) 9.30(6) 3.99(1) 8.97(4)

ATC-94129 (B. carinata) 16.09(9) 9.64(9) 14.65(10) 13.46(10)

Boss (R. sativus) 10.47(3) 5.59(1) 6.16(5) 7.41(1)

Charlton (B. napus) 16.14(10) 9.95(10) 5.35(3) 10.48(7)

Colonel (R. sativus) 10.06(2) 6.65(3) 5.61(4) 7.44(2)

Datonghuangyoucai (B. juncea) 14.00(6) 9.35(7) 9.26(9) 10.87(9)

Pegletta (R. sativus) 10.01(1) 6.12(2) 7.56(7) 7.90(3)

RQ001 (B. napus) 15.73(8) 9.48(8) 6.55(6) 10.53(8)

Unknown (Crambe abyssinicia)  15.32(7) 7.43(4) 4.96(2) 9.24(5)

Mean 13.33 8.13 7.3   

 

Significance of genotypes P<0.001; l.s.d. (P≤0.05) = 1.58 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.86  

Significance of genotypes × isolates P<0.001; l.s.d. (P≤0.05) = 2.73  
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Table 5.3 Experiment 2: Diameter of lesions (mm) recorded 72 h after inoculation of 

the cotyledons of 34 Brassicaceae species with three different isolates of Sclerotinia 

sclerotiorum. Rank order numbers representing lesion diameter from the smallest (1) to 

largest are in parentheses 

 

 Isolate  

Genotype Cabbage MBRS1 WW4 Mean 

4381 (B. nigra) 17.00(33) 15.25(32) 10.75(29) 14.33(30) 

Adagio (R. sativus) 11.56(16) 10.44(24) 6.94(18) 9.65(17) 

ATC-91105 (B. nigra) 7.19(7) 7.38(8) 5.25(8) 6.60(6) 

ATC-94745 (B. nigra) 8.69(13) 9.13(15) 4.25(1) 7.35(11) 

Berry (B. juncea) 7.00(4) 6.38(4) 5.63(11) 6.33(4) 

Boss (R. sativus) 8.69(13) 6.13(2) 4.75(2) 6.52(5) 

Carinata 94024 (B. carinata) 17.00(33) 11.19(25) 7.00(19) 11.73(25) 

Concerta (Sinapis alba) 15.56(24) 10.06(21) 12.19(30) 12.60(28) 

Datonghuangyoucai (B.juncea) 15.26(22) 9.67(18) 6.38(12) 10.43(20) 

MJB Black seed 1A (Eruca 
vesicaria ssp. sativa) 11.81(18) 12.8(27) 7.44(24) 10.68(22) 

MJB-brown seed 1 (Eruca vesicaria 
ssp. sativa) 17.00(33) 12.56(26) 6.50(13) 12.02(27) 

MJB-brown seed 2 (Eruca vesicaria 
ssp. sativa) 9.63(15) 15.95(30) 6.56(15) 10.71(23) 

GM-1 (B. juncea) 8.00(12) 6.81(6) 5.43(10) 6.75(8) 

GSL-1 (B. napus) 7.75(10) 9.25(16) 5.00(6) 7.33(10) 

Hetianyoucai (B. juncea) 7.88(11) 8.44(12) 7.13(22) 7.81(13) 

JM-06020 (B. juncea) 15.88(25) 7.94(10) 8.44(26) 10.75(24) 

JM-18 (B. juncea) 7.00(4) 9.88(20) 7.00(19) 7.96(14) 

JN-006 (B. juncea) 7.25(8) 8.95(14) 4.94(4) 7.04(9) 

London Rocket-Wild #1 
(Sisymbrium irio) 17.00(33) 13.98(28) 14.44(33) 15.14(33) 

London Rock-Wild #2 (Sisymbrium 
irio) 17.00(33) 17.00(33) 7.00(19) 13.67(29) 

MJB Black seed 1A (Eruca 
vesicaria ssp. sativa) 11.81(18) 12.8(27) 7.44(24) 10.68(22) 

MJB-brown seed 1 (Eruca vesicaria 
ssp. sativa) 17.00(33) 12.56(26) 6.50(13) 12.02(27) 

MJB-brown seed 2 (Eruca vesicaria 
ssp. sativa) 9.63(15) 15.95(30) 6.56(15) 10.71(23) 

MJB yellow seed 1 (Eruca sativa) 12.81(19) 10.25(22) 6.69(17) 9.92(19) 
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 Isolate  

Genotype Cabbage MBRS1 WW4 Mean

Oscar (B. napus) 6.88(3) 8.13(11) 7.50(25) 7.50(12)

Pegletta (R. sativus) 14.25(21) 7.77(9) 6.56(15) 9.53(16)

R4175-01W2 (Camelina sativa) 17.00(33) 10.25(22) 8.69(27) 11.98(26)

Ringot I (B. juncea) 7.44(9) 6.19(3) 4.94(4) 6.19(2)

RQ001 (B. napus) 15.31(23) 9.5(17) 6.5(13) 10.44(21)

Seeta (B. juncea) 6.00(1) 5.50(1) 5.00(6) 5.50(1)

Sej-2 (B. juncea) 7.06(6) 6.56(5) 5.25(8) 6.29(3)

White Icicle (R. sativus) 11.69(17) 7.25(7) 9.16(28) 9.37(15)

Wild turnip #1 (B. tournefortii) 17.00(33) 15.78(30) 13.94(32) 15.57(32)

Wild turnip #2 (B. tournefortii) 16.75(26) 15.24(29) 12.88(31) 14.96(31)

Xinyou 9 (B.juncea) 12.88(20) 9.67(18) 7.13(22) 9.89(18)

Yilihuang (B. juncea) 6.5(2) 8.75(13) 4.75(2) 6.67(7)

Mean 11.24 10.00 7.33  

 

Significance of genotypes P<0.001; l.s.d. (P≤0.05) = 0.56  

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.17  

Significance of genotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.96  
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Table 5.4 Experiment 3: Diameter of lesions (mm) recorded 72 h after inoculation of 

the cotyledons of 22 Brassicaceae species with three different isolates of Sclerotinia 

sclerotiorum. Rank order numbers representing lesion diameter from the smallest (1) to 

largest (22) are in parentheses. 

 Isolate  

Genotype Cabbage MBRS1 WW4 Mean 

Adagio (R. sativus) 9.97(13) 7.6(10) 7.02(18) 8.20(11) 

ATC-94011 (B. carinata) 12.03(17) 10.95(21) 4.69(8) 9.22(17) 

ATC-94129 (B. carinata) 8.65(9) 9.52(18) 17.00(22) 11.72(22) 

ATC-91105 (B. nigra) 8.16(6) 7.69(11) 5.72(12) 7.19(8) 

ATC-94745 (B. nigra) 10.89(16) 9.49(17) 4.52(7) 8.30(12) 

Berry (B. juncea) 9.12(11) 6.35(7) 6.24(14) 7.24(9) 

Boss (R. sativus) 7.50(5) 2.00(1) 1.25(1) 3.58(1) 

Charlton (B. napus) 15.69(21) 9.67(19) 4.42(5) 9.93(19) 

Concerta (Sinapis alba) 16.01(22) 11.13(22) 6.11(13) 11.08(21) 

Datonghuangyoucai (B. juncea) 13.57(19) 7.72(12) 6.50(17) 9.26(18) 

GM-1 (B. juncea) 8.20(8) 6.27(5) 5.00(11) 6.49(6) 

GSL-1 (B. napus) 9.55(12) 8.55(14) 4.50(6) 7.54(10) 

Hetianyoucai (B. juncea) 6.47(2) 6.53(9) 6.26(15) 6.42(5) 

JM-06020 (B. juncea) 14.10(20) 9.24(16) 8.44(19) 10.6(20) 

JM-18 (B. juncea) 10.28(14) 8.66(15) 6.38(16) 8.44(14) 

JN-006 (B. juncea) 8.92(10) 6.26(4) 4.72(9) 6.63(7) 

Pegletta (R. sativus) 6.47(2) 6.19(3) 12.58(21) 8.41(13) 

Ringot I (B.juncea) 6.31(1) 6.15(2) 4.38(4) 5.61(2) 

RQ001 (B. napus) 12.37(18) 10.18(20) 4.76(10) 9.10(16) 

Seeta (B. juncea) 6.53(4) 6.33(6) 4.25(3) 5.70(3) 

White Icicle (R. sativus) 10.81(15) 7.76(13) 8.56(20) 9.04(15) 

Yilihuang (B. juncea) 8.19(7) 6.35(7) 4.13(2) 6.22(4) 

Mean 9.99 7.75 6.25   

 

Significance of genotypes P<0.001; l.s.d. (P≤0.05) = 0.641  

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.237  

Significance of genotypes × isolates P<0.001; l.s.d. (P≤0.05) = 1.111  
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5.3.2 Expression of resistance in tested genotypes 

 

There was a wide range of lesion size across test genotypes, from lesions of only 

4 mm diameter on the most resistant genotypes to lesions that spanned the width of the 

cotyledon (≥ 17 mm) on the most susceptible genotypes. Across two or more repeat 

experiments, genotypes such as R. sativus cv. Boss, B. juncea cv. Ringot I, B. juncea cv. 

Seeta and B. juncea cv. Berry not only showed consistent resistant expression, but 

expression of this resistance was largely independent of S. sclerotiorum isolate used. 

Additionally, there were few genotypes tested in only a single experiment that also 

showed high resistance expression, such as R. sativus cv. Colonel and B. napus cv. Oscar, 

and this resistance was relatively independent of isolate. In comparison, some of the 

susceptible genotypes were much more dependent upon isolate across the repeat 

experiments. For many genotypes, for example, genotype Charlton vs isolates MBRS1 

and Cabbage, both isolates showed the highest lesion diameter in experiment 1, while it 

was less susceptible to isolate WW4, so Charlton’s susceptibility was dependent upon 

isolate. This trends much more obvious in experiment 3. Whereas for some susceptible 

genotypes, such as B. carinata ATC_94129, susceptibility were to all three isolates and 

so its susceptibility is independent upon the isolates tested. There was a trend that 

genotypes with lower but still significant levels of resistance were more responsive to 

isolate across three experiments. B. carinata ATC-94011, Sinapis alba cv. Concerta, R. 

sativus cv. Pegletta, Crambe abyssica cv. Unknown, B. nigra ATC-94745 were clearly 

isolate dependent in terms of relative resistance rankings and responses. However, there 

were some exceptions, the middle resistant genotypes such as B. nigra cv. ACT-91105 

and B. juncea cv. GM-1 showed consistent responses irrespective of isolate. For 

individual experiments, such as in experiment 2, the repeated host genotypes from 

experiment 1 showed higher lesion size in experiment 2 and also, the most susceptible 

genotypes were B. nigra cv. Nigra 4381, B. carinata cv. Carinata 94024, Eruca vesicaria 

ssp. sativa cv. MJB-brown seed 1, Eruca vesicaria ssp. sativa cv. MJB-brown seed 1, 

Sisymbrium irio cv. London Rocket Wild, #1, #2, Camelina sativa cv. R4175-01W2, and 

B. tournefortii cv. Wild turnip #1. All had lesion sizes exceeding the cotyledon edge 

(≥17mm) when challenged on one or two isolates. For all experiments, the most 

susceptible genotypes, some like B. carinata cv. ATC-94129 and B. juncea cv. 

Datonghuangyoucai, showed consistently high susceptibility. 
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5.3.3 Variation in pathogen virulence  

 

There were significant differences in virulence among isolates. Overall, the 

isolate Cabbage was the most virulent and WW4 the least virulent across the three 

experiments. However, there were significant genotype x isolate interactions (P<0.001 

in three experiments) and specific genotypes were highly susceptible to specific isolates. 

For example, although isolate WW4 is the least virulent isolate across most genotypes, 

it was highly virulent against B. carinata ATC-94129 and R. sativus Pegletta in 

experiment 3. Interestingly, in terms of relative resistant ranking, isolate WW4 showed 

the highest virulence on B. juncea cv. Hetianyoucai, in experiment 2 and 3, and B. 

carinata cv. ACT-94129 in experiment 1 and 3, respectively. These repeated findings 

clearly suggest that for B. juncea Hetianyoucai, B. nigra 4381 and B. carinata cv. 

ACT-94129, isolate WW4 was a highly pathogenic isolate. Hence, the results of 

repeating experiments suggest that isolate WW4 is a highly virulent isolate only for 

some specific genotypes such as B. carinata ATC-94129. Although isolate Cabbage 

was the most virulent isolate for overall measure, in experiment 2, isolate MBRS1 was 

the most virulent isolate for Eruca vesicaria ssp. sativa MJB blackseed#1A, Eruca 

vesicaria ssp. sativa MJB brownseed#2 and B. napus GSL-1. 

 

5.3.4 Lesion types 

 

While lesion size and symptoms were recorded at 48 hpi, it was noted that several 

distinct lesion symptom types were evident by 72 hpi. Lesion symptom at 48 hpi and 72 

hpi included typical Sclerotinia lesions, also refered to as ‘normal’ lesions (Figure 5.1A) 

and typical severe lesions which rapidly expanded to the cotyledon edge (Figure 5.1B) 

across the vast majority of tested genotypes at 48 hpi. However, there were also typical 

HR lesions, either extending beyond the site of original inoculation droplet (Figure 

5.1C) or contained within the site of inoculation droplet (Figure 5.1D) at 72 hpi. Highly 

distinctive lesions were observed in some genotypes in response to a specific isolate 

(Figure 5.1 E, F, G, H), and particularly in response to isolate WW4. In contrast, while 

isolates Cabbage and MBRS1 induced ‘normal’ lesions that quickly expanded beyond 

the inoculated area, some WW4 induced lesions were distinctly different from isolates 

MBRS1 and Cabbage induced lesion and showed three distinct features as displayed in 

Figure 5.1. Initially, when R. sativus Pegletta (genotype displayed in Figure 5.1 C) and 
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Boss (genotype displayed in Figure 5.1 D) were challenged with isolate WW4, they 

developed HR on their cotyledons. The R. sativus Pegletta plants expressed a HR both 

within and outside of the inoculation droplet (Figure 5.1 C) while R. sativus Boss 

expressed HR that was contained within the inoculation droplet (Figure 5.1 D). In 

contrast, when challenged with isolates MBRS1 and Cabbage, these same genotypes 

developed ‘normal’ lesions. Secondly, when B. napus RQ001 was challenged with 

WW4, a distinctive and extensive yellow halo developed around each and every lesion 

(Figure 5.1 E). Figure 5.2 shows a comparative experiment of B. napus Charlton and B. 

napus RQ001 challenged by isolate WW4 and a control comparison as carried out at 72 

hpi. Of equal interest is that all three Eruca genotypes not only showed extreme 

susceptibility to isolates MBRS1 and Cabbage with pale yellow lesions formed when 

challenged by these isolates, but also with the inoculated area becoming distinctly pink 

by 48 hpi (Figure 5.1 F). The highly resistant B. juncea Seeta (Figure 5.1G) and 

WW4-induced resistant S. alba Concerta (Figure 5.1 H) both showed distinct ‘speckled’ 

lesions and slow lesion development when challenged by isolates MBRS1 and WW4, 

respectively.  

 

 

 

 

Figure 5.1 Examples of different host responses observed for genotypes challenged 

with isolates of Sclerotinia sclerotiorum. A: Normal lesions for B. napus Charlton 

challenged with isolate MBRS1 48 hpi. B: Highly susceptible B. carinata ATC-94129 

challenged with the isolate Cabbage 48 hpi. C: Hypersensitive response (HR) extending 

beyond the site of the inoculation droplet observed for R. sativus Pegletta challenged 
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with isolate WW4 72 hpi. D: HR lesion within the site of inoculation droplet for R. 

sativus Boss challenged with isolate WW4 at 72 hpi. E: Yellow halo for B. napus 

RQ001 challenged with isolate WW4 72 hpi. F: Pink inoculation droplet on top of the 

lesion for Eruca vesicaria ssp. sativa MJB-black seed #1A challenged with isolate 

Cabbage 48 hpi. G: ‘Speckled’ lesion observed for B. juncea Seeta challenged with 

isolate MBRS1 72 hpi. H: ‘Speckled’ lesion observed for Sinapis alba Concerta 

challenged with isolate WW4 48 hpi. 

 

 

 

  

Figure 5.2 Inoculation with the isolate WW4 of Sclerotinia sclerotiorum and control 

comparison with plain liquid media on to B. napus Charlton and B. napus RQ001 at 72 

hpi. A: ‘Normal’ lesion observed when B. napus Charlton inoculated with isolate WW4. 

B: Distinctive yellow halo observed when B. napus RQ001 inoculated with isolate 

WW4. C: No symptoms observed on B. napus Charlton inoculated with plain liquid 

media (control). D: No symptoms observed on B. napus RQ001 inoculated with plain 

liquid media (control). 

 

5.3.5 Correlation of genotype responses across experiments 

 

A significant positive correlation (r= 0.842, P <0.001, n= 15, Figure 5.3) was 

observed between experiments 1 and 2 in lesion size for five genotypes to three S. 

sclerotiorum isolates; a significant positive correlation (r= 0.824, P <0.001, n= 24, 

Figure 5.4) was observed between experiments 1 and 3 in lesion size for eight 



85 
 

genotypes to three S. sclerotiorum isolates; and significant positive correlation (r= 

0.839, P <0.001, n= 57, Figure 5.5) was observed between experiments 2 and 3 in lesion 

size on 19 genotypes to three S. sclerotiorum isolates.  

 

Figure 5.3 Correlation between experiments 1 and 2 in terms of overall mean values for 

diameter of cotyledon lesions (mm) at 72 hpi across five genotypes against three 

isolates of Sclerotinia sclerotiorum (r= 0.842, P <0.001, n= 15). 

 

 

Figure 5.4 Correlation between experiments 1 and 3 for overall mean values of 

diameter of cotyledon lesions (mm) across eight genotypes 72 hpi to three isolates of S. 

sclerotiorum. (r= 0.824, P <0.001, n= 24) 
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Figure 5.5 Correlation between experiments 2 and 3 for overall mean values of 

diameter of cotyledon lesions (mm) 72 hpi across 19 genotypes to three isolates of S. 

sclerotiorum. (r= 0839, P <0.001, n= 57) 

 

5.4 Discussion 

 

There were significant differences observed among different Brassicaceae 

genotypes when challenged by different isolates of S. sclerotiorum, and also among 

different isolates in relation to their pathogenicity as measured by cotyledon lesion 

diameter on these different Brassicaceae genotypes. There was also a significant host × 

pathogen interaction in all experiments. For the variance ratio (VR) score of ‘isolates’, 

‘host genotypes’ and ‘isolate genotype interactions’ from three experiments, there is a 

tendency that of the more genotypes tested, the higher capacity to differentiate the levels 

of resistance amongst tested genotypes and to differentiate the levels of virulence 

between different isolates of S. sclerotiorum. It is noteworthy that some genotypes 

showed consistent host responses irrespective of the isolates of S. sclerotiorum used in 

this study, whereas others showed a variable pattern of responses depending upon the 

isolates used. For instance, in terms of lesion length, B. juncea cv. Berry, Ringot I and 

Seeta consistently showed a high level of resistance to all three S. sclerotiorum isolates. 

This is the first cotyledon resistance reaction to be reported in B. juncea. There were 

distinct differences observed within the same genotype when challenged with different 

S. sclerotiorum isolates, and differences were most pronounced between isolates WW4 
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and Cabbage and significantly pronounced between isolates MBRS 1 and Cabbage as 

well as isolates MBRS 1 and WW4. As isolates MBRS-1 and WW4 have been 

previously classified as two distinct pathotypes, the results suggest the isolate Cabbage 

may be a new pathotype distinct from both isolates MBRS-1 and WW4. This contrasts to 

the report by Kim et al. (2003), where pathogenicity tests revealed no significant 

differences in the susceptibility of the crucifers to the six isolates of S. sclerotiorum. A 

possible reason could be that the six isolates they used originated from one pathotype, 

but at that time there was no mechanism to characterize or classify S. sclerotiorum 

isolated into different pathotypes prior to the work of Ge et al. (2012).  

