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CHAPTER 1 

GENERAL INTRODUCTION 

 

GENERAL BACKGROUND TO THE DISEASE 

Oilseed rape (Brassica napus L., also known as canola) is the second largest oilseed crop in 

the world, providing 13% of the world’s supply after soybean (Raymer 2002; Gunstone 

2004).  During the past 20 years, this crop has passed peanut, sunflower and, most recently, 

cotton-seed in worldwide production. 

Diseases, in particular fungal diseases, damage oilseed rape, like other crops around 

the world. Stem rot caused by Sclerotinia sclerotiorum (Lib) de Bary is a major disease of 

oilseed rape in the main areas of crop production (Lamey 1995; Rimmer and Buchwaldt 

1995). It is considered to be the most significant disease of oilseed rape crops in China (Zhao 

and Meng 2003), causes major crop losses in Europe (Twengstrom et al. 1998), and occurs 

sporadically in Canada causing yield losses in some years (Turkington et al. 1991). It has 

become one of the most serious disease problems in oilseed rape-growing areas in Australia 

(Hind-Lanoiselet and Lewington 2004).  

The ability of S. sclerotiorum to attack over 400 species of plants in 75 different 

families (Boland and Hall 1994), has made it one of the most non-specific and successful 

plant pathogens (Purdy 1979). There are several annual edible crops like mustard, legumes, 

sunflower, potato, and lettuce which host this disease (Purdy 1979; Boland and Hall 1994), 

and oilseed rape (canola) is grown in rotation with many of them (Hind et al. 2003). The 

disease, by causing yield losses as direct damage and loss in quality as indirect damage, 

decreases the value of crop production by millions of dollars annually (Purdy 1979)  

Symptoms of stem rot are detectable after flowering, when the canola petals colonized 

by S. sclerotiorum, fall on leaves and stem angles (Rimmer and Buchwaldt 1995). Infected 

canola plants ripen earlier and stand out as bleached or grayish colored plants among green 

healthy plants. The bleached stems tend to break and shred at the base (Hind-Lanoiselet and 

Lewington 2004).  
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DISEASE CYCLE 

The disease cycle on crops in general and on canola has been reviewed briefly by Bolton et al. 

(2006) and Hind-Lanoiselet and Lewington (2004) respectively. Sclerotia are the resting stage 

of the fungus and remain viable for many years in the soil. Under favorable weather 

conditions they germinate to produce apothecia containing ascospores (Abawi and Grogan 

1975; Purdy 1979). Thousands of air-borne ascospores can be carried by the wind for several 

kilometers. These spores infect the petals of canola flowers and disease occurs on stems and 

leaves after lodging of the petals (Hind-Lanoiselet and Lewington 2004). A lesion originating 

from fallen infected petals on stems develops as a grayish-white softened area and finally 

surrounds the stem. Early maturity of seed happens under this condition because of lack of 

vascular connection between seed pods and roots. Therefore, flowering time is the critical 

period for infection , and the chance of disease development increases in humid weather 

(Abawi and Grogan 1979; Turkington and Morrall 1993; Twengstrom et al. 1998). The 

sclerotia formed within infected stems at the end of the growing season are released onto the 

soil during harvest and after ploughing of stubble below ground.  

 

SECONDARY METABOLITES IN OILSEED RAPE AND THEIR ROLE IN 

DEFENSE MECHANISM 

Vascular plants contain an enormous variety of chemical compounds, which vary according to 

plant family and species. The so-called ‘secondary metabolites’ make a major contribution to 

the specific odors, tastes and colors of plants (Bennet and Wallsgrove 1995). Moreover, many 

of them have antifungal activity including the secondary metabolites known as glucosinolates, 

which occur especially in Brassicaceae (Osbourn 1996). According to Osbourn (1996), 

glucosinolates (GSL) occur as inactive components and their activation is observed in 

response to tissue damage or pathogen attack. This activation by a hydrolysis reaction is 

catalyzed by plant enzymes, which are released as a result of breakdown in cell integrity 

(Osbourn 1996). The term phytoanticipin for GSLs and other similar compounds has been 

proposed by Van Etten et al. (1994) to distinguish them from phytoalexins, which are 

produced after infection by pathogens. They have emphasized differences in the production 

procedure of these two groups of plant secondary metabolites rather than their chemical 

structures.    

In response to tissue damage, GSLs are hydrolyzed by the plant enzyme myrosinase 

(M) and release products of which isothiocyanates (ITCs; R–N=C=S) are the major products. 

The localization of myrosinase enzyme in the cytoplasm of specialized myrosin cells 

(Thangstad et al. 1990), and the presence of GSLs in the cell vacuole (Bones and Rossiter 
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1996), has built a defense system in brassica plant tissues whose products, particularly ITCs 

derived from its activity have shown a broad range of biocidal characteristics. Their inhibitory 

effect has been demonstrated on weed plants (Brown and Morra 1995), insects (Agrawal and 

Kurashige 2003), fungi (Mithen et al. 1986; Manici et al. 1997), bacteria (Kanemaru and 

Miyamoto 1990), and nematodes (Potter et al. 1998). Hence, the biofumigation potential of 

brassicas in rotation with other crops has been the focus of investigations (Kirkegaard et al. 

1994).  

A number of pathogens causing disease on Brassica plants have been shown to be 

sensitive to at least some GSL breakdown products, particularly ITCs. Manici et al. (1997) 

have demonstrated sensitivity of S. sclerotiorum to GSL enzyme-derived products, in which 

ITCs were the main products of the hydrolysis affecting the pathogen. In another 

investigation, S. sclerotiorum ranked lowest in tolerance to 2-phenylethyl ITC among a wide 

range of soil fungi in in vitro experiments (Smith and Kirkegaard 2002).  

The presence of a link between GSL contents and profiles with resistance to diseases 

in oilseed rape has been found for some cases. For instance, Brader et al. (2006) reported that 

transgenic plants of Arabidopsis thaliana which accumulated novel GSLs had increased 

resistance to bacterial pathogens. Li et al. (1999) hypothesized that induction of GSL 

production (indolyl and 2-phenylethyl GSL) may be an important marker of resistance to S. 

sclerotiorum in oilseed rape. Although this link between resistance to the pathogen and GSL 

production has been suggested, the role of the GSL-M system as a major factor during plant 

infection remains to be determined. 

This study examined the potential of the GSL-M system to control S. sclerotiorum, 

and also their interactions in in vitro and in planta conditions, and finally determined the 

reliability of the system in canola breeding programs.  

 

RESEARCH OBJECTIVES 

The overall aim of this study was to determine the effect of glucosinolate hydrolysis products 

on S. sclerotiorum mycelial growth and probable physiological responses of the pathogen as 

either susceptibility or resistance with the following objectives: 

1) To study the toxic effects of GSL-M system activity on growth of the fungus, and 

role of the virulence factor oxalic acid on the system activity. 

2) To examine the toxicity of volatiles derived from GSL hydrolysis in brassica plant 

tissues. 

3) To investigate the tolerance reaction of S. sclerotiorum to toxic volatiles derived 

from GSL hydrolysis and ITCs. 
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4) To explore mechanisms of tolerance of S. sclerotiorum to the ITCs. 

5) To test correlations between brassica GSL contents and profiles with difference in 

reaction of host varieties and species to the pathogen. 

6) To understand the histology of infection, focusing on interactions with the role of 

the GSL-M system.  

 

THESIS OUTLINE 

A literature review of the general background of oilseed rape stem rot disease followed by a 

critical review of the GSL-M system and its role on plant defense and related areas is 

presented in Chapter 2. Topics covered included resistance in brassica plants and the role of 

GSLs, pathogenesis and the role of oxalic acid and pH, the GSL-M system and the reaction of 

S. sclerotiorum to this system. 

 Identification of the toxic effects on S. sclerotiorum of volatiles derived from the 

GSL-M system in mustard powder, and the role of the pathogen virulence factor, oxalic acid, 

and pH on the potential of the system are described in Chapter 3. A bioassay system was 

established to test the inhibitory effect of the hydrolysis volatiles under varied conditions. 

 An investigation of the inhibitory effect of volatiles released by the GSL-M system in 

brassica shoot parts on S. sclerotiorum is presented in Chapter 4. Inhibition of mycelial 

growth during exposure to brassicas freeze-dried shoot parts, infected leaves and leaf discs 

was also tested. 

 Studies of the tolerance responses of S. sclerotiorum to toxic volatiles that are released 

from GSL hydrolysis in mustard powder, and ITCs are presented in Chapter 5.  

 Chapter 6 investigated the involvement of glutathione-S-transferase enzyme encoding 

genes as a probable mechanism of resistance of the pathogen to GSL hydrolysis toxic 

products. 

 In Chapter 7, correlation between resistance of brassica plants to S. sclerotiorum by 

leaf inoculation techniques and their production of toxic volatiles was investigated. Wounded, 

unwounded and oxalic acid inoculation techniques were evaluated in this chapter as well. 

 Histological studies to determine pathogen reactions to the GSL-M system in infected 

areas of leaves are presented in Chapter 8. Finally Chapter 9 contains a General Discussion 

which describes the key findings from each chapter and relates these to the potential for using 

the secondary metabolite system, GSL-M, as a defense mechanism of brassicas against                   

S. sclerotiorum in breeding programs. 
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CHAPTER 2 

LITERATURE REVIEW 

Oilseed rape (also known as canola) is one of the most important oil crops worldwide. 

It is classified in the family Brassicaceae, which possesses specific preformed antimicrobial 

metabolites. Sclerotinia sclerotiorum has been a serious fungal pathogen for this crop and 

many other members of the family, despite the presence of this specific defense system. In 

this chapter the literature on aspects which are directly relevant to the project will reviewed.   

 

OILSEED RAPE AND RELATED SPECIES 

Agriculturally important species of Brassica belong to six species. Brassica rapa, B. oleracea 

and B. nigra are so-called diploid species. Brassica napus, B. juncea and B. carinata are 

allotetraploid (amphidiploid) species, each containing the genomes of two of the diploid 

species. The relationship between these brassica species has been described as the U-triangle 

after the geneticist who first discovered it (Raymer 2002; Bellostas et al. 2007).   

 Oilseed rapes are varieties of Brassica rapa and B. napus, with most commercial 

varieties being B. napus. Other Brassica species, especially B. juncea, are sometimes used as 

oilseeds. Canola is a name given by the Canadians to varieties of B. rapa and B. napus with 

low levels of erucic acid and glucosinolates in the seed. It is the name by which the rapes are 

best known in Australia. 

B. napus is an amphidiploid derived from B. oleracea and B. rapa and has a haploid 

chromosome number of 19. It has the largest known genome in the family Brassicaceae 

(Lagercrantz 1998; Hall et al. 2002; Raymer 2002). B. napus, which is grown in Europe, 

Canada, China and Australia, is thought to have originated from the Eurasian region or in 

particular, the Mediterranean area. The agricultural cultivars of this species are either winter 

or spring types but the winter types yield higher than the spring ones (Walker and Booth 

2001; Raymer 2002). This species, together with B. rapa, supplies the world’s commerce as 

oilseed rape (Raymer 2002).  

Amphidiploid B. juncea (Indian mustard) is one of the oldest brassica crops. This 

species (n=18) originates from the two progenitor species B. rapa and B. nigra. Its genetic 

capabilities of resistance to pod shattering, blackleg, drought and heat, and also early maturity 

and higher yield have made it a favored resource for cultivation and breeding programs 

(Axelsson et al. 2000; Raymer 2002). Brown-seeded and yellow-seeded cultivars of B. 

juncea, with origins in the Middle East, are grown in northern India and China. In addition, its 
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adaptation ability to drier conditions has increased interest in the crop in Australia and Canada 

(Axelsson et al. 2000; Walker and Booth 2001). 

B. nigra (n=8) known as black mustard participates in the formation of two 

allotetraploid (amphidiploid) species, B. juncea and B. carinata (Raymer 2002; Bellostas et 

al. 2007). The seed of this species has been used for cooking oil and condiment mustard in 

Asia, North Africa and Southern Europe. Little is known about genetic variation (Westman 

and Kresovich 1999).  

Sinapis alba (n=12), or white mustard, originated from the eastern Mediterranean and 

is grown on a limited scale in Europe and North America as condiment mustard. It has not 

been used on a wide scale for breeding purposes. Very high levels of seed glucosinolates is a 

characteristics of S. alba (Brown et al. 1997; Hopkins et al. 1998; Walker and Booth 2001).  

 

PATHOGENESIS OF Sclerotinia sclerotiorum 

Pathogenesis and Specialization 

Pathogenesis is a complex, dynamic process involving the pathogen’s inherent 

capabilities and multiple factors that govern penetration and infection of a host plant 

(Pawlowski and Hawn 1964; Morrall et al. 1972; Lumsden 1979). The host plant has an array 

of defense mechanisms that must be inactivated before disease can develop. The host-

pathogen interaction also depends on the surrounding environment and time (Van Den Berg 

and Yang 1969; Lumsden and Dow 1973; Lumsden 1979). The pathogen attack mechanisms 

include several enzymes in particular cell wall- and middle lamella-degrading enzymes, 

toxins, and rapidity of infection (Lumsden 1979).  

Production of a variety of cell wall-degrading enzymes, and production of oxalic acid 

are associated with disease development (Lumsden 1969; Morrall et al. 1972; Lumsden 1979; 

Noyes and Hancock 1981). Intercellular penetration of infection hyphae through tissue 

(Lumsden and Dow 1973) is enhanced by enzymes capable of degrading the middle lamella 

of host cells (Lumsden 1979). Pectolytic enzymes produced by Sclerotinia spp., especially 

polygalacturonases (PG) serve the pathogen in this capacity. Endo-polygalacturonase 

(Lumsden 1976) undoubtedly is essential for successful advance of the pathogen during the 

very early stages of pathogenesis (Lumsden 1979). The ability to produce large quantities of 

the enzyme in vitro was associated with isolates of S. sclerotiorum that were most virulent on 

bean (Lumsden 1976). The production of exo-PG is correlated with growth of Sclerotinia 

(Lumsden 1976) and also may play a role in the nutrition and development of the pathogen in 

invaded tissue (Lumsden 1979). Oxalic acid works in concert with cell wall degrading 

enzymes (such as PG), to bring about the destruction of host tissue by creating an 
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environment conducive for PG attack on pectin in the middle lamella (Marciano et al. 1983; 

Fraissinet-Tachet and Fevre 1996).  

The presence of more than 400 agricultural plants and wild species among host plants 

(Boland and Hall 1994), weakens the possibility of specialist behavior of S. sclerotiorum on 

oilseed rape. However, a few reports suggest the possibility of specialized oilseed rape 

populations of the pathogen. For instance, in a comparison of the DNA fingerprints of isolates 

from cabbage production fields in North Carolina and Louisiana with DNA fingerprints of S. 

sclerotiorum from Canadian canola, no shared fingerprints were observed among populations 

from these areas (Cubeta et al. 1997). Cubeta et al. (1997) in this study suggested that 

subdivision of S. sclerotiorum population occurred by geographic separation, host 

specialization, or ecological adaptation. Sexton and Howlett (2004) in agreement with the 

effect of environmental factors (ecological adaptation), suggested a role of different 

temperatures in Victoria and New South Wales, Australia, in genetic differentiation of           

S. sclerotiorum populations which had been collected from canola (B. napus) fields in these 

states. Based on microsatellite markers, they also found a greater gene diversity in 

southeastern Australian S. sclerotiorum populations from canola compared with the 

Washington State populations from potato. Interestingly, the origin of isolates from a crop 

population might also affect differences in virulence. This differentiation was observed 

between isolates originally cultured from stem lesions causing relatively small leaf lesions 

and isolates from petals which had larger lesions (Sexton and Howlett 2004). 

 

Role of oxalic acid  

The role of oxalic acid secreted by S. sclerotiorum during pathogenesis has been 

reviewed by Bolton et al. (2006), and Hegedus and Rimmer (2005). It has been detected in 

various organisms, including animals, plants and fungi and it is well established that certain 

plant pathogenic fungi secrete oxalic acid as part of the process for invasion of plant tissues 

(Ruijter et al. 1999; Caliskan 2000).  

Several modes of action have been suggested for oxalic acid as functions to aid in 

pathogenicity (Lumsden 1979; Caliskan 2000; Bolton et al. 2006). Bolton et al. (2006) have 

proposed 7 modes of action, of which decreasing the ambient pH (to around 4-5) was 

considered to be the most important action of the acid as a pathogenicity factor. They also 

suggested that, by lowering pH to or below levels for optimum cell wall degrading enzyme 

(CWDE) activity, oxalic acid may also contribute to an escape from PG inhibition by plant 

defense polygalacturonase-inhibiting proteins (PGIPs) (Favaron et al. 2004). The decreased 

pH may also affect the transcriptional regulation of pH-regulated genes necessary for 
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pathogenesis (Rollins and Dickman 2001). Polygalacturonase gene expression, specifically 

that of Sspg1, increases sharply when the ambient pH falls to less than 3.8 (Rollins and 

Dickman 2001; Cotton et al. 2003). Therefore, enzyme synthesis by S. sclerotiorum, including 

cell wall-degrading enzymes (CWDE), is pH dependent (Vautard-Mey and Fevre 2003). 

 There are some other functions proposed for oxalic acid including chelation of Ca2+ 

and pectic materials from cell walls 3-5 cell layers in advance of the fungal hyphae (Lumsden 

and Dow 1973); oxidative burst suppression (Cessna et al. 2000); manipulation of guard cell 

function (Guimaraes and Stotz 2004); and inhibition of plant-produced polyphenol oxidase 

activities (Marciano et al. 1983). The last mechanism also occurs through the decreased pH 

(Yoruk and Marshall 2003). 

The relative importance in pathogenesis of oxalic acid has been reassessed by 

production of mutants of S. sclerotiorum specifically lacking the ability to synthesize oxalic 

acid. These oxalic acid minus mutants were nonpathogenic in bioassays with Phaseolus 

vulgaris (Godoy et al. 1990). Hypovirulent isolates of S. sclerotiorum in one study differed 

from the virulent isolate by reduced oxalic acid accumulation in potato dextrose broth, and 

reduced pathogenicity on canola (Li et al. 2003). Whereas in studies on Brassica species, 

oilseed rape varieties and near-isogenic lines, a negative correlation was observed between 

tissue response and S. sclerotiorum derived oxalic acid (Mullins and Jones 1995). 

Reports that the accumulation of oxalic acid may prevent activation of the host 

resistance mechanism suggest that its importance should be investigated further (Prusky and 

Yakoby 2003).  

 

RESISTANCE OF BRASSICAS TO S. sclerotiorum 

S. sclerotiorum attacks around 400 species and more importantly, several agricultural crops 

among these hosts may be employed in rotation with the brassica crop (Boland and Hall 1994; 

Hind et al. 2003). Thus, the potential of crop-rotation as an effective agronomic method to 

control the disease would be decreased (Mullins and Jones 1995). Fungicide applications have 

their own environmental and economic problems. Therefore, exploring and cropping resistant 

cultivars of oilseed rape may allow both the decrease of disease damage and environmental 

and economic savings (Zhao and Meng 2003; Zhao et al. 2004; Bradley et al. 2006).  

 Geneticists have shown both monogenic and polygenic mechanisms of resistance to 

Sclerotinia which depend on the plant species. However, complete resistance has not been 

reported in oilseed rape genotypes (Li et al. 2006; Li et al. 2007). Resistance to S. 

sclerotiorum in oilseed rape is partial or quantitative resistance, usually considered to be the 

result of interactions of many genes (Zhao and Meng 2003). This kind of resistance has been 



 9 

identified in cultivar Zhongyou 821 (B. napus) and some Chinese and Australian lines (Li et 

al. 1999; Li et al. 2007). The European line B. napus cv. Bienvenu also has shown good 

resistance (small lesions and less host damage) (Li et al. 1999). Zhao et al. (2004) compared 

winter and spring type cultivars in reaction to the fungus and found higher levels of resistance 

among winter-type ones.  

 Resistance can be assessed in the field, but this is dependent on sources of inoculum 

and weather conditions (Bradley et al. 2006; Li et al. 2007). Variable responses of oilseed 

rape germplasm to inoculation with S. sclerotiorum, especially in field evaluations are one of 

the limitations in this area. However, there is no clear reason for this variability (Li et al. 