As was reported by Garg et al. (2010a) and as described in Chapter 4, there is a 

high correlation between the different experiments, demonstrating the consistency and 

reliability of the screening technique employed.  

It is noteworthy that there were significant differences in lesion diameter 

observed among different Brassicaceae genotypes when challenged with the highly 

virulent isolates Cabbage and MBRS1. All genotypes in this study developed 

‘macerated’ lesion that expanded rapidly within 72 hpi with either the isolate Cabbage 

or the isolate MBRS1. While most lesions from isolate WW4 developed very slowly, 

allowing a broader range of different symptom expression such as HR in R. sativus and 

the extensive yellow halo around lesions on B. napus RQ001. The yellow halo around 

the lesion was most likely a reaction of leaf tissue senescence involved in 

programmemed cell death (PCD) (Greenberg, 1997, van Doorn and Woltering, 2004, 

Yen and Yang, 1998). These unique symptoms may allow future study of molecular 

plant-pathogen interactions at both the RNA and protein expression levels. The apparent 

HR present in some R. sativus genotypes was a rare symptom when challenged to 

common S. sclerotiorum isolates, as disease severity for more virulent isolates is too 

great to allow differentiation of such responses should they occur. 

Based on comparisons between mean lesion size for each isolate across the three 

experiments, in experiments 1 and 3, isolates MBRS1 and WW4 showed similar 

virulence in contrast to experiment 2 where isolates Cabbage and MBRS1 demonstrated 

more similar virulence. For all three experiments, while isolate WW4 and MBRS1 were 

often different, the differences were most pronounced between WW4 and Cabbage 

isolates and less so but still significant between MBRS1 and Cabbage isolates.  

Isolate WW4 was virulent on B. juncea Hetianyoucai; B. nigra 4381; B. carinata 

ATC-94129,S. irio London Rocket-Wild, C. sativa R4175-01W2 of, and B. tournefortii 
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Wild turnip. In contrast to the previous chapter, isolate WW4 in the present study 

showed high virulence for some specific genotypes, which indicates that it is not an 

avirulent (avr) isolate. The octal code for isolate WW4 in Ge et al., (2012) is 36, which 

also implies that it is considerably pathogenic to certain host genotypes rather than octal 

code for pathotype 00. The code 00 indicates that the pathotype is not virulent on any 

tested genotypes in that study.  

Some interactions were inconsistent. For isolate WW4, responses to infection of 

Sinapis alba cv. Concerta was inconsistent regarding lesion size, as it was highly 

susceptible to isolate WW4 in experiment 2, with lesions >12 mm but less susceptible in 

experiment 3 with lesions about 6 mm in diameter. This result suggests that the higher 

number of replicates is needed to assess this interaction. For isolates MBRS1 and 

Cabbage, B. napus cv. Charlton expressed consistently as a susceptible genotype. This 

is contradictory to Garg et al. (2010a), who identified Charlton as a consistently 

resistant genotype. B. napus cv. RQ001 in all three experiments also expressed as a 

susceptible genotype. This is in accordance with Garg et al. (2010a). However, the 

susceptibility of RQ001 is not as severe as Charlton in this study.  

The overall lesion size in three experiments showed that isolates Cabbage and 

MBRS1 are closely related in terms of virulence and much more so than with isolates 

MBRS1 and WW4. However, despite this, B. juncea JM-06020 was relatively more 

resistant to isolate MBRS1 compared to its high susceptibility when challenged by the 

isolate Cabbage, manifesting the significance of pathotype on expression of any host 

resistance. Overall, isolate WW4 was the least virulent pathotype, possibly a 

consequence of its reduced ability to infect, colonize, and kill cells in susceptible host 

tissue (Saharan and Mehta, 2008). Previous studies by Garg et al., (2010a) and Ge et al., 

(2012) demonstrated that all the isolates derived from the warmer and drier northern site 

of Walkaway, Geraldton (WW1, WW2, WW3, WW4) are overall less virulent than 

isolates derived from the cooler and wetter southern site of Mt. Baker (MBRS1, 

MBRS2, MBRS3, MBRS5), suggesting regional climatic effects may be a contributing 

factor toward aggressiveness of a geographical population. Alternatively, the 

differences in pathogenicity of the northern and southern isolates may be attributed to 

chance and the small number of isolates collected. It is suggested that unless there is a 

prevailing pathotype of S. sclerotiorum against the resistance is sought, ideally 

pathotypes of different physiological specialization should be included in any screening 

programme to identify host resistance that is durable across multiple pathotypes. This 
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will allow oilseed and vegetable cruciferous breeding programmes to include resistances 

against prevailing multiple pathotypes of S. sclerotiorum within future cultivars. 

No previous studies have reported PCD leaf senescence or a yellow halo around 

the inoculation site on any crucifer such as B. napus cv. RQ001 or a HR lesion around 

the inoculation sites on hosts such as R. sativus genotypes. Here, highly virulent isolates 

only generated uniformly ‘macerated’ and ‘normal’ lesions. There are two main 

virulence factors for most Brassicaceae plants, the secretion of oxalic acid and 

hydrolytic enzymes that together work in concert to bring about the maceration of plant 

tissues and subsequent necrosis (Collmer and Keen, 1986; Li et al. 2005a,b). It remains 

unclear whether the reduced virulence in isolate WW4 relates to reduced secretion of 

either of these two virulence/pathogenicity factors (Saharan and Mehta, 2008). In terms 

of relative resistant ranking, results from this study suggests that isolate WW4 was the 

most pathogenic isolate on B. juncea Hetianyoucai and B. carinata ACT-94129. The 

fact that isolate WW4 showed high virulence to some host genotypes and less virulence 

on others, indicate that it is a pathogenic isolate. Previous research has only used 

avirulent and oxalate deficient mutant Sclerotinia isolates to study host HR responses 

(Kim 2010). Research using the isolate WW4 may offer an opportunity to identify host 

responses that are observable only when triggered by a less virulent but still pathogenic 

pathotype. 

The physiology of S. sclerotiorum disease resistance has not been well studied 

and disease resistance among many susceptible genera of dicotyledonous plants has not 

been found (Saharan and Mehta, 2008). To date, three general types of resistance in 

plants are considered relevant to S. sclerotiorum: first, resistance of tissue to breakdown 

is possibly associated with nutrition blockage for the fungus; second, presence of 

preformed antifungal materials; and, third, formation of phytoalexins (Saharan and 

Mehta, 2008). In relation to the HR response to S. sclerotiorum, it is related to a 

response by cells to penetration and generally the fungus remains restricted to these 

cells. ‘Macerated’ or ‘normal’ lesions characteristic of successful S. sclerotiorum 

infection only develop when many individual infection sites coalesce (Sutton and 

Deverall, 1983). Oligogalacturonides released from the plant cell wall by the enzymatic 

activity of endo-PGs have been shown to act as endogenous elicitors of the HR (Davis 

et al., 1986); Future studies are needed to determine if they are involved in the HR 

observed here in the present study. 
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Outside of rapeseed, many other genera/species have been studied extensively in 

relation to the interaction with and resistance to S. sclerotiorum, including lesion and 

symptom development, infection process and molecular signaling of plant-pathogen 

interaction. Examples include beans (Otto-Hanson et al., 2011; Pieta, 1990, 1994; 

Phillips et al. 1993; Saharan and Mehta, 2008); celery (Afek et al., 1996); sunflower 

(Mondolot-Cosson et al., 1994); common vegetables (Olsson and Svensson, 1996), 

radish (Echandi and Walker, 1957; Geary, 1978), cabbage and cauliflower (Baswana et 

al., 1991; Dickson et al., 1996), soybean (Arahana et al., 2001); and some cruciferous 

species such as S. alba, that is susceptible to S. sclerotiorum and Erucastrum gallicum, 

that is resistant (Saharan and Mehta, 2008); and B. rapa (Pedras and Ahiahonu, 2004). 

In summary, most molecular studies to date have focused on the host response to 

S. sclerotiorum per se and without including the influence of pathogen virulence on the 

disease progress and host responses. Including distinct pathotypes of S. sclerotiorum in 

such studies provides a much broader picture as to how different pathotypes contribute to 

disease development, as well as the molecular differences associated with host defences 

when challenged with different pathotypes. Such studies provide a better understanding 

of the pathogenic mechanism, and should help in the development of new cultivars with 

resistance to a wide range of pathotypes of S. sclerotiorum. 
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Chapter 6 

Host responses of Arabidopsis thaliana ecotypes is determined 
by Sclerotinia sclerotiorum isolates 

 

6.1 Introduction  

 

Sclerotinia sclerotiorum is a necrotrophic ascomycete closely related to Botrytis 

cinerea, and both fungi have been studied intensively with regard to the Arabidopsis 

defence hormonal signaling pathways (Glazebrook et al., 2005; Thomma et al., 1998, 

1999, 2001). Sclerotinia sclerotiorum is a destructive pathogen that attacks more than 

400 plant species including Arabidopsis thaliana (Guo and Stotz, 2007). Sclerotinia 

stem rot is one of the most important yield-limiting and difficult-to-manage diseases for 

many agriculturally and horticulturally important Brassicaceae species, especially 

oilseed rape (Brassica napus), mustard (B. juncea) and Brassicaceae vegetable (B. 

oleracea) (Barbetti and Khangura, 2000; Delourme et al., 2011; Kim et al., 2003; 

Pedras and Ahiahonu, 2004; Singh et al., 2011; Volovik and Razgulayeva, 2011; Zhou 

et al., 1994). Arabidopsis thaliana is phylogenetically very closely related to these 

particular species (Dickman and Metra, 1992; Perchepied et al., 2010). Analysis of gene 

expression profiles in B. napus in response to S. sclerotiorum has shown that JA-, ET- 

and ROS-associated genes are induced, which is in agreement with findings in 

Arabidopsis (e.g., Guo and Stotz, 2007; Perchepied et al., 2010; Yang et al., 2007; Zhao 

et al., 2006). Few A. thaliana ecotypes have even been partially mapped or phenotyped 

(Rowe and Kliebenstein, 2008) in relation to relatively resistance to S. sclerotiorum. 

Hence, understanding the relatively resistant mechanisms in A. thaliana could assist in 

targeting, understanding, and developing relatively resistance mechanisms in 

Brassicaseae species and other natural hosts severely affected by S. sclerotiorum 

infection (Dickman and Mitra, 1992). 

Arabidopsis thaliana ecotypes show natural variation based upon geographic 

population differences (Clark et al., 2007). These variations affect many physiological 

processes such as physical configuration, growth temperature, germination, flowering 

time, and pathogens relatively resistance (Clark et al., 2007). Relatively resistance to 

pathogens involves multiple layers of defence, ranging from non-host relatively 

resistance mechanisms against non-pathogens, to various defence strategies effective 

against a limited range of pathogen isolates (Rowe and Kliebenstein, 2008). While A. 
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thaliana is one of hundreds of plant hosts susceptible to infection by S. sclerotiorum, it 

is an important model plant that has been studied extensively for a range of reasons 

(Rowe and Kliebenstein, 2008; Shindo et al., 2007). Arabidopsis thaliana is also an 

important model for studying S. sclerotiorum pathogenesis (Dai et al., 2006; Dickman 

and Mitra, 1992). Studies of the interaction between A. thaliana and S. sclerotiorum 

have been hampered for two reasons. Firstly, the extreme susceptibility of this model 

plant to S. sclerotiorum (Perchepied et al., 2010). And secondly, the suggestion that the 

response of this plant to necrotrophic pathogens, like S. sclerotiorum or B. cinerea, is 

primarily quantitative and genetically complex (Kim and Diers, 2000; Maxwell et al., 

2007; Micic et al., 2004). Unlike plant interactions with biotrophic pathogens, which are 

frequently controlled by large-effect relatively resistant genes with classic Mendelian 

inheritance (Rowe and Kliebenstein, 2008), relatively resistance mechanisms for 

necrotrophic pathogens usually involve numerous small-effect quantitative trait loci 

(QTL), and the relatively resistant QTL appear to function in epistemic networks 

involving many loci, which lead to a complex defence signaling network (Rowe and 

Kliebenstein, 2008; Perchepied et al., 2010). Other than A. thaliana, QTL mapping for 

relative resistance to S. sclerotiorum in common bean, sunflower, and in rapeseed also 

revealed numerous small-effect QTLs (Bert et al., 2002; Zhao and Meng, 2003). 

 The use of A. thaliana natural variation in ecotypes provides an opportunity for 

a deeper insight into the A. thaliana - S. sclerotiorum host-pathogen interaction 

(Boccongelli et al. 2003a; Mitchel-Olds and Schmitt, 2006; Perchepied et al., 2010). 

However, to date, the extreme susceptibility of A. thaliana to S. sclerotiorum has been 

reported as the general feature of this model species (Dai et al., 2006). In order to 

determine the relatively resistant response over several A. thaliana ecotypes, repeated 

screening has revealed an unexpectedly large variation in terms of relatively resistance 

and susceptibility across 50 A. thaliana ecotypes, despite only a few good partial 

relatively resistant ecotypes against a single strain of S. sclerotiorum (S55 strain) being 

tested (Perchepied et al., 2010). This finding, along with results for B. napus and B. 

juncea from Ge et al. (2012), together suggests that there is considerable potential to 

further explore the effects of host-pathogen interaction. A better understanding of A. 

thaliana - S. sclerotiorum interactions, in terms of expression of relative resistance, may 

offer new insights into this intricate host-pathogen system as well as defining such 

interactions down to the host-pathotype level in relation to this highly aggressive 

fungus.  
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Studying the interaction of a range of A. thaliana ecotypes to multiple 

pathotypes of S. sclerotiorum is important as it offers the possibility to identify those 

ecotypes with pathotype-specific and/or pathotype-independent relative resistance to S. 

sclerotiorum as well as increasing the overall likelihood of identifying relatively 

resistant hosts (Garg et al., 2010a; Ge et al., 2012; Rowe and Kliebenstein, 2008; 

Sexton et al., 2006). In addition, increasing the number of isolates tested may greatly 

improve the capacity to differentiate levels of relatively resistance among test genotypes 

(Ge et al., 2012). While various A. thaliana ecotypes have been studied for relatively 

resistance to a single S. sclerotiorum strain (e.g., Perchepied et al., 2010), very few 

studies have assessed relatively resistance when challenged with multiple isolates, and 

studies involving characterized pathotypes of S. sclerotiorum have never been 

previously undertaken. The pathogenicity and/or virulence of pathogens other than S. 

sclerotiorum have been studied in A. thaliana. For example, Rowe and Kliebenstein 

(2008) studied pathogenicity in an A. thaliana ecotype recombinant inbred lines (RIL) 

population against isolates of B. cinerea, and found 23 separate QTLs coding for 

relatively resistant in their A. thaliana RIL population, implying that there was no 

significant difference in the relatively resistant mechanism within this RIL population 

against these isolates. There is no recorded study to date on the interaction of multiple S. 

sclerotiorum isolates or characterized strains or pathotypes to multiple A. thaliana 

ecotypes to define the host-pathogen interactions, despite the fact that in the related B. 

napus it is well established that there are significant host-pathotype interactions (Garg et 

al., 2010a; Ge et al., 2012). 

In this study the inoculation and screening techniques of Garg et al. (2010a) 

were modified and adapted from B. napus to A. thaliana. Also in this study, the 

interaction between plant and pathogen was characterized using multiple S. 

sclerotiorum isolates/pathotypes across diverse A. thaliana ecotypes to determine if 

ecotype-dependent relative resistance can be compromised by variation in virulence 

amongst different S. sclerotiorum isolates and/or pathotypes.  
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6.2 Materials and Methods 

 

6.2.1 Plant materials and growth conditions 

 

Experiments were carried out utilizing 17 A. thaliana ecotypes (Table 6.1). The 

ecotypes were acquired from the A. thaliana collection with natural variation collection 

held at Murdoch University, Western Australia. 

Seeds of A. thaliana ecotypes were sterilized in 1% sodium hypochlorite for 5 

minutes, washed in sterilized water for 3 times, and then sown on Murashige and Skoog 

plates as mainly as described by Balague et al. (2003). The seed plates were first placed 

at 4 °C in a dark cool room for 24 h and then the plates were placed vertically in a 

controlled environment room at The University of Western Australia, with a 10 h day 

and 14 h night cycle at a constant temperature of 18 °C. Light intensity was 250 

μEm−2s−1. Seedlings were transplanted 10 d after sowing to 30 × 20 × 7 cm tray holding 

40 cells filled with potting mix. Each tray was placed in a 34 × 23 × 13 cm plastic 

storage container. Two seedlings of each ecotype were planted in each cell and thinned 

to a single seedling per cell after recover and maintained under the same growth 

conditions as at seed germination. Three experiments were carried out to examine the 

interaction of A. thaliana ecotypes with S. sclerotiorum isolates. Two of these 

experiments were partial repeats of the first experiment to confirm the major findings. 

In each experiment, all test A. thaliana ecotypes were arranged in a randomized 

complete block design with four replications of one plant per replicate. Inoculation was 

performed on 4 - 6 week-old plants of either detached leaves or attached leaves (Figure 

6.1 A-E). 

One seedling was transferred to a jar (250 ml) containing Murashige and Skoog 

agar (Figure 6.1 F; G; H) and challenged with MBRS1 only. As this growth system is 

technically difficult with regard to growth, inoculation and assessment, it was not used 

for the screening assessment. 
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Table 6.1 Details of Arabidopsis thaliana ecotypes utilized in this study 

 
Abbre-
viation 

Full Name Origin 
Accession 

No 
Source Description 

Bay-0 Bayreuth 
Bayreuth, 
Germany 

N954 NASC 
Large, light green rosette; variation in height; height = 
31-42 cm; habitat: fallow land; Altitude (m):300-400; 
Collector: A. Kranz (1983); single seed stock#: 
CS6608. 

Be-0 Bensheim 
Bensheim/Bergs
tr., Germany 

N964 NASC 
Small leaves, leaf margins serrated, height = 27-32 
cm; Altitude (m): 100-200; Collector: Spilcher 
(1940); single seed stock#: CS6613. Late flowering 
under 16h/8h light/dark cycle. 

Bur-0 Burren 
Burren (Eire), 
Ireland 

N1028 NASC 
Small, yellow green rosette; small leaves; single 
flowering stem; height = 29-38 cm; habitat: wall by 
roadside. Late flowering under 16h/8h light/dark 
cycle. 

Col-0 Columbia Columbia, USA N1093 J. Masle 

Leaf margins slightly serrated, height = 25-35 cm; 
directly descended from Col-1, CS3176 (isolate 5-13 
of G. Redei from F. Laibach"s line "Landsberg"); 
Columbia accessions 0 through 6 are all genetically 
very similar; Redei '57 

Col-4 Columbia 

Gorzow 
Wielkopolski 
(Landsberg/War
the) 

N933 NASC 

Leaf margins slightly serrated, height = 25-35 cm; 
directly descended from Col-1, CS3176 (isolate 5-13 
of G. Redei from F. Laibach"s line "Landsberg"); 
Columbia accessions 0 through 6 are all genetically 
very similar; 

Ct-1 Catania Catania, Italy N1094 NASC 
Small leaves, numerous axillary inflorescences, 
height = 25-33 cm; Altitude (m): 1-100; Collector: 
Boss (1942); single seed stock#: CS6674. 

Cvi-0 
Cape Verde 
Islands 

Cape Verde 
Islands 

N1096 NASC 
Small, light green rosette; narrow and round leaves 
with elongated petioles, leaf margins almost smooth, 
height = 29-35 cm, habitat: rocky wall with moss; 
Altitude (m): 

Er-0 Erlangen 
Erlangen, 
Germany 

N1142 NASC 

Small, narrow leaves. Leaf margin serrate. Ht = 
23-32cm. Daily centigrade temperature 
(spring/autumn): 5-6/9-10; Monthly mean 
precipitation (spring/autumn) mm: 30-40/30-40 - 
Ilink. Late flowering under 16h/8h light/dark cycle. 

Jea 
St Jean Cap 
Ferrat 

St Jean Cap 
Ferrat, France 

CS76148 
25 AV  
25 AV 
(Versaille 
collection) 

NASC Ecotype from INRA Dijon (X. Reboud). Late 
flowering under 16h/8h light/dark cycle. 

Nd-0 
Niederzeuz
heim 

Niederzeuzheim
, Germany 

N1390 NASC Small leaves, leaf margins sinuated, height = 22-26 
cm; Altitude (m): 200-300, Collector: G. Robbelen 

Ri-0 Richmond 
Richmond 
(B.C.), Canada 

N1492 NASC 
Large rosette, leaf margins serrated, height = 32-40 
cm, habitat: abandoned area; Altitude (m): 1-100; 
Collector: R. Dinkins (1988). Late flowering under 
16h/8h light/dark cycle. 

Rld-1   Netherlands N913 NASC Ecotype used in transformation, height = 30 cm; 
Collector: M. Koornneef 

Sha Shahdara 
Shahdara River 
(Pamir) 

N929 NASC 
Average temp during vegetation min 15 degree/max 
25 degree; vegetation period : June-July) 
(Tadjikistan); slightly narrow leaves, height = 30 cm; 
Habitat: mountains; Altitude (m): 3400 

Tsu-1 Tsu Tsu, Japan N1564 NASC 
Long petioles, rounded leaves, leaf margins serrated, 
single flowering stem, height = 41-49 cm; Altitude 
(m): 1-100; Late flowering under 16h/8h light/dark 
cycle. 

Ws-1 
Wassilewsk
ija 

Wassilewskija, 
Russia 

N2223 NASC Early flowering line used by P. Scolnik to generate RI 
lines. 

Ws-2 
Wassilewsk
ija 

Wassilewskija, 
Russia 

N1601 NASC 
Early flowering line used by K. Feldmann to generate 
T-DNA stocks; same stock as CS2360 This line is 
equivalent to CS2360. This line is not the same as 
N915 or N2223. 

Oy-0  Oystese 
 Oystese, 
Norway 

N1436 NASC 
Leaf margins serrated, height = 28-38 cm; Altitude 
(m): 1-100; Daily Centigrade Temperature (Spr/Aut): 
3-4/<5-6; Collector: F. Laibach (1957); single seed 
stock#: CS6824. 
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6.2.2 Sclerotinia sclerotiorum isolates 

 

Eight isolates of S. sclerotiorum were used in this study as illustrated in Table 

6.2. Seven of the eight isolates have been used in previous studies while the isolates 

from carrot had not been studied before. In previous screening trials, isolate MBRS1 

showed very high virulence levels (e.g., Garg et al., 2010a; Li et al., 2006; 2007; 2008; 

Chapter 3.4.5), and was the second most virulent isolate. Isolate WW4 was the least 

virulent isolate of eight isolates tested by Garg et al. (2010a). Isolate MBRS2 was the 

least virulent isolate among the four MBRS isolates from Mount Barker in Garg et al., 

(2010a). Isolates UWA7s1, UWA8s1 were the least virulent pathotypes (Chapter 3). 

Isolate WW3 had shown little virulence when tested by Garg et al. (2010a) and in 

Chapter 3.  

 

Table 6.2 Details of S. sclerotiorum isolates used in this study. Isolates UWA7s1 and 

UWA8s1, MBRS1, WW3, WW4 were characterized as different strains of S. 

sclerotiorum with different strains octal codes. Isolate Cabbage, Carrot and MBRS2 have 

not been fully characterised. 

Isolate Host species Geographic origin 
Strain 
octal 
code 

Collection 
year 

Reference 
(First 
applied) 

UWA7s1 B. napus East Chapman, Western Australia 00 
2009 

Ge et al., 
2012 

UWA8s1 B. napus East Chapman, Western Australia 00 
2009 

Ge et al., 
2012 

MBRS1 B. napus Mt. Barker, Western Australia 76 
2004 

Li et al., 
2006 

WW3 B. napus Walkaway, Western Australia 10 
2004 

Garg et al., 
2010 

WW4 B. napus Walkaway, Western Australia 36 
2004 

Garg et al., 
2010 

MBRS2 B. napus Mt. Barker, Western Australia NA 
2004 

Garg et al., 
2010 

Cabbage 
B. oleracea 
var. capitata 

Perth Metropolitan, Western Australia NA 2009 Chapter 5 

Carrot 
Daucus 
carota Perth Metropolitan, Western Australia NA  

2009 
This study 

 

All these six isolates used in earlier studies were from infected B. napus stems. 

In 2009,a S. sclerotiorum isolate from severely diseased cabbage was obtained from the 
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Perth metropolitan vegetable growing region (described Chapter 5), and an additional 

isolate from carrot was obtained from a commercial crop in Western Australia. All eight 

isolates have been identified morphologically and genetically as S. sclerotiorum (Garg 

et al., 2010a; Chapter 3). 

 

6.2.3 Inoculum production 

 

Dry-stored sclerotia from each of the eight isolates were surface sterilized, cut in 

half, sub-cultured on potato dextrose agar (PDA) and stored at 4 °C until use. In 

preparing for the inoculation, the S. sclerotiorum isolates were cultured using methods 

described by Garg et al. (2008, 2010a, b) with modification. Briefly, eight agar plug 

discs (each 5 mm diameter) were cut from the actively growing margin of 3 day-old 

colonies of S. sclerotiorum cultured on PDA at 20 °C. The plugs were transferred to 250 

ml flasks containing 100 ml of sterilized liquid medium (potato dextrose broth 24 g, 

peptone 10 g, H2O 1 L) and the flasks were agitated on a rotary Innova® 2300 platform 

shaker (New Brunswick Scientific, Connecticut, USA) at 120 rpm min−1. After three 

days of incubation, the S. sclerotiorum fungal mats were harvested, washed twice with 

sterilized liquid broth medium, resuspended in 125 ml of liquid medium and macerated 

using a Breville® food grinder for 45 seconds. The macerated mycelial suspension was 

then filtered through three layers of cheesecloth. Using a haemocytometer 

(SUPERIOR®, Berlin, Germany), the macerated mycelia were re-suspended at 0.5 × 

104 fragments/ml in liquid media. As the concentration of 1 × 104 fragments/ml from 

Garg et al. (2008, 2010a, b) and Chapter 4 was too high to differentiate the lesion 

diameter.  

 

6.2.4 Inoculation procedure 

 

Inoculations were conducted as detailed in Garg et al. (2010a) and Chapter 4.2.4 

with modification. Briefly, inoculations were carried out when plants were 4-6 weeks 

old. The exact age of each ecotype for inoculation dependent on the plants reaching a 

stage where there were ≥ 10 mature leaves of similar size, and the ecotype had not 

reached the flowering stage. One drop of inoculum (5 μl) was applied to each half of the 

surface of up to 10 leaves for every plant. After inoculation, the clear plastic containers 
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were covered with a clear plastic lid and sealed to maintain high humidity. Black plastic 

sheeting was placed over each container to reduce the light intensity to ~ 10 μEm−2s−1 

for three days prior to disease assessment. 

Inoculation of MBRS1 were also carried out on detached A. thaliana leaves as 

well as whole Arabidopsis plants growing in Murashige and Skoog agar for imaging of 

the lesion size differences between ecotypes (Figure 6.1).  

 

6.2.5 Disease assessment 

 

At 24, 36 and 48 hours post inoculation (hpi), container lids were removed and 

each plant was assessed on the basis of lesion diameter (mm) as described by Garg et al. 

(2008) and in Chapter 4.2.5. Lesion incidence was assessed as the number of 

inoculations where lesions developed as a percentage of the total number of inoculations 

made. 

 

6.2.6 Experimental design and statistical analyses 

 

A randomized complete block design was applied with four replications with 

each planting tray cell representing one replicate of each ecotype × isolate combination. 

Mean lesion diameter was measured on each inoculated plant (mean of up to 20 lesion 

diameters per plant). Mean lesion diameter was calculated as the score for each 

replicate. Similarly, lesion incidence was calculated as each replicate of lesion incidence 

of each ecotype × isolate combination. Replicate data from each experiment was 

separately analyzed using ANOVA with Genstat 10th Edition (Genstat Procedure 

Library Release PL14). Once normality of the data for ANOVA had been confirmed, 

treatment means were compared using Fisher’s least significant difference (l.s.d.) to test 

for the significance for differences between ecotype means, isolate means and ecotype x 

isolate interactions. In each experiment, genotypes were ranked according to their mean 

lesion diameters and/or mean incidence of disease. Data from the two experiments were 

combined and run the analysis applying Genstat function Coefficient to retrieve the P 

value, which is P<0.001 (result not shown). Additional comparisons of the relationship 

between experiments were assessed by computing Pearson correlation coefficients using 

the data analysis function in Microsoft Excel. 
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6.3 Results 

 

6.3.1 Genotype, isolate and genotype-isolate interactions 

 

6.3.1.1 Lesion diameter 

 

Analysis of variance for leaf lesion diameter showed significant effects of 

isolates (P ≤ 0.001) and A. thaliana ecotypes (P ≤ 0.001), as well as significant 

interactions between isolates and ecotypes (P ≤ 0.001) in all three experiments at both 

36 and 48hpi (Tables 6.3–6.8). At 24 hpi few lesions were observed and there were no 

significant differences found for ecotype, isolate or isolate × ecotype interaction (data 

not shown). As the numbers of test genotypes decreased from 17 in experiment 1 to 10 in 

experiment 2 and eight in experiment 3, the variance ratios (VR) decreased for isolates 

(VR = 8677.33, 4159.07, 798.61, respectively) and host ecotypes (VR = 110.52, 76.13, 

45.02, respectively). Decreasing the number of ecotypes tested decreased the capacity to 

differentiate both the levels of relatively resistance amongst test ecotypes and the varying 

levels of virulence between different isolates. Variance ratios for both isolates and isolate 

x ecotypes were higher at 48 hpi than 36 hpi, indicating 48 hpi was a better time period for 

assessment of lesion diameter than 36 hpi. As VR was much higher for isolates than 

ecotypes, this shows that isolates had a greater influence over the experimental 

outcomes than ecotypes, which suggests that relative resistance differences for ecotypes 

were largely determined by isolates. 
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Table 6.3 Experiment 1: Lesion diameter (mm) of 17 ecotypes at 36 hpi, NL = no 

lesion. Lesion diameters are ranked from the smallest to largest as indicated in 

parentheses. 

Ecotype 
Isolate Mean 

Cabbage Carrot MBRS1 MBRS2 UWA7s1 UWA8s1 WW3 WW4  

Bur-0 6.31(3) 3.18(4) 4.49(5) 0.27(2) 1.06(8) 0.64(5) 1.69(2) 1.8(8) 2.43(4) 

Bay-0 8.19(15) 5.93(15) 4.75(6) 2.3(15) 0.75(6) 1.51(10) 3.66(8) 2.21(11) 3.66(8) 

Be 7.63(11) 5.41(11) 6.92(12) 1.06(7) 1.71(11) 1.67(12) 4.08(12) 1.6(6) 3.76(10) 

col-0 7.47(7) 2.32(1) 8.21(17) 1.6(11) 0.47(4) 1.07(6) 3.29(6) 1.57(3) 3.25(6) 

col-4 7.39(5) 4.68(8) 7.63(15) 1.5(9) 0.44(3) 1.18(7) 4.53(14) 2.42(13) 3.72(9) 

Ct-1 7.55(8) 5.42(12) 6.62(11) 1.56(10) 1.6(10) 1.67(12) 3.92(11) 1.99(9) 3.79(11) 

Cvi 6.25(2) 3.66(6) 2.21(1) 0.24(1) 0.25(2) 0.52(3) 1.95(3) 1.55(5) 2.08(2) 

Er-0 5.97(1) 2.69(2) 2.26(2) 0.5(5) 0.69(5) 0.43(1) 1.36(1) 1.12(1) 1.88(1) 

Jea 7.98(13) 3.56(5) 3.58(4) 0.44(4) 1.47(9) 0.51(2) 3.46(7) 1.57(3) 2.82(5) 

Nd-0 7.45(6) 5.43(13) 7.6(14) 1.96(12) 2.12(12) 1.47(9) 4.16(13) 2.33(12) 4.07(14) 

Oy-0 6.42(4) 3.17(3) 2.41(3) 0.28(3) NL(1) 0.59(4) 2.03(4) 1.5(2) 2.05(3) 

Ri-0 8.29(17) 5.12(9) 7.87(16) 1.06(7) 1(7) 1.73(16) 3.67(9) 1.67(7) 3.80(12) 

Rld-1 7.59(10) 5.2(10) 5.83(7) 2.09(13) 3.44(17) 1.7(14) 3.77(10) 2.19(10) 3.98(13) 

Sha 8.27(16) 5.44(14) 6.28(10) 2.73(16) 3.22(16) 1.6(11) 4.82(15) 2.54(15) 4.36(16) 

Tsu-1 7.71(12) 4.16(7) 5.96(8) 2.28(14) 2.19(13) 1.87(17) 2.03(4) 2.75(16) 3.62(7) 

WS-1 7.58(9) 6.77(17) 5.99(9) 1(6) 2.82(14) 1.27(8) 4.95(16) 3.34(17) 4.22(15) 

WS-2 8(14) 6.3(16) 7.59(13) 3.19(17) 2.95(15) 1.7(14) 5.19(17) 2.51(14) 4.68(17) 

Mean 7.41 4.61 5.66 1.42 1.64 1.24 3.44 2.04   

 

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.238 v.r. = 101.36 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.163 v.r. = 1520.43 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.672 v.r. = 11.28 
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Table 6.4 Experiment 1: Lesion diameter (mm) of 17 ecotypes at 48 hpi. Lesion 

diameters are ranked from the smallest to largest as indicated in parentheses. 

Ecotype 

Isolate Mean 

 
Cabbage  Carrot  MBRS1 

 
MBRS2 

 
UWA7S1 

 
UWA8S1  WW3  WW4  

Bur-0 17.3(5) 10.00(3) 11.53(9) 3.40(5) 3.10(7) 2.03(5) 9.83(9) 2.28(6) 7.43(6) 

Bay-0 19.12(16) 10.97(8) 10.15(5) 4.40(12) 3.53(10) 2.59(7) 10.55(13) 3.13(10) 8.06(12) 

Be-0 18.04(8) 12.17(16) 10.92(7) 4.18(9) 4.13(12) 3.31(14) 7.80(7) 2.01(2) 7.82(10) 

Col-0 19.15(17) 9.37(1) 12.61(17) 3.57(6) 2.28(2) 2.71(9) 7.62(4) 2.07(4) 7.42(5) 

Col-4 18.10(9) 10.97(8) 11.27(8) 4.86(16) 3.39(9) 3.33(15) 7.77(6) 2.42(7) 7.77(9) 

Ct-1 17.50(6) 11.01(10) 12.15(13) 3.95(7) 2.42(5) 3.26(12) 7.36(1) 2.83(9) 7.56(7) 

Cvi-0 16.70(2) 10.43(5) 6.73(3) 2.44(2) 2.38(4) 1.36(3) 10.15(11) 2.45(8) 6.58(4) 

Er-0 16.95(4) 9.88(2) 4.83(2) 1.99(1) 2.48(6) 1.08(1) 9.49(8) 1.68(1) 6.05(1) 

Jea 16.85(3) 11.05(12) 7.52(4) 2.59(3) 2.01(1) 1.25(2) 7.53(2) 2.02(3) 6.35(2) 

Nd-0 17.77(7) 11.42(14) 12.48(16) 4.39(11) 3.60(11) 2.34(6) 7.59(3) 3.46(14) 7.88(11) 

Oy-0 16.50(1) 10.13(4) 4.64(1) 2.63(4) 3.22(8) 1.36(3) 9.83(9) 3.37(12) 6.46(3) 

Ri-0 18.50(10) 11.53(15) 11.90(12) 4.27(10) 2.28(2) 3.28(13) 7.62(4) 2.17(5) 7.69(8) 

Rld-1 18.60(11) 11.02(11) 10.63(6) 4.00(8) 5.44(17) 2.62(8) 10.82(14) 3.41(13) 8.32(13) 

Sha 18.88(15) 11.23(13) 12.19(14) 4.65(14) 4.58(14) 3.50(16) 11.38(16) 3.76(16) 8.77(16) 

Tsu-1 18.64(12) 10.87(7) 11.74(11) 4.65(14) 4.50(13) 3.15(11) 10.28(12) 3.29(11) 8.39(14) 

WS-1 18.74(13) 10.64(6) 11.65(10) 4.81(13) 4.74(15) 3.80(17) 11.02(15) 3.49(15) 8.61(15) 

WS-2 18.75(14) 12.56(17) 12.35(15) 6.20(17) 5.39(16) 2.99(10) 11.63(17) 3.76(16) 9.20(17) 

Mean 18.01 10.90 10.31 3.94 3.50 2.59 9.31 2.80   

 

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.237 v.r. = 110.52 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.162 v.r. = 8677.33 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.67 v.r. = 19.92 
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Table 6.5 Experiment 2: Lesion diameter (mm) of 10 ecotypes at 36 hpi. Lesion 

diameters are ranked from the smallest to largest as indicated in parentheses. 

Ecotype 
Isolate Mean 

Cabbage Carrot MBRS1 MBRS2 UWA7S1 UWA8S1 WW3 WW4  

Ws-1 7.09(6) 5.74(8) 5.73(6) 0.81(5) 4.55(10) 1.29(5) 4.46(7) 3.08(8) 4.09(7) 

Er-0 5.73(1) 3.64(3) 1.75(1) 0.62(3) 1.57(3) 0.44(1) 1.4(1) 1.42(1) 2.07(1) 

Oy-0 6.09(3) 3.46(2) 1.78(2) 0.48(1) 1.1(1) 0.49(2) 2.02(4) 3.71(10) 2.39(3) 

Bur-0 6.42(4) 2.9(1) 6.92(10) 0.5(2) 3.03(4) 0.6(3) 1.58(2) 1.45(2) 2.93(4) 

Tsu-1 8.79(9) 4.67(6) 5.68(5) 0.97(8) 3.26(5) 1.67(10) 2.71(5) 2.41(5) 3.77(6) 

Sha 9.07(10) 6.08(9) 6.06(7) 1.26(10) 4.33(8) 1.59(8) 4.59(8) 2.87(7) 4.48(9) 

Rld-1 6.89(5) 4.63(5) 5.21(4) 0.88(7) 3.78(7) 1.52(7) 3.51(6) 1.88(4) 3.54(5) 

Cvi-0 5.89(2) 4.27(4) 1.87(3) 0.64(4) 1.29(2) 0.63(4) 1.58(2) 1.6(3) 2.22(2) 

Ws-2 7.86(7) 6.18(10) 6.16(8) 0.97(8) 4.48(9) 1.63(9) 5.47(10) 3.37(9) 4.52(10) 

Nd-0 8.24(8) 4.85(7) 6.59(9) 0.82(6) 3.65(6) 1.5(6) 5.09(9) 2.42(6) 4.14(8) 

 Mean 7.21 4.64 4.77 0.8 3.1 1.13 3.24 2.42   

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.2249 v.r. = 136.6 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.2012 v.r. = 846.82 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.6362 v.r. = 14.61 

 

Table 6.6 Experiment 2: Lesion diameter (mm) of 10 ecotypes at 48 hpi. Lesion 

diameters are ranked from the smallest to largest as indicated in parentheses. 