2007). Bradley et al. (2006) by spraying ascospore suspension on canola plants at two 

flowering steps and providing a mist-irrigation system, observed varied disease pressure in the 

field evaluations from year to year. They related these variations to uncontrollable factors, 

such as relative humidity and temperature. Nevertheless, in another study with field tests, the 

value of the stem inoculation method, using mycelium agar plugs with glucose source, was 

confirmed by differentiating Chinese, Australian B. napus, and B. juncea germplasm (Li et al. 

2006). The uncontrollable environmental factors were not discussed in this paper. Later, they 

(Li et al. 2007) reported the role of environmental conditions on variation of genotype 

performance despite applying the same inoculation method.  

The most sophisticated methods for assessing resistance in the laboratory use 

ascospores to infect ageing petals, which are then placed on detached leaf or stem pieces and 

the rate of lesion expansion measured (Seguin-Swartz and Lefol 1999). Most people avoid 

this because of the laborious procedures required to produce the ascospores.  

An alternative method that is popular is to place mycelial inoculum in the leaf axils 

(Dickson and Petzoldt 1996). Cereal grains that have been colonized by the fungus are often 

used (Sedun et al. 1989; Chaocai 1995). In evaluations under controlled environment, use of 

S. sclerotiorum mycelium or the pathogenicity factor oxalic acid have formed the basis of 

several inoculation techniques. Researchers have used oxalic acid in greenhouse tests of 

oilseed rape genotypes. Application of different concentrations and different conditions of 

evaluated plants may affect the response. For instance, Bradley et al. (2006) applying 40 mM 

oxalic acid evaluated excised canola plants submerged into the stock solution, while Chaocai 

(1995) immersed root parts of intact plants in 15 mM acid solution.  

Interested scientists have used inoculation techniques including grain inoculum in a 

leaf axil, spraying of macerated mycelium on plants, and petiole inoculation with fungus 

mycelium (Chaocai 1995; Zhao et al. 2004; Bradley et al. 2006; Li et al. 2007). However, 

significant differences were not detected among cultivars by the detached leaf assay in the 
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experiments of Bradley et al. (2006). Overall, different inoculation methods detect different 

components of resistance. For example, Zhao and Meng (2003) distinguished leaf resistance 

at the seedling stage, and stem resistance at the mature stage, which appeared to be under 

separate genetic control.  

In most cases, lesion length or diameter was measured. Sedun et al. (1989) in the 

meantime, differentiated Brassica species/cultivars using the rate of stem lesion expansion as 

an indicator of resistance. There does not appear to have been any systematic attempt to 

categorize components of resistance to Sclerotinia.  

 

GLUCOSINOLATES 

GSLs are sulphur-containing glycosides that occur within 16 plant families, 

particularly Brassicaceae in which they have been detected in every species (Mithen 1992; 

Brudenell et al. 1999; Mithen 2001). They comprise a common glycoside moiety and a 

variable side chain (Mithen 1992; Mithen 2001). These chemicals are preformed in the 

Brassicaceae, which are cultivated as vegetables, condiments, oilseeds, and forage (Rosa et 

al. 1997). In this family, the GSLs can be divided into three major classes based on side 

chains: 1) side chains as aliphatic alkenyl or hydroxyalkenyl groups; 2) GSLs having side 

chains with an indolyl group; and 3) those that possess aralkyl (aromatic) side chains (Mithen 

1992). The GSL side chains are derived from amino acids as the first steps in the biosynthetic 

pathway. GSLs possessing aliphatic, indolyl and aralkyl side chains are derived from 

methionine, tryptophan and phenylalanine respectively (Mithen 1992; Bennet et al. 1993). 

Subsequent to the development of the side chain, the aglycone moiety is developed through a 

complex series of several nitrogenous and sulphur containing intermediates (Mithen 1992). 

Species within the Brassicaceae contain different GSL profiles and GSL concentrations. 

Different tissues of a single brassica plant also demonstrate such variations, and 

environmental conditions and growth stage also have an influence (Bellostas et al. 2007).  

It seems that GSLs like other groups of endogenous compounds have physicochemical 

properties allowing phloem mobility (Brudenell et al. 1999). Their accumulation in Brassica 

leaves is increased by some chemical inducers like salicylic acid, and jasmonic acid and their 

role in plant defence has been discussed (Kiddle et al. 1994; Doughty et al. 1995; Cole 1996). 

Environmental factors including light, temperature and even sowing date have effects on GSL 

concentration (Sang et al. 1986; Rosa 1997; Rosa and Rodrigues 1998). Total GSL 

concentration was highest at the bud stage then generally declined during flowering in all 

environments, and was lowest at maturity of both winter and spring type rapeseeds (Sarwar 

and Kirkegaard 1998). GSL profiles of four Brassica species of the U-triangle including B. 
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arinata, B. nigra, B. juncea, and B. rapa, in roots, stems, leaves and reproductive organs at 

different developmental stages were compared by Bellostas et al. (2007). They identified allyl 

GSL as the major GSL in all three mustards while the B. rapa seeds and green tissues 

contained this GSL as 90% and 50% of total GSL concentrations, respectively. In addition, 

total GSL concentration of the investigated species varied with growth stage and towards the 

end of their life period, the concentration decreased in roots and leaves but increased in 

reproductive tissues (Bellostas et al. 2007).    

The GSL content of various organs of the model plant Arabidopsis thaliana (L.) 

Heynh., was analyzed at different stages during its life cycle. Significant differences were 

noted among organs in both GSL concentration and composition. Dormant and germinating 

seeds had the highest concentration, followed by inflorescences, siliques (fruits), leaves and 

roots (Brown et al. 2003). The variation of GSLs in both canola (B. napus) and Indian 

mustard (B. juncea) was independent of seed GSL levels indicating that there may be scope to 

enhance genetically GSL levels without lowering seed quality (Kirkegaard and Sarwar 1999).  

 

GLUCOSINOLATE-MYROSINASE (GSL-M) SYSTEM 

Upon wounding by infection or pest attack, or any mechanical injury, the GSLs are exposed 

to hydrolytic enzymes (myrosinases) because of host cell breakdown (Bones and Rossiter 

1996; Mithen 2001). The nature of GSL breakdown products depends on their structure, the 

form of myrosinase, the plant species, and a range of other factors including pH, temperature, 

metal ion concentrations, and protein factors. 

The myrosinase-mediated degradation of GSLs gives rise to an unstable intermediate, 

which can result in the production of isothiocyanates (ITCs), thiocyanates, nitriles and 

elemental sulphur, depending on the concentration of H+ and/or other factors. ITCs are 

usually produced at neutral pH while nitrile production occurs at lower pH (Bones and 

Rossiter 1996). 

According to Bones and Rossiter (1996), myrosinase and GSLs were first discovered 

in mustard seeds by Bussy at 1840. The myrosinases always appear to be accompanied by one 

or more GSLs. They occur in all Brassicaceae species examined (Rodman 1991). Enzymes 

with myrosinase activity have also been identified in fungi, bacteria, and brassica aphids 

(Bones and Rossiter 1996). The myrosinase activity in seeds of S. alba was found to be about 

10 times higher than in B. campestris (B. rapa). In contrast, B. napus had slightly higher 

activity than B. campestris (Bjorkman and Lonnerdal 1973; Bones 1990). The existence of 

multiple forms of myrosinase has been shown in many plants. Buchwaldt et al. (1986) 

detected at least 14 myrosinase isoenzymes from crude extract of seeds of S. alba. Two 
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myrosinases were separated from cotyledons of 5-day-old B. napus seedlings (James and 

Rossiter 1991).  

Distribution of the myrosinase isoenzymes seems to be both organ- and species-

specific (Buchwaldt et al. 1986; Bones and Rossiter 1996). Little is known about the 

physiological reason for this difference. Bones and Rossiter (1996) have postulated that the 

particular isoenzymes correspond to endogenous conditions, conditions of the target 

organism, or to particular GSLs that are dominant in the profile of that tissue. Hypocotyls 

contain the highest specific myrosinase activity in organs of a seedling. Organs in mature 

brassica plants normally contain low myrosinase activity except for roots which have higher 

activity (Bones 1990).  

Myrosinase is accompanied by several polypeptides (Lenman et al. 1990). It has been 

shown that wounding induces the expression of these polypeptides (Falk et al. 1995b). In 

addition, myrosinase-binding proteins (MBP) and myrosinase–binding related proteins 

(MBPRP) have been characterized which are present exclusively in seeds and all parts of the 

plant (B. napus), respectively. Their role in response to tissue damage and subsequently 

activation of GSL-M system has been hypothesized by Falk et al. (1995b). 

Another accompanying protein named epithiospecifier protein (ESP) has been 

characterized which is a myrosinase cofactor and is necessary to drive hydrolysis of some 

specific GSLs towards the production of cyanoepithioalkanes instead of ITCs and nitriles 

(Bernardi et al. 2000). In the absence of ferrous ions, ESP becomes inactive in B. napus 

(MacLeod and Rossiter 1985). Addition of ferrous ions changed the major products of the 

GSL hydrolysis (Bones and Rossiter 1996). Several brassica myrosinase genes have been 

isolated and characterized (Bones and Rossiter 1996). Thangstad et al. (1993) and Falk et al. 

(1995a) showed that myrosinases in B. napus are encoded by a multigene family.  

Myrosinases appear in all GSL-producing plants, and have the highest activity in seeds 

and seedlings (Bones 1990; Rask et al. 2000). Histochemical and immunological studies have 

shown that this enzyme is located in the cytoplasm of specified myrosin cells scattered 

throughout the plant tissue and may also be located in the cytoplasm of other cells (Thangstad 

et al. 1990). It has been speculated that GSLs are present in most cells (Wallace and 

Eigenbrode 2002).  

For many years the term myrosin cell has been used to describe a special type of 

secretary cell containing myrosinase (Bones and Iversen 1985). They are different 

morphologically from the adjacent cells and are detectable in seeds, parenchyma tissue, 

epidermis, and guard cells (Bones and Iversen 1985; Hoglund et al. 1991).  



 13 

Myrosinase activity does not require the existence of myrosin grains as a prerequisite 

(Bones and Iversen 1985). Bones (1990) showed that hypocotyls contain the highest specific 

myrosinase activity of the seedling organs. Hoglund et al. (1991) found approximately 2 to 

5% of the cells in the mature seed appeared to contain myrosinase.  They found that 

myrosinase was confined to only a few cells and to different cell types in the various organs 

of rapeseed.  

 

Factors affecting the GSL-M system 

The nature of GSL breakdown products depends on their structure, the form of 

myrosinase, the plant species, and a range of other factors including pH, temperature, metal 

ion concentrations, and protein factors. Therefore, simple assessments of relative amounts of 

specific GSLs present in the plant would not give an accurate prediction of products (Fenwick 

et al. 1983; Chew 1988; Osbourn 1996; Charron et al. 2005; Charron et al. 2005). According 

to Bones and Rossiter (1996), myrosinases are generally soluble proteins that usually reveal 

an acidic pH-optimum between pH 4 and 7. Sharma and Garg (1996) investigated myrosinase 

activity and factors affecting its activity including substrate and enzyme concentration, pH 

and temperature. Based on their results, substrate (0.34 mM) pH (7.0) and temperature (37˚C) 

were found to be optimum conditions for maximum enzyme activity. Uda et al. (1986) in their 

investigations observed that regardless of the presence or absence of ferrous ion, ITC 

formation at pH 3.5 is strongly inhibited, while the inhibitory effect of ferrous ion diminished 

at pH 6.5, and disappeared at pH 7.5. Myrosinase enzymes in B. napus during early seedling 

growth are optimally active at pH 5 to 6 (James and Rossiter 1991).  

 

BIOCIDAL POTENTIAL OF GSL-M ACTIVITY PRODUCTS 

GSL degradation products, in particular the ITCs, are known to have broad biocidal activity 

including insecticidal, nematicidal, fungicidal, antibiotic and phytotoxic effects (Chew 1988; 

Brown and Morra 1997; Rosa et al. 1997). Researchers have reported toxic effects of ITCs on 

pathogenic fungi (Brown and Morra 1997; Manici et al. 1997; Smolinska and Horbowicz 

1999; Smith and Kirkegaard 2002). Already investigations have indicated that 

phytopathogenic fungi show various reactions to ITCs based on their physiological and 

morphological characteristics (Manici et al. 1997; Smolinska and Horbowicz 1999; Smolinska 

et al. 2003). Furthermore, the toxicity of ITCs is affected by their physicochemical 

characteristics. Volatility and R group would have a direct role on toxicity (Munnecke and 

Martin 1964; Brown and Morra 1997; Kirkegaard and Sarwar 1998; Smolinska and 

Horbowicz 1999). For example, radial growth of Pythium ultimum and Rhizoctonia solani 
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was suppressed most by Indian mustard in which allyl ITC comprised >90% of the volatiles 

(Charron and Sams 1999). Among ITCs in brassicas, allyl-(2-propenyl) and 3-butenyl ITCs 

are the most fungitoxic. Breakdown products of indolyl GSLs may also be toxic toward fungi 

(Mithen et al. 1986).  

The mechanism of biocidal activity of ITCs against fungal pathogens is not yet known 

clearly. However, two kinds of toxic effect have been recognized: direct and indirect toxic 

effects (Brader et al. 2006). In the direct effect, ITCs interact nonspecifically and irreversibly 

with proteins (and enzymes) and amino acids to form stable products (Brown and Morra 

1997). Therefore, ITCs might easily inactivate enzymes (Kawakishi and Kaneko 1985). 

Brader et al. (2006) have suggested a more indirect effect of ITCs on exposed plant cells.  

They propose that GSL hydrolysis products may interfere with plant defense signaling in 

particular systemic acquired resistance (SAR).  

The suppression activity of ITCs against fungal pathogens in radial growth assays has 

been reported for B. nigra, B. juncea, and B. carinata for varieties with allyl ITC 

concentrations greater than 0.10 mg/g of leaf tissue (Mayton et al. 1996; Smolinska and 

Horbowicz 1999). As a confirmation, Kirkegaard et al. (1996) suggested that the degree of 

fungal suppression by the various Brassica tissues is related to the concentration and type of 

ITCs released, which varies with Brassica species, tissue age and tissue type. In addition, 

variation in toxicity of different ITCs to the fungi, suggested focusing on selecting those 

rapeseeds which produce large quantities of GSL precursors to the most toxic ITCs (Sarwar et 

al. 1998). For example, volatiles released from GSLs (predominantly allyl glucosinolate) in 

tissues of B. juncea and Wasabi japonica are toxic to the blackleg fungus, L. maculans, in 

vitro (Sexton et al. 1999). The concentration of GSLs occurring in leaf tissue of Brassica 

crops and wild species has been estimated to be sufficient to inhibit fungal growth 

(Greenhalgh and Mitchell 1976; Mithen et al. 1987). Sexton et al. (1999) used brassica shoot 

tissue and seed meal as GSL and myrosinase sources in their investigations on the reaction of 

L. maculans to volatile derivatives of hydrolysis.  

Several ITCs are toxic to the Brassica pathogens including Leptosphaeria maculans, 

Alternaria sp., and Peronospora parasitica, in vitro (Greenhalgh and Mitchell 1976; Mithen 

et al. 1995; Sellam et al. 2007b). ITCs also have a toxic effect on growth of S. sclerotiorum 

mycelium under in vitro conditions (Manici et al. 1997). Manici et al. (1997) showed that 

native GSLs do not have toxic effects on the fungus and only their hydrolysis products 

inhibited the growth of S. sclerotiorum. They obtained these results in vitro by using 

individual GSLs and myrosinase to form the GSL-M system for hydrolysis. Smith and 
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Kirkegaard (2002) observed sensitivity of S. sclerotiorum to ITCs by applying toxic 2-

phenylethyl ITC, in vitro.  

 

ROLE OF GSL—M SYSTEM IN DISEASE RESISTANCE  

The GSL-M system is present at different concentrations in all Brassicaceae organs, where it 

might play an important defensive role (Manici et al. 1997). Release of a series of potentially 

toxic products upon the hydrolysis of GSLs by myrosinase enzyme has led researchers to 

propose that the GSL-M system might have a role as a nonspecific defense system in the plant 

(Luthy and Matile 1984; Mithen et al. 1986).  

It is generally assumed that these metabolites play an important role in the defense 

mechanisms of GSL-containing plants against fungal pathogens. However, despite several 

studies suggesting the toxic effect of ITCs on plant pathogens, there is less documentation on 

the role of GSLs in plant-pathogen resistance interactions (Tierens et al. 2001; Zhao and 

Meng 2003; Brader et al. 2006).  

Researchers have studied correlations between GSL contents of brassicas and levels of 

disease resistance (Tierens et al. 2001). Some correlations were observed in GSL-resistance 

interactions. For instance, the host range of Plasmodiophora brassicae depends on the root 

concentrations of 2-OH-2-phenylethyl GSL (Ludwig-Muller et al. 1999). Brader et al. (2006) 

showed that Arabidopsis (model plant for Brassicaceae) plants with high levels of novel 

GSLs, as a result of the introduction of single CYP79 genes, exhibit altered disease resistance. 

They found that accumulation of aliphatic and aromatic GSLs increased resistance towards 

the bacterial pathogens Pseudomonas syringae and Erwinia carotovora in Arabidopsis and 

related that partly to direct toxic effects of GSL breakdown products. Moreover, Tierens et al. 

(2001) observed that F. oxysporum was significantly more aggressive on mutant gsm1-1 of 

Arabidopsis which was largely deficient in production of 4-methylsulphinylbutyl ITC than on 

wild-type plants. They suggested that ITCs derived from GSL hydrolysis could play a role in 

the protection of Arabidopsis against particular pathogens.  

High GSL levels have been associated with resistance of oilseed rape and Indian 

mustard to L. maculans (Mithen and Magrath 1992). Mithen and Magrath (1992) derived B. 

napus synthetic lines by combining the genomes of B. oleracea var. alboglabra and B. 

atlantica with, respectively, susceptibility and resistance to foliar infection by L. maculans. 

They observed expression of resistance in the synthetic lines. Moreover, the expression of 

alkenyl GSL associated with resistance also occurred in the synthetic lines indicating the role 

of GSLs. However, co-segregation of disease resistance and GSL profiles disappeared in F2 

progeny from crosses between the synthetic lines (Mithen and Magrath 1992).  
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Greenhalgh and Mitchell (1976) observed the same association with resistance of 

cabbages to Peronospora parasitica, the downy mildew causal agent. In their investigation, 

the tissue macerates of resistant cultivars and also wild populations released the greatest 

concentration of flavour volatiles. Allyl ITC was detected as one of these volatiles, which had 

been proved to be highly toxic to the pathogen. It was suggested that the ability of cabbage 

seedlings to produce large amounts of allyl ITC, as a product of GSL-M system activity, 

subsequent to tissue damage might inhibit the growth of P. parasitica (Greenhalgh and 

Mitchell 1976).  

Li et al. (1999) observed a positive correlation between S. sclerotiorum-induced 

production of indole GSLs and 2-phenylethyl GSL in moderately resistant line 014 (B. napus) 

and resistance to the pathogen. According to their dual inoculation system, this induction 

(local and systemic) in pre-inoculated line 014 plants was associated with a reduction in 

lesion size of the second inoculum. The poor local and systemic induction of GSLs (lines 016 

and 024) associated with susceptibility suggested GSL induction may be an important marker 

of resistance to S. sclerotiorum in oilseed rape (Li et al. 1999). In contrast, no correlation was 

observed between vegetative tissue GSL content and resistance to S. sclerotiorum. However, 

the dynamics of the GSL-M system in B. napus are ignored by this simple conclusion, while 

cultivars with similar leaf GSL contents in response to Alternaria brassicae react very 

differently (Li et al. 1999).  

Zhao and Meng (2003) applying the quantitative trait loci mapping (QTL) technique 

detected loci controlling seed GSL content which had association with loci for Sclerotinia 

resistance in B. napus. They found a QTL associated with aliphatic GSL content of leaf at 

seedling stage, which had linkage with resistance to the pathogen. Another one was identified 

as responsible for 3-indolyl-methyl GSL content and interestingly, was linked to Sclerotinia 

resistance on the stem of the maturing plant. Therefore, changes in disease resistance depends 

strongly on both the species of pathogen and on the GSL profile of the host (Tierens et al. 

2001; Brader et al. 2006).  

Accumulation of GSLs in oilseed rape vegetative tissues is a dynamic process, which 

is affected by mechanical and fungal stresses, locally and systemic. This mechanism varies 

between Brassica species and cultivars (Wallsgrove et al. 1999). Apparent presence of a 

correlation between speed and extent of induction and resistance to pathogens such as S. 

sclerotiorum, has led Wallsgrove et al. (1999) to suggest the GSL response as a good marker 

for resistance.  
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DISARMING OF GSL-M SYSTEM BY PATHOGENS   

Resistance or tolerance reactions to ITCs have been observed in other pathogens or pests of 

brassica plants. Sexton et al. (1999) did not find a relationship between blackleg resistance (in 

stems and cotyledons) and the level of allyl GSL, despite its in vitro toxicity to the pathogen, 

in seed or shoot tissue of B. juncea. They suggested that attacking isolates of L. maculans 

might detoxify or evade the toxic effects of hydrolysis products from this GSL in B. juncea. 

Alternaria brassicicola, a fungal pathogen of brassicas particularly canola, showed tolerance 

reaction to benzyl ITC (Sellam et al. 2006). Therefore, some pests and diseases seem to have 

evolved mechanisms to escape the GSL-M system, by means which are not yet known, and S. 

sclerotiorum with a wide range of pathogenicity on brassicas may be categorized in such a 

group (Li et al. 1999).  

Three groups of mechanisms for disarming the GSL-M system in brassica plants can 

be categorized as negative, passive and active mechanisms.  

In the negative category, the toxic products of GSLs particularly ITCs as an indirect 

effect neutralize the systemic resistance mechanisms of the host plant. Brader et al. (2006) 

investigating Arabidopsis transgenic plants, noticed that accumulation of individual aromatic 

GSLs, p-hydroxybenzyl and benzyl, stimulated salicylic acid-mediated defenses and 

suppressed jasmonate-dependent defenses and these interactions enhanced susceptibility to 

the fungus A. brassicicola. Meanwhile, the GSLs ITC products showed inhibitory effects on 

the pathogen, in vitro. It was suggested that the toxic GSL breakdown products interfering 

with plant defense signaling may unexpectedly result in increased susceptibility towards 

certain pathogens (Brader et al. 2006).  

Interactions between B. napus and L. maculans, the blackleg fungal agent, can be 

discussed as a passive mechanism of reaction to the GSL-M system in brassica plants. 

Andreasson et al. (2001) used one resistant B. napus cultivar (Maluka) and one susceptible 

cultivar (Westar) with the same histological distribution, isoform expression, and activity of 

the myrosinase enzymes and also similar levels of GSL to investigate the interactions of L. 

maculans and the host plants. They observed that growth of the pathogen on plant tissues did 

not alter GSL levels and suggested that L. maculans does not degrade the GSL compounds. 

They proposed that GSL-M system was not activated during infection.  

Pathogens and pests of brassica plants would actively react to the GSL-M system for 

two types of aims: a) pathological or nutritional purposes, or b) neutralizing (detoxifying) 

purposes.  

 Giamoustaris and Mithen (1997) have suggested that in specialized Brassica 

pathogens such as L. maculans, Alternaria brassicae and A. brassicicola, GSLs may function 
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as a stimulus to switch on genes required for pathogenesis and are then detoxified or tolerated 

by these fungi. They have also proposed that GSLs may have a role in protection against 

nonspecialized pathogens such as Botrytis and Sclerotinia. The occurrence of the myrosinase 

enzyme system in the brassica (cabbage) specialist aphid, Brevicoryne brassicae with GSL 

hydrolysis activity led Francis et al. (2002) to propose a hypothesis concerning plant-insect 

co-evolution for brassica feeding specialists in disarming the GSL-M system of plant. Wu and 

Meijer (1999) found that S. sclerotiorum could not degrade GSLs, indicating that this fungal 

pathogen did not produce a myrosinase system with hydrolysis activity and must apply 

another way to overcome the GSL-M system in brassicas. 

A number of herbivorous insects and fungal pathogens actively detoxify GSL-M 

system toxic products by producing specific enzymes (Ratzka et al. 2002; Wittstock et al. 

2004; Sellam et al. 2007a).  

GSL-M system is disarmed by a GSL sulfatase (GSLS) of a brassica specialist insect, 

diamondback moth, Plutella xylostella (Lepidoptera: Plutellidae). This enzyme largely 

prevents the formation of toxic products of the GSL-M system (Ratzka et al. 2002). Ratzka et 

al. (2002) observed that the enzyme can act on all major GSL classes indicating the ability of 

diamondback moths to use a broad range of brassica plants. GSLS competition with host plant 

myrosinase has been observed for GSL substrate. In fact, myrosinases could not use 

desulfoglucosinolates as a substrate and so GSLS disarms the GSL-M system in two ways, 

directly by removing the myrosinase’s substrate, GSLs, and indirectly by reducing its activity 

by means of the released sulfate (Ratzka et al. 2002).  

Another possible enzymatic detoxification of the GSL-M system in brassicas, has been 

reported by Wittstock et al. (2004) in investigations of adaptive interactions of larvae of the 

specialist insect, Pieris rapae, with this system. They have shown that the GSL hydrolysis 

reaction is redirected toward the formation of nitriles instead of ITCs. The results of this study 

revealed that the plant material is ingested by P. rapae larvae, and finally the nitriles are 

excreted with the faeces. A protein, present in the larval gut and designated nitrile-specifier 

protein, redirected the myrosinase-catalyzed hydrolysis to produce nitriles (Wittstock et al. 

2004).  

The role of glutathione S-transferase enzyme (GST) in detoxifying the products of the 

GSL-M system in brassicas is a possible way for S. sclerotiorum to disarm the plant 

preformed defense system. The key role of GST enzymes for animals to avoid ITC toxicity 

has been studied many times (Kolm et al. 1995). These enzymes are a family of 

multifunctional enzymes, which play an important role in cellular detoxification, and 

excretion of a wide variety of xenobiotic substances. They catalyze the S-conjugation between 
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the thiol group of glutathione (GSH) and an electrophilic moiety in hydrophobic toxicants. 

Mammalian and plant GSTs are well characterized and known, but fungal GSTs are less 

known in detail (Sellam et al. 2006). However, GSTs have been identified in some fungi such 

as Fusarium oxysporum (Cohen et al. 1986), Botrytis cinerea (Prins et al. 2000), Aspergillus 

sp (Fraser et al. 2002; Burns et al. 2005) and recently Alternaria brassicicola (Sellam et al. 

2006; Sellam et al. 2007a). Potential involvement of these fungal GSTs has been revealed in 

protecting the cell against damage by oxidative stress, xenobiotic chemicals, heavy metals and 

antifungal compounds, so highlighting the important functional diversity of these enzymes 

(Sellam et al. 2006).  

ITCs have been found as substrates for human GSTs (Kolm et al. 1995). Francis et al. 

(2005) have indicated that GST in insects plays an important role in the detoxification of 

many substances particularly allelochemicals from plants. Induction of GST activity in Myzus 

persicae, as a nonspecific brassica herbivore, in response to ITCs was determined when they 

were added to an artificial diet (Francis et al. 2005). Sellam et al. (2006) exposed germinating 

conidia of A. brassicicola to allyl and benzyl ITCs and cloned a GST encoding gene. 

Upregulation of this gene in planta was observed during the first day post infection of the 

pathogen. Therefore, the potential involvement of the GST in ITC detoxification mechanisms 

during host plant infection was suggested (Sellam et al. 2006). Sellam et al. (2006) analyzed 

the GST activity, through enzyme assay, of a cell extract containing recombinant AbGst1p 

encoded by the GST gene. They obtained enhanced activity with CDNB, allyl ITC and benzyl 

ITC. Moreover, GST activity with the two ITCs was higher than with CDNB. These results 

showed that the recombinant GST enzyme easily and competitively (comparing with CDNB) 

conjugated the ITCs with glutathione. The result of this activity is detoxification of products 

of the GSL-M system (Sellam et al. 2006).  

Disease resistance levels in brassica plants are related to both preformed (constitutive) 

and induced defenses. Phytoalexins are categorized as induced chemical defences in 

Brassicaceae. The phytoalexins produced by Brassicaceae have an indole or indole related 

ring and at least one sulfur atom as common structural features, and are similar to indolyl 

GSLs (Pedras and Sorensen 1998). Increase of indolyl GSLs during infection of brassicas by 

S. sclerotiorum (Li et al. 1999) might be related to enhanced production of these chemicals in 

the plant. Recently, the chemical defense components have been reported to be detoxified by 

the pathogen S. sclerotiorum. Pedras et al. (2004) reported detoxification of brassica 

phytoalexins included brassinin, 1-methoxybrassinin and cyclobrassinin, by the fungus. They 

found that S. sclerotiorum detoxifies these phytoalexins using an inducible 

glucosyltransferase. It has been reported as well that, this pathogen can detoxify camalexin 
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and 6-methoxycamalexin to the non toxic chemical 6-oxy-(O-�-D-glucopyranosyl)camalexin 

(Pedras and Hossain 2006).  

There is no available information on the tolerance of S. sclerotiorum to GSL 

hydrolysis volatile products and the mechanism of any tolerance. More work is therefore 

required for studying such phenomena. The reaction of S. sclerotiorum to volatiles derived 

from GSL hydrolysis in vitro and in planta is of interest for understanding the unknown gaps 

occurring in host-pathogen interactions.  

 

CONCLUSION  

Researchers have used media supplemented with ITCs for studying the sensitivity of S. 

sclerotiorum to these chemicals and found some growth inhibition of the fungus. Studies by 

plant pathologists on oilseed rape stem rot disease have not sufficiently explored the potential 

of the natural resource of the GSL-M system, which could be able to inhibit the growth of the 

pathogen. The effect of oxalic acid as S. sclerotiorum pathogenicity factor on this defense 

mechanism of brassica plants is worth exploring. A critical review of the literature suggested 

that there are not any records of work done on pathogen-GSL-M interactions during host 

infection, even histologically. Therefore, there is a need to take further steps for 

understanding the relationship between resistance of oilseed rape cultivars and species, and 

their GSL-M biocidal potential. The reaction of S. sclerotiorum to this system should also be 

investigated, since that could lead to survival of fungus in tissues with the potent defense 

system. My research project is based on the research gaps that have been identified.  
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CHAPTER 3 

BIOASSAY SYSTEM, AND EFFECT OF OXALIC ACID ON THE     

GLUCOSINOLATE-MYROSINASE SYSTEM 

 

INTRODUCTION 

The effects of glucosinolate (GSL) hydrolysis-derived volatiles on S. sclerotiorum have been 

investigated by several scientists (Manici et al. 1997; Manici et al. 1999; Smolinska and 

Horbowicz 1999). Manici et al. (1997) observed inhibition of pathogen growth by 

isothiocyanates (ITCs) in vitro. Despite this, S. sclerotiorum is able to infect Brassica tissues. 

One potential way that it could do this is by an interaction between oxalic acid production and 

the glucosinolate-myrosinase (GSL-M) system. 

 There is a good correlation between pathogenesis, virulence, and oxalic acid secretion 

(Dutton and Evans 1996). Oxalic acid is a virulence factor of several phytopathogenic fungi, 

including S. sclerotiorum, but the detailed mechanisms by which oxalic acid affects host cells 

and tissues are not understood (Guimaraes and Stotz 2004). Its role in pathogenicity of the 

fungus on rapeseed has not been investigated. Although S. sclerotiorum acidifies its ambient 

environment by producing oxalic acid (Rollins and Dickman 2001; Hegedus and Rimmer 

2005), it is not known whether the GSL-M system in Brassica is affected through direct 

toxicity of oxalic acid, or its ability to change the ambient pH during pathogenesis as an 

indirect effect on this system (Hell 1997).  

 As oxalic acid increases, the extracellular pH decreases to around 4-5. These ambient 

pH conditions affect multiple processes in S. sclerotiorum particularly expression of cell wall 

degrading enzymes (Marciano et al. 1983; Rollins and Dickman 2001; Cotton et al. 2003; 

Prusky and Yakoby 2003; Favaron et al. 2004; Bolton et al. 2005). Guimaraes and Stotz 

(2004) found that S. sclerotiorum in infected Vicia faba leaves deregulates guard cells by 

producing oxalic acid at 1 to 10 mM concentrations. Cessna et al. (2000) observed oxidative 

burst suppression of tobacco and soybean at approximately the same concentration rates. In an 

infected susceptible line of Phaseolus coccineus  the same concentrations of oxalic acid were 

measured (Chipps et al. 2005). A concentration of 10 mM oxalic acid was used in the 

following experiments as it was close to physiological concentration.  

 Sexton et al. (1999) used seed meal of Brassica juncea and myrosinase which had 

been prepared from Sinapis alba as GSL and myrosinase sources in investigation of the 

reaction of Leptosphaeria maculans to volatile derivatives of hydrolysis. They exposed the 

fungus colonies to volatiles derived from mixture of GSL and myrosinase sources with water 

(10 μl per mg) as hydrolysis GSL hydrolysis products.  
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 The aim of the experiments in this chapter was to study effects of oxalic acid and pH 

on GSL-M system employing a bioassay method modified from Sexton et al. (1999), in vitro. 

This was done by monitoring effects of oxalic acid and pH on inhibitory volatiles produced 

from commercial mustard powder. It is assumed that these are derived from GSL hydrolysis. 

ITCs are the main volatiles produced by GSL-M system (Brown and Morra 1997).  

 

MATERIALS AND METHODS 

Pathogen isolate   

Sclerotia of S. sclerotiorum, collected from canola fields near Orange, NSW were received 

from Sydney University. They were surface-sterilized using 1% sodium hypochlorite solution 

for 2 minutes. They were washed three times with sterile distilled water, cut in half, and the 

inner side of cuts placed directly on potato dextrose agar (PDA). After 10-11 days incubation 

of culture at 20 ˚C and darkness, a well-growing culture was selected as a representative 

isolate, RS5. Using a 7 mm diameter cork borer, the edge of the fungus colony was sub-

cultured onto PDA under the same conditions.  

 

Growth inhibitory assay  

This method was adapted from a protocol described by Sexton et al. (1999) with some 

modifications. Growth of the pathogen was evaluated in the presence of volatiles released 

from mustard powder. Agar plugs (7 mm diameter) containing hyphae of S. sclerotiorum were 

transferred from the margins of 3-day-old actively growing cultures to 85 mm diameter glass 

plates containing a thin layer of potato dextrose agar. Commercial mustard powder (Ward 

McKenzie, Melbourne, Australia) was weighed into individual white plastic weighing boats 

(2 ml capacity). These were placed in the upturned lid of each plate, whilst the inverted 

bottom containing the fungal plugs was held aside. Water, buffer or oxalic acid solutions were 

pipetted onto the mustard powder depending on the experiment. The inverted bottoms of the 

plates were replaced, thereby positioning the fungal plugs over the containers of mustard 

powder. Plates were immediately sealed with Parafilm, and colony diameter was recorded 

after subtracting the diameter of the inoculum plug after 24h incubation at 20˚C and darkness. 

The growth inhibition by released ITCs was calculated for each treatment by the following 

formula:  

 

diameter Control

diameter  treatment-diameter  Control
  100  GI ×=  
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Data were analyzed by ANOVA and significant differences separated using the Student-

Newman-Keuls test. 

 

Effect of oxalic acid at physiological concentration  

Mustard powder (MP) was used at 3 experimental quantities, 2, 5, and 10 mg. The MP 

samples were mixed with distilled water, oxalic acid (10 mM, adjusted to pH 4.0) (Kolkman 

and Kelly 2000), or sodium acetate buffer (pH 4.0) solutions as hydrolysis substrates (10 �l 

per mg). 10 mM oxalic acid solution that had been adjusted to a pH of 4.0 with NaOH, was 

used as representative of physiological concentration (Maxwell and Lumsden 1970; Cessna et 

al. 2000; Chipps et al. 2005). Control plates had containers with the solutions only (20 �l). 

The experiment was a completely randomized design with three replications. The experiment 

was repeated four times and analyzed by ANOVA.  

   

Effect of oxalic acid under low and neutral pH 

In this experiment, two quantities of mustard powder (MP), 2 and 5 mg were used with 10 

mM oxalic acid solution as hydrolysis substrate. As the ambient pH in tissues infected by S. 

sclerotiorum is lowered to 4.0 (Prusky and Yakoby 2003) and optimal production of 

isothiocyanates happens at neutral pH (Bones and Rossiter 1996), pH levels 4.0 and 7.0 were 

selected for experiment. The pH of 10 mM oxalic acid concentrations was adjusted to 4.0 and 

7.0 using sodium hydroxide (1 M, NaOH) individually. Acetate buffer (0.1 M, pH 4.0) and 

phosphate buffer (0.1 M, pH 7.0) without oxalic acid were used as controls of the same pH 

levels. After adding the prepared liquids to MP amounts (10 �l per mg), the fungus cultures 

were incubated as above. There were four replicates and this experiment was done once.  

 

Effect of oxalic acid under different buffer systems 

To test the effects of different types of buffers, 5 mg amounts of MP in weighing boats were 

mixed with 10 mM oxalic acid solutions at pH 4.0 and 7.0 (adjusted by sodium hydroxide 1M 

solution), acetate (0.1 M, pH 3.6 and 5.6), citrate (0.1 M, pH 3.6 and 5.6), phosphate (0.1 M, 

pH 7.0) and Tris base (0.1 M, pH 7.0) buffers and distilled water as different hydrolysis 

substrates. The bioassay was done as above. There were three replicates and this experiment 

was done once. 

 

Effect of buffered and unbuffered oxalic acid  

Solutions of oxalic acid at 5, 10, and 20 mM were made up. Their original acidity was 

measured with a pH meter and then the pH of an aliquot was adjusted to 4.0 using sodium 
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hydroxide. Four-millimeter diameter agar plugs containing hyphae of S. sclerotiorum were 

transferred from the margins of 3-day-old actively growing cultures to 55 mm diameter plates 

which had a thin layer of ¼ strength potato dextrose agar. Five mg quantities of mustard 

powder placed in weighing boats (2 ml capacity). Stock solutions and pH-adjusted solutions 

of oxalic acid concentrations were added separately to the powder (10 μl per mg mustard 

powder) as treatments to provide hydrolysis conditions. Control plates had weighing boats 

containing distilled water only (volume equal to that added to the lowest amount of MP). Five 

mg quantities of mustard powder mixed with distilled water was used for comparison with the 

treatments. The plates were incubated at 25˚C in darkness for 24 hrs. A completely 

randomized design with three replications was used and the experiment was done once.  

 

Effect of pH 

Oxalic acid solutions (10 mM) were made up with different pH levels from 1.75-7 as 

hydrolysis substrates for experiment. The bioassay was run with 5 mg powder and 50 μl 

solution in 55 mm diameter plates inoculated with 4 mm agar plugs and incubated at 25˚C. As 

a comparison with the treatments, distilled water with and without mustard powder was used. 

A completely randomized design with four replications was used for the experiment and it 

was done once.  

As measurements of the actual pH of final mixtures after adding the very small amounts of 

substrates was not possible, the pH values in results and discussion are nominal. 

 

RESULTS 

Effect of oxalic acid at physiological concentration  

The purpose of this experiment was to test the effect of oxalic acid at physiological pH and 

concentration on production of inhibitory volatiles assumed to be derived from GSL 

hydrolysis in MP. Four separate experiments were carried out and the combined data are 

presented below. In the combined analysis, the effect of experiment was significant because 

the MP used in the fourth experiment was slightly less inhibitory than that used in the first 

three (Table 3.1). There were no significant interactions between experiment and other 

factors, so experiment was treated as a block effect. 
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Table 3.1 Overall ANOVA for water/oxalic acid/buffer experiments 

Source Sum of Squares df Mean Square F Signific

ance 

Experiment 0.45 3 0.15 3.82 0.012 

Mustard 14.92 3 4.97 126.99 0.000 

Chemical 0.08 2 0.04 1.00 0.370 

Mustard * Chemical 0.12 6 0.02 0.49 0.814 

Error 5.05 129 0.04   

Total 20.62 143    

 

 

  Overall, only the effect of MP quantity was significant (Figure 3.1). There was no 

difference between oxalic acid, distilled water and acetate buffer treatments and no interaction 

with quantity of MP. The effects of each level of mustard on colony diameter were 

significantly different from each other.  