Ecotype 
Isolate Mean 

Cabbage Carrot MBRS1 MBRS2 UWA7S1 UWA8S1 WW3 WW4  

Ws-1 15.24(3) 10.94(7) 10.68(6) 4.85(6) 4.74(7) 3.56(10) 11.74(9) 3.79(8) 8.19(7) 

Er-0 15.35(4) 8.93(1) 5.37(2) 1.46(1) 3.69(3) 1.27(1) 9.52(1) 1.43(1) 5.36(1) 

Oy-0 15.06(2) 9.58(3) 5.25(1) 1.56(2) 4.01(4) 1.33(2) 10.51(4) 4.28(10) 6.45(2) 

Bur-0 16.14(8) 9.18(2) 10.76(7) 1.79(3) 3.68(2) 1.68(4) 10.14(2) 1.89(2) 6.90(4) 

Tsu-1 15.75(6) 10.86(6) 9.67(5) 4.93(7) 4.2(5) 3.23(8) 10.55(5) 3.53(6) 7.84(6) 

Sha 16.39(9) 11.76(9) 12.1(8) 5.78(9) 5.33(9) 3.35(9) 11.75(10) 3.6(7) 8.76(9) 

Rld-1 15.88(7) 10.83(5) 8.9(4) 5.02(8) 4.34(6) 2.32(5) 10.83(6) 2.88(4) 7.63(5) 

Cvi-0 14.69(1) 10.53(4) 7.58(3) 1.8(4) 3.6(1) 1.37(3) 10.35(3) 2.14(3) 6.51(3) 

Ws-2 16.99(10) 13.14(10) 13.18(10) 6.52(10) 5.83(10) 3.14(7) 11.64(8) 3.81(9) 9.28(10) 

Nd-0 15.48(5) 11.04(8) 12.72(9) 4.32(5) 5.23(8) 2.75(6) 11.15(7) 3.36(5) 8.26(8) 

Mean 15.70 10.68 9.62 3.80 4.46 2.40 10.96 3.07   

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.2318 v.r. = 76.13 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.2073 v.r. = 4159.07 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.6557 v.r. = 18.18 
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Table 6.7 Experiment 3: Lesion diameter (mm) of 8 ecotypes at 36 hpi. Lesion 

diameters are ranked from the smallest to largest as indicated in parentheses. 

Ecotype 
Isolate Mean 

Cabbage MBRS1 MBRS2 UWA7S1 UWA8S1 WW3 WW4  

Bay-0 5.07(8) 2.41(6) 1.79(8) NL(1) 1.57(5) 3.29(4) 1.78(7) 2.27(8) 

Be-0 3.19(4) 1.85(2) 0.81(4) 1.81(8) 1.64(8) 3.47(6) 1.45(4) 2.03(5) 

Col-0 1.67(2) 2.09(5) 1.04(5) 0.60(4)  1.08(4) 3.17(2) 1.01(2) 1.52(2) 

Col-4 3.32(5) 2.86(7) 1.20(7) 0.49(3) 1.04(3) 3.79(8) 1.61(8) 2.04(6) 

Ct-1 3.84(7) 2.02(4) 1.13(6) 1.74(7) 1.58(7) 3.50(7) 1.57(6) 2.20(7) 

Er-0 1.17(1) 0.44(1) 0.26(3) NL(1) 0.38(1) 1.36(1) 1.12(1) 0.78(1) 

Jea 3.74(6) 1.93(3) NL(1) 1.28(6) 0.40(2) 3.19(3) 1.31(2) 1.69(3) 

Ri-0 2.83(3) 3.08(8) NL(1) 0.85(5) 1.5(6) 3.42(5) 1.38(5) 1.87(4) 

Mean 3.1 2.08 0.78 0.85 1.15 3.15 1.40   

 

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.194 v.r. = 55.66 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.182 v.r. = 217.74 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.514 v.r. = 11.16 

 

 

Table 6.8 Experiment 3: Lesion diameter (mm) of eight ecotypes at 48 hpi. Lesion 

diameters are ranked from the smallest to largest as indicated in parentheses. 

Ecotype 
Isolate Mean 

Cabbage MBRS1 MBRS2 UWA7S1 UWA8S1 WW3 WW4  

Bay-0 8.19(6) 3.52(5) 4.27(7) 1.55(2) 2.63(5) 7.72(8) 3.19(8) 4.44(8) 

Be-0 7.95(4) 2.35(2) 3.56(4) 4.27(8) 2.48(3) 6.10(5) 1.50(2) 4.03(3) 

Col-0 6.56(1) 6.04(8) 2.88(3) 2.29(5) 2.54(4) 7.12(7) 1.58(3) 4.14(4) 

Col-4 7.59(3) 4.04(6) 4.70(8) 3.23(7) 3.51(8) 5,31(2) 2.41(7) 4.40(7) 

Ct-1 8.63(8) 2.95(4) 3.68(5) 2.68(6) 3.17(7) 6.44(6) 2.36(6) 4.27(6) 

Er-0 6.97(2) 1.34(1) 2.16(1) 1.41(1) 1.06(1) 5.15(1) 1.68(4) 2.82(1) 

Jea 7.98(5) 2.52(3) 2.25(2) 1.82(4) 1.56(2) 5,85(3) 1.46(1) 3.35(2) 

Ri-0 8.39(7) 4.32(7) 4.06(6) 1.80(3) 2.84(6) 6.04(4) 1.70(5) 4.16(5) 

Mean 7.78 2.98 3.45 2.38 2.47 7.66 2.26   

 

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.232 v.r. = 45.02 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.217 v.r. = 798.61 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.613 v.r. =13.6 
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6.3.1.2 Lesion incidence 

 

The analysis of variance of lesion incidence show similar trend to lesion 

diameter (Tables 6.9–6.14). At 36 and 48 hpi, there were significant differences in 

disease incidence for host ecotype (P ≤ 0.001) across the tested isolates and isolates (P 

≤ 0.001) challenged on the host ecotypes. Significant isolate x ecotype interactions (P ≤ 

0.001) were also observed. At 24 hpi very few lesions were observed and there were no 

significant differences found for ecotype, isolate or isolate ecotype interaction (data not 

shown). 

 

Table 6.9 Experiment 1: Lesion incidence of 17 ecotypes at 36 hpi. Lesion incidences 

are ranked from the lowest to highest as indicated in parentheses. 

Ecotype 
Isolate Mean 

Cabbage Carrot MBRS1 MBRS2 UWA7s1 UWA8s1 WW3 WW4  

Bur-0 1 1 0.29(1) 0.06(2) 0.04(4) 0.25(1) 0.8(3) 0.74(9) 0.52(2) 

Bay-0 1 1 0.82(8) 0.69(15) 0.25(12) 0.65(16) 1 0.94(13) 0.79(14) 

Be-0 1 1 1 0.5(8) 0.66(17) 0.67(17) 1 0.5(4) 0.79(14) 

Col-0 1 1 1 0.55(11) 0.15(8) 0.42(8) 0.98(8) 0.48(2) 0.7(7) 

Col-4 1 1 1 0.22(6) 0.12(7) 0.58(12) 1 0.49(3) 0.68(6) 

Ct-1 1 1 1 0.53(10) 0.31(16) 0.38(4) 1 0.81(10) 0.75(12) 

Cvi-0 1 1 0.47(4) 0.06(2) 0.01(2) 0.36(3) 0.9(4) 0.67(8) 0.56(4) 

Er-0 1 0.95(1) 0.31(2) 0.03(1) 0.02(3) 0.31(2) 0.77(2) 0.34(1) 0.46(1) 

Jea 1 1 1 0.16(5) 0.28(14) 0.39(5) 0.97(7) 0.5(4) 0.66(5) 

Nd-0 1 1 1 0.41(7) 0.16(10) 0.39(5) 1 0.94(13) 0.74(10) 

Oy-0 1 0.98(2) 0.38(3) 0.06(2) 0(1) 0.39(5) 0.92(5) 0.58(6) 0.54(3) 

Ri-0 1 1 1 0.62(13) 0.15(8) 0.46(10) 0.95(6) 0.61(7) 0.72(9) 

Rld-1 1 1 0.75(5) 0.51(9) 0.2(11) 0.52(11) 1 0.91(11) 0.74(10) 

Sha 1 1 1 0.8(17) 0.3(15) 0.59(13) 0.98(8) 1 0.83(17) 

Tsu-1 1 0.98(2) 0.78(7) 0.6(12) 0.09(5) 0.59(13) 0.7(1) 0.91(11) 0.7(7) 

Ws-1 1 1 0.76(6) 0.63(14) 0.27(13) 0.45(9) 0.99(10) 0.98(15) 0.76(13) 

Ws-2 1 1 1 0.77(16) 0.1(6) 0.59(13) 1 1 0.81(16) 

Mean 1 0.99 0.8 0.42 0.18 0.47 0.94 0.73   

 

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.048 v.r. = 39.72 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.033 v.r. = 655.02 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.136 v.r. = 8.85 
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Compared to the lesion diameter VRs, the VR of lesion incidence for ecotype, 

isolate and ecotype x isolate was much lower. This suggests that lesion incidence 

generates less significance for each factor’s variation than lesion diameters do. At 36 

hpi, lesion incidence VRs for isolates, ecotypes and isolate x ecotypes were higher than at 

48 hpi, indicating that 36 hpi was a more ideal timing for assessment of lesion incidence 

than 48 hpi. 

 

Table 6.10 Experiment 1: Lesion incidence of 17 ecotypes at 48hpi. Lesion incidences 

are ranked from the lowest to highest as indicated in parentheses. 

Ecotype 

Isolate Mean 

 
Cabbage  Carrot 

 
MBRS1 

 
MBRS2 

 
UWA7s1 

 
UWA8s1  WW3 WW4  

Bur-0 1 1 0.85(3) 0.87(4) 0.52(6) 0.69(1) 1 0.96(6) 0.86(2) 

Bay-0 1 1 1 0.92(6) 0.75(9) 1 1 1 0.96(12) 

Be-0 1 1 1 0.97(11) 1 0.98(8) 1 0.97(7) 0.99(15) 

Col-0 1 1 1 1 0.94(14) 0.95(6) 1 0.7(2) 0.95(11) 

Col-4 1 1 1 1 0.94(14) 1 1 1 0.99(15) 

Ct-0 1 1 1 1 0.96(16) 1 1 0.98(8) 0.99(15) 

Cvi-0 1 1 1 0.72(1) 0.49(4) 0.94(5) 1 0.9(5) 0.88(4) 

Er-0 1 1 0.79(1) 0.76(2) 0.51(5) 0.77(2) 1 0.63(1) 0.81(1) 

Jea 1 1 1 0.81(3) 0.84(12) 0.81(3) 1 0.83(4) 0.91(5) 

Nd-0 1 1 1 1 0.82(11) 1 1 1 0.98(14) 

Oy-0 1 1 0.84(2) 0.87(4) 0.45(2) 0.83(4) 1 1 0.87(3) 

Ri-0 1 1 1 1 0.8(10) 0.97(7) 1 0.77(3) 0.94(8) 

Rld-1 1 1 1 0.92(6) 0.58(7) 0.99(9) 1 1 0.94(8) 

Sha 1 1 1 0.94(8) 0.84(12) 1 1 1 0.97(13) 

Tsu-1 1 1 1 0.94(8) 0.58(7) 1 1 0.98(8) 0.94(8) 

Ws-1 1 1 1 0.95(10) 0.48(3) 1 1 1 0.93(6) 

Ws-2 1 1 1 0.99(12) 0.42(1) 1 1 1 0.93(6) 

Mean 1 1 0.97 0.92 0.7 0.94 1 0.93   

 

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.031 v.r. = 21.37 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.021 v.r. = 167.49 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.087 v.r. = 8.19 
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Table 6.11 Experiment 2: Lesion incidence of 10 ecotypes at 36hpi. Lesion incidences 

are ranked from the lowest to highest as indicated in parentheses. 

Ecotype 

Isolate 

Mean  
Cabbage 

 
Carrot MBRS1 

 
MBRS2  UWA7s1  UWA8s1 

 
WW3  WW4 

Bur-0 1 1 0.25(1) 0.04(2) 0(1) 0.29(3) 0.82(3) 0.75(4) 0.52(2) 

Cvi-0 1 1 0.53(4) 0.04(2) 0(1) 0.28(1) 0.95(5) 0.6(2) 0.55(4) 

Er-0 1 0.93(1) 0.35(2) 0.02(1) 0(1) 0.3(4) 0.7(1) 0.36(1) 0.46(1) 

Nd-0 1 1 1 0.36(5) 0.16(6) 0.53(6) 1 0.99(7) 0.76(6) 

Oy-0 1 0.98(2) 0.39(3) 0.08(4) 0(1) 0.28(1) 0.91(4) 0.63(3) 0.53(3) 

Rld-1 1 1 0.77(6) 0.57(6) 0.3(8) 0.59(8) 1 0.95(5) 0.77(8) 

Sha 1 1 1 0.88(9) 0.55(10) 0.63(9) 0.95(5) 1 0.88(10) 

Tsu-1 1 1 0.83(7) 0.7(8) 0.09(5) 0.54(7) 0.7(1) 0.98(6) 0.73(6) 

Ws-1 1 1 0.74(5) 0.65(7) 0.34(9) 0.37(5) 0.96(7) 1 0.76(6) 

Ws-2 1 1 1 0.91(10) 0.21(7) 0.63(9) 1 1 0.84(9) 

Mean 1 0.99 0.68 0.42 0.16 0.44 0.9 0.82   

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.042 v.r. = 19.37 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.04 v.r. = 125.68 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.12 v.r. = 9.54 

 

Table 6.12 Experiment 2: Lesion incidence of 10 ecotypes at 48 hpi. Lesion incidences 

are ranked from the lowest to highest as indicated in parentheses. 

Ecotype 
Isolate 

Mean 
Cabbage Carrot MBRS1 MBRS2 UWA7S1 UWA8S1 WW3 WW4 

B0r-0 1 1 1 0.62(3) 0.5(3) 0.74(1) 1 0.96(3) 0.85(2) 

Cvi-0 1 1 1 0.86(5) 0.5(3) 0.89(4) 1 0.86(2) 0.89(4) 

Er-0 1 1 0.86(2) 0.59(1) 0.46(2) 0.83(2) 1 0.69(1) 0.8(1) 

Nd-0 1 1 1 0.88(6) 0.67(9) 1 1 1 0.94(8) 

Oy-0 1 1 0.84(1) 0.61(2) 0.51(6) 0.88(3) 1 1 0.86(3) 

Rld-1 1 1 1 0.68(4) 0.5(3) 1 1 0.96(3) 0.89(4) 

Sha 1 1 1 1 0.91(10) 1 1 1 0.99(10) 

Tsu-1 1 1 1 0.91(7) 0.6(8) 1 1 0.96(3) 0.93(7) 

Ws-1 1 1 1 0.99(8) 0.55(7) 1 1 1 0.94(8) 

Ws-2 1 1 1 1 0.35(1) 1 1 1 0.92(6) 

Mean 1 1 0.97 0.81 0.56 0.93 1 0.94   

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.03 v.r. = 17.93 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.027 v.r. = 118.24 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.084 v.r. = 8.47 
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Table 6.13 Experiment 3: Lesion incidence of eight ecotypes at 36 hpi. Lesion 

incidences are ranked from the lowest to highest as indicated in parentheses. 

Ecotypes 
Isolate 

Mean 
Cabbage MBRS1 MBRS2 UWA7S1 UWA8S1 WW 3 WW4 

Bay-0 1 0.53(6) 0.69(8) 0(1) 0.65(7) 1 0.96(8) 0.97(8) 

Be-0 0.81(1) 0.13(2) 0.49(5) 0.74(8) 0.67(8) 1 0.5(4) 0.91(7) 

Col-0 0.95(4) 0.38(4) 0.54(7) 0.15(5) 0.42(4) 0.97(4) 0.48(2) 0.56(5) 

Col-4 0.95(4) 0.46(5) 0.22(4) 0.12(3) 0.57(6) 0.84(2) 0.49(3) 0.52(3) 

Ct-1 1 0.67(8) 0.53(6) 0.46(7) 0.38(2) 1 0.81(7) 0.69(6) 

Er-0 0.92(3) 0.03(1) 0.03(3) 0(1) 0.31(1) 0.5(1) 0.34(1) 0.3(1) 

Jea 1 0.36(3) 0(1) 0.13(4) 0.38(2) 0.97(4) 0.5(4) 0.48(2) 

Ri-0 0.86(2) 0.58(7) 0(1) 0.15(5) 0.46(5) 0.94(3) 0.61(6) 0.52(3) 

Mean 1.19 0.39 0.31 0.22 0.48 0.9 0.84   

 

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.04 v.r. =12.51 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.037 v.r. = 72 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.105 v.r. = 12.4 

 

Table 6.14 Experiment 3: Lesion incidence of eight ecotypes at 48 hpi. Lesion 

incidences are ranked from the lowest to highest as indicated in parentheses. 

Ecotypes 
Isolate 

Mean 
Cabbage MBRS1 MBRS2 UWA7S1 UWA8S1 WW 3 WW4 

Bay-0 1 0.84(7) 0.92(3) 0.81(2) 1 1 1 0.94(6) 

Be-0 1 0.21(1) 0.97(4) 1 0.98(5) 1 0.97(5) 0.88(2) 

Col-0 1 0.67(3) 1 0.95(5) 0.95(3) 1 0.7(2) 0.9(4) 

Col-4 1 0.81(5) 1 0.94(4) 1 1 1 0.96(7) 

Ct-1 1 0.76(4) 1 0.96(6) 1 1 0.98(6) 0.96(7) 

Er-0 1 0.21(1) 0.77(1) 0.96(6) 0.77(1) 1 0.63(1) 0.76(1) 

Jea 1 0.83(6) 0.81(2) 0.84(3) 0.81(2) 1 0.83(4) 0.88(2) 

Ri-0 1 0.92(8) 1 0.8(1) 0.97(4) 1 0.77(3) 0.92(5) 

Mean 1 0.66 0.93 0.91 0.94 1 0.86   

 

Significance of ecotypes P<0.001; l.s.d. (P≤0.05) = 0.035 v.r. = 27.59 

Significance of isolates P<0.001; l.s.d. (P≤0.05) = 0.032 v.r. = 102.65 

Significance of ecotypes × isolates P<0.001; l.s.d. (P≤0.05) = 0.091 v.r. = 15.08 
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6.3.2 Expression of relative resistance in test ecotypes in relation to lesion diameter 

 

There was a wide range of responses in 17 ecotypes to S. sclerotiorum infection 

from extreme susceptibility to different levels of partial relative resistance. At 48 hpi, 

lesions ranged from 1 mm diameter on the most relatively resistant genotypes to lesions 

that spanned the width of the cotyledon (≥ 19 mm) on the most susceptible genotypes. In 

all three experiments, at both 36 and 48 hpi, Er-0 was the most relatively resistant to 

infection and Sha and WS-2 were susceptible to almost all S. sclerotiorum isolates 

tested. Col-0 was found to be both highly relative resistant to isolate Carrot and highly 

susceptible to isolate MBRS1. Some ecotypes were highly relatively resistant to some 

isolates but not others. For example, ecotypes can be with best relative resistance 

against some isolates such as ecotype Col-0 to isolates Carrot, Cabbage and UWA7s1; 

Ct-1 to isolate WW3; Cvi-0 to isolates MBRS2 and Cabbage; Oy-0 to isolates MBRS1, 

Cabbage, and UWA8S1. Generally, less relatively resistant ecotypes were highly 

variable in their responses to different isolates such as Ri-0, Nd-0 and Rld-1.  

At 36 hpi (Figure 6.1, Table 6.3, Table 6.5, Table 6.7), the trend was similar to 

at 48 hpi. Detached leaf inoculation generated larger lesions than attached leaf 

inoculation (Figure 6.1 A and F; B and E). Detached leaf inoculations also generated 

lesions on the leaf margin that developed inward (Figure 6.1C). 
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Figure 6.1 Ecotypes of Arabidopsis thaliana inoculated with Sclerotinia sclerotiorum 

isolate MBRS1 at 36 hpi. A: detached leaf inoculation of Er-0; B: detached leaf 

inoculation of Ws-2; C: detached leaf inoculation of Bar-0. lesions were not developed 

from inoculation drop but developed inward from leaf edge, this situation had not 

appeared in whole plant inoculation; D: soil grown plant inoculation for Jea; E: soil 

grown plant inoculation for Ws-2; F) MS agar jar grown plant inoculation for Er-0; G: 

MS agar jar grown plant inoculation for Oy-0; H: MS agar jar grown plant inoculation 

Col-0. 

 

6.3.3 Variation in pathogen virulence in relation to lesion diameter 

 

There were significant differences in virulence among isolates. There were 

significant ecotype x isolate interactions and specific ecotypes were highly susceptible to 

specific isolates (Tables 6.3-6.14).  

Isolate Cabbage was always the most virulent isolate. Isolates MBRS1, Carrot and 

WW3 were also consistently virulent, but with slightly lower levels of virulence than 

isolate Cabbage by statistical analysis and visual evaluation. Their order of descending 

virulence level was MBRS1 > Carrot > WW3. Isolates WW4, MBRS2, UWA7S1, and 

UWA8S1 demonstrated more similar virulence. There were some inconsistencies. For 

instance, in experiment 3, isolate WW3 showed very high virulence and had the highest 

virulence of the isolates at 36 hpi. Similarly in experiment 1, isolate MBRS2 ranked fifth 
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in relation to mean lesion diameter at 48 hpi but it ranked eighth in experiment 2 at 36 hpi. 

Isolate UWA8S1 was usually the least virulent (except in experiment 2 at 36 hpi where it 

was the second least virulent isolate after MBRS2; experiment 3 at 48 hpi where it was 

the third least virulent isolate after UWA7S1 and WW4 and experiment 3 at 36 hpi where 

it was the third least virulent isolate after UWA7S1 and MBRS2), across the three 

experiments at 36 and 48 hpi.  

Some isolates can lead the ecotypes to expose larger range of difference. For 

example, in experiment 1 at 48 hpi, inoculation of isolates Cabbage, Carrot and 

UWA8S1 resulted in consistent lesion diameters within the ranges of 16.5 mm to 19.15 

mm, 9.37 mm to 12.56 mm, and 1.08 mm to 3.8 mm, respectively. In contrast, isolate 

MBRS1 induced a larger range of lesion sizes, from 4.64 mm to 12.61 mm. Time of 

disease development was sometimes variable between isolates. For example, of the data 

in experiment 1, isolate WW3 at 36 hpi resembles isolate WW4 at 48 hpi. Mean lesion 

size for isolate Cabbage at 36 hpi is 7.41 mm, much higher for the mean lesion size for 

isolate WW4 even at 48 hpi, of 2.80 mm. Isolate WW4’s mean lesion size (2.08 to 2.80 

mm) was quite consistent from 36 to 48 hpi. 

 

6.3.4 Host pathogen interactions and lesion diameter 

 

Two-way ANOVA showed there were significant host-pathogen interactions and 

these interactions become most pronounced at 48 hpi in terms of lesion diameter (Figure 

6.2). Lesion diameters were ranked from 0-8. Figure 6.2 shows the relatively resistance 

of most ecotypes are isolate dependent and determined by isolate. Most isolates for Er-0 

clustered within the 0-4 rank, whereas for Bay the isolates were scattered from 0-8. 

Isolate MBRS1 had the biggest range (2-8), and isolate UWA8S1 had the smallest range 

(0-2).  
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Figure 6.2 Host-pathogen interactions at 48 hpi in experiment 1 (s.e.d: standard error 
deviation) 
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6.3.5 Lesion incidence for ecotype relatively resistance and isolate variation  

 

Correlated with lesion diameter, ecotype Er-0 again showed the greatest relative 

resistance of all S. sclerotiorum isolates in terms of lesion incidence (Tables 6.10–6. 

15). Bur-0 shared consistently the second lowest incidence among all ecotypes. Like its 

very variable performance in lesion diameter bioassay, Col-0 was very variable with 

regard to disease incidence rank in response to different isolates. For example, for 

isolate WW4, Col-0 ranked the second lowest whereas for isolate UWA7S1 it ranked 

14th for disease incidence in experiment 1 at 36 hpi. Ecotype Be-0, Ws-1, Ws-2 also had 

similar levels of variance as Col-0. Isolate Cabbage was overall the most virulent isolate 

in terms of lesion incidence. However, lesion incidence is not able to differentiate 

ecotypes using isolate Cabbage, as at 36 hpi all inoculation sites infected with this 

isolate had lesions. At 48 hpi, lesion incidences reached 1 for all ecotypes in response to 

isolates Cabbage, Carrot and WW3. 

 

6.3.6 Correlation of genotype responses across experiments 

 

Correlation of the responses of ecotypes between experiments showed that there 

were significant positive correlations of lesion diameter in experiment 1 and experiment 

2 at same time post inoculation for repeat mean values (mean of 12 measurements for 

each repeat) for 10 genotypes to eight S. sclerotiorum isolates in terms of leaf lesion 

diameter at 48 hpi (r = 0.925, P <0.001, n= 320, Figure 6.3) and 36 hpi (r = 0.976, P 

<0.001, n= 320, Figure 6.4); Similarly, there were also significant positive correlations 

of lesion diameter between experiment 1 and experiment 3 for repeat mean values for 

eight genotypes to seven S. sclerotiroum isolates at 48 hpi (r= 0.827, P <0.001, n= 216, 

Figure 6.5) and 36 hpi (r= 0.717, P <0.001, n= 216, Figure 6.6); Significant positive 

correlation was manifested in experiment 1 (r= 0.747, P <0.001, n= 136, Figure 6.7) 

between lesion incidence and lesion diameter for 17 ecotypes to eight S. sclerotiorum 

isolates. There was no significant correlation of lesion incidence and lesion diameter at 

48 hpi for all three experiments (Figure not shown); Significant positive correlation (r= 

0.837, P <0.001, n= 80, Figure 6.9) was shown for lesion incidence for experiment 1 

and 2 at 48hpi of 10 gentoypes to 8 S. sclerotiorum isolates. There was also significant 
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positive correlation for incidence for experiment 1 and experiment 2 at 36 hpi and for 

incidence for experiment 1 and experiment 3 at 48 hpi and 36 hpi (data not shown). 

 

 

Figure 6.3 Correlation of lesion diameter at 36hpi for experiments 1 and 2 

 

 

 

Figure 6.4 Correlation of lesion diameter at 48 hpi for experiments1 and 2 
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Figure 6.5 Correlation of lesion diameter at 36 hpi for experiments 1 and 3 

 

 

 

 

Figure 6.6 Correlation of lesion diameter at 48 hpi for experiment 1 and 3 
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Figure 6.7 Correlation in experiment 1 between lesion incidence and lesion diameter at 
36 hpi 

 

 

Figure 6.8 Correlation for incidence at 48 hpi for experiments 1 and 2 

 

6.4 Discussion 

 

At 36 and 48 hpi of the Arabidopsis ecotypes with various S. sclerotiorum 

isolates, significant differences were observed in the ecotype host responses, isolate 

pathogenicity and host-pathogen interaction (Figure 6.2). These differences were 

observed consistently in all three experiments for both lesion diameter and incidence. 

While it has been suggested that the extreme susceptibility of Arabidopsis to S. 

sclerotiorum may prevent the molecular characterization of this interaction (Perchepied 
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et al., 2010), this study clearly shows Arabidopsis ecotypes vary in the degree of their 

relative resistance to this pathogen. Therefore the ecotypes showing consistent level of 

relative resistance to many different S. sclerotiorum isolates may provide a model for 

future molecular characterization of this pathosystem. The finding that ecotypes 

showing an intermediary response to infection or variable responses to different isolates 

suggest there may be different levels of quantitative resistance in Arabidopsis to S. 

sclerotiorum, as already found in crops.  

In this study, some Arabidopsis ecotypes, Sha, Bay-0, Ws-1 and Ws-2, were 

shown to be highly susceptible to all eight S. sclerotiorum isolates tested. Some 

ecotypes, Er-0, Jea and Cvi-0, showed consistent level of relatively resistance. Of these 

three relatively resistant ectoypes, Er-0 showed the highest level of relatively resistance. 

Perchepied et al. (2010) studied the response of ecotypes to infection of S. sclerotiorum 

infection. They also found ecotypes Sha and Bay-0 were highly susceptible to S. 

sclerotiorum infection. Their study also showed ecotypes with very different responses 

than those observed in this study. Most notably, Jea and Cvi-0 were susceptible to S. 

sclerotiorum. While there were some differences in the experimental techniques used in 

this study in comparison to Perchepied et al. (2010), the minor differences in bioassay 

methods, inoculations and assessment techniques are unlikely to have made major 

contribution to the contradictory findings between these studies. The most likely reason 

for these contradictory findings is the different strains of S. sclerotiorum used. In 

Perchepied et al. (2010) only one isolate was tested, whereas in this study eight isolates 

were tested.  

Ecotypes that are consistently relatively resistant to a range of S. sclerotiorum 

pathotypes/isolates may be useful as disease screening standards or for QTL mapping. 

Such ecotypes make good standards, as they can be utilised across different climatic 

conditions national and international geographic locations (Ge et al., 2012). However, 

in this study, while some Arabidopsis ecotypes showed consistent host responses 

irrespective of the S. sclerotiorum isolate used for inoculation, others were highly 

variable in their responses to different isolates. In particular, Er-0, Ws-1, Ws-2 and Sha 

show constant response to all isolates, and Col-0, Nd-0 and Oy-0 ranged in their 

responses from relatively resistant to highly susceptible, depending upon the isolate 

being tested. This suggests the currently available RIL populations which are crossed 

with ecotypes shown to be variable in this study, such as Oy-0 x Col-0, Col-0 x Sha, 

(http://dbsgap.versailles.inra.fr/vnat/Fichier_collection/Rech_rils_pop.php?code=0) may 
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not be suitable for S. sclerotiorum screening programme or S. sclerotiorum resistance 

QTLs mapping.  

The differential responses of ecotypes to various isolates also suggest the 

relative resistance of Arabidopsis to S. sclerotiorum may involve multiple genes. If 

relative resistance is polygenic, there may be numerous small-effect QTLs. However, 

the results of this study suggest that RIL lines such as Bay-0 x Sha, may not be suitable 

for the identification of S. sclerotiorum relatively resistance QTLs. Bay-0 x Sha is one 

of the largest and most commonly used A. thaliana mapping populations (Loudet et al., 

2002). This RIL population is often used to increase the statistical power of studies that 

aim to analyze and identify quantitative relatively resistance shaping a complex 

plant/necrotroph interaction. Partial genomic sequences from the Bay-0 and Sha lines 

have been published and predicted to aid the future identification of candidate 

polymorphisms linked to resistance (Clark et al., 2007). In this study, Bay-0 and Sha 

were extremely susceptible to almost all the tested S. sclerotiorum isolates tested, 

suggesting these lines and their progeny may not be useful for these QTLs studies of S. 

sclerotiorum infection in this plant model.  

If this bioassay is to be used for large scale screening of Arabidopsis relatively 

resistance, consideration should be given to the inoculation method. Many previous 

studies used detached leaf bioassays for the Arabidopsis – S. sclerotiorum pathosystem 

(Wang et al., 2009), and other pathosystems involving Arabidopsis or S. sclerotiorum 

(Mullins et al., 1999; Volko et al., 1998). In this study, inoculation of a detached leaf 

resulted in larger lesions than inoculation of an attached leaf (Figure 6.1). This could be 

because the detached leaf is separated from the plants defense system of the whole 

plant, and is therefore more susceptible to infection (Pratt 1996). The accuracy of the 

lesion diameter measurement may also be lower for the detached leaf than the attached 

leaf because of the inoculation conditions. The detached leaves were in contact with wet 

filter paper which may have promoted the formation of additional lesions at the 

perimeter of the leaves either by spread of S. sclerotiorum through the filter paper or 

wounds at the margin of detached leaves (Figure 6.1 C). Irrespective of the reasons why 

this result was obtained, detached leaf inoculation and assessment is more time 

consuming than whole plant inoculation and is therefore not suitable for large-scale, 

high-throughput screening. 

Previous researchers have called for the development of a reliable, convenient, 

and rapid plant leaf screening bioassay for the Arabidopsis - S. sclerotiorum 
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pathosystem (Dickman and Mitra, 1992). To my knowledge, this is the first bioassay to 

use multiple S. sclerotiorum isolates to differentiate Arabidopsis ecotypes on the basis 

of small differences in relatively resistance. This suggests that the inoculation and 

bioassay technique developed in this study, which uses multiple pathotypes of S. 

sclerotiorum, could be used for future Arabidopsis relatively resistance selection and 

screening programmes. The choice of S. scleroiorum isolates used in this bioassay will 

influence the sensitivity of the assay and the ability to identify differences in the level of 

A. thaliana relatively resistance. In this study particular isolates elicited a wide range of 

relatively resistant responses in the Arabidopsis ecotypes. For example, MBRS1 

inoculation resulted in lesions ranging from 4 mm in Oy-0 to 12 mm in Col-0. Other 

isolate such as cabbage were only able to generate lesions between 16 mm to 19 mm. 

Isolates such as MBRS1 may be useful pathogen isolates for screening for the full range 

of Arabidopsis responses to infection. Whereas other isolates, such as cabbage, which 

had a narrower range of responses, may be limited in their ability to fully assess and 

screen relatively resistant. 

If used as a screening tool, the assay developed in this study should be 

undertaken at 36–48 hpi. While there was a significant correlation between lesion 

incidence and lesion diameter at 36 hpi (Figure 6.8), there was no significant correlation 

at either 24 hpi or 48 hpi: 24 hpi appears to be too early to carry out lesion diameter and 

incidence assessment. At this time point, both were highly variable and therefore the 24 

hpi data is not shown. In contrast, the 36 hpi and 48 hpi time points were effective for 

measuring pathogen interactions and differentiating levels of host relatively resistance. 

The 36 hpi time point was better for assessing lesion incidence because by 48 hpi the 

lesion incidence had reached 1.00 for many of the ecotypes. The 48 hpi was better 

assessing lesion diameter because the VR was higher and the difference in lesion 

diameter between isolates was greatest. 

This study shows that, for future large scale screening programme, lesion 

incidence assessment is a reliable and simple method that can easily identify the relative 

resistant lines such as ecotype Er-0. However, not all S. sclerotiorum isolates are 

suitable to apply lesion incidence assessment. For example, isolates Cabbage and Carrot 

reach 1 for all and most Arabidopsis ecotypes even at 36 hpi. To fully assess the range 

of relative resistant responses, lesion diameter assessment should be applied as this 

assessment would be better as it more accurately differentiates levels of relatively 

resistance.  



119 
 

A new approach for screening S. sclerotiorum relative resistance in A. thaliana 

ecotypes is described here. Previous methods for screening mutant lines of A. thaliana 

such as those generated ethyl methanesulfonate (EMS), and lines from activation-tagged 

libraries, were based on detached leaves. Detached-leaf screening was previously used 

because it was presumed if whole plants were inoculated they would die, and seed could 

not be obtained from them for subsequent experiments (Chen et al., 2008, Wang et al., 

2009). This study showed that this is not always the case, as some lines were partially 

relatively resistant to some S. sclerotiorum isolates; whole plant inoculation caused less 

damage than expected. Certain ecotypes, such as Er-0, were also eventually easily 

rescued, when challenged to these S. sclerotiorum isolates. In future, screening of 

mutant Arabidopsis lines could be undertaken using mildly virulent isolates such as 

MBRS1. Using the bioassay described here on whole plants, relative resistant 

Arabidopsis mutant lines may identified and seed obtained from them. Further tests 

could then be carried out to determine if relatively resistance is isolate-independent, and 

other characteristics of the interaction. For these reasons, this approach of selecting the 

best relatively resistant candidate lines may also be an efficient way to identify and 

characterise QTLs, because QTLs may behave as genes that show a dominant 

phenotype when activated (Nakazawa et al., 2003). 

This study assesses relative resistance of Arabidopsis to S. sclerotiorum 

infection from the perspective of pathotypical difference. To date, all studies of the 

Arabidopsis - S. sclerotiorum pathosystem have been focused on variation in the host 

response, from the identification of different Arabidopsis ecotypes susceptibilities to 

this fungus (Boccongelli et al. 2003a), to the first use of functional genomics approach 

and isolation of enhanced S. sclerotiorum relatively resistant mutant from 12000 

activation-tagged lines of Arabidopsis (Boccongelli et al., 2003b). The gene-for-gene 

relationship provides foundation for cloning pathogen avirulent (avr) genes and plant 

relatively resistance genes (Flor, 1971). Despite numerous screening studies, no 

resistant (R) and avr genes have been identified in the S. sclerotiorum pathosystem 

(Wang et al., 2009), instead, only QTLs for complicated relatively resistance were 

identified in the host (Bert et al., 2004; Miklas et al., 2003; Zhao and Meng, 2003). The 

reason why this study’s focus was on the variation from pathogen was first inspired by 

the discordance of this pathosystem to a gene-for-gene relationship. The outcome of this 

study suggests the genetic structures of pathogen virulence are also complicated, like its 

host counterpart.  
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This study reportsa set of S. sclerotiorum differential pathotypes that may be 

used to assess Arabidopsis relative resistance to S. sclerotiorum infection, from 

extremely susceptible through to relatively resistant, including assessment of small 

differences in partial relatively resistance. The set facilitates capacity to select consistent 

relatively resistance host such as Er-0, for future studied as well as possible RIL lines 

using Er-0 as the S. sclerotiorum-relatively resistant parent and Bay-0 or Sha as the 

susceptible parent. 
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Chapter 7 

Host tissue responses of three B. juncea genotypes to S. 
sclerotiorum infection 

 

7.1 Introduction 

 

Sclerotinia Stem Rot (SSR) of oilseed rape, caused by Sclerotinia 

sclerotiorum (Lib.) de Bary, is a major disease of oilseed Brassica worldwide (Li et al., 

2008). Control of the disease by cultural and chemical practices is currently inadequate 

and the use of resistant cultivars has become the most promising strategy for SSR 

management (Li et al., 2008). While many researchers have tried to introduce resistance 

from wild relatives into cultivated crops, these attempts have been largely unsuccessful 

(Garg et al., 2010b). As the mechanisms of host resistant to SSR involve a complex 

network of factors, even a small change in one of these factors could compromise the 

existing host resistance (Godoy et al., 1990; Lumsden, 1979). Better understanding of 

the infection characteristics and pathogenicity factors of S. sclerotiorum, as well as the 

interactions between this pathogen and its host plants, is required (Dai et al., 2006). 

Comprehensive understanding of these host-pathogen interactions requires analysis of 

the resistance mechanisms at the cellular level (Garg et al., 2010b; Tariq and Jeffries, 

1986).  