 Oxalic acid at physiological concentration (10 mM) and pH (4.0) therefore had no 

effect on inhibition of growth of S. sclerotiorum by volatiles released from MP, compared 

with distilled water.  
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Figure 3.1 Effect of sterile distilled water, oxalic acid and pH 4.0 acetate buffer on inhibition 

of growth of S. sclerotiorum by volatiles produced by different quantities of mustard powder. 

Error bars are standard errors. 
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Effect of oxalic acid under low and neutral pH 

In this experiment, the effect on inhibitory volatile production of oxalic acid at physiological 

concentration (10 mM) and pH (4.0), with the same concentration and neutral pH (7.0) was 

compared. pH 7.0 is considered optimum (Bones and Rossiter 1996) for release of ITCs. MP 

in all treatments had a highly significant effect on production of volatiles inhibiting the 

growth of S. sclerotiorum. However, there were no significant effects of pH levels and oxalic 

acid concentration individually. In addition, there were no significant interactions between 

any of the factors. The growth of the pathogen was inhibited significantly by volatiles at both 

pH levels regardless of the presence of oxalic acid, indicating that this pathogenicity factor of 

Sclerotinia does not affect the production of inhibitory volatiles by MP at both pH 4.0 and 7.0 

(Figure 3.2, Table 3.2). Two and 5 mg quantities of MP had significantly different inhibition 

effects on the fungus and this was due to different amounts of produced ITCs (Figure 3.2).The 

results indicated that volatiles were produced in the presence of acidic pH (4.0), and neutral 

pH and oxalic acid did not have an effect on this production. It should be noted that the actual 

pH of MP suspension might decrease a little because of release of H+ during hydrolysis of 

GSLs. The measurement of pH of very small quantities of substrates was impossible. 
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Figure 3.2 Effect of buffer and oxalic acid at low and neutral pH on inhibition of S. 

sclerotiorum growth by volatiles from MP. Error bars are standard errors. 
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Table 3.2 ANOVA table for effect of oxalic acid at low and neutral pH. 

Source Sum of Squares df Mean Square F Significance 

Mustard 3582.45 1 3582.45 61.63 0.000 

pH 7.75 1 7.75 0.13 0.718 

OA 5.38 1 5.38 0.09 0.764 

Mustard * pH 1.94 1 1.94 0.03 0.857 

Mustard * OA 21.53 1 21.53 0.37 0.549 

pH * OA 17.44 1 17.44 0.30 0.589 

Mustard * pH * OA 13.78 1 13.78 0.24 0.631 

Error 1395.00 24 58.13   

Total 5045.26 31    

 

Effect of oxalic acid under different buffer systems 

The production of inhibitory volatiles in the presence of oxalic acid as well as other buffers 

was compared. There was a significant effect of treatments on fungal growth in all buffers and 

at all pH values (Table 3.3).   

 

 

Table 3.3 Overall ANOVA for effects of different buffers on inhibition of S. sclerotiorum  

Source Sum of Squares df Mean Square F Significanc

e 

Treatmen

t 2318.91 8 289.86 3.32 0.017 

Error 1573.78 18 87.43   

Total 3892.69 26    

 

All buffers and oxalic acid solutions (10 mM) gave levels of growth inhibition that 

were not significantly different from that due to distilled water (Figure 3.3). The effect of 

ITCs released with pH 5.6 acetate buffer was significantly less than that of pH 5.6 citrate 

buffer. The results suggest that GSLs in MP are hydrolyzed to produce inhibitory volatiles at 

pH range 3.6-7.0 regardless of different buffer systems. Similarly inhibitory volatiles 

significantly inhibited fungal growth during use of oxalic acid at pH values between 4.0 and 

7.0 (Figure 3.3).   
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Figure 3.3 Effect of different buffer systems on inhibition of growth of S. sclerotiorum by 

volatile products. Columns labeled with the same letter are not significantly different (S-N-K 

test). 

 

Effect of buffered and unbuffered oxalic acid   

Comparison of the effect of oxalic acid concentration and pH on production of inhibitory 

volatiles was the purpose of this experiment. A highly significant effect of treatments was 

observed in production of volatiles to inhibit the fungal growth (Table 3.4). 

 

Table 3.4 ANOVA table for effects of oxalic acid concentration and pH on inhibition of 

growth of S. sclerotiorum 

Source Sum of Squares df Mean Square F Significance 

Treatment 1586.00 8 198.25 43.17 0.000 

Error 82.67 18 4.59   

Total 1668.67 26    

 

  The growth of fungus colonies exposed to mixtures of MP with solutions of oxalic 

acid at pH 4.0 was inhibited significantly. However, very little growth inhibition was 

observed with oxalic acid solutions at very acidic pH (Figure 3.4). Thus, pH of the oxalic acid 

solutions was a more important factor than oxalic acid itself.  
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Figure 3.4 Role of oxalic acid concentration and pH on production of volatiles which inhibit 

growth of S. sclerotiorum 

 

Effect of pH 

The purpose of this experiment was monitoring the inhibitory pH point for producing fungal 

growth preventing volatiles. A highly significant effect of pH on production of volatiles from 

MP to inhibit the growth of fungus colony was found (Table 3.5, Figure 3.5). The inhibition 

of S. sclerotiorum growth at lower pH was significantly less than at higher pH. Growth 

inhibition at pH 1.75 was significantly less than at pH 2, although still higher than in the 

controls. At pH levels less than 3.0 growth inhibitions were significantly different and less 

than in higher pH ones. Clearly, the production of inhibitory volatiles was reduced at low pH 

and so the growth of exposed colonies of S. sclerotiorum was not inhibited as much.   
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Figure 3.5 Effect of pH of 10 mM oxalic acid on inhibition of growth of S. sclerotiorum by 

the volatiles derived from GSL-M system 

 

Table 3.5 ANOVA table for effect of pH on inhibition of growth of S. sclerotiorum by the    

GSL-M system produced volatiles 

Source Sum of Squares Degrees of freedom Mean Square F Significa

nce 

pH 798.41 9 88.71 73.04 0.000 

Error 36.44 30 1.22   

Total 834.84 39    

 

 

DISCUSSION 

The results of the bioassay system and subsequent experiments confirmed the antifungal 

effects of volatiles on the rapeseed stem rot causal agent, S. sclerotiorum, and demonstrated 

significant differences between quantities of mustard powder and their controls. These results 

suggest that this condiment product could be used for bioassays of the GSL-M system through 

the production of volatile derivatives and their inhibitory effect on the pathogen. The good 

performance and convenience of this bioassay system with its easy and cheap availability, and 

more important, its safety in comparison to generally biocidal analytical ITCs (Brown and 

Morra 1997), makes it reliable for assessing ITCs effect on rapeseed infectious fungi.  

 In many cases, microorganisms are differentially inhibited by ITCs (Brown and Morra 

1997). The MP used here was an English mustard, which is a blend of brown (Brassica 

juncea) and white (Sinapis alba) mustards. The chief constituent of brown mustard is the allyl 
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GSL sinigrin, which produces allyl ITC during hydrolysis. In contrast, white mustard contains 

the 4-hydroxybenyl GSL sinalbin as its main component and during hydrolysis non-volatile 4-

hydroxybenzyl ITC is released (Wickens 2001). MP containing allyl GSLs (Sang et al. 1984; 

Brown and Morra 1997; Bellostas et al. 2007) was used as a myrosinase (Gil and MacLeod 

1980; Sexton et al. 1999) and GSL source. Therefore, it is assumed that the major toxic 

product was allyl ITC (Al-ITC). 

 Oxalic acid as a pathogenicity factor of S. sclerotiorum, equivalent to the 

physiological concentration in infected host tissues, did not affect response to MP suggesting 

that it did not inhibit the GSL-M system in producing toxic ITCs. Equally, inhibitory 

quantities of volatiles were produced in conditions, both favorable for the pathogen activity in 

host tissues (pH 4.0) and optimum for myrosinase (neutral pH). This indicated that the 

myrosinase enzyme or isoenzymes in MP have sufficient activity to produce effective 

amounts of ITCs through GSL hydrolysis under a wide range of pH conditions. When 

alternative buffer systems were compared with oxalic acid, no significant difference in growth 

inhibition was observed. ITC production during the hydrolysis was not prohibited by 

moderately low pH levels using different buffer systems and S. sclerotiorum growth was 

decreased with all these buffer systems as substrates for hydrolysis of GSLs. The results 

obtained from oxalic acid concentration and pH effects on volatile production  show that at 

physiological and lower or higher concentrations oxalic acid also does not have a significant 

effect on the GSL hydrolysis process for production of inhibitory volatiles except at pH levels 

below 3.0.      

 Borek et al. (1994) reported that decomposition of sinigrin, the main GSL component 

of mustard seeds, in acid solutions below approximately pH 4.0 yields allyl-nitrile as the 

major reaction product. Decomposition of sinigrin in less acid solutions with pH values above 

4.0 yielded allyl ITC as the major reaction product. These results from Borek et al. (1994) are 

in agreement with significant effect of pH 3.0 and below on inhibitory volatile production. It 

is possible that at these pH values GSL hydrolysis products were also altered from ITCs to 

nitriles. Smolinska et al. (1997b) showed that volatile nitriles derived from hydrolysis of 

Brassica napus seed meal did not inhibit the mycelial growth of Aphanomyces euteiches f.sp. 

pisi in comparison to control treatments and related ITC volatiles. Bellostas et al. (2007) 

investigating the effect of allyl-, benzyl- and phenethyl nitriles on soil-borne fungi, obtained 

the same results indicating that nitriles do not have an inhibitory effect on fungi. In contrast, 

there are many reports regarding the great inhibitory effect of Al-ITC on fungal pathogens 

(Kirkegaard et al. 1996; Mayton et al. 1996; Charron and Sams 1999; Olivier et al. 1999; 
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Smolinska and Horbowicz 1999; Smolinska et al. 2003; Bellostas et al. 2006), which could 

support these results.   

 Inhibition of growth at acidic pH levels (3.0 or higher) indicates a broad range of pH 

for myrosinase activity producing inhibitory volatiles and these results are in agreement with 

similar studies of enzymatic degradation of GSLs (Hasapis and MacLeod 1982; Uda et al. 

1986; MacLeod and Rossiter 1987; Borek et al. 1994).  

The activity of myrosinase at wide range of pH higher than 3.0 to produce inhibitory 

volatiles may originate from the presence of several myrosinase isoenzymes existing in the 

mustard seed (Bjorkman and Lonnerdal 1973; Bones and Rossiter 1996). Further 

investigations are needed to find probable isoenzymes of myrosinase in MP and their pH 

range for activity. 

 At pH values less than 3.0 colonies grew similar to controls. It is therefore concluded 

that at these pH values, the production of inhibitory volatiles by GSL-M system was strongly 

weakened or even prevented. Although lower pH values may affect volatile production by 

altering products from ITCs to nitriles as discussed above, it is also possible that the very 

acidic pH solutions may inhibit the Al-ITC production by directly reducing myrosinase 

activity rather than hydrolysis products. Moreover, the pH levels below 4.0 are unlikely to 

occur during infection by S. sclerotiorum,  in vivo (Prusky and Yakoby 2003).  

 In conclusion, although oxalic acid has been found to have a major role in Sclerotinia 

pathogenicity, there was no evidence involving its effect on GSL hydrolysis directly (different 

concentrations) or indirectly (pathophysiological pH) through an effect on inhibitory volatile 

production. Hydrolysis of GSLs in MP to produce biocidal volatiles is catalyzed by 

myrosinase enzyme in a broad range of pH conditions. Based on the experiments, the 

myrosinase is active to produce ITCs at pH levels typical of those induced by the pathogen 

through the secretion of oxalic acid. Therefore, the pathogen in rapeseed tissue probably 

employs another pathway to disarm this defense mechanism. The reaction of the GSL-M 

system and S. sclerotiorum to each other during the infection process needs to be known to 

find out the relevant interactions.  
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CHAPTER 4 

EFFECT OF VOLATILES DERIVED FROM BRASSICA SHOOT TISSUES ON 

Sclerotinia sclerotiorum 

 

   

INTRODUCTION  

Glucosinolates are a structurally similar class of approximately 100 secondary plant 

metabolites present in high quantities in tissues of Brassicaceae (Kirkegaard et al. 1996; Rosa 

et al. 1997). These chemicals vary in structure depending on the type of organic side chain of 

the molecule (alkenyl, indolic, aralkyl) and the profile of GSLs varies with Brassica species, 

plant parts, and stage of plant development (Mithen 1992; Kirkegaard et al. 1996; Rosa et al. 

1997). 

The antifungal properties of glucosinolates (GSLs), and their enzymatic hydrolysis 

derived products (EHDPs) and their role in plant resistance have been known for a long time. 

Mithen et al. (1986) and Angus et al. (1994) showed that some GSLs and their EHDPs 

protected rapeseed from Leptosphaeria maculans and wheat from Gaeumannomyces 

graminis.  

The GSL-M system is present at different concentrations in all organs of 

Brassicaceae, where it plays an important defensive role. In plant cells, GSLs are kept 

separate from endogenous myrosinase. GSLs and the enzyme come into contact as a result of 

mechanical wounding or pathogen attack (Matile 1980).  

Manici et al. (1997; 1999) investigated the effect of glucosinolate enzyme-derived 

products on S. sclerotiorum and other soil-borne plant pathogenic fungi. They observed 

inhibitory effects on Sclerotinia depending on their physicochemical properties. In vitro 

inhibition of the pathogen has also been shown by Smith and Kirkegaard (2002) using 2-

phenylethyl isothiocyanates (ITCs). Sexton et al. (1999) established a growth assay for 

Leptosphaeria maculans in the presence of volatiles released from shoot tissue and seed meal 

of B. juncea. The degree of fungal suppression by the various Brassica tissues was related to 

the concentration and type of ITCs released, which varied with Brassica species, tissue age 

and tissue type (Kirkegaard et al. 1996). Mayton et al. (1996) exposed Fusarium sambucinum 

to volatile fungicidal compounds produced from macerated green leaf tissue of Brassica 

species. They noticed that only B. nigra, B. juncea, and B. carinata had suppressive activity 

against the fungus in radial growth assays. Suppression occurred for brassicas with Al-ITC 

concentrations greater than 0.10 mg/g of leaf tissue.  
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The first aim of this study was to determine the antifungal activity of GSLs and their 

EHDPs present in brassica tissues on S. sclerotiorum. In addition, the GSL-M system activity 

during invasion of brassica leaf tissue by the pathogen was investigated.    

 

MATERIALS AND METHODS 

Plant materials 

Dovuro Seeds, Horsham, Australia, provided seeds of the Australian commercial canola 

(rapeseed, Brassica napus L.) varieties AG-Castle, AV-Sapphire, Dunkeld, Oscar, and 

Rainbow. The other two species, black mustard (Brassica nigra L.) and white mustard 

(Sinapis alba L.) were condiment varieties. Plants were grown in a greenhouse (140 mm 

diam. plastic pots filled with 1 sand: 1 loam: 1 peat moss mix) for three months at 20-25 ˚C 

and natural day light. Plants at stage 3, bud (Harper and Berkenkamp 1975), were dissected 

into leaves, petioles, and stems. Leaves were selected on the basis of color, shape and size to 

ensure uniformity between varieties. The leaves, petioles and stems of each variety were 

placed separately in paper bags and frozen at -20˚C, then freeze dried (Kirkegaard et al. 

1996). After three days of freeze drying, the samples were ground by a soil grinding machine 

(for tough tissues) or a small laboratory blender (for delicate tissues), and stored in plastic 

containers at -20˚C.  

 

Effect of volatiles derived from brassica shoot parts  

The bioassay was based on the method of Sexton et al. (1999), as described in Chapter 3, 55 

mm diameter Petri plates of ¼ PDA were inoculated with 4 mm agar plugs containing hyphae 

of S. sclerotiorum and incubated at 25 °C. 100 mg of ground leaf, petiole or stem tissue of 

each experimental plant sample was weighed into weighing boats in the upturned lid of each 

plate. Distilled water, 10 μl per mg powder, was added to the powder to provide hydrolysis 

conditions for glucosinolates. Five mg quantities of mustard powder (MP) (Ward McKenzie, 

Melbourne, Australia) mixed with 50 μl distilled water was used for comparison with the 

treatments. A completely randomized design with three replications was used for the 

experiment. The diameter of exposed fungus colonies was measured after 24 hour incubation 

at 25 °C. Growth inhibition of treatments was calculated as has been described in chapter 3. 

Data were analyzed by one-way ANOVA after arcsine transformation. 

  

Effect of volatiles released from infected leaves 

The fully expanded leaves of canola varieties AG-Castle, AV-Sapphire and Dunkeld and  

black mustard were detached and cut into pieces with fresh weight equal to 1 g (equivalent to 
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approximately 100 mg freeze-dried material). The leaf pieces were placed in upturned lids of 

85 mm Petri plates. Using a sharp scalpel blade, the detached leaves were wounded at 15-20 

different points. The wounded areas were inoculated with 4 mm diameter agar plugs 

containing hyphae of S. sclerotiorum, which had been transferred from the margins of 3-day-

old actively growing cultures.  

Before inoculating the leaves, the bottom of Petri plates containing a thin layer of ¼ 

strength potato dextrose agar was inoculated with a 4 mm diameter plug of  3-day-old 

mycelium. The inoculated leaves were placed in the upturned lid of each plate, whilst the 

inverted bottom containing the fungal plugs was placed on top. Control plates had only leaf 

pieces with 4 mm diameter plugs of uninoculated ¼ PDA. Petri plate complexes were sealed 

immediately with one layer of Parafilm, and incubated at 25˚C in darkness for 24 h. A 

completely randomized design with three replications was used for the experiment. The 

diameter of the exposed fungus colonies was measured after 24 h incubation. Data were 

analyzed by ANOVA with mean separation by the Student-Newman-Keuls test.  

 

Effect of volatiles released from infected leaf discs  

Twenty mm leaf discs were cut with a cork borer from fully expanded leaves of 3-month-old 

plants grown in the greenhouse. Twenty-two leaf discs (equivalent to 100 mg freeze-dried 

material) were placed on wet filter paper in an upturned 85 mm Petri dish lid. The upper side 

of each leaf disc was first wounded and then inoculated with S. sclerotiorum 3-day-old 

mycelium plugs, which were grown on ¼-strength potato dextrose agar. Subsequently, 4 mm 

Sclerotinia colonies in inverted Petri plates were exposed to the inoculated leaf discs and 

immediately sealed with Parafilm (Sexton et al. 1999). Control plates contained un-inoculated 

leaf discs of each variety and untreated colonies of fungus. The bioassays were incubated at 

25˚C and darkness for 48 h. Colony diameter of exposed S. sclerotiorum was measured after 

24 and 48 h. Data were analyzed by ANOVA with mean separation by the Student-Newman-

Keuls test.    

 

RESULTS 

Effect of volatiles derived from brassica shoot parts 

Most of the tissues released volatiles that significantly inhibited the growth of Sclerotinia 

(Figure 4.1, Table 4.1). Only the stem of Oscar, petiole and leaves of AG-Castle and leaves of 

AV-Sapphire did not suppress growth of the fungus relative to the control. All tissues of black 

mustard had a complete inhibitory effect on the pathogen growth. To determine whether the   

effect of B. nigra volatiles were fungistatic or fungicidal, the weighing boats containing tissue 
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samples were removed and the fungus was incubated for a further two days. No growth was 

observed from the black mustard leaf and petiole tissue treatments, however the fungus 

exposed to the black mustard stem treatments did resume growth. 

 There were significant differences in inhibition of S. sclerotiorum growth between 

varieties of canola and between tissues within varieties. The greatest inhibition (over 40%) 

was seen with the stem tissue of AV-Sapphire, while petiole tissue of AV-Sapphire and stem 

tissue of AG-Castle produced over 20% inhibition (Figure 4.1). The leaves of these varieties 

were not inhibitory, however. In contrast, leaves of Dunkeld, Oscar and Rainbow did produce 

a significant inhibitory effect (Figure 4.1). The large difference between the effects of 

volatiles from black mustard and other species on Sclerotinia indicates that brassica plants 

may have different GSL contents both qualitatively and/or quantitatively.  
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Figure 4.1 Inhibition of growth of S. sclerotiorum by volatiles derived from freeze-dried shoot 

parts of brassica varieties. Columns labeled with the same letter are not significantly different. 