A few studies have examined the interaction between the S. sclerotiorum and 

hosts at the cellular level. The infection process of the pathogen in bean and sunflower 

has been described by Jones (1976), Lumsden (1976) and Tariq and Jefferies (1986). 

These studies have confirmed that nutrient substrates, such as petals or injured host 

tissues, are required for ascospore germination and penetration of the host tissue. The 

studies have also shown that S. sclerotiorum is capable of the synthesizing extracellular 

cell wall degrading enzymes phytotoxins and oxalic acid (Huang et al., 2008).  

In Arabidopsis thaliana, the process of S. sclerotiorum infection was studied in 

mature and highly susceptible Arabidopsis accessions using a millet grain inoculation 

method (Dai et al., 2006). Investigation of the defence activation in this host showed 

that the fungus rapidly infected plants with ball- or cushion-like infection structures. 

Visible symptoms developed within 24 h of inoculation and plant death was evident in 

72 h (Dai et al., 2006). In B. napus the S. sclerotiorum infection process of S. 
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sclerotiorum was studied in cotyledons after inoculation with ascospores (Garg et al., 

2010b) and in leaves and stems after inoculation with mycelia (Huang et al., 2008). In 

the cotyledon study, light and scanning electron microscopes were used to compare two 

B. napus genotypes, one resistant and one susceptible, and found that at the cellular 

level, resistance results from retardation of pathogen development, both at the plant 

surface and within host tissues (Garg et al., 2010b). In the leaf and stem study, light and 

transmission electron microscopies were also used to examine the host-pathogen 

interaction in a susceptible B. napus cultivar. This study showed that the colonization 

profiles of S. sclerotiorum in host tissues involved disorganization of the cytoplasm and 

cell organelles, disintegration of cell walls, collapse of host cells and inter- and 

intra-cellular spreading hyphae (Huang et al., 2008).  

This is the first study to describe the infection characteristics of B. juncea - S. 

sclerotiorum pathosystem at the tissue level. Histological studies of B. juncea have been 

limited by the virulent nature of S. sclerotiorum. However, in this study this limitation 

can overcome by the use of a less pathogenic, but still infectious, pathotype of S. 

sclerotiorum (Ge et al., 2012) and the use of a method causing a consistent and 

moderate disease response (Garg et al., 2008). Prior to this study, a screening test was 

used to identify three candidate B. juncea genotypes, one with very good resistance, one 

with intermediary resistance and one with extreme susceptibility to S. sclerotiorum. 

Here these three B. juncea genotypes were tested against a less virulent, pathogenic 

pathotype of S. sclerotiorum, WW4. 

 

7.2 Materials and methods 

 

7.2.1 Plant material and growth 

 

Three genotypes of B. juncea, Amora III, JM06020 and Ringot I, were used in 

this study. Ringot I is highly resistant to S. sclerotiorum isolate WW4 (Chapter 5) and 

Amora III has been found to be highly susceptible to this isolate in a screening test (Ge. 

unpublished data). JM06020 shows intermediary resistance to this isolate, midway 

between the responses of Ringot I and Amora III (Chapter 5). All three genotypes were 

grown in 13.7 × 6.6 × 4.9 cm trays with four replications under the conditions described 

in Chapter 4. 
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7.2.2 S. sclerotiorum and inoculation 

 

A single isolate of S. sclerotiorum WW4 from Walkway WA 2004 (Chapter 3 

and Chapter 5) was used in this study. This isolate can cause some Brassica genotypes 

to express unique symptoms, such as a hypersensitive response, in contrast to most 

other S. sclerotiorum isolates, that only causes macerated lesions (Chapter 5). 

Inoculations were carried out at growth stage 1.00, on the growth scale of 

Sylvester-Bradley and Makepeace (1984). Inoculatum production, preparation, 

procedure and humidity conditions were as described in Chapter 4.2.4. 

 

7.2.3 Anatomical studies 

 

For anatomical studies, two cotyledons (one from each of two of the replicate 

plants) were sampled at 6, 12, 24 hour post inoculation (hpi). No further sectioning was 

undertaken after 24 hpi because tissue collapse was evident for Amora III and JM06020. 

No further changes was evident for Ringot I. Fresh segments (approx. 2 mm2) of 

cotyledon tissue within and outside of the periphery of the inoculum droplet area were 

prepared for glycol methacrylates (GMA) biological tissue sampling as described by 

Hua Li et al. (2004). Briefly, fresh segments were vacuum-infiltrated for 5 min and 

fixed in 2.5% glutaraldehyde in 0.05 M phosphate buffer pH 7.0 for 24 h at room 

temperature. Samples were then dehydrated and embedded in GMA (O’Brien and 

McCully, 1981). Two-micrometer thick cross sections were cut with glass knives on a 

Sorvall Microtome (PorterBlum) and stained for: a) detection of polyphenols and lignin 

using 0.5% toluidine blue O, pH 4.4; b) detection of starch using periodic Acid/Schiff’s 

(PAS) reagent; and c) detection of calcium oxalete applying the method described in 

Yasue (1969). Sections were examined and photographed using a Zeiss Axioplan 2 

microscope with bright field.  

 

 

 
 
 
 
 



124 
 

7.2.4 Light microscope studies 

 

Four cotyledons (one from each replicate plant) were sampled at 6, 12, 24, 36 

and 48 hpi. Sampled cotyledons were decolourised in an acetic acid:ethanol:water 

(2:2:1) solution at room temperature for 24 h. The cotyledons were stained with 0.05% 

Aniline blue in 0.67 M K2HPO4 (pH 9). The 36 hpi cotyledons were stained with 0.05% 

(w/v) trypan blue in lactoglycerol solution. Each of the whole, wet mounts were 

examined and photographed using a Zeiss Axioplan 2 microscope with bright field, with 

an exciter filter (G356) and a barrier filter (LP397) inserted into the beam of incident 

light coming from a mercury vapour lamp.  

The number of appresoria and infection cushions were recorded for each 

cotyledon and averaged for the four replicates. The appresoria and infection cushions 

data were analysed separately using ANOVA with Genstat 12th ed. (Genstat Prodedure. 

Library Release PL14; Lawes Agricultural Trust, Rothamsted Experimental Station, 

UK). Treatment means were compared the using least significant difference (LSD).  

 

7.3 Results 

 

7.3.1 Infection processes and symptom development 

 

7.3.1.1 At 6 hour post inoculation 

 

While signs of infection were evident on the cotyledons at 6 hpi for all three 

genotypes, the GMA sections showed differences in the responses of these genotypes to 

infection. On Amora III, hyphae appeared to be attached to the surface of the cotyledon 

and inside the epidermal cells (Figure 7.1 A), suggesting infection and tissue breakdown 

had begun. For the genotypes Ringot and JM06020, no hyphae were attached to the 

cotyledon surface and the epidermal cells were intact (Figure 7.1 B). For the latter two 

cultivars, most of the mycelia in the inoculation drop were washed away during the 

GMA treatment process.  
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At 6 hpi, analysis of the surface of the cotyledons showed elongation of the S. 

sclerotiorum hyphea inside the inoculation drop for all three cultivars. For all 

genotypes, the mycelia were interwoven and no infection cushions were observed. 

 

7.3.1.2 At 12 hour post inoculation 

 

At 12 hpi, infection clearly showed up in the GMA sections of susceptible 

Amora III and intermediary resistant JM06020. In these genotypes, S. sclerotiorum 

hyphae were observed and necrosis of the epidermal and palisade mesophyll cells was 

evident (Figure 7.1 C&D). In contrast, a hypersensitive response (HR) was observed in 

resistant Ringot I, with cytoplasmic disorganization and darkly stained area among dead 

palisade mesophyll cells (Figure 7.1 E black arrow). The epidermal cell walls of Ringot 

I were also darkly stained and thickened (Figure 7.1 E red arrow). 

Luminous substances were observed among S. sclerotiorum mycelia and on top 

of the healthy palisade mesophyll cells in susceptible Amora III under a beam of 

incident light from a mercury vapour lamp (Figure 7.1 F). Luminous substances were 

also found in intermediary resistant JM06020, although to a lesser degree than Amora 

III. No such substance was found in Ringot I applying the same photography method.  

Starch deposits were observed in all three genotypes at this time. They were 

more prevalent in Amora III than JM06020 and were lowest in Ringot I. In Amora III, 

the starch deposits were more abundant in the middle layer of the palisade mesophyll 

cells than the top layer of the palisade mesophyll cells and spongy mesophyll cells 

(Figure 7.1 G arrow). Whereas for JM06020 and Ringot I, starch deposits equally in the 

different layers of palisade mesophyll and spongy mesophyll cells.  

At 12 hpi, on the microscopy analysis of the surface of the cotyledons showed S. 

sclerotiorum mycelium remained elongated inside the inoculation droplet and there 

were no mycelium and water-soaked lesion seen beyond the periphery of inoculation 

droplet area at the surface level on all genotypes. For Amora III and JM06020, hyphea 

grew rapidly increasing hyphal density within the periphery of inoculation droplet area, 

although to a lesser degree for JM06020. On Ringot I, the cotyledon appearance 

remained largely unchanged from 6 hpi with very few mycelia attachment on the 

surface.  
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7.3.1.3 At 24 hour post inoculation  

 

At 24 hpi, the GMA sections showed complete collapse of the cotyledon tissue 

in Amora III within the periphery of the inoculation droplet area. Outside the periphery 

of inoculation droplet area, epidermis palisade mesophyll cell death took place on 

susceptible Amora III where no mycelium was observed in the sections (Figure 7.1 H 

black arrow). For JM06020, necrosis was evident down to the deep palisade mesophyll 

cells with large amounts of mycelia developed. In Ringot I, invasion and colonization 

was confined to the upper epidermal cells. 

On the surface of the cotyledons at this time point, lesions were noticeable to the 

naked eye for Amora III and JM06020 but not for Ringot I. Amora III showed 

numerous healthy S. sclerotiorum hyphae both within and beyond the periphery of 

inoculation droplet area, with repeated dichotomous branching of the terminal hyphae 

leading to formation of appresoria (Figure 7.2 A). For Ringot I, dead S. sclerotiorum 

hyphal cells that had lost their cytoplasmic content were observed. (Figure 7.2 B).  
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Figure 7.1 Glycol methacrylates (GMA) sections, 2 µm thick, of Brassica juncea 

genotypes Amora III (susceptible), JM06020 (intermediary resistant) and Ringot I 

(resistant). Sections A-E and H were stained with 0.5% toluidine blue. Section F was 

unstained and illuminated using a mercury vapour lamp. Section G was stained with 

periodic acid / Schiff’s reagent. Sections A-G were taken from within the periphery of 

inoculation droplet area, with section H taken outside the periphery of inoculation 

droplet area. All sections were photographed using a Zeiss Axioplan 2 microscope. A: 

Amora III at 6 hpi. Parallel and cross sectioned S. sclerotiorum mycelium are presented 

(Arrow). Most of the uppermost epidermal cells are intact and undamaged. The fainter 

stained epidermal cell wall are indicative of cell wall weakening. B: Rigot I at 6 hpi. 

The upper epidermal cells are present and intact. C: Amora III at 12 hpi. The entire 

upper layer of epidermal cells have disappeared and parallel and cross sectioned S. 

sclerotiorum mycelium are evident that have damaged palisade mesophyll cells. D: 

JM06020 at 12 hpi. Parallel and cross sectioned S. sclerotiorum mycelium are present. 

Most of the top epidermal cells have disappeared and very few epidermal cells still 

remain (arrow). E: Ringot I at 12 hpi. The epidermal cells are present and intact, 

cytoplasmic disorganization and cell wall disintegration with necrotic palisade 

mesophyll cells underneath of darkly stained epidermal layer (red arrow) and darkly 

stained areas around the dead palisade mesophyll cells (black arrow). F: Amora III at 1 

2hpi. Vacuole disintegration, cytoplasmic liberation, and cellular collapse are evident. 

Luminescent substances (calcium oxalate crystals) are observed on top of healthy 

palisade mesophyll cells and within the S. sclerotiorum hyphea (arrow). G: Amora III at 

12 hpi. Starch deposits were more abundant around the middle palisade mesophyll layer 

(arrow) H: Amorra III at 24 hpi. Cross and parallel-sectioned S. sclerotiorum mycelium 

are still not present. However there is evidence of cytoplasmic disorganization, cell wall 

breakage and coloration of dead palisade mesophyll cells underneath the disrupted 

epidermal layer (arrow). This suggests cotyledon cell death took place before hyphea of 

S. sclerotiorum reached the cell death cites.  
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Figure 7.2 Cotyledon of susceptible Amora III, intermediary resistant JM06020 and 

resistant Ringot I. inoculated with S. sclerotiorum isolate WW4. Sample were cleared in 

acetic acid:ethanol:water (2:2:1), stained with 0.05% aniline blue in 0.067 MK2HPO4 

(pH 9) and photographed using a Zeiss Axioplan 2 microscope. Sections G-L were 

photographed using an exciter filter (G365) and barrier filter (LP397) on filter block #2 

inserted into a beam of incident light from a mercury vapour lamp. A: Amora III at 2 

hpi. Healthy S. sclerotiorum hyphea, swollen terminal hyphae and the repeated 

dichotomous branching of the terminal hyphae leading to formation of appresoria. B: 

Ringot I at 24 hpi. Empty cell content, libration of cytoplasmic content (arrow) of S. 

sclerotiorum hypae front cells. C: Amora III at 36 hpi. Fast and healthy grown hypae. 

D-E: JM06020 at 36 hpi. Limited hyphal growth. Arrows indicate an increase in hyphal 

diameter. F: Ringot I at 36 hpi. Plasmolysed S. sclerotiorum hyphea cells(arrow). G: 

Amora III at 48 hpi. Formation of infection cushion. H: JM06020 at 48 hpi. Limited 

hyphal growth and increase in intercalary hyphal diameter. I: JM06020 at 48 hpi. 

Limited hyphal growth and increase in hyphal diameter at the hyphal tip. J: Amora III at 

48 hpi. S. sclerotiorum hyphea circumvent stomata (arrow) instead of passing over. K: 

Amora III at 48 hpi. S. sclerotiorum hyphea tip circumvent stomata (arrow) by 

branching. L: JM06020 48 hpi. Shows hypae passing through stomata (black arrow) and 

increasing in hyphal diameter (red arrow). 
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Figure 7.3 S. sclerotinia-susceptible B. juncea cv. Amora III, intermediary cv. JM06020 

and resistant cv. Ringot I cotyledon inoculated with S. slcerotiorum isolate WW4 at 36 

hpi. Sections A-C were stained with 0.05% (w/v) trypan blue in lactoglycerol solution, 

and whole, wet mounts were examined using bright field photography. Panel D-F show 

normal colour. A: On susceptible Amora III inoculated with S. sclerotiorum, lesions 

developed beyond the periphery of the inoculation droplet area and increased 

significantly in size to 5 mm at 36 hpi. B: Lesions developed within the periphery of the 

inoculum droplet area on intermediary resistant JM06020. C: Speckles on Ringot I 

within the periphery of inoculation droplet area, symptom resembling HR. D: Amora 

III. E: JM06020. F: Ringot I. 
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7.3.1.4 At 36 hour post inoculation 

 

At 36 hpi, strong and healthy hyphal growth was observed on the surface of 

susceptible Amora III (Figure 7.2 C). On intermediary resistant JM06020, an increase 

hyphal diameter was observed and hyphal growth was significantly impeded compared 

to Amora III (Figure7.2 D&E). On resistant Ringot, hyphal death and cytoplasm 

shrinkage (Plasmolysing) was evident (Figure 7.1 F). 

Fungal mycelium developed in the tissue beyond the periphery of the inoculum 

droplet area and increased significantly in size to 5 mm on susceptible Amora III 

(Figure 7.3 A), while the mycelium still remained within the periphery of the inoculum 

droplet area on intermediary resistant JM06020 at a size of around 2 mm (Figure 7.3 B). 

There was no mycelium adhering strongly on the surface of resistant Ringot I (indicated 

no staining by Trypan blue dye) on Ringot I and speckled lesions were evident on the 

inocula droplet area (Figure 7.3 C). Lesion diameter as evident in the normal colour 

photograph of these three genotypes, also showed great differences (Figure 7.3 D). 

Lesion diameter increased to 10 mm for Amora III and 6 mm for JM06020. Hence, 

lesion diameter is larger than the diameter of the S. sclerotiorum mycelium outward 

growth for Amora III and JM06020 (Figure 7.3 A&B).  

 

7.3.1.5 At 48 hour post inoculation 

 

Growth of infection cushion was witnessed on susceptible Amora III (Figure 7.2 

G) at this stage. Increase in intercalary hyphal diameter (Figure 7.2 H and Figure 7.2 L 

red arrow) and swollen hyphal tip (Figure 7.2 I) of S. sclerotioum can be seen on 

intermediary resistant JM06020 at 48 hpi. S. sclerotiorum hyphae circumvent stomata 

(Figure 7.2 D) or branched (Figure 7.2 E) at stomata instead of passing over was 

observed on susceptible Amora III whereas on resistant Ringot I and intermedatry 

JM06020, hyphae always passed over stomata (Figure 7.2 F). No hyphal elongation 

through the opening of stomata was evident in these three genotypes. In addition, the 

total collapse of cotyledons of Amora III occurred at this time. The lesion size for 

JM06020 reached 9 mm, whilst there was no water soaked lesion for Ringot I. This 

status is very similar to that at 36 hpi. 
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7.3.2 Formation of appresoria and infection cushion 

 

Analysis of variance for number of appressoria and number of infection cushions 

showed significant effects with genotype (P ≤0.001) and time (P ≤0.001), as well as 

significant interactions between genotype and time (P ≤0.001). Appresoria and infection 

cushions started to form as early as 6 hpi, and there were no significant differences in 

numbers of appresoria and infection cushions between the three genotypes. There were 

significant increases in the number of appresoria per cotyledon on Amora III at 12 and 

24 hpi and on JM06020 at 24 hpi. After 24 hpi, there was barely any increase for the 

number of appresoria for all three genotypes (Figure 7.4).  

 

 

Significance of genotype P<0.001; l.s.d. (P≤0.05) = 0.46 

Significance of time P<0.001; l.s.d. (P≤0.05) = 1.53 

Significance of genotype × time P<0.001; l.s.d. (P≤0.05) = 0.62  

 

Figure 7.4 Mean number of appresoria per cotyledon, at five time points 

post-inoculation (hpi) on genotypes of Brassica cultivar Amora III, JM06020 and 

Ringot I inoculated with S. sclerotiorum isolate WW4. 
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The number of infection cushions formed per cotyledon, increased for Amora III 

and JM06020. By 48 hpi, Amora III, the number of infection cushions increased seven 

fold and JM06020 increased two fold higher than at 6 hpi (Figure 7.5). 

 

 

Significance of genotype P<0.001; l.s.d. (P≤0.05) = 0.34 

Significance of time P<0.001; l.s.d. (P≤0.05) = 1.26 

Significance of genotype × time P<0.001; l.s.d. (P≤0.05) = 0.57  

 

Figure 7.5 Mean number of infection cushions per cotyledon, at five time points 

post-inoculation (hours) on genotype Amora III, JM06020 and Ringot I inoculated with 

S. sclerotiorum isolate WW4. 

 

7.4 Discussion 

 

In this study, significant differences were found among the three Brassica 

juncea genotypes in their responses to the pathogen in two aspects; namely, pathogen 

differential response to different plant hosts, and plant host differential response to 

pathogen. 

First of all, there are substatiative differences in relation of fungal infection 

process and morphology. 
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In Amora III, interactions between S. sclerotiorum and the cotyledons of this 

susceptible genotype were evident at 6 hpi. At this early stage, hyphae were observed on 

cotyledon surfaces and they were associated with epidermal damage (Figure 7.1 A). 