 

Table 4.1 Overall ANOVA for inhibition of growth of S. sclerotiorum by volatiles derived 

from freeze-dried brassica shoot parts. 

Source Sum of Squares df Mean Square F Sig. 

Treatment 1211.26 20 60.56 35.81 0.000 

Error 69.33 41 1.69   

Total 1280.6 61    
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Effect of volatiles released from infected leaves 

Inoculated leaf tissues of AG-Castle, AV-Sapphire and black mustard released volatiles that 

significantly inhibited the growth of S. sclerotiorum relative to the control. Inoculated leaves 

of AV-Sapphire and black mustard were significantly more inhibitory than uninoculated 

(unwounded) leaves of the same varieties.  
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Figure 4.2 Effect of volatiles derived from infected brassica leaves on S. sclerotiorum growth. 

Columns labeled with the same letter are not significantly different (24h incubation). 

 

Table 4.2 ANOVA table for effect of volatiles of brassica infected leaves on S. sclerotiorum.  

Source Sum of Squares df Mean Square F Sig. 

Treatment 52.07 8 6.51 6.06 0.001 

Error 19.33 18 1.07   

Total 71.41 26    

 

 
Effect of volatiles released from infected leaf discs 

Figure 4.3 shows results of a similar experiments in which leaf discs rather than wounded leaf 

pieces were used and incubation was continued for 48h. The growth of fungus exposed to 

volatiles from inoculated leaf discs was less than controls. Volatiles released from infected 

leaf discs of all host plants had significant inhibitory effects on the pathogen (Figure 4.3). The 

leaf discs of all varieties were completely covered by necrotic lesions after 48 h, confirming 

that       S. sclerotiorum was able to infect the tissue at the same time as it released toxic levels 

of volatiles. At 24 h exposure, inoculation and varieties had significant effects on colony 
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growth but they also had significant interactions with each other (Table 4.3). Volatiles from 

AG-Castle inhibited fungal growth significantly more than those from Oscar, Rainbow or 

white mustard at 24 h (Figure 4.3). Slower growth of colonies exposed to un-inoculated leaf 

discs of some varieties at 24 h indicated that volatiles may have been produced because of 

mechanical injury of leaves. The effect of inoculation on fungus growth at 48 h exposure was 

significant (Table 4.4) but the effect of variety and interaction of variety and inoculation were 

not significant. Growth of fungal colonies exposed to inoculated leaf discs was very slow 

between 24 h and 48 h, while fungal colonies exposed to uninoculated leaf discs doubled in 

diameter (Figure 4.3). This suggested that by developing necrotic lesions, production of 

volatiles increased which subsequently inhibited the growth of colonies.  
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Figure 4.3 Effect of volatiles from infected leaf discs on growth of S. sclerotiorum         

(1. AG-Castle 2. AV-Sapphire 3. Dunkeld  4. Oscar 5. Rainbow 6. B. nigra  7. S. alba). 

 

Table 4.3 ANOVA table for effect of volatiles of infected leaf discs on growth of                   

S. sclerotiorum after 24 h incubation. 

Source Sum of Squares df Mean Square F Sig. 

Inoculation 298.67 1 298.67 72.09 0.000 

Variety 82.95 6 13.82 3.34 0.013 

Inoculation * Variety 30.67 6 5.11 1.23 0.319 

Error 116.00 28 4.14   

Total 528.29 41    
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Table 4.4 Overall ANOVA for effect of volatiles of infected leaf discs on growth of               

S. sclerotiorum after 48 h incubation. 

Source Sum of Squares df Mean Square F Sig. 

Inoculation 5928.6 1 5928.6 105.15 0.000 

Variety 368.000 6 61.33 1.1 0.394 

Inoculation * Variety 343.24 6 57.21 1.01 0.436 

Error 1578.67 28 56.4   

Total 8218.50 41    

 

 

DISCUSSION  

The results obtained from shoot tissues indicate that at least some tissues of all 

varieties/species tested produced inhibitory volatiles. S. sclerotiorum showed a variation of 

growth rate in response to different varieties and their shoot parts as well. This variation 

originated from the different potential of varieties to produce toxic volatiles in particular, 

ITCs. The inoculated leaves revealed significant inhibitory effects on the fungus growth in 

comparison to controls. The same results were observed in inoculated leaf discs. These results 

suggest that during pathogenicity of S. sclerotiorum on oilseed rape, the GSL-M system may 

be activated by the pathogen.  

 Growth inhibition values obtained from the shoot parts suggest that S. sclerotiorum is 

affected significantly by the ITCs derived from GSLs existing in all tissues tested. Black 

mustard (B. nigra) had a complete inhibitory effect on growth of the exposed fungus. 

Continued lack of growth in spite of removing the source of volatiles from the treatments, leaf 

and petiole powders demonstrated fungicidal activity rather than fungistatic against the 

pathogen. This may reflect the lethal concentrations of inhibitory volatiles derived from leaf 

and petiole rather than the stem. Differences in production of toxic volatiles demonstrated by 

differences in Sclerotinia growth indicated that the oilseed rape varieties and examined 

species are different in GSL content. Thus, the effectiveness of fungal suppression by 

Brassica crops will depend upon the species and varieties and this is in agreement with 

Kirkegaard and his colleagues (1996). According to their observations, the degree of fungal 

suppression by the various Brassica tissues is related to the concentration and type of ITCs 

released, which varies with Brassica species, tissue age and tissue type.  

Mayton et al. (1996) in correlating fungicidal activity of Brassica species with Al-ITC 

production in macerated leaf tissue, found that all brassicas with Al-ITC concentrations 
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greater than 0.10 mg/g of leaf tissue were suppressive to Fusarium sambucium in radial 

growth assays.  The relevant GSL producing Al-ITC during hydrolysis is sinigrin which is the 

main GSL in both B. nigra and B. juncea (Bellostas et al. 2007). However, B. napus contains 

mainly glucobrassicin whose hydrolysis products are different from Al-ITC (Sang et al. 

1984). B. nigra and B. juncea had higher suppressive activity than B. napus in their 

investigations, and these two species had the highest inhibitory effect on S. sclerotiorum in 

the present results, as black mustard and MP, respectively. This was consistent with the 

hypothesis that Al-ITC is responsible for fungicidal activity, since this compound has broad 

spectrum activity (Mayton et al. 1996). Different growth inhibition values observed, confirm 

that Brassicaceae species differ in their GSL profile and concentrations (Bellostas et al. 

2007). In addition, leaf and seed (Osbourn 1996), and root and shoot (Kirkegaard et al. 1996; 

Kirkegaard and Sarwar 1998) GSL levels are under separate genetic control. 

 In the third experiment in this chapter, inhibition of S. sclerotiorum growth on agar 

plates by infected leaf discs was shown to be greater than uninoculated control. This suggests 

that infection of leaf discs stimulated greater production of inhibitory volatiles. Nevertheless, 

it was noticeable that the pathogen continued to grow in the leaf discs suggesting the pathogen 

may have a mechanism for overcoming toxicity. Andreasson et al. (2001) have suggested that 

the GSL-M system does not determine the outcome of the interaction between B. napus and 

Leptosphaeria maculans. Comparing resistant and susceptible cultivars of canola, their results 

strongly suggest that the system has no major role in defense against the blackleg disease. 

Wittstock et al. (2004) have suggested the possibility in which the hydrolysis reaction is 

redirected toward the formation of non-toxic nitriles (Bellostas et al. 2006) instead of 

isothiocyanates if plant material is ingested by Pieris rapae larvae. The findings of this thesis 

show that because of inhibition of exposed Sclerotinia growth, toxic volatiles continue to be 

produced during these interactions. This is in agreement with the report of Doughty et al. 

(1996) who observed release of alkenyl ITCs and other volatiles from Brassica rapa seedlings 

during infection by Alternaria brassicae. They analyzed the volatiles by gas chromatography 

(GC) while in this study toxicity of volatiles was identified by measuring inhibitory effect on 

S. sclerotiorum growth.  

 According to inoculated leaf discs experiment, the major effect of volatiles on colonies 

appears after 24 h incubation coinciding with infection of most of the area of the leaf discs. 

Thus, larger infected areas may produce more volatiles through mechanical injuries to tissue. 

The higher growth of fungus exposed to un-inoculated leaf discs during the second 24 h 

incubation in comparison to inoculated leaf discs may indicate that the GSL-M system is 

activated only at areas adjacent to injuries either by mechanical or fungal agents.  
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In conclusion, S. sclerotiorum exposure to inhibitory volatiles produced by wounded 

and infected, and freeze-dried tissues of varieties AG-Castle, AV-Sapphire, Dunkeld, Oscar 

and Rainbow, and species black and white mustards results in growth inhibition. Variation in 

amount of inhibition suggests that Brassica species and varieties contain different GSL 

profiles and/or concentrations. B. nigra and MP (from B. juncea ) had the highest inhibition 

values and this may relate to Al-ITC as this is the main volatile produced by them. In spite of 

complete inhibition of S. sclerotiorum by volatiles from freeze-dried leaf tissue of B. nigra in 

in vitro experiments, there was no difference between this species and other species/varieties 

in infection of leaf discs. This suggests that the fungus in infected host tissues may have a 

mechanism for overcoming toxicity of volatiles.  
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CHAPTER 5 

ADAPTATION OF S. sclerotiorum TO VOLATILES FROM MUSTARD POWDER 

AND SYNTHETIC ISOTHIOCYANATES 

 

INTRODUCTION 

It has been suggested that pathogens infecting brassica species may be able to avoid inducing 

the GSL-M system. For instance, Andreasson et al. (2001) found that the GSL-M system is 

not induced during infection of B. napus by Leptosphaeria maculans the causal agent of 

oilseed rape blackleg. However, in chapter 4, the results showed that Brassica tissues release 

enough toxic volatiles during infection by S. sclerotiorum to inhibit growth of the fungus. 

This indicated that the attacking pathogen is exposed to volatiles during disease development. 

The continuous growth of the pathogen on leaf discs suggests the fungus may be able to adapt 

to the presence of the toxic volatiles. 

Tolerance of the aphid Myzus persicae to ITCs produced by hydrolysis of GSLs from     

B. napus and S. alba, as well as artificial Al-ITC and benzyl ITC (Bz-ITC) has been reported 

(Francis et al. 2005). Pieris rapae larvae (Wittstock et al. 2004) are tolerant to the same ITCs. 

Alternaria brassicicola, a fungal pathogen of canola, showed a tolerance reaction to Bz-ITC 

(Sellam et al. 2006). Meanwhile, bacteria were generally more tolerant than the eukaryotic 

pathogens to 2-phenylethyl ITC in the report of Smith and Kirkegaard (2002). Although the 

bioassay experiments revealed that S. sclerotiorum growth is inhibited by volatiles derived 

from GSLs during the first 24 h exposure, continuous exposure of the fungus to ITCs has not 

been investigated to test for development of tolerance of the pathogen to volatile ITCs.  

In this study, the reaction of S. sclerotiorum to continuous exposure to a range of 

volatiles derived from MP was investigated. In addition, a study of the effect of longer 

exposures to ITCs on the pathogen and its reaction was carried out.  

 

MATERIALS AND METHODS 

Long term response to volatiles released from mustard powder 

The bioassay used was based on that described in Chapter 3 (Sexton et al. 1999). Three-day-

old mycelium plugs (4 mm diameter) of S. sclerotiorum (isolate RS-5) were cultured on ¼ 

strength PDA at 10 millimeter distance from the edge of 85 mm Petri plates. Two, 5, 10, and 

20 mg quantities of mustard powder prepared in weighing boats, were used for treatments. In 

order to hydrolyze the GSLs, sterile distilled water (10 �l per mg) was added to the MP. The 

fungus cultures were exposed to volatiles (derived from GSL hydrolysis) for periods of 24, 

48, 72, and 96 h with replacement of fresh MP every 24 h. Bioassays were incubated at 25˚C 
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in darkness. The radius of the colonies was measured every 24 hours. There were three 

replicate plates for each treatment. 

 In a second experiment, bioassays were set up as above, but all plates were exposed to 

treatments with daily replacement for 5 days, and colony radius was measured every day for 5 

days. Data were converted to radial growth per day, and were analyzed by ANOVA with 

mean separation using the S-N-K method. 

 

Reaction to synthesized isothiocyanates 

The method of Smolinska et al. (2003) was the basis of this bioassay. The aliphatic ITCs allyl 

ITC and butyl ITC, and the aromatic ITCs benzyl ITC, phenyl ITC, and phenethyl ITC were 

obtained from Sigma-Aldrich Co.  

 The bioassay was set up similarly to above, except that ITC solutions were used rather 

than MP. Three dilutions of ITCs including 1/10, 1/100, and 1/1000 were made up in 100% 

ethanol. In a fume cupboard, 1 �L of each dilution was pipetted onto the inverted Petri plate 

lids, opposite to the fungus plug inoculum. Petri plates with only 100% ethanol were used as 

control treatments. All treatments were incubated for 3 days at 25˚C in darkness. After every 

24 h incubation colony growth was measured, and the ITCs were replaced with fresh 

dilutions. Data were analyzed using ANOVA with mean separation by the S-N-K method.  

 

RESULTS 

Long-term response to volatiles release from mustard powder 

In this experiment, the growth of S. sclerotiorum during continuous exposure to volatiles of 

MP was monitored. The lowest growth rate happened during the first 24h exposure of the 

fungus colonies to inhibitory volatiles derived from MP. After more than 48h incubation, the 

growth rate for all MP quantities increased to close to that of controls (Figure 5.1). These 

results suggested the ability of S. sclerotiorum to tolerate continuous exposure to inhibitory 

volatiles of MP.  
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Figure 5.1 Radius of S. sclerotiorum colonies exposed to volatiles from different quantities of 

MP. Cultures were exposed to MP volatiles for varying lengths of time after which MP was 

then removed. 

 

In the second experiment, the effect of MP quantity on radial growth rate was significant for 

incubations up to 72 h (Table 5.1). The growth rate of 10 and 20 mg concentrations was 

significantly less than controls in the first 24 h exposure. At 48 h exposure only the 20 mg MP 

was significantly different from the others. At 96 and 120 hours there was no significant 

difference in growth rate between MP concentrations or the control, even though fresh doses 

of MP had been added every day (Figure 5.2). 
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Figure 5.2 S. sclerotiorum growth inhibition after exposure to MP concentrations. MP was 

replaced every 24 hours. 

 

Table 5.1 Summary of ANOVA F statistic and significance for effect of dose of MP on 

growth rate of S. sclerotiorum with repeated applications over 5 days. 

 

Day Treatment F4, 10 Significance 

1 49.82 0.000 

2 23.85 0.000 

3 4.61 0.023 

4 0.73 0.593 

5 0.35 0.836 

 

Reaction to synthesized isothiocyanates 

In the previous experiments the effects on fungal growth of inhibitory volatiles was tested 

with the assumption that ITCs produced by GSL-M system were the major bioactive 

compounds present. In this experiment growth response and adaptation to pure synthetic ITCs 

was tested.  

In most treatments, the growth of colonies exposed to the ITCs was inhibited. Larger 

inhibitions during the first 24h exposure were observed with higher concentrations of ITCs. 

Despite repeated applications of the ITCs, the growth inhibition with benzyl, butyl and 

phenethyl ITC treatments significantly decreased with time (Figure 5.3, Tables 5.4, 5.5, 5.7). 

Allyl and phenyl ITCs also demonstrated a small decrease in growth inhibition but this was 
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not significant (Tables 5.3, 5.6). S. sclerotiorum therefore has the ability to adapt to sub lethal 

concentrations of ITCs. The decrease in growth inhibition occurred at 48 h and 72 h exposure 

(Table 5.2). The exception was the most concentrated treatment with phenyl ITC in which an 

increase in growth inhibition was observed (Figure 5.3).  

 

Table 5.2 Concentration of one μl ITC dilutions used for monitoring the adaptation of           

S. sclerotiorum to them. 

Amount used (�mol)  

Dilutions 

 

ITC 

 

 

Undiluted 0.1 0.01 0.001 

Allyl 9.95 0.995 0.0995 0.00995 

Benzyl 5.96 0.596 0.0596 0.00596 

Butyl 9.1 0.91 0.091 0.0091 

Phenyl 10.42 1.042 0.1042 0.01042 

Phenethyl 5.8 0.58 0.058 0.0058 
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Figure 5.3 Growth inhibition of colonies of S. sclerotiorum exposed to dilutions of ITCs with 

daily replacement. Zero values were obtained for some treatments with no inhibition effect.  
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The most concentrated treatments with Al-ITC (0.995 μmol) strongly inhibited the 

growth of fungus during continuous application. This inhibition demonstrated a small decline 

at 48 and 72h exposures, but the increase in growth rate was not statistically significant (Table 

5.3). The 0.01 dilution also inhibited fungal growth; and inhibition declined with time. No 

inhibition was observed at 0.001 dilution of this ITC (Figure 5.3). 

 

Table 5.3 ANOVA table for growth inhibition effect of allyl ITC on S. sclerotiorum 

Source Sum of Squares df Mean Square F Sig. 

Dilution 4.63 2 2.31 133.12 0.000 

Day 0.05 2 0.02 1.37 0.270 

Dilution * Day 0.13 4 0.03 1.90 0.139 

Error 0.47 27 0.02   

Total 5.28 35    

 

 The Bz-ITC at 0.1 dilution killed the fungus, thus growth did not recover. Lower 

dilutions inhibited the fungus to a lesser degree. Growth during the first 24h was most 

strongly inhibited. Decreases in growth inhibition were observed at 48h and 72h for lower 

concentrations (Figure 5.3) and statistical analysis of data showed a significant effect of day 

on growth inhibition (Table 5.4). 

 

Table 5.4 Total ANOVA for inhibitory effect of benzyl ITC on growth of S. sclerotiorum 

Source Sum of Squares df Mean Square F Sig. 

Dilution 5.96 2 2.98 161.03 0.000 

Day 0.16 2 0.08 4.47 0.021 

Dilution * Day 0.13 4 0.03 1.73 0.172 

Error 0.50 27 0.02   

Total 6.75 35    

 

 Butyl ITC also had significantly decreasing values of S. sclerotiorum growth 

inhibition (Table 5.5). At 24h, inhibition effect on growth of colonies by the butyl ITC 0.1 

dilution was significant and less than 50%. Nevertheless, all three dilutions showed 

significant differences of inhibition at 24h exposure. At 48h, inhibition was decreased for the 

0.1 dilution. Lower concentrations did not inhibit growth of colonies (Figure 5.3).  
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Table 5.5 ANOVA table for growth inhibition effect of butyl ITC on S. sclerotiorum 

Source Sum of Squares df Mean Square F Sig. 

Dilution 0.29 2 0.15 5.36 0.010 

Day 0.22 2 0.11 4.09 0.030 

Dilution * Day 0.10 4 0.02 0.91 0.470 

Error 0.74 27 0.03   

Total 1.35 35    

 

 For phenyl ITC, no significant decrease in growth inhibition was observed (Table 5.6). 

Growth inhibition at 0.1 dilution appeared to show an increase at 24 h, 48 h and 72 h. The 

0.01 and 0.001 dilutions demonstrated decrease in inhibition of growth at 48h and 72h (Figure 

5.3). 

 

Table 5.6 Total ANOVA for inhibitory effect of phenyl ITC on growth of S. sclerotiorum 

Source Sum of Squares df Mean Square F Sig. 

Dilution 2.32 2 1.16 97.38 0.000 

Day 0.01 2 0.00 0.31 0.737 

Dilution * Day 0.15 4 0.04 3.18 0.029 

Error 0.32 27 0.01   

Total 2.80 35    

 

 

 Phenethyl ITC inhibitory effect also decreased significantly with time (Table 5.7). The 

fungal growth was inhibited significantly by the 0.1 and 0.01 dilutions at 24 h. The 0.1 

dilution had a lower growth inhibition at 48 h than the 24h. All dilutions demonstrated a 

significant decline of growth inhibition with time (Figure 5.3, Table 5.7).  