This suggests that the threshold of infection and breakdown of host tissue was less than 

6 hpi. 

In JM06020, hyphal growth on the cotyledons of this genotype of intermediary 

resistance was slower than on Amora III (Figure 7.1 D) and the intercalary hyphal 

diameter was greater (Figure 7.2 D&E). A similar increase in the diameter of hyphal 

cells of S. sclerotiorum was also observed when S. sclerotiorum-resistant B. napus cv. 

Charlton was infected with this fungus (Garg et al., 2010b). This suggests that hyphal 

growth had been impeded to some extent by this B. juncea genotype. An increase in cell 

diameter was also observed in the tips of the hyphae. Swollen hyphal tips have also 

been recorded when S. sclerotiorum was used to infect susceptible B. napus cv. RQ001 

(Garg et al., 2010b). In the present study, the swollen hyphal tips presented in the shape 

of two heads which differs from the tip observed in the early stages of RQ001 (Garg et 

al., 2010b). The most likely reason for the swollen double headed tips for JM06020 may 

be related to the increase in diameter of hyphal cell, as a response to the resistance of 

the host, as found by Garg et al. (2010b) for the resistant genotype ‘Charlton’. In Ringot 

I, hyphal growth on the cotyledons of this resistant genotype was significantly impeded 

from 6 hpi (Figure 7.1 B) to 36 hpi (Figure 7.2 F; Figure 7.3 C). No mycelium was seen 

above the epidermis and few swollen hyphae were observed; there was no sign of 

appressorial development. Saharan and Melta (2008) found that appressoria develop on 

the surface of the host before penetration. Hyphal elongation, appressoria formation and 

to be cemented by means of a mucilaginous material is considered to be a pre-requisite 

to the invasion of healthy host tissue via the cuticle (Tariq and Jeffries, 1986). Ringot I 

was highly resistant to S. sclerotiorum isolate WW4 where most growing hyphae were 

from liquid media were easily washed away during GMA treatment. It is possible that 

this occurred because of the lack of ability of the hyphae to adhere. 

Increases in the number of simple appresoria and infection cushions were 

observed on the surface of susceptible Amora III and intermediary JM06020 but not on 

resistant Ringot I. This is in accordance to the findings of Garg et al. (2010b) where 

infection cushions were only observed on the susceptible genotype, and not on the 

resistant genotype. However, this is in contrast to the findings of Dow and Lumsden 
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(1975), who showed that infection cushions of S. sclerotiorum were observed in both 

resistant and susceptible Phaseoulus coccineus.  

This finding shows that after a certain time point, the increase in the production 

of simple appresoria ceased, whereas the number of infection cushions continue to 

increase. In addition, this also suggests the absence of formation of infection cushion 

and simple appresoria in resistant Ringot I indicate active pathogen suppression by the 

plant similar to the finding of Garg et al. (2010b). The cessation of the increase in the 

appearance of simple appresoria in all three genotypes at certain time point and the 

absence of formation of infection cushion and simple appresoria in resistant Ringot I 

differs from the finding of Abawi et al. (1975) and Tariq and Jefferies (1984), who 

suggested that the formation and complexity of appresoria depended on the availability 

of adequate nutrients for fungal development on the host. The finding of the present 

study suggests that appresorial formation depends on the resistance status of the plant 

host. 

The number of infection cushions was higher in susceptible Amora III than 

JM06020, suggesting its relevance to pathogenesis. As more infection cushions 

produced more sites with mechanical pressure to facilitate breaching the cuticle barrier 

of the plant epidermis (Lumsden and Wergin, 1980). Less infection cushion were 

produced in intermediary resistant JM06020, and their further suppression in resistant 

Ringot I indicate that it is an important defence mechanism involved in the resistance to 

penetration by S. sclerotiorum.  

This study also reported that stomatal circumvention of hyphae were only 

observed on susceptible host Amora III, but that hyphae always crossed over the 

stomata on intermediary resistant JM06020 and the resistant Ringot I (Figure 7.2 J-L). 

To my knowledge, there is very little research on the relationship between stomata and 

S. sclerotiorum infection. Guimaraes et al. (2004) demonstrated that stomatal pore 

opening and closure are dependent on the effects of oxalic acid levels on S. 

sclerotiorum. Melotto et al. (2008) provided evidence to support the proposition that 

stomata are part of an integral innate immune system and act as a barrier against 

bacterial infection. There are a number of reports that penetration of host tissue by S. 

sclerotiorum occurred via open stomata (Garg et al., 2010b; Jones, 1976; Tariq and 

Jeffries, 1984). As Garg et al. (2010b) reported that the stomatal and cuticular 

penetration by S. sclerotiorum take place in B. napus, this study may implicate that 
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circumvention of stomata observed is likely to be a unique phenomena restricted to 

certain B. juncea genotypes. 

Moreover, substantial plant response differences were observed in relation to 

plant responses such as calcium oxalate deposition, starch deposition, cell wall 

strengthening and weakening and hypersensitive response. 

The white luminant substance indicates calcium oxalate deposits were found in 

susceptible Amora III (Figure 7.1 F), but not in Ringot I at 12 hpi. Oxalic acid (OA) has 

been observed mostly as calcium crystals in S. sclerotiorum infected host tissues (Riou 

et al., 1991). Applying the same method, Garg et al. (2010b) detected calcium oxalate 

crystals in the top palisade mesophyll cells in susceptible B. napus genotype RQ001 at 

six days post inoculation. Formation of calcium oxalate crystals was reported in bean 

(Lumsden and Dow, 1973) and sunflower (Smith et al., 1986). Studies have shown that 

OA produced by S. sclerotiorum plays two important roles: to work synergistically with 

the cell wall degrading enzyme (Cotton et al., 2003; Godoy et al., 1990; Guimaraes and 

Stotz, 2004), and to sequester calcium from the plant cell wall to form calcium oxalate 

(Lumsden, 1979; Thompson et al., 1995). Garg et al. (2013) report that the reduced 

levels of calcium oxalate crystals in resistant cv. Charlton is likely to be related to the 

impeded fungal growth, as was observed with on intermediary resistant JM06020 and 

resistant Ringot I in this study. 

This study showed that starch deposition was most prevalent in the middle layer 

of palisade mesophyll cells and not in the top layer of palisade mesophyll cells near the 

infection site in Amora III. In addition, although lesser levels of deposition, the starch 

deposition also reaches spongy mesophyll cells, no starch deposits were noted in the 

lower epidermis in susceptible Amora III at 12 hpi (Figure 7.1 G). Evidence from this 

study suggests larger inocula widen the infection site area and increase the density of 

the fungal mycelium. This results in higher disease levels and higher starch 

accumulation to provide the pathogen with the carbon source required for saprophytic 

and parasitic activities (Joosten et al., 1990). The amount of photosynthetic products 

that accumulate are determined by the production of invertase which is, in turn, 

dependent upon the type and stage of the host-pathogen interaction (Garg et al., 2010b; 

Herbers et al., 2000; Roitsch et al., 2003). Starch deposits were most prevalent in 

susceptible Amora III. This is further supported by Joosten et al. (1990) who noted that 

as greater biomass of the pathogen increased, the photosynthate accumulation also 

increased, resulting in higher levels of starch accumulation.  
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In the resistant Ringot I, which appeared to have strong epidermal cell walls, 

signs of S. sclerotiorum infection were less evident (Figure 7.1 E red arrow), compared 

to Amora III which appeared to have weaker epidermal cell wall (Figure 7.1 A). Cell 

wall weakening (Figure 7.1 A) indicates cell wall degradation (Lumsden and Dow, 

1973). Cell-wall degrading enzymes are possibly produced by the ramifying hyphae of 

S. sclerotiorum and can be responsible for extensive degradation of cell walls, and thus 

make abundant carbohydrates available to the pathogen (Bauer et al., 1977; Hancock, 

1967; Lumsden, 1969, 1976). It has also been proposed that oxalic acid facilitated plant 

cell wall degradation by shifting the pH of infected plant tissues closer to the pH that is 

optimal for cell wall-degrading enzymes such as polyglacturonases (Cotton et al., 2002; 

Guimaraes and Stotz, 2004). Cell wall-degrading enzymes secreted by S. sclerotiorum 

such as cellulolytic and pectinolytic enzymes have been extensively studied for their 

roles in pathogenicity, including penetration, maceration, nutrient acquisition, plant 

defence induction and symptom expression (Hua Li et al., 2004; Yajima and Kav, 

2006). In addition, pectin methyl esterases, acid proteases and an aspartyl proteinase 

secreted by S. sclerotiorum may play an important role in reducing the integrity of plant 

cell walls by degradation of cell wall proteins and inactivation of plant defence response 

proteins (Yajima and Kav, 2006).  

The resistance to fungal invasion observed in the resistant Ringot I appeared to 

be due to the HR of the host. Localized necrosis of palisade mesophyll cells was evident 

in Ringot I underneath the intact and cell wall strengthened epidermis (Figure 7. 1 E). 

This response is characteristic of a HR, and HR cell death has been associated with 

plant resistance responses including cell wall strengthening, plant oxidative burst, and 

induction of defence genes (Dong et al., 1999; Hua Li et al., 2004, 2007b).  

Kim (2010) has proposed that leaves infected by S. sclerotiorum showed 

programmemed cell death (PCD) with unrestricted spread of cell death not being 

associated with this resistance response. Kim, (2010) further suggested that HR-like cell 

death and PCD may be regulated by different pathways. Plant PCD in certain 

plant-biotroph interaction is clearly beneficial to plants, whereas it could be detrimental 

to plants in plant-necrotroph interactions (Kim, 2010). This study agrees with the 

finding of Kim (2010), as whilst a HR was frequently observed on the resistant Ringot I, 

which strengths the resistance (Figure 7.3 C), PCD-resembling symptoms (as cell death 

happened ahead of fungal hypae, and lesion diameter was larger than diameter of trypan 

blue dye indicating area colonised by S. sclerotiorum) in Amora III (Figure 7.1 H, 
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Figure 7.3 A&D) facilitated S. sclerotiorum infection by providing necrotic tissue as 

substrate for S. scleriotiorum mycelium’s future growth and spread. 

Another hypothesis by Poland et al. (2008) demonstrated that both HR and PCD 

of host infected by necrotrophic pathogens were activated by R 

(resistant)-gene-mediated defence responses, resulting in host cell death. For Ringot I, 

R-genes mediated effective defence response involving a HR is rare. Amora III showed 

a common response where pathogens produce host-specific toxins that activate 

R-gene-mediated defence response, exploiting PCD in the host for nutrients (Nagy et 

al., 2007; Lorang et al., 2007). Studies show that qualitative resistance genes for true 

necrotrophs encode detoxification enzymes rather than genes that mediate the HR 

(Brandwagt et al., 2002; Johal and Briggs, 1992; Sindhu et al., 2008). The HR response 

of Ringot I may not have resulted from qualitative resistance genes but may have some 

relationship to race-specific resistance as isolate WW4 was a unique pathotype of S. 

sclerotiorum as described by Johnson and Taylor (1976). Johnson and Taylor (1976) 

demonstrated that variation in pathotype could affect the resistance expressed by host 

cultivars and the degree to which it is race-specific. In work on late blight of potatoes, 

Black and Gallegly (1957) related race-specific genes with hypersensitive resistance 

genes and assumed both genes prevent sporulation of specific Phytophthora infestans 

isolates. These studies all demonstrated that both HR and PCD involve complex 

host-pathogen interaction networks.In summary, significant differences were found 

among the three Brassica genotypes in their responses to the pathogen in relation to 

infection process and morphology, and in relation to plant responses such as calcium 

oxalate deposition, starch deposition, cell wall strengthening and weakening, 

hypersensitive response (HR) and programmed cell death. 
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Chapter 8 

General Discussion 

 

8.1 Summary 

 

Sclerotinia sclerotiorum, the causal agent of stem rot on Brassica napus and B. 

juncea, watery soft rot of cabbage, cottony soft rot of carrot, and white rot on some 

vegetable brassicas, is a necrotrophic fungal pathogen. These diseases result in 

significant yield loss worldwide (Delourme et al., 2011; Kim and Cho, 2003; Pedras 

and Ahiahonu, 2004; Saharan and Mehta, 2008). When managing these diseases, 

growers aim to reduce reliance on chemical control agents that have adverse impacts on 

the environment and are costly (Li et al., 2008). A better alternative is use of 

disease-resistant cultivars. However, the pathogen exhibits little host specificity and 

tends to evolve rapidly. This presents challenges to plant breeders to locate resistant 

host phenotypes (Ge et al., 2012). A profound understanding of the pathosystem is a 

pre-requisite to any successful breeding programme (Garg et al., 2010b). Researchers 

need to focus on aspects of both the host resistance and the pathogen virulence in the S. 

sclerotiorum pathosystem (Saharan and Mehta, 2008). However, most research to date 

has focused on host resistance mechanisms only, and overlooked the issue of pathogen 

virulence variation, and has mainly used one isolate of S. sclerotiorum to investigate the 

plant response to infection (Ge et al., 2012). The current project aimed to address this 

shortcoming by applying multiple isolates of S. sclerotiorum to multiple host genotypes 

to delineate pathotypes, record various host lesion types and describe host responses. 

This project also aimed to gain a deeper insight into differential host responses to a 

pathotype of S. sclerotiorum, at the host tissue level.  

This project was successful in developing a set of B. napus and B. juncea 

differential lines, and it was the first to delineate S. sclerotinia pathotypes from isolates 

of various S. sclerotiorum populations in Western Australia. Further, characterized S. 

sclerotiorum pathotypes and/or isolates were used to investigate responses of various 

Brassicaceae hosts. Earlier research on resistance to this pathogen from Brassica spp. 

has only identified partial or relatively high resistance to a single or uncategorized 

group of S. sclerotiorum isolates and therefore it is clearly a significant finding that this 

resistance can either be isolate-dependent or isolate-independent. Here, we showed that 

the A. thaliana ecotypes previously found to be relatively resistant to S. sclerotiorum 
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(i.e. Col-0) can either be the most resistant or the most susceptible, depending upon S. 

sclerotiorum isolates. This project opens the door to future research into the molecular 

mechanisms of this pathogen’s virulence factors in the intricate network of 

plant-pathogen interactions. This research provides an open door for investigating the 

mechanisms of resistance in B. juncea cultivars, and identifies B. juncea genotypes that 

exhibit hypersensitive responses and evidence also of programmemed cell death.  

 

8.2 Reliable inoculation and screening 

 

The stem inoculation method used in the work presented in Chapter 2 and 3 

followed that used by Li et al. (2008). The cotyledon and leaf inoculation methods in 

Chapter 4-7 were established by Garg et al. (2008). Differences in these criteria are 

listed in Table 8.1. 

 

Table 8.1 Different inoculation criteria used in Chapters 4-7 of this thesis. 

 Chapter 4 Chapter 5 Chapter 6 Chapter 7 

Host plant 
B. napus; 
B. juncea 

Various 
crucifer 
species  

A. thaliana B. juncea 

Inoculum 
concentration 
(fragments/mL)  

1 × 104 1 × 104 0.5 × 104 1 × 104 

Inoculum volume (µl) 10 8 5 10 

Age of plant at 
Inoculation 

10 days 12 days 4 - 6 weeks 7 days 

Assessment time (hpi) 72 72 36 and 48 
6, 12, 24, 
36 and 48 

 

Researchers like Li et al. (2008) favoured stem inoculation and screening at the 

mature plant growth stage, whereas Garg et al. (2008; 2010a; 2013) supported 

cotyledon inoculation and screening. This study verified the reliability of stem, 

cotyledon and leaf inoculations. For hosts such as B. napus and B. juncea, both stem 

and cotyledon inoculation provided significant data for host-pathogen interactions. 
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Whereas for host genotypes described in Chapter 5, only cotyledon inoculation was 

used as most cruciferous genotypes used had very different mature growth stage 

phenotypes, which made stem inoculation inappropriate. Results from Chapter 4 

indicated that some genotypes (e.g. B. napus cv. ZY006) expressed different responses 

to the same S. sclerotiorum isolate at different plant growth stages. This surprising 

discovery suggested that in future breeding programmes there is a need to verify the 

resistant response at seedling and adult plant stages separately for hosts such as B. 

napus and B. juncea.  

The oilseed Brassica breeding programme worldwide generates a large number 

of lines with high yield, and high tolerance to many extreme conditions, including 

drought, temperature stress and diseases. Further screening of these lines’ resistance and 

testing of the validity of their resistance to S. sclerotiorum is the key step for the 

potential application in a location where Sclerotinia stem rot (SSR) is rampant. SSR 

causes serious damage to oilseed brassicas in the agronomic regions of Walkaway and 

Mt Barker in Western Australia. Twenty advanced breeding lines were successfully 

screened under Western Australian environmental condition to WA S. sclerotiorum 

isolates (derived from Walkaway and Mt Barker). Chapter 2 described the first field 

screening that involved multiple S. sclerotiorum isolates under local conditions, and the 

identification of resistant lines that were isolate-independent. Three advanced breeding 

lines viz. Line 6 (HZAU), Line 1 (HZAU) and Line 5 (HZAU) are the best candidate 

lines for future development into cultivars in these SSR prevalent regions of Western 

Australia. This study clearly indicates that it is necessary for S. sclerotiorum resistance 

screening programmes to involve multi-region isolates and different environments. 

The use of multiple S. sclerotiorum isolates to screen A. thaliana lines could be a 

reliable, convenient and rapid bioassay for the Arabidopsis - S. sclerotiorum 

pathosystem. Isolate (MBRS1) has privilege of generating larger lesion range among 

ecotypes. It is useful for future Arabidopsis screening for resistance to S. sclerotiorum 

because it allows larger differences in responses to infection. The lesion incidence assay 

described in Chapter 6 is a rapid method that identifies the most resistant ecotypes. 

Lesion diameter assessment could be applied following lesion incidence assessment 

using a range of isolates to fully assess the candidate ecotypes to check whether their 

resistance is isolate-independent. In Chapter 6, a detached leaf inoculation method 

which induces a larger lesion diameter is described. By applying a moderately virulent 
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isolate, the whole plant inoculation method I developed caused less damage, allowing 

the rescue of relatively resistant Arabidopsis accessions for future investigation.  

From the results presented in Chapters 3, 5 and 6, there is a clear indication that 

increasing the number of host genotypes/ecotypes and/or pathogen isolates tested 

increased the capacity to reliably differentiate both the levels of resistance amongst test 

ecotypes and the varying levels of virulence between different isolates. This provides 

direction for future researchers to screen higher numbers of host genotypes and S. 

sclerotiorum isolates to establish a more reliable outcome. 

  

8.3 Delineation of S. sclerotiorum pathotypes  

 

This thesis reports the delineation of 53 isolates of S. sclerotiorum into eight 

distinct pathotypes using a differential set of B. napus and B. juncea genotypes. All the 

53 S. sclerotiorum isolates used were derived from B. napus from various regions in 

Western Australia. Colony characteristics of these isolates on potato dextrose agar were 

recorded, and two field virulence studies performed. The study found that colony 

diameter of the isolates growing on potato dextrose agar was correlated with stem lesion 

length in the field.  

For the first time, a set of host differentials (B. juncea JM06006, Montara and 

JM06018 and B. napus 06-p71-2, Charlton and Mystic) can be universally applied to 

characterize pathotypes of S. sclerotiorum for oilseed brassicas at the mature plant 

stage. Prior to this study, the nomenclature system was only used in delineate race of 

Phytophthora clandestina and Plasmopara halstedii (Shindrova, 2005 and Tourvieille 

et al., 2000). This study described the suitability of octal nomenclature on ranking S. 

sclerotiorum isolates according to their virulence. The six host differentials were 

grouped in two sets of triplets. Future research for delineating more pathotypes can use 

this six genotype differential, as well as to add additional triplets to examine a wider 

range of S. sclerotiorum variation. 

The study reports that the most predominant pathotype in the northern and 

southern agricultural regions of Western Australia is pathotype 76, which occurred with 

a frequency of 74%. Indirect evidence that more pathotypes may occur in the northern 

agricultural region, are the more frequent occurrence of severe SSR epidemics there, 
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possibly a consequence of greater pathogen variation in the northern agricultural region, 

although this was not proven experimentally. 

In contrast to previous reports from Canada of no evidence of outcrossing or 

segregation within agricultural populations of S. sclerotiorum (Kohn, 1994), this study 

found up to three distinct pathotypes at a single location. This result suggests it is highly 

likely that more pathotypes can be identified if the screening is extended to include S. 

sclerotiorum isolates from different host species, and from a wider geographic area. 

This delineation system provides an open door to understanding the diversity in 

virulence and pathogenicity in S. sclerotiorum. It also recommends that future plant 

breeding efforts should target cultivars with tolerance to the prevailing pathotypes in the 

region. 

 

8.4 Intricate plant pathogen interaction 

 

Most experiments (described in Chapters 2 to 6) were carried out using multiple 

S. sclerotiorum isolates or pathotypes. In Chapter 2, this study was the first to utilise a 

S. sclerotiorum ‘resistant’ line to screen against multiple fungal isolates in the field. 

Multiple isolates were tested in the field and pathotypes were delineated. Further, in the 

glasshouse, multiple isolates or pathotypes were applied to several Brassica hosts. All 

these studies showed strong host-pathogen interactions. Under this interaction, host 

genotypes show consistent or inconsistent disease expression, isolate-dependent or 

isolate-independent resistance, different levels of resistance at different plant growth 

stages, and different lesion types.  

Numerous genotypes showed consistent expression over S. sclerotiorum isolates. 

Genotypes of B. napus, notably breeding line Rivette NCB5 (PAU), line 06-p71-2, the 

B. tournefortii line Wild turnip #1, and A. thaliana ecotype Sha, which are consistently 

highly susceptible to all tested S. sclerotiorum isolates. Certain genotypes (e.g. B. napus 

line 06-6-3792) show inconsistent responses, which lead to their invalidation on S. 

sclerotiorum pathotype delineation. There are (relatively) resistant genotypes/ecotypes 

in which resistance was independent of the isolate used. Most promising included B. 

napus breeding Line 6 (HZAU) (Chapter 2), B. juncea cv. Seeta (Chapter 5) and A. 

thaliana ecotype Er-0 (Chapter 6). In contrast, A. thaliana ecotype Col-0 showed 

isolate-dependent forms of resistance. This thesis not only describes pathogen variation 
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revealed by different host response, it also demonstrates that the level of resistance 

response for some genotypes is different at different plant growth stages. The most 

notable example was B. napus ZY006, which was highly susceptible range at the 

seedling stage, but it was the most resistant genotype when it was mature. On the other 

hand, B. juncea cv. Xinyou 9 demonstrated isolate-independent resistance at both the 

seedling and mature growth stages. Cultivar Xinyou 9 could therefore be a promising 

candidate for future breeding programme.  

Host genotypes generated different lesion types when challenged by different 

isolates. For example, a pink inoculation droplet formed on top of the lesion on Eruca 

vesicaria ssp. sativa MJB-black seed #1A when challenged with isolate Cabbage. A 

‘speckled’ lesion was observed on cotyledons of B. juncea cv. Seeta challenged with 

isolate MBRS1. A chlorotic halo appeared on B. napus RQ001 cotyledons challenged 

with isolate WW4. These observations suggests that by using a specific S. sclerotiorum 

isolate (such as isolate WW4), future studies can explore and understand host reactions 

such as the hypersensitive response when other S. sclerotiorum isolate caused S. 

sclerotiorum macerated lesion. 

This research also demonstrates that studies of Sclerotinia pathogenicity cannot 

be simply based on overall aggressiveness. For instance, as described in Chapter 6, 

isolates MBRS1 and Carrot were overall ranked as the second and third most 

pathogenic/aggressive isolates among the eight tested isolates using Arabidopsis hosts. 

But when Arabidopsis ecotype Col-0 was challenged with them, it was least resistant to 

isolate MBRS1, but most resistant to isolate Carrot at the same time point post 

inoculation. The overall pathogen aggressiveness may not fully explain these disparities. 

No completely avirulent pathotype or isolate of S. sclerotiorum was found on challenge 

to Arabidopsis, suggesting that this phenomenon closely resembles the incompatible 

and compatible interactions in the race-specific resistance. In the true form of 

race-specific resistance, plants match single Mendelian-inherited resistance (R) genes 

with the avirulence (Avr) genes possessed by races of a pathogen (Hadwiger and 

Culley, 1993). However, no resistant (R) and Avr genes have been identified in the S. 

sclerotiorum pathosystem (Wang et al., 2009). Unlike plant interactions with biotrophic 

pathogens, which are usually expressed by large-effect dominant resistant genes, 

resistant mechanisms for necrotrophic pathogens usually involve numerous small-effect 

quantitative trait loci (QTL) leading to a complex defence signalling network 

(Perchepied et al., 2010; Rowe and Kliebenstein, 2008). These studies show that the 
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plant and pathogen interact in a complex pathosystem, suggesting that the genetic 

structures of S. sclerotiorum virulence factors are also complicated. The results of this 

study suggest that it is crucial for future research to involve multiple isolates or 

pathotypes of S. sclerotiorum to study host-pathogen interactions at molecular and 

biochemical levels.  

Pathogen isolates displayed either consistent or inconsistent virulence to the 

plant genotype/ecotype. Some S. sclerotiorum isolates displayed greater variation in 

terms of stem lesion length (e.g., isolates UWA3S5, UWA8S4, UWA6S4) and 

cotyledon or leaf lesion diameter (e.g., isolate MBRS1), whereas others were more 

consistent in their virulence across the test genotypes based on stem lesion length (e.g., 

the isolates: UWA7S1, UWA9S4, UWA3S1, UWA8S1 and UWA8S2) and cotyledon 

or leaf lesion diameter (e.g. isolate Cabbage). The inconsistent virulence exhibited by 

isolates corresponded with many previous finding, as isolates of S. sclerotiorum 

collected from rapeseed or mustard are known to display variation in virulence (Ekins et 

al., 2007; Garg et al. 2010a; Morrall et al., 1972; Rai and Dhawan 1976; Riddle et al., 

1991). This research verified that the pathogen’s virulence factors are extremely 

complex and plant pathogen interaction in a S. sclerotiorum pathosystem is indeed 

intricate. 

 

8.5 Underlying mechanisms 

 

8.5.1 Hypersensitive response  

 

Infection of a resistant host by a fungal plant pathogen can lead to a HR, a term 

first described by Stakman (1951). Researchers including Govrin and Levine (2000) and 

Mayer et al. (2001) reported that the HR facilitates plant infection by necrotrophic 

pathogen such as Botrytis cinerea and S. sclerotiorum. Contrary to those studies, these 

studies (as described in Chapters 5 and 7) shows that HR related to the host resistant and 

HR lesion develops where further invasion by the pathogen ceased and plant host 

survived. In previous research, it is speculated that both an avirulent race of a biotrophic 

pathogen and a necrotroph induced HR and orchestrated an oxidative burst (Lorang et 

al., 2007). While this barrier prevents further spread of biotrophic avirulent fungal 

strain, it does not prevent the subsequent spread of necrotrophic fungi. Surprisingly, 
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these studies did not mention the necrotrophic pathogen variation such as isolate and 

pathotype with all their focus on the host response to a single pathogen isolate.  

Kim (2010) focused on both S. sclerotiorum pathogen variation and host 

response. Study by Kim (2010) details several phenotypes of plants inoculated with S. 

sclerotiorum oxalate deficient mutant (A2) and a wild type. When challenged with A2, 

the plant response resembled HR and was associated with resistance responses such as 

cell wall strengthening, plant oxidative burst, and induction of defence genes. 

Conversely, plants infected with the wild type pathogen expressed unrestricted 

spreading of cell death that resembled programmemed cell death (PCD). Kim’s (2010) 

finding suggests HR cell death by A2 and PCD by the wild type S. sclerotiorum may be 

regulated by different pathways in the host. However, to date very few studies have 

compared various pathotypes of the wild type S. sclerotiorum interacting with the hosts. 

Such study could involve two virulent S. sclerotiorum isolates, such as isolates MBRS1 

and WW4, with isolate WW4 eliciting HR for some host genotypes whereas isolate 

MBRS1 generated macerated lesions. 

Even when the same isolate was used, the HR response in hosts such as A. 

thaliana and other Brassica species can lead to different outcomes. These hosts can all 

induce hypersensitive cell death [for HR in Arabidopsis was described in Govrin and 

Levine (2000) and for HR in other Brassica species were described in Garg et al. 

(2010b; 2013), Chapter 5 and Chapter 7]. The critical condition whether it is resistant or 

susceptible might rely on whether the disease is progressed. Cultivars Boss (Chapter 5) 

and Ringot (Chapter 7) when challenged with isolate WW4 showed speckled HR 

lesions and the lesions did not progress after 48 hpi and the plant survived. However, 

for A. thaliana (Chapter 6), in most ecotypes inoculated with S. sclerotiorum the 

symptoms progressed and eventually the plant died. No HR was observed in A. thaliana 

ecotypes (Chapter 6). An explanation could be the HR induced in Arabidopsis is too 

subtle to detect, and with uncontrolled disease progression which result in spread of the 

lesion and collapse of the host. In Arabidopsis, it may be relatively difficult to locate a 

pathotype of S. sclerotiorum that could induce HR that cease disease progression. For 

other Brassica species, it is likely to be less problematic to locate a pathotype (WW4) to 

induce HR and cease disease progression, because the infection was in fact arrested 

after certain time point post-inoculation on genotypes such as cv. Boss (Chapter 5) and 

cv. Ringot (Chapter 7). 
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In general, although the relationship of HR to resistance in S. sclerotiorum is a 

contentious topic, isolate WW4 may provide valuable information for the underlying 

mechanisms involved in this host-pathogen interaction. Research using the isolate WW4 

may offer an opportunity to identify host responses that are observable only when 

triggered by a less virulent but still pathogenic S. sclerotiorum pathotype, whereas other 

S. sclerotiorum isolates would be either too virulent or too avirulent for such a response 

to occur.  

  

8.5.2 Programmemed cell death 

 

Responses resembling leaf senescence PCD were witnessed in experiments 

described in Chapter 5 as B. napus cv. RQ001 showed a yellow halo around the 

inoculation site. Responses resembling S. sclerotiorum-induced PCD were also 

observed in B. juncea cv. Amora III described in Chapter 7, where unrestricted cell 

death happened before fungal hyphae reached and lesion diameter was larger than 

diameter S. sclerotiorum surface growth. The relationship between PCD in RQ001 and 

resistance is unclear. However, the result in cv. Amora III demonstrated the PCD 

facilitates fungal infection by providing nutrient from the dead tissue.  

Most researchers worldwide agree that host PCD increase susceptibility to 

necrotrophic pathogens (Kim, 2010; Poland et al., 2009). The findings of this study of 

PCD in cv. Amora III correspond with this view. However, there are several hypotheses 

which the mechanism of PCD involved (Lorang et al., 2007). Poland et al. (2009) 

demonstrated that PCD was initiated by R-genes. Upon infection by biotrophic 

pathogens, R(resistant)-genes mediated an effective defence mechanism. It trigged PCD 

in which tissue immediately adjacent of the site of pathogen ingress underwent rapid 

cell death. For necrotrophs, the pathogen thrives on dead host tissue, so host PCD 

provides suitable nutrients for the pathogen growth. Nagy et al. (2007) and Lorang et al. 

(2007) provided evidence that necrotrophic pathogens produce host-specific toxins that 

activate R-gene-mediated defence responses, resulting in PCD. Therefore, according to 

Poland et al. (2008), both cultivars Amora III and Ringot I could have trigged 

R-gene-mediated defence responses by S. sclerotiorum isolate WW4. Isolate WW4 

appears to exploit PCD in cv. Amora III for nutrients but not in cv. Ringot I. But, 

according to Kim et al. (2010), HR in cv. Ringot I and PCD in cv. Amora III may be 
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regulated by different signalling pathways. Regardless of these different points of view, 

overall the result certainly points to future research to investigate the unknown 

resistance mechanism in cv. Ringot I, at molecular levels.  

 

8.5.3 Pathogen response to host 

 

When a host expresses resistance against a pathogen, it is interesting that the 

pathogen also expresses a response to the host resistance in terms of subsequent 

behaviour of the hyphae, including impedance of fungal growth, increases in diameter 

of the hyphal cells, cytoplasmic shrinkage and cytoplasmic liberation and reduction in 

production of simple appressoria and infection cushions in this study.  

Impedance of fungal growth was described in Garg et al. (2010b; 2013), Kim 

(2010), Yang et al. (2010) and Upadhyay and Jayaswal (1992). These studies 

demonstrated that pathogen response is directly related to host resistance. Garg et al. 

(2010b; 2013) provide histological and molecular evidence that S. sclerotiorum 

-resistant B. napus genotypes impeded fungal growth. Anatomical investigations by 

Garg et al. (2010b; 2013) revealed that fungal hyphae arising from the mycelial mat 

were restricted up to the upper epidermis of resistant cv. Charlton, whereas fungal 

excessive colonization up to the deep palisade mesophyll layer in the susceptible 

RQ001. Kim (2010) and Upadhyay and Jayaswal (1992) showed lower fungal hyphal 

density when the host expressed a resistance response. This response to the pathogen 

was evident in both JM06020 and Ringot I in this study. At the plant surface, the fungal 

external spread length and density of fungal hyphae were lower in Ringot I and 

JM06020 than on susceptible Amora III. At the anatomical level at 12 hpi, there was no 

apparent plant cell damage and no hyphae appeared above the upper epidermis for 

Ringot I. There was less density of hyphae above the epidermis and less fungal 

colonization for JM06020 than Amora III. These results suggest that both Ringot I and 

JM06020 express resistance responses. However, the degree of impedance is much 

higher in Ringot I than in JM06020. This result provides items for future research to 

look at molecular signalling of host defence such as up- and down- regulation of RNA 

and protein expression. 

Garg et al. (2010b, 2013) also witnessed hyphal swellings (increased hyphal cell 

diameter), cytoplasmic shrinkage and cytoplasmic liberation in relation to the S. 
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sclerotiorum response to host resistance. It is noteworthy that the B. juncea genotype in 

this study differed in subsequent behaviour of the hyphae in which hyphal swellings 

were only observed in the intermediary JM06020. Cytoplasmic shrinkage and liberation 

were observed only in resistant cv. Ringot I. A possible explanation is that this 

behaviour only happened within a range of host resistance. Outside this resistance range, 

the resistance would be too great or too small to allow such fungal responses. The 

cytoplasmic liberation observed in resistant cv. Ringot I could be attributed to the 

production of various enzymes such as chitinases and β-glucanase, which can digest cell 

walls of the fungal hyphae (Garg et al., 2013; Zhao et al., 2009). In interactions of S. 

sclerotiorum with Pseudomonas cepacia, Upadhyay and Jayaswal (1992) found that 

numerous antifungal compounds were released by P. cepacia and concluded that they 

were responsible for hyphal swellings and cytoplasmic shrinkage. 

The increase of simple appressoria and infection cushions were higher in 

susceptible cv. Amora III than in intermediary JM06020. There was complete 

suppression of simple appressoria and infection cushions on resistant cv. Ringot I after 6 

hpi. These findings support earlier findings that formation of appressoria and/or 

infection cushions is a prerequisite for successful infection (Anderson, 1982; Garg et 

al., 2010b). Garg et al. (2010b; 2013), Lumsden and Wergin (1980), Prior and Owen 

(1964) and Tariq and Jeffries (1986) demonstrated that fungal structure such as 

appressoria and infection cushions provide mechanical pressure by constitution of large 

biomass of the fungus at the specific infection site. In addition, these fungal bodies also 

support production of lager amounts of lytic enzymes and metabolites which are 

necessary for pathogenesis. The increase of simple appressoria for JM06020 and Amora 

III ceased after 24 hpi whereas infection cushions continued to increase. Also at 24 hpi, 

host cell death occurred before the development of fungal mycelium. A possible 

explanation is that the dead tissue already provides abundant nutrients for the pathogen 

so that the pathogen no longer needs appressoria to exploit nutrients from the host. The 

continued increase of infection cushions after 24 hpi could result from the further 

development of the existing simple appressoria. This finding provides an avenue for 

future research to investigate underlying molecular mechanism of these fungal 

behaviour and pathogenesis.  
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8.6 Future work 

 

From the investigation of responses of multiple hosts to multiple S. sclerotiorum 

isolates, my findings suggest that the genetic structure of host resistance and pathogen 

virulence are complex and functioning in epistemic networks involving many loci, 

which lead to a complex defence and infection signalling network. Most previous work 

on S. sclerotiorum resistance has focused on the plant host. My study suggests that to 

understand the pathogenicity mechanism and the underlying race-specific resistance, 

equal emphasis must be given to the pathogen. The inclusion of multiple pathotypes or 

isolate of S. sclerotiorum in future research on the S. sclerotiorum pathosystem is 

indeed crucial. This inclusion should apply to many areas of research involving 

selection of resistant lines, future breeding, plant resistance and fungal pathogenesis at 

molecular levels, as well as resistant QTL mapping.  

For the selection of the resistant lines, screening should aim to select the most 

isolate independent resistant line. Lines that show variable response to different S. 

sclerotiorum pathotypes or isolate are not suitable for genetic engineering in future 

breeding programmes; they are also not suitable as host differentials for future S. 

sclerotiorum pathotype delineation. However, lines that exhibit isolate-dependent 

resistance could be a crucial material for studying the host-pathogen interaction at RNA 

and protein levels, along with S. sclerotiorum isolates that generate inconsistent 

virulence for different hosts.  

Firstly, future research could investigate B. juncea resistance expression at 

molecular levels. Up to now, there is no RNA expression or proteomic work for S. 

sclerotiorum pathosystem involvingt B. juncea. Secondly, research can target the 

expression of a host that has isolate-dependent resistance to a few distinct and 

pathogenic pathotypes/isolates. The difference of these expressions could link to a 

race-specific resistant locus. Thirdly, further research could be done on the expression 

of isolate-independent resistance. The study could be done on a host relatively resistant 

to all tested S. sclerotiorum isolates. Finally, future research could focus on expression 

of S. sclerotiorum pathotype(s) which show inconsistent virulence to plant host(s). 

Isolates should be equally pathogenic (but show different virulence to the candidate 

host) and plant hosts need to exhibit overall similar susceptibility to most S. 

sclerotiorum isolates (but express large differences in response to the candidate isolate). 
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This proposal could allow a first glance at the underlying signalling of S. sclerotiorum 

pathotype variation in relation to virulence.  

My study is also the first to report using a set of S. sclerotiorum differential 

pathotypes to assess Arabidopsis relative level of resistance to S. sclerotiorum infection 

(Chapter 6). The set facilitates capacity to select isolate-independent resistant lines, such 

as ecotype Er-0. This allows future research to use the isolate-independent resistant line 

to cross with a consistently susceptible line to produce F2 and RIL populations for the 

future S. sclerotiorum resistant QTL mapping. Mapping data could be used for future 

genetic engineering to produce sustainable resistant lines which are able to overcome S. 

sclerotiorum evolutionary potential to developed new pathotypes.  
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