 

Table 5.7 ANOVA table for growth inhibition effect of phenethyl ITC on S. sclerotiorum 

Source Sum of Squares df Mean Square F Sig. 

Dilution 1.137 2 0.568 31.255 0 

Day 0.452 2 0.226 12.423 0 

Dilution * Day 0.95 4 0.237 13.056 0 

Error 0.491 27 0.018   

Total 3.03 35    
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DISCUSSION 

S. sclerotiorum exposed to inhibitory volatiles from MP over 4 days showed increased 

tolerance, despite repeated applications. Growth inhibition decreased over time for all 

treatments based on exposure time and amount of MP used. The same reaction happened for 

non-lethal concentrations of individual synthetic ITCs.  

 Despite very slow growth rate of the 20 mg MP treatment in the first 24 h incubation, 

all the treatments showed decreasing growth inhibition values, after 24h. This indicates that 

the fungus has developed tolerance to inhibitory volatiles. Because the GSL source was 

replaced every 24 h, this could not be explained by a decrease in the volatile/ITC 

concentration; a stable growth inhibitory value was expected. However, Sclerotinia appeared 

to neutralize the inhibitory effect of mustard-derived volatiles on mycelial growth. Although 

the effect of higher concentrations was severe inhibition of pathogen growth, all of the 

treatments had statistically similar growth rates after 72 h application.  

 In the pure ITC experiment, despite differences between sub lethal ITC dilutions in 

growth inhibition at 24h exposure, the majority of them showed decreasing amount of 

inhibition at 48 and subsequently 72h. The decline in growth inhibition was statistically 

significant with benzyl, butyl, and phenethyl ITCs. This indicates that S. sclerotiorum also 

demonstrates adaptation to synthetic ITCs. The shift from sensitivity to insensitivity of fungus 

colonies occurred earlier for some dilutions of volatile ITCs. The same behavior was detected 

between different ITCs. The weak difference between Al-ITC treatments may be because of 

high variability. However, insignificant decrease of growth inhibition by pure    Al-ITC may 

also result from concentrations in which the fungus could not demonstrate a quick adaptation 

response. The 0.001 dilution of this ITC did not inhibit the fungus growth, but the same 

dilution of benzyl and butyl ITCs had an inhibition effect with a significant difference 

between days.  

 Inhibition of mycelial growth as a result of exposure to ITCs has been observed for a 

variety of fungi (Mari et al. 1993; Angus et al. 1994; Sarwar et al. 1998; Smolinska et al. 

2003). This work showed that ITCs inhibited mycelial growth of S. sclerotiorum, but at the 

exposure levels to which they were subjected in this study, according to Smolinska et al. 

(2003), the effects were predominantly fungistatic, not fungicidal. They found fungicidal 

activity of Al-ITC against Fusarium oxysporum isolate 9312F, based on complete growth 

suppression under continuous exposure. Thus, despite perfect suppression by benzyl ITC 

dilution 0.1, S. sclerotiorum demonstrates adaptation behavior to the different concentrations 

of a variety of ITCs.  
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 As we have used only one isolate of the fungus, the variation of fungal responses is 

due to ITCs physicochemical characteristics, i.e. concentration, volatility and toxicity. 

According to Munnecke and Martin (1964), and Lewis and Papavizas (1971), the toxicity and 

range of ITC activity vary with changes in the ITC R group and greater toxicity is often 

related to increased volatility. On the other hand, Manici et al. (1997) related the different 

activities determined for ITCs to the side chain length, which significantly affects not only the 

biocidal activity but also their water-oil partition coefficients. As they explained, the partition 

coefficient is a measure of molecular lipophilicity or hydrophobicity and so it could markedly 

affect the capability of the molecule to pass through the cell membrane, determining a 

different final concentration in the cell. This hypothesis could also explain the high biocidal 

activity differences observed in the aromatic ITCs tested.  

 The results obtained from this study can also explain the ability of Sclerotinia to adapt 

during invasion of oilseed rape tissues. As was seen in Chapter 4, despite the release of 

volatiles from infected leaf tissues, the pathogen could easily colonize them. 

 The mechanism by which S. sclerotiorum could adapt to the toxicity of ITCs, in 

particular, is not known. Meanwhile, some hypotheses might be consistent with the pathogen 

reaction behavior:  

(i) Glutathione S-transferases have been implicated in resistance to ITCs in fungi 

(Sellam et al. 2006) and insects (Francis et al. 2005);   

(ii) Changes in fungal cell membrane to neutralize ITCs water-oil partition 

coefficients (measure of molecular lipophilicity or hydrophobicity), thus reducing 

uptake (Manici et al. 1997); and finally,  

(iii) The pathogen may detoxify the GSL hydrolysis products or particularly ITCs by 

other methods (breakdown of antimicrobial volatiles) (Sexton et al. 1999), similar 

to the detoxification of structurally related Brassica phytoalexins by S. 

sclerotiorum (Pedras et al. 2004). 

In conclusion, S.  sclerotiorum reacts to MP volatiles, volatiles from infected/wounded 

shoot tissues and synthetic ITCs in a similar manner. Initial growth inhibition was followed 

by adaptation/recovery of growth to control levels. The pathogen reaction to volatiles from 

mustard powder followed the same pattern as with ITCs with the exception of the highest 

concentrations of benzyl and phenyl ITCs which were lethal. The ability of Sclerotinia to 

adapt to ITCs may be the reason it is able to infect the majority of brassicas. According to Li 

et al. (1999), some pests and diseases have evolved to circumvent the GSL-M system by 

means as yet unknown, and S. sclerotiorum would be one such disease organism. GSTs are a 

family of multifunctional enzymes, which play an important role in cellular detoxification, 
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and excretion of a wide variety of xenobiotic substances, for instance ITCs (Choi et al. 1998; 

Sellam et al. 2006). Induction of their activity may explain the mechanism of the pathogen to 

adapt to ITCs.   
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CHAPTER 6 

INDUCTION OF GSTS IN Sclerotinia sclerotiorum IN RESPONSE TO EXPOSURE 

TO MUSTARD POWDER VOLATILES AND ALLYL-ISOTHIOCYANATE  

  

INTRODUCTION 

During oilseed rape infection by Sclerotinia sclerotiorum, the pathogen is exposed to high 

levels of GSL-breakdown products. The ability to detoxify such chemical defense compounds 

may therefore constitute a key determinant of virulence, as has been shown for several other 

fungi (Bowyer et al. 1995; Quidde et al. 1998; Prins et al. 2000). Cramer and Lawrence 

(2004) have shown that CyhAB, a cyanide hydratase-encoding gene, was up-regulated during 

the interaction of A. brassicicola with Arabidopsis thaliana, and suggested that this enzyme 

may be a candidate for the detoxification of GSL-breakdown products. Recently, Sellam et al. 

(2006) have demonstrated that the gene AbGst1, encoding a glutathione transferase, was 

differentially expressed in the same fungus on exposure to ITC. This enzyme exhibited high 

transferase activity with ITCs as substrates. GST is thus also a candidate for ITC 

detoxification during host infection. In a later study, following exposure of A. brassicicola 

conidia to allyl-ITC (Al-ITC) and benzyl-ITC (Bz-ITC), the expression of several putative 

glutathione S-transferase encoding genes was induced by both ITCs following 0.5 h of 

exposure. Al-ITC increased expression by 25-30 times compared to controls (Sellam et al. 

2007a).  

The product of AbGst1 expression induced by presence of Al-ITC, Bz-ITC, and 1-

chloro-2-,4-dinitrobenzene (CDNB) was examined for activity. The activity of GST to 

conjugate ITCs or CDNB to glutathione as detoxification was characterized through the GST 

enzyme assay (Sellam et al. 2006). 

 To explore S. sclerotiorum detoxification mechanisms against the major GSL 

breakdown products ITC, this study has focused on the analysis of the GST induction 

response in growing mycelium exposed either to the volatiles produced by condiment mustard 

seed powder or to Al-ITC, a breakdown product of the aliphatic GSL sinigrin produced by a 

variety of Brassica vegetables. The identification of differentially expressed genes was 

performed with the reverse transcriptase polymerase chain reaction (RT-PCR) technique. 

Increased expression in response to volatiles and Al-ITC of selected genes was confirmed by 

gel electrophoresis on a semi quantitative basis. The data generated provide insights on the 

strategies used by the fungus to protect itself against these defense metabolites.  
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MATERIALS AND METHODS 

Possible GST enzyme encoding genes in the fungus S. sclerotiorum 

Full annotated genome sequence of S. sclerotiorum is available through the site 

http://www.broad.mit.edu/annotation/genome/sclerotinia_sclerotiorum/Home.html. Potential 

GST encoding sequences were found by performing a key word search of the S. sclerotiorum 

genome database (the same as above). 

 Glutathione S-transferase (GST) enzymes are characterized by two main domains: N-

terminal and C-terminal domains (Sheehan et al. 2001; McGoldrick et al. 2005). Therefore, all 

sequences retrieved were reviewed manually to determine the presence of both N and C 

terminal domains.  

 Five genes (sequences) encoding both domains were found and are listed below  

(Table 6.1):  

 

Table 6.1 Annotated S. sclerotiorum genes with both N and C-terminal GST domains 

Locus Annotation Location  Length 

SS1G_07195.1 Glutathione S-transferase S9*: 677871-678872- 1002 

SS1G_00220.1 40S ribosomal protein S3aE S1: 577523-579075+ 1553 

SS1G_00703.1 Hypothetical protein S1: 1833417-183482- 966 

SS1G_01918.1 Hypothetical protein S2: 2201452-2202419+ 968 

SS1G_10295.1 Hypothetical protein S15: 605366-606128- 763 

* Supercontig 

 

 In addition, a BLASTp search of the S. sclerotiorum genome was performed using 

experimentally characterized GSTs from other fungi. The amino acid sequences of these 

genes were used in protein BLAST (BLASTp) searches on the Sclerotinia genome (Table 

6.2). For each, the gene with the highest score (most similar sequence) was selected.  
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Table 6.2 Query sequences (amino acids) of fungal GSTs used for BLASTp searches  

Accession number  Gene name Organism 

AAG43132.1 BcgstI Botrytis cinerea 

AAX07320.1 gstA Aspergillus fumigatus 

AAM48104.1 gstA Aspergillus nidulans 

NP_014170 URE2 Saccharomyces cerevisiae 

CAE55152.1 bcgstII B. cinerea 

AAX07318.1 gstB A. fumigatus 

AAX07319.1 gstC A. fumigatus 

XP_001551333 BC1G_10073 B. cinerea 

AAX86001.1 AbGst1 Alternaria brassicicola 

 

Antimicrobial metabolites 

 Al-ITC was purchased from Sigma-Aldrich Chemical Co. and a 100-fold dilution was 

prepared using absolute ethanol. Mustard powder was obtained as commercial condiment 

mustard (Keens, Melbourne, Australia).  

 

Fungal growth conditions 

 Three-day-old mycelium from margins of colonies of S. sclerotiorum strain RS-5 on 

PDA were cultured as 4 mm agar plugs on cellophane (cellulose acetate) (Gronover et al. 

2005) overlaid on PDA. The colonies were incubated at 25˚C for three days and then were 

exposed to either 1 μl of 100-fold dilution of Al-ITC or 10 mg MP mixed with 100 μl sterile 

distilled water. The upturned plates containing pathogen colonies were sealed immediately 

with two layers of Parafilm and, incubated at 25˚C for 1h  in darkness. This incubation time 

was chosen as Sellam et al. (2007a) had observed induction of GST encoding sequence of 

Alternaria brassicicola during  exposures of 2h or less to ITCs. Ethanol (1 μl) and distilled 

water (100 μl) were used as controls for the Al-ITC and MP treatments respectively and the 

experiment had three replications.  

 

 RNA isolation, RT-PCR and electrophoresis 

 Total RNA was isolated from mycelium of S. sclerotiorum harvested 1h after exposure 

to Al-ITC or volatiles of mustard powder using RNeasy Plant Mini kits, (QIAGEN, 

Melbourne, Australia). The isolated RNA in centrifuge tubes was stored at -20 ˚C for         

RT-PCR experiments.  
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 Using Primer3 software (http://frodo.wi.mit.edu/), forward (F) and reverse (R) primers 

(Table 6.3) were designed for each gene of interest to give an approximately 300 bp amplicon. 

One primer for each gene spanned an intron-exon boundary to avoid amplification of any 

contaminating genomic DNA. Primers were synthesized by GeneWorks (Thebarton, SA, 

Australia). 

 

Table 6.3 Nucleotide sequence of oligonucleotide primers used to amplify GST encoding 

genes from S. sclerotiorum mRNA 

Gene/sequence Primers Sequence (5�-3�) Size 

7195 F AAGTCAACAACTGGCTCTTC 20 SS1G_07195.1 

7195 R TTCTTCAGTGCTCCGATATT 20 

1918 F CAACAAGTTTATGGAAATGG 20 SS1G_01918.1 

1918 R AATGGCGCTATCTATCTTCT 20 

7319 F AAAATCAAACTCTACTGGCTCA 22 SS1G_07319.1 

7319 R CCACAGAGGGTATTTTCTTG 20 

0703 F CAAACGAGGGCATCGAATTA 20 SS1G_00703.1 

0703 R AGTGGTTTGCTTGACCTTGC 20 

10295 F TCTTCCAGGGAGAGCAGAAG 20 SS1G_10295.1 

10295 R CCCAATCCTTTCACTTGCTT 20 

   

  

RNA concentration in the extracts was measured using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Delaware, USA). Reverse transcription-PCR 

was done using the QIAGEN OneStep RT-PCR kit (Qiagen, Melbourne, Australia) in 25 μl 

volumes containing 300 ng RNA template and 0.6 �M of each primer. The thermal cycling 

machine (PalmCycler, Corbett Research CG1-96, Australia) was programmed as follows: 

50˚C reverse-transcription reaction for 30 min; 95˚C initial PCR activation step for 15 min 

(HotStarTaq DNA Polymerase is activated by this heating step); 3-step cycling (94˚C 

denaturation for 30 s, 50˚C annealing for 30 s, 72˚C extension for 60 s); 72˚C final extension 

for 10 min. The number of amplification cycles for each gene-primer combination was 

optimized and is shown in Table 6.4. Amplified products were analyzed on 2% (w/v) agarose 

gels in TBE buffer and stained with ethidium bromide.  
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Table 6.4 Specific obtained thermal cycles for S. sclerotiorum GST encoding genes 

Gene No. cycles 

SS1G_07195 24 

SS1G_01918.1 26 

SS1G_07319.1 32 

SS1G_00703.1   30* 

SS1G_10295.1 28 

*No amplification 

 

Enzyme assay 

Sigma-Aldrich Co. provided 1-chloro-2,4-dinitrobenzene (CDNB), and phenethyl ITC (Pe-

ITC) and Al-ITC. Seven millimeter diameter agar plugs containing hyphae of S. sclerotiorum, 

isolate RS5, were transferred from the margins of 3-day-old actively growing cultures to 

potato dextrose agar medium overlaid with a layer of cellophane (colorless stationary wrap) in 

85 mm diameter Petri plates. After 48h incubation at 25˚C and darkness, the colonies of the 

fungus were exposed to toxic volatiles derived from 20 mg MP and 200 μl distilled water mix 

for 24h as described for bioassay experiments. The exposed and control mycelium was 

harvested and ground in liquid nitrogen with a mortar and pestle. The frozen powder was 

added to 2 mL/g fresh weight of extraction buffer (50mM potassium phosphate, pH 7.4, 

containing 10% glycerol, and 1 mM dithiothreitol) and homogenized in a 5 ml glass 

homogenizer for 2 min.  

The homogenate was centrifuged for 15 min at 12080g and 4 °C. Proteins were salted 

out with 55% and 90% saturated ammonium sulphate, with centrifugation for 15 min at 

12080g and 4 °C after each step (Harris and Angal 1989). The protein precipitate from the 

90% ammonium sulphate step was dissolved in extraction buffer (without glycerol) and 

desalted by Sephadex G-25 NAP-5 (Amersham Biosciences) columns. Protein concentration 

was determined by the Bradford dye-binding assay using bovine serum albumen as standard. 

The total volume of the reaction mix was 1ml which consisted of 0.1 M K-phosphate 

buffer pH 6.5, 1 mM glutathione (reduced) and 1 mM CDNB (1-chloro-2, 4-dinitrobenzene). 

The increase in absorbance of the CDNB-glutathione conjugate was monitored with a Cary 50 

spectrophotometer at 340 nm. The enzyme activity was determined by measuring increase in 

absorbance for 2 min before adding 50-100 �l protein extract and subtracting this from the 

rate measured for 2 min after adding the extract. Specific GST activity was calculated using 

the extinction coefficient of the CDNB-GSH conjugate and protein concentration (Cohen et 

al. 1986).  
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For GST activity with ITCs (Al-ITC and Pe-ITC) as substrate to be conjugated with 

GSH, absorbance of enzyme sample with reaction mix (20 �M ITC, 1mM GSH in Na-

phosphate buffer 0.1 M pH 6.5) was monitored with same spectrophotometer, at 274 nm 

(Kolm et al. 1995).  

There were 6 replicates done on different days. The experiment was analyzed by 

ANOVA using a randomized complete block design.   

 

RESULTS 

Possible selected GST encoding genes in S. sclerotiorum  

Putative GST genes were identified from S. sclerotiorum genome by two search methods: key 

word search followed by domain search and BLASTp search with characterized fungal GSTs. 

The sequences found are described below:  

 

SS1G_07195.1 glutathione S-transferase 

 SS1G_07195.1 was found in both searches. This sequence was most similar to 

sequences with experimentally characterized GSTs from Botrytis cinerea (Prins et al. 2000), 

Aspergillus fumigatus (Burns et al. 2005), and Aspergillus nidulans (Fraser et al. 2002) ( 96%, 

72%, and 70% amino acid identities respectively).  

 

SS1G_00220.1 40S ribosomal protein S3aE  

 The annotation of the S. sclerotiorum genome shows that this protein has both N- and            

C-terminal GST domains. However, it also has an elongation factor 1-gamma domain 

(EF1B�). According to McGoldrick et al. (2005), EF1B� is a dimer of approximately 50 kD 

subunits which consist of distinct N- and C-terminal domains. Despite having GST domains 

(N- and C-terminal domains), it is combined with another functional unit, elongation factor. 

This sequence was not investigated further in relation to ITC defense in Sclerotinia.  

 

SS1G_00703.1   hypothetical protein     

 This sequence was the second most similar match to characterized genes in the fungi 

Botrytis cinerea (Prins et al. 2000), Aspergillus fumigatus (Burns et al. 2005), and Aspergillus 

nidulans (Fraser et al. 2002) with amino acid identities of 44, 46, and 49% respectively. The 

sequence was annotated as a hypothetical protein but showed both GST domains.  
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SS1G_01918.1    hypothetical protein       

 This sequence was the best match in BLASTp searches of the S. sclerotiorum genome 

with bcgstII, characterized as a functional GST in B. cinerea (Gronover et al. 2005), and 2 

characterized expressed glutathione transferase genes including gstC, and gstB from 

Aspergillus fumigatus (Burns et al. 2005). Amino acid identities were 48%, 49%, and 56% 

respectively. Both GST domains were present.  

 

SS1G_10295.1      hypothetical protein    

 A conserved domain search at NCBI determined that this sequence has GST phi 

conserved domains (plant-specific Phi class).  Nevertheless, there were no characterized 

fungal GSTs with high similarity and most similar sequences were annotated as putative GST 

or predicted proteins. Because it belonged to a different class from characterized fungal GSTs 

(McGodrick et al. 2005) its role in response to ITCs was of interest. The gene encoding 

hypothetical protein XP_001551333 in B. cinerea (Birren et al. 2007) has 75% amino acid 

identity with the protein product of the gene in S. sclerotiorum. The gene also has homology 

to several putative GSTs from fungi.  

 

SS1G_07319.1    hypothetical protein     

 The gene AbGst1 from A. brassicicola cloned and characterized by Sellam et al.          

(2006; 2007a) as encoding a glutathione transferase induced in response to ITC exposure 

showed greatest similarity to gene SS1G_07319.1 of the Sclerotinia genome (44% amino acid 

identity). However, GST N- and C-terminal domains were not identified in the Sclerotinia 

annotation. On the other hand, GST-like domains were identified by the conserved domain 

search on NCBI. Therefore, it was also of interest to find any relation of this gene to the 

response of the fungus against glucosinolate hydrolysis volatile products.  

 Five genes were selected for analysis. The brief characteristics of selected genes are 

listed below (Table 6.5): 
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Table 6.5 The most similar GST encoding sequences to S. sclerotiorum in other fungi 

Locus in  

S. sclerotiorum 

Nucleotide 

accession number  

Organism Gene name Amino 

acid 

identity 

(%) 

 

Reference/s 

SS1G_07195.1 AF061253 

AY770045 

AF425746 

B. cinerea 

A. fumigatus 

A. nidulans 

BcgstI 

gstA 

gstA 

96 

72 

70 

(Prins et al. 2000) 

(Burns et al. 2005) 

(Fraser et al. 2002) 

SS1G_00703.1    AF425746 

AY770045 

AF061253 

A. nidulans 

A. fumigatus 

 B. cinerea 

gstA  

gstA 

BcgstI 

 

47 

46 

44 

(Prins et al. 2000) 

(Burns et al. 2005) 

(Prins et al. 2000) 

SS1G_01918.1 AJ605723 

AY770043 

AY770044 

B. cinerea 

A. fumigatus 

A. fumigatus 

bcgstII 

gstB 

gstC 

48 

56 

49 

 

(Gronover et al. 

2005) 

(Burns et al. 2005) 

(Burns et al. 2005) 

SS1G_10295.1 XM_001551283 B. cinerea BC1G_10073 75 (Birren et al. 2007) 

SS1G_07319.1 AY987487 A. brassicicola AbGst1 44 (Sellam et al. 2006) 

 

Expression of GST enzyme encoding genes  

The extracted RNA samples were mixed with the mRNA master mix including primers and 

amplified by RT-PCR. RT-PCR can be used in a semi quantitative manner to estimate relative 

amounts of transcript present in a RNA sample. In order to do this the number of cycles was 

optimized so that product saturation was not reached. For every target gene the lowest number 

of cycles was selected in which differences in product obtained could be detected. Thus, RT-

PCR was used to monitor induction of GST-like genes.   

During electrophoresis of each sample, only one band was observed. The size of this 

band was in the range 250-350 bp and in each case agreed with expected product size. 

Brightness of bands was used as a semi quantitative measure of products.  

Among the five putative sequences, the expression of the four sequences including 

SS1G_07195.1, SS1G_01918.1, SS1G_07319.1, and SS1G_10295.1 was affected by 

exposure to Al-ITC and volatiles from MP. Expression of gene SS1G_00703.1 could not be 

detected, with no electrophoretic bands showing any amplification from any treatment or 

control.   

 In S. sclerotiorum, the expression of the genes SS1G_07195.1 and SS1G_01918.1 in 

response to sub lethal concentrations of either the Al-ITC or the volatiles derived from MP 
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was clearly upregulated after 1h exposure. In addition, expression of gene SS1G_10295.1 was 

more variable but this one also appeared to be upregulated (Figure 6.1). Thus, these three 

genes may be involved in the reaction of the fungus to ITCs. In contrast to the upregulation of 

these three genes, the expression of gene SS1G_07319.1 was down regulated in response to 

exposure to volatiles. This gene was expressed normally in control treatments whereas both 

experimental volatiles had a strong inhibitory effect on its expression.  

 

 

 Figure 6.1 RT-PCR of S. sclerotiorum mRNA isolated from cultures induced with either Al-

ITC (A) or MP volatiles (M) compared with their controls ethanol (E) and distilled water (W) 

respectively, 1h post-induction (2% agarose). Three replicate extracts of each treatment are 

shown. 

 

Enzyme activity 

The purpose of this experiment was to detect the conjugating activity of GST enzymes which 

may be encoded by the induced sequences. The GST enzyme activity with CDNB as substrate 

of mycelium exposed to MP volatiles was significantly higher than the controls. It was two 

times more than control GST activity, indicating induction of the enzyme system in response 

to ITCs (Figure 6.2; Table 6.6). In GST assays with ITCs as substrate, problems with the 
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assay using relatively crude protein extract resulted in a large non enzymic drift in 

absorbance. This assay was not continued.  

0

20

40

60

80

100

Treatment Control

A
ct

iv
ty

 (
U

/m
g 

pr
ot

ei
n)

 

Figure 6.2 Effect of ITC volatiles from MP on GST activity of S. sclerotiorum  

 

Table 6.6 Overall ANOVA for effect of ITC volatiles on GST activity of S. sclerotiorum 

Source Sum of Squares df Mean Square F Sig. 

Treatment 6467.2 1 6467.2 11.41 0.020 

Block 2368.35 5 473.67 0.8 0.576 

Error 2832.85 5 566.57   

Total 11668.44 11    

 

 

DISCUSSION  

 Sclerotinia sclerotiorum, the causal agent of the canola stem rot disease, is exposed to high 

levels of volatile components derived from GSLs during host infection. It has been shown in 

previous chapters that the pathogen is able to develop tolerance to these toxic products, in 

vitro and in planta. A broad range of detoxification mechanisms to circumvent the chemical 

barriers of the host, have been detected for S. sclerotiorum.  For instance, in infected oilseed 

rape, the fungus can detoxify the phytoalexins brassinin, 1-methoxybrassinin and 

cyclobrassinin to glucosides. In addition, it can also detoxify the phytoalexins camalexin and 

6-methoxycamalexin to oxycamalexin (Pedras et al. 2004; Pedras and Hossain 2006).  
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 Recently, Sellam et al. (2006) have cloned the gene AbGst1 encoding a glutathione 

transferase from the necrotrophic pathogen Alternaria brassicicola from a Bz-ITC-treated 

conidial culture using differential display reverse transcription. They suggested that this 

enzyme was involved in detoxification of ITCs by A. brassicicola. With this knowledge, a 

similarity search of the S. sclerotiorum genome database with GST encoding sequences from 

other fungal organisms revealed the presence of five GST-like sequences. Following semi 

quantitative RTPCR amplification with gene-specific primers, the expression of four genes 

was detected. In response to MP and Al-ITC volatiles, expression of SS1G_07195.1, 

SS1G_01918.1, and SS1G_10295.1 was upregulated whereas SS1G_07319.1 expression was 

reduced after exposure of the fungus mycelium to the volatile chemicals for 1 h. These data 

were only semi-quantitative. Real-time PCR could be used to give a quantitative measure of 

gene expression.  

 This is the first report of differential expression of GST-like genes from S. 

sclerotiorum following exposure to ITCs. However, results are similar to the report of Sellam 

et al. (2006) on A. brassicicola. Glutathione transferases are proposed to be involved in the 

general response against oxidative stress and protection against xenobiotics and endogenous 

toxins. For instance, whilst AbGst1 expression was induced in A. brassicicola by metals and 

the xenobiotic CDNB, the gene product had GST activity and detoxified the antifungal Al-

ITC and Bz-ITC (Sellam et al. 2006).  

 The induction of genes SS1G_07195.1, SS1G_01918.1, and SS1G_10295.1 by the 

plant antimicrobial defense compound ITCs suggests that their encoded products may be 

involved in ITC detoxification during plant infection. SS1G_07195.1 has very high amino 

acid identities with three experimentally characterized GST genes in other fungi. 

SS1G_01918.1 had high homology to GST isozymes in the same fungi. SS1G_10295.1 is 

most similar to proteins that have not been experimentally characterized. It also has a close 

homologue in B. cinerea. Francis et al. (2005), and Kolm et al. (1995) showed that 

detoxification mechanisms involving the GST enzyme were strongly induced by ITCs in 

insects and humans.  

Glutathione transferase activity from S. sclerotiorum extracts with the xenobiotic 

CDNB in mustard powder treated colonies was significantly different from and higher than 

untreated controls, correlating with the induction of GST encoding sequences. Attempts to 

measure GST activity with ITCs as substrates were unsuccessful. This may have because 

relatively crude protein extracts were used. According to Kawakishi and Kanedo (1985) ITCs 

formed from GSLs in Brassica species have a strong affinity for amino acids and proteins, 

especially for their thiol, sulphide and terminal amino groups. The presence of many other 
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fungal proteins and amino acids in samples could be a reason for rates of conjugation 

decreasing after addition of the enzyme. Irreversible interaction of ITCs with proteins and 

amino acids to form stable products (Brown and Morra 1997) may lead to decline of ITC 

concentration in the reaction mix.  

 In the present work, despite the existence of Al-ITC as the main volatile component in 

mustard (B. juncea) seed powder (Sang et al. 1984), the expression of these three sequences 

was upregulated more by MP than by Al-ITC itself. This might be related either to different 

dosages of the ITC from MP and the pure chemical, or the existence of other volatiles e.g.    

2-phenylethyl ITC (Sang et al. 1984; Sarwar and Kirkegaard 1998) in MP. In addition, the 

activity of myrosinase enzyme on GSLs may release the volatile ITCs steadily and this might 

have a continuous induction on the related genes in comparison with the rapid volatilization 

of analytical Al-ITC (Lim 1997).  

 Interestingly, the expression of gene SS1G_07319.1 was downregulated during 

exposure of the fungus colonies to either ITCs or MP volatiles. This is opposite to the reaction 

of the similar sequence AbGst1 in A. brassicicola found by Sellam et al. (2006; 2007a) which 

was upregulated. As the relevant control bands show, the gene is expressed under natural 

activity of S. sclerotiorum and this expression is reduced by ITC and MP volatiles. According 

to Sellam et al. (2007a) longer exposures to ITCs (particularly Al-ITC), can have a strong 

inhibitory effect on upregulated genes and this may be an explanation for the reduction of 

SS1G_07319.1 expression.  

 The most similar characterized genes to gene SS1G_07195.1 in S. sclerotiorum 

encode GST enzymes, which contribute to tolerance of heavy metals and xenobiotics in 

Aspergillus nidulans (Fraser et al. 2002), Aspergillus fumigatus (Burns et al. 2005) (H2O2 and 

CDNB), and Botrytis cinerea (Prins et al. 2000) (H2O2 ) revealing that a non-specific response 

occurs against inducers. It is expected that this expressed gene in S. sclerotiorum may have 

the same characteristics reacting to both volatile ITCs and xenobiotics, as the enzyme has 

conjugative activity with CDNB and glutathione. Genes SS1G_01918.1, SS1G_07319.1, and 

SS1G_10295.1 may also encode non-specific GST enzymes, similar to sequences in other 

fungi. This may explain the possibility of different roles by the products of these genes within 

the organism when subjected to environmental stress and support Burns et al. (2005) report on 

the similar functions in Aspergillus fumigatus. The GST encoding gene, AbGst1 in A. 

brassicicola (Sellam et al. 2006) has been shown to be expressed significantly in response to 

ITCs (Al-ITC and Bz-ITC), and metals confirming the non-specific reaction hypothesis.  
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Sellam et al. (2007a) suggested that glutathione transferases (GST) genes which were 

transcriptionally induced by ITCs were part of the oxidative stress response of A. brassicicola. 

Therefore, two possible modes of action for GSTs of S. sclerotiorum are proposed here: 

1. Conjugating ITCs to reduce their toxicity 

2. Protecting cells against the oxidative stress caused by ITCs. 

 The variation in expression of the three upregulated genes suggested by 

electrophoresis analysis might be related to the necessity for their protein products. On the 

other hand, as Burns et al. (2005) have discussed for A. fumigatus GST genes expression, the 

higher specific activity of a sequence (e.g. SS1G_07195.1) may necessitate production of 

smaller amounts of actual protein to conjugate available ITC.  

  Gronover et al. (2005) have described a novel seven-helix transmembrane protein 

BTP1 of Botrytis cinerea which controls the expression of GST-encoding genes. Interestingly, 

they found that by deletion of the related sequence in the fungus, expression of bcgstI was 

down-regulated but bcgstII was slightly up-regulated and bcgstIII was strongly upregulated in 

the mutant. A possible role for such a protein in S. sclerotiorum could be proposed in 

mediation of chemical stress, e.g. during the interaction with ITCs in which the regulatory 

protein encoding gene expression is down-regulated by MP and Al-ITC volatiles. The down-

regulation of gene SS1G_07319.1 during the exposure of the fungus to ITCs could be 

explained by this mechanism. Gronover et al. (2005) have suggested that GST enzymes and 

BTP1 encoding genes in B. cinerea could also have an in vivo function of protecting against 

preformed mycotoxic plant compounds. A protein with similar function may control the GST 

system in S. sclerotiorum, by a yet unknown mechanism. Therefore, the expression of the 

genes might be affected indirectly during exposure to ITCs. 

 In conclusion, BLASTp and key word searches of the S. sclerotiorum genome 

database with fungal GST enzyme sequences revealed several putative GST genes in S. 

sclerotiorum. Five of these were studied and expression of four was detected by RT-PCR and 

their regulation during exposure to ITCs was demonstrated. Up-regulation as well as down-

regulation of putative GST transcripts was observed. In addition, a net increase in GST 

catalyzing activity with the artificial substrate CDNB was observed in response to exposure of 

the fungus to MP volatiles. This is the first report of an adaptive response by S. sclerotiorum, 

allowing the fungus to tolerate ITCs and subsequently develop in host tissues. The reaction of 

the pathogen to longer exposure times is yet unknown. In addition, the role of other proteins 

controlling the GST genes during chemical stress needs to be investigated. GST enzyme 

activity in conjugating ITCs and the relation between its isoenzymes and encoding sequences 

in S. sclerotiorum could also be investigated.  
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CHAPTER 7 

RESPONSES OF BRASSICA SPECIES AND CULTIVARS TO Sclerotinia sclerotiorum 

IN CONTROLLED ENVIRONMENT STUDIES  

 

INTRODUCTION  

In natural infections of Sclerotinia stem rot (SSR) (Bradley et al. 2006) caused by Sclerotinia 

sclerotiorum, the disease only becomes apparent after flowering. The infected petals falling 

from the flowers transfer the pathogen to the leaves. Development on the leaves is seen as 

grayish irregularly shaped lesions, and from the leaves the pathogen infects the stem, via the 

petiole, leading to the formation of white/bleached lesions (Li et al. 1999).  

 Field evaluations of canola cultivars for resistance to SSR are important. However, 

problems can be associated with field evaluations. Disease pressure may not be uniform in a 

field situation, which may lead to erroneous interpretation of results. Canola cultivars may 

differ in their plant architecture and maturity, which could result in measuring disease escape 

rather than physiological resistance in field screening experiments (Phillips et al. 1990).  

 An efficient, reliable, and inexpensive screening method that would allow large scale 

evaluation of canola germplasm and cultivars for Sclerotinia stem rot resistance is needed to 

accelerate the development of resistant canola cultivars (Bradley et al. 2006). Several methods 

have been used to identify resistance to S. sclerotiorum in canola. They include detached leaf 

inoculation (Bradley et al. 2006), screening against oxalic acid, which is a known 

pathogenicity factor for the pathogen (Godoy et al. 1990; Cessna et al. 2000), petiole 

inoculation (Zhao et al. 2004; Bradley et al. 2006), leaf inoculation, and stem inoculation 

(Sedun et al. 1989; Chaocai 1995; Li et al. 2006). It is common for responses of cultivars to 

vary among methods and experiments (Wegulo et al. 1998).  

 Kim et al. (2000) did not find any consistency of ratings for soybean cultivars with 

intermediate reactions to S. sclerotiorum across inoculation tests. Resistance of transgenic B. 

napus to oxalic acid was investigated by Thompson et al. (1995), but the results suggested the 

need for further evaluations to refine the method. Zhao et al. (2004) proposed that the petiole 

inoculation technique can be used successfully to differentiate oilseed B. napus germplasm for 

response to S. sclerotiorum. Despite the differentiation of canola cultivars by petiole 

inoculation technique and oxalic acid assay methods, neither method was able to predict the 

reaction of cultivars to Sclerotinia stem rot in the field. Based on these results Bradley et al. 

(2006) suggested that field screening for disease resistance is still critical for the development 

of resistant cultivars.  
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 A method that would allow for inoculation of plants prior to bolting or flowering 

would accelerate the screening of both spring and winter types of B. napus without having to 

meet vernalization requirements (Bradley et al. 2006).  

 The important role of epicuticular wax as a physical barrier in the resistance of 

rapeseed and mustard to black spot caused by Alternaria brassicicola has been concluded and 

suggested as a character that could be used in breeding cultivars resistant to this disease 

(Skoropad and Tewari 1977). Although reaction of host plants and particularly rapeseed to S. 

sclerotiorum have been assessed before by leaf inoculation technique (Godoy et al. 1990; 

Pratt 1996; Sexton et al. 2006), there has been no significant research on the relation between 

tolerance or resistance of known rapeseed genetic resources and their epicuticular wax 

quantity.   

 The aim of this study was establishment and assessment of a leaf disc assay under 

controlled environment conditions and its comparison with in planta evaluation of Brassica 

resistance to Sclerotinia disease. A second aim was evaluation of varieties and species in 

reaction to S. sclerotiorum under greenhouse conditions. In addition, correlation of the 

inhibitory effect of leaf derived volatiles, in vitro, and epicuticular wax quantity with reaction 

of the host species and varieties was investigated.   

 

MATERIALS AND METHODS 

Leaf disc inoculation assay (LDIA) 

Employing some modifications, the plant materials were inoculated according to the methods 

of Reglinski et al. (1997). Dovuro Seeds, Horsham, Australia, provided seeds of the 

Australian commercial canola (rapeseed) varieties AG-Castle, AV-Sapphire, Dunkeld, Oscar, 

and Rainbow. The other two species, black mustard (Brassica nigra L.) and white mustard 

(Sinapis alba L.) were condiment varieties. Young fully expanded leaves of one month (33 

days and 35 days), two months (50 and 54 days), and three months (105 days) old plants 

grown  in the green house (140 mm diam. plastic pots filled with 1:1:1 sand: loam: peat moss 

mix), were detached and transferred to the laboratory. Using a 20 mm diameter cork borer and 

cutting board, leaf discs were punched out and laid on moist filter paper in 55 mm diameter 

Petri plates (one disc per plate). Using a sharp scalpel blade, six small injuries were made in 

the middle of half of the discs of each variety. Mycelial plugs (4 mm diameter) taken from the 

growing edge of 3-day-old cultures on ¼ strength potato dextrose agar were used for 

inoculation. Inoculum plugs were placed mycelium side down onto the centre of each leaf 

disc. Control leaf discs were treated with uninfected ¼ PDA plugs. The Petri dishes were then 

immediately sealed with two layers of Parafilm (American National Can, Greenwich, CT, 
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USA) to maintain high humidity, and incubated at 25˚C in darkness. A completely 

randomized design was used for the experiments. Leaf lesions were measured 24 h after 

inoculation. Lesion size was used as the measure of disease. Four treatments with three 

replications, for every variety/species, were used including wounded with/without inoculum, 

and unwounded with/without inoculum. 

 

Reaction of intact plants to the pathogen 

105-day-old plant inoculations 

The bioassay was based on the inoculation of leaves on intact plants. For this purpose, the 

seeds of Australian canola varieties, AG-Castle, AV-Sapphire, Dunkeld, Oscar, and Rainbow, 

and black mustard (Brassica nigra) were planted in 140 mm diameter plastic pots (1sand: 1 

loam: 1 peat moss) and grown for 105 days in the greenhouse. A fully expanded leaf with 

normal color and shape among each plant was selected and marked for inoculation. The 

treatments were wounded and un-wounded intact leaves with inoculum, wounded leaves with 

oxalic acid, and wounded leaves with ¼ PDA plugs as a control. The inoculation site for each 

selected leaf was the first one-third area from the leaf tip. Wounded and un-wounded leaves 

were inoculated with 4 mm diameter agar plugs containing hyphae of S. sclerotiorum which 

had been transferred from the margins of 3-day-old actively growing cultures. The mycelium-

containing surface of the plugs was laid onto the adaxial side of leaves.  

Oxalic acid treatments were done by using small hydrophilic cotton wool balls, 

immersed in 10 mM (pH 4.0) solution of the acid. To avoid the plugs dropping off the leaves, 

they were held in place by a small strip of adhesive tape. Plugs of ¼ PDA without the fungus 

mycelium were used for control plants. All pots were immediately covered with transparent 

plastic bags to keep the humidity high. The experiment was established in the evening to 

provide dark conditions in the greenhouse. A completely randomized design with three 

replications was used for the experiment.  The infection progress was measured as the 

diameter of necrotic areas at the inoculation points after 36 and 60 hrs incubation. 

 In another experiment, 105-day-old plants were inoculated without oxalic acid 

treatment.  A completely randomized design with eight replications was used for this 

experiment. After 24, 48 and 72 h incubation, lesion diameter was measured. 

 

One month old plant inoculations  

Plants were grown for 32 days (stage 2, rossete (Harper and Berkenkamp 1975)) under 

greenhouse conditions. Inoculum plugs (4mm diameter) were placed mycelium side down on 

wounded and un-wounded leaves. The treatments were: a) inoculum placed on the wound; b) 
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inoculum placed 1 cm away from the wound; and c) un-wounded leaf with inoculum.  The 

agar plugs of the same size without any pathogen mycelium were used for control treatments. 

All pots were covered immediately with transparent plastic bags to maintain high humidity. A 

completely randomized design with three replications was used for the experiment. The plants 

were inoculated after sunset to achieve dark conditions overnight. Lesion size (average of two 

cross diameters) was measured 24, 48, and 72 hrs after inoculation.  

 

Role of epicuticular wax on canola resistance to S. sclerotiorum 

Three Australian commercial canola varieties, AG-Outback from Dovuro Seeds, Horsham, 

Australia, AG-Castle which was the most susceptible and AV-Sapphire the least susceptible 

in these greenhouse experiments, were selected for this study. The seeds were sown in the 

greenhouse and grown in 5 cm diam. plastic pots with the same potting mix for one month (4-

5 leaves stage) (stage 2, rossete (Harper and Berkenkamp 1975)). Employing the intact plant 

leaf inoculation technique (IPLIT), the third fully expanded leaf of each plant was inoculated 

with mycelium plugs. Three groups of treatments were run using 4 mm diameter plugs 

containing 3-day-old fungus mycelium on ¼ PDA:  

1- Leaves with epicuticular wax removed by gently wiping with a wet cotton swab (Conn and 

Tewari 1989) and unwounded at the inoculation site;  

2- Leaves with epicuticular wax left on and wounded at the inoculation site; 

3- Leaves with epicuticular wax left on and without any wound at the inoculation site. 

For control treatments, 4 mm diameter ¼ PDA plugs were used on the same combinations of 

wounding and wiping treatments. All pots containing the plants were covered with a 

transparent plastic sheet to maintain high humidity.   

 A completely randomized design with six replications was used for the experiment. 

After 24 and 48 h incubation in the greenhouse (15-20˚C and first 12 h darkness), the 

diameter of infected areas of leaves was measured.  

The epicuticular wax on the third fully expanded leaf of the same age plants was 

extracted from leaf surfaces by immersing leaves individually for 8-10 s in chloroform at 

room temperature with gentle agitation (in the fume hood) (Conn and Tewari 1989). Four 

replications were used for each variety and every replication had four individual leaves. The 

chloroform extract was evaporated for 48 h in a fume hood and subsequently for 48 h over 

dried silica gel in a desiccator. Area of the leaves was measured with a Delta-T Leaf Area 

Meter. The wax was collected and the weight per unit leaf area was calculated. Lesion 

diameter and wax amount of varieties were compared to determine whether epicuticular wax 
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quantity of canola varieties could affect infection process of host by S. sclerotiorum. Data 

were analyzed by ANOVA with mean separation by the Duncan test.  

 

RESULTS 

Leaf disc inoculation assay 

Infection occurred in all fungus-inoculated treatments. The growth of S. sclerotiorum in 

infected tissues of wounded treatments, as soft and necrotic areas, was faster than un-

wounded ones. Data from all six experiments were combined to look for major effects. 

Experiment was not used in the analysis, but a fully factorial design with variety, wounding 

and age of plants was used. The results showed that there was no significant main effect of 

variety (Table 7.1) whereas the main effects of wounding and age were significant. Lesions 

were larger on wounded leaf discs, and they were larger on two-month-old (50-54 days) 

leaves than one-month or three-month-old plants (Figure 7.1).  

 There was a significant variety by wounding interaction. Wounding had less effect on 

the mustards than it did on the canola varieties (Figure 7.2). In addition, the interaction of 

variety by age was significant. There was little effect of age on S. alba and there was no 

difference between one-month and two-month-old leaves for B. nigra or Rainbow (Figure 

7.3).  

Based on separate analysis of data, effects of variety, wounding, and their interactions 

were significant for one-month-old (33-35 days) plants. The same results were obtained from 

two-month-old (50-55 days) leaf discs; however, despite significant effects of variety and 

wounding for the first experiment of three-month-old plants, their interactions were 

insignificant. Moreover, there was not a significant effect of variety in the second experiment 

on three-month-old plants in spite of significant effects of wounding and their interactions. 
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Table 7.1 ANOVA for effect of variety, wounding, and age on leaf disc infection by                    

S. sclerotiorum.  

Source Sum of Squares df Mean Square F Sig. 

Variety 28.72 6 4.78 0.82 0.554 

Wounding 3304.33 1 3304.33 567.57 0.000 

Age 200.54 2 100.27 17.22 0.000 

Variety * Wounding 168.37 6 28.06 4.82 0.000 

Variety * Age 162 12 13.50 2.32 0.008 

Wound * Age 14.82 2 7.41 1.27 0.282 

Variety * Wounding * Age 115.61 12 9.63 1.65 0.078 

Error 1309.92 225 5.82   

Total 53682.75 267    

 

 
 

10

11

12

13

14

15

1 2 3

Plant age (month)

Le
si

on
 s

iz
e 

(m
m

)

 
Figure 7.1 Variation of lesion size by brassica plant age for wounded leaf disc inoculations 

by   S. sclerotiorum. 
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Figure 7.2 Effect of wounding on reaction of brassica varieties to S. sclerotiorum. 
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Figure 7.3 Effect of age on reaction of brassica varieties to S. sclerotiorum. 
 
 

Reaction of intact plants to the pathogen 

105-day-old plant inoculations 

The plants inoculated with S. sclerotiorum showed symptoms of necrosis and grey colored 

lesions on leaves by 60 h after inoculation. Some leaves also showed a dirty white-creamy 

cottony mycelium on the surface. Areas above the point of inoculation looked necrotic or 

wilted as a result of Sclerotinia rot. In most cases, even in oxalic acid treatments, the lesions 

had a tendency to elongate towards the leaf petiole along the main vein. Fungus-caused 

lesions had a mostly necrotic soft and ovoid-shaped expansion, whereas those produced by 

oxalic acid looked pulled along the lateral main veins with dried necrotic areas.  
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 In the first experiment, all treatments showed necrotic lesions around the fungal 

inoculation sites with the exception of control plants. There were significant differences in 

lesion size among the varieties in both 36 and 60 h measurements (Tables 7.2 & 7.3). Lesions 

on wounded leaves were significantly larger than those on unwounded leaves. In addition, 

clear differences were observed in variety-wound interactions (Tables 7.2 & 7.3). Based on 

lesion diameter 36 and 60 h after inoculation, varieties AG-Castle and Oscar were the most 

susceptible in the wounded treatments. Meanwhile, the lesion size of B. nigra was the least, 

indicating its considerable resistance to disease development. The genotypes did not show 

significant difference among unwounded treatments 36 h after inoculation, whereas a 

difference was observed at 60 h incubation time, with AV Sapphire having significantly 

smaller lesions than Dunkeld or Oscar (Figure 7.4).  

 

Table 7.2 ANOVA for effect of wounding and variety on lesion size at 36 h for leaves 

inoculated with S. sclerotiorum. 

Source Sum of Squares df Mean Square F Sig. 

Variety 118.02 5 23.60 5.46 0.002 

Wounding 771.43 1 771.43 178.33 0.000 

Variety * Wounding 59.85 5 11.97 2.77 0.044 

Error 95.17 22 4.33   

Total 1101.38 33    

 

Table 7.3 ANOVA for effect of wounding and variety on lesion size at 60 h for leaves 

inoculated with S. sclerotiorum. 

Source Sum of Squares df Mean Square F Sig. 

Variety 489.45 5 97.89 7.26 0.000 

Wounding 1542.15 1 1542.15 114.29 0.000 

Variety * Wounding 250.38 5 50.08 3.71 0.014 

Error 296.83 22 13.49   

Total 2793.57 33    
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Figure 7.4 Lesion sizes of wounded or unwounded leaves of Brassica species and varieties 

inoculated with S. sclerotiorum after two incubation times. 

* could not be included in multiple comparison because there was only one replicate which 

did not have lesion after 36h incubation 

 

 The results obtained from the rate of lesion expansion between 36 h and 60 h of 

wounded and unwounded treatments, revealed that effects of variety and wounding were 

significant but there was no significant interaction between variety and wounding (Table 7.4) . 

Based on these results, B. nigra and AG-Castle were the most resistant and susceptible 

genotypes, respectively. Among the canola varieties, AV-Sapphire and Rainbow were more 

resistant than AG-Castle (Figure 7.5).  

 

Table 7.4 ANOVA for effect of wounding and brassica variety on lesion expansion caused by 

S. sclerotiorum 

Source Sum of Squares df Mean Square F Sig. 

Variety 136.09 5 27.22 4.37 0.006 

Wound 132.15 1 132.15 21.25 0.000 

Variety * Wound 80.22 5 16.04 2.58 0.055 

Error 136.83 22 6.22   

Total 533.24 33    
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Figure 7.5 Comparison of Brassica varieties based on rate of lesion expansion between 36 

and 60h after inoculation with S. sclerotiorum. Columns labeled with the same letters are not 

significantly different.  

 

Lesions caused by oxalic acid were compared with those on wounded leaves 

inoculated with S. sclerotiorum. The necrotic areas caused by oxalic acid were smaller in 

comparison to those caused by the fungus. There were significant differences between 

varieties in relation to lesion size (Figure 7.6).  
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Figure 7.6 Effect of oxalic acid on Brassica varieties based on lesion size at two times after 

treatment. Columns labeled with the same letter within a time are not significantly different.  

 

Effect of type of treatment (oxalic acid or fungus) was significant at 36 and 60 h 

incubations (Tables 7.5 & 7.6), and on lesion expansion between 36 and 60 h (Table 7.7). 

There was no significant interaction between variety and inoculation type in relation to lesion 

size after 36 h incubation, or in lesion expansion between 36 and 60 h (Tables 7.5-7). This 
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indicates that varieties responded to the two types of inoculation/treatment in the same way. 

However, there was a significant interaction between variety and inoculation/treatment type 

after 60 h (Table 7.6).  

 

Table 7.5 Overall ANOVA for the reaction of brassica varieties to treatments by oxalic acid 

and mycelium of S. sclerotiorum after 36 h 

Source Sum of Squares df Mean Square F Sig. 

Variety 98.47 5 19.69 3.14 0.03 

Inoculation 49 1 49 7.80 0.01 

Variety * Inoculation 78.83 5 15.77 2.51 0.06 

Error 150.67 24 6.28   

Total 376.97 35    

 

Table 7.6 Overall ANOVA for the reaction of brassica varieties to treatments by oxalic acid 

and mycelium of S. sclerotiorum after 60 h 

Source Sum of Squares df Mean Square F Sig. 

Variety 329.9 5 65.98 6.09 0.001 

Inoculation 1326.17 1 1326.17 122.42 0.000 

Variety * Inoculation 184.62 5 36.92 3.41 0.018 

Error 260 24 10.83   

Total 2100.69 35    

 

Table 7.7 Overall ANOVA for the reaction of brassica varieties to treatments by oxalic acid 

and mycelium of S. sclerotiorum based on rate of lesion expansion on leaves 

Source Sum of Squares df Mean Square F Sig. 

Variety 93.95 5 18.79 4.94 0.003 

Inoculation 865.34 1 865.34 227.39 0.000 

Variety * Inoculation 31.95 5 6.39 1.679 0.178 

Error 91.33 24 3.81   

Total 1082.58 35    

 

In general, B. nigra and Rainbow genotypes had the most resistant reactions to oxalic 

acid and AG-Castle demonstrated the most susceptibility to oxalic acid (Figure 7.6), which 

reflected their relative reactions to S. sclerotiorum (Figure 7.4).   
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 In the second experiment, lesions were found on all wounded treatments at 24h 

incubation (Table 7.8). No lesions were found on unwounded plants at 24h, except for one 

plant of AG-Castle (Figure 7.7). Unwounded plants of all varieties showed lesions at 48h 

(Figure 7.8).  

 

Table 7.8 ANOVA for effect of variety on reaction of brassica wounded leaves to                 

S. sclerotiorum after 24h. There were no lesions on unwounded leaves. 

Source Sum of Squares df Mean Square F Sig. 

Variety 82.31 5 16.46 3.04 0.020 

Error 227.50 42 5.42   
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Figure 7.7 Reaction of brassica species/varieties to S. sclerotiorum by wounding after 24h. 

Columns labeled with the same letter are not significantly different.  
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Figure 7.8 Reaction of brassica varieties/species to S. sclerotiorum after 48h. Columns 

labeled with the same letter are not significantly different.  

 

There were significant differences between varieties/genotypes in relation to the lesion 

size by 48 h after inoculation (P� 0.001). Wounded and unwounded treatments were 

significantly different to each other. In addition, significant variety-wounding interactions 

were observed at 48 h incubation (Table 7.9).  

Table 7.9 Overall ANOVA for reaction of 105 days-old brassicas to S. sclerotiorum after 48h. 

Source Sum of Squares df Mean Square F Sig. 

Variety 576.16 5 115.23 6.38 0.000 

Wounding 3037.5 1 3037.5 168.16 0.000 

Variety * Wounding 480.03 5 96.01 5.31 0.000 

Error 1517.31 84 18.06   

Total 2510 96    

 

Similar results, including significant effects of variety, wounding, and variety-

wounding interactions were obtained at 72 h incubation based on lesion diameter (Figure 7.9, 

Table 7.10).  
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Figure 7.9 Reaction of brassica varieties/species to S. sclerotiorum after 72h. Lesion size 

could not be determined on B. nigra because of the small leaf size. Columns labeled with the 

same letter are not significantly different.  

 

Table 7.10 Overall ANOVA for reaction of 105 days-old brassicas to S. sclerotiorum after 

72h. 

Source Sum of Squares df Mean Square F Sig. 

Variety 1813.91 4 453.48 14.33 0.000 

Wounding 3658.51 1 3658.51 115.64 0.000 

Variety * Wounding 566.83 4 141.71 4.48 0.003 

Error 2214.5 70 31.64   

Total 55785 80    

 

Using Student-Newman-Keuls test, AV-Sapphire and AG-Castle were determined as 

the most resistant and susceptible varieties, respectively. 

 

One month old plant inoculations 

No lesions were observed on unwounded inoculations at all; and inoculations with wounding 

1 cm from the inoculation site showed the same results. In contrast, the wounded treatments 

demonstrated disease lesions, which were expanding between the measurement intervals. 

However, there were no significant differences between varieties in lesion size measurements 

(Figure 7.10).   
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 This experiment indicated that the tested brassica plants do not respond to                  

S. sclerotiorum differentially at early stages of their growth. 
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Figure 7.10 Reaction of one-month-old brassica species/varieties to S. sclerotiorum inoculum 

accompanied by wounding. 

 

Role of epicuticular wax on resistance to S. sclerotiorum    

The relation between epicuticular wax quantity and resistance of oilseed rape varieties was the 

purpose of these experiments. In the first experiment, there was no main effect of variety on 

lesion size. A highly significant effect of treatment and a significant interaction between 

variety and treatment were observed at 24 h, indicating that the treatment effect differed 

between varieties (Table 7.11).  

Table 7.11 Overall ANOVA for effect of wiping on reaction of brassica species/varieties to  

S. sclerotiorum after 24h (1st experiment). 

Source Sum of Squares df Mean Square F Sig. 

Variety 13.98 2 6.99 1.16 0.322 

Treatment 415.24 2 207.62 34.57 0.000 

Variety * Treatment 83.68 4 20.92 3.48 0.014 

Error 264.26 44 6.006   

 

Based on lesion diameter measurements, wounding increased the size of lesions, but 

wiping did not (Figure 7.11). 
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Figure 7.11 Effect of wounding (at the inoculation site) and wiping (epicuticular wax 

removed with a wet cotton swab) on oilseed rape varieties reaction to S. sclerotiorum (first 

experiment).  

At 48 h after inoculation, only the treatment effect was significant (Table 7.12). 

Despite a highly significant difference between varieties in wax amount (Table 7.13), no 

significant difference between unwounded and wiped-unwounded lesions was obtained. This 

indicated that there was no relation between wax amount and resistance to S. sclerotiorum 

(Tables 7.12, 7.13; Figure 7.11).  

 

Table 7.12 ANOVA for effect of wiping on reaction of brassica species/varieties to  

S. sclerotiorum after 48h (1st experiment). 

Source Sum of Squares df Mean Square F Sig. 

Variety 49.01 2 24.50 1.00 0.374 

Treatment 563.43 2 281.72 11.54 0.000 

Variety * Treatment 188.84 4 47.21 1.93 0.121 

Error 1073.63 44 24.40   

 

Table 7.13 ANOVA for difference between wax amount of oilseed rape varieties (first 

experiment). 

Source Sum of Squares df Mean Square F Sig. 

Variety 0.40 2 0.20 34.19 0.000 

Error 0.05 9 0.006   
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In the second experiment, there was also a highly significant effect of treatment, but 

no interaction with variety was observed. Wounding increased lesion diameter in all varieties 

at 24 h incubation, but wiping had no effect (Table 7.14, Figure 7.12).  

 

Table 7.14 Overall ANOVA for effect of wiping on reaction of brassica species/varieties to  

S. sclerotiorum after 24h (2nd experiment). 

Source Sum of Squares df Mean Square F Sig. 

Variety 18.00 2 9.00 1.96 0.152 

Treatment 424.13 2 212.07 46.11 0.000 

Variety * Treatment 28.32 4 7.08 1.54 0.209 

Error 188.57 41 4.6   
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Figure 7.12 Effect of wounding (at the inoculation site) and wiping (epicuticular wax 

removed with a wet cotton swab) on oilseed rape varieties reaction to S. sclerotiorum (second 

experiment). 

At 48 h after inoculation, the variety by treatment interaction had become significant 

(Table 7.15). This is because the wounding effect was much greater in AV-Sapphire. 
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Table 7.15 ANOVA for effect of wiping on reaction of brassica species/varieties to  

S. sclerotiorum after 48h (2nd experiment).  

Source Sum of Squares df Mean Square F Sig. 

Variety 159.17 2 79.59 7.93 0.001 

Treatment 899.75 2 449.88 44.82 0.000 

Variety * Treatment 165.06 4 41.27 4.11 0.007 

Error 411.51 41 10.04   

 

Varieties were different to each other based on wax amount but wiping the wax did 

not significantly affect the lesion size in comparison with unwounded ones (Table 7.16, 

Figure 7.12).  

 

Table 7.16 ANOVA for difference between wax amount of oilseed rape varieties (second 

experiment). 

Source Sum of Squares df Mean Square F Sig. 

Variety 0.18 2 0.09 9.67 0.005 

Error 0.08 9 0.009   

 

The wax levels in AG-Castle were not consistent with those in the first experiment. 

Meanwhile, Outback had low levels of wax quantities in both experiments (Table 7.17).  

 

Table 7.17 Wax quantity of leaves of oilseed rape varieties (one month old) in two 

experiments. 

Wax quantity (mg/cm2)  

Variety First experiment Second experiment 

AG-Outback 0.227 0.256 

AG-Castle 0.662 0.238 

AV-Sapphire 0.547 0.509 
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DISCUSSION  

Brassica species (B. nigra and S. alba) and varieties (B. napus) demonstrated significant 

differences in lesion sizes in the three months old intact plant assay but they were not 

significantly different in the leaf disc and one month old intact plant assays. The effect of 

wounding on disease establishment and progress was obvious in all experiments and in 3-

month-old plants, the unwounded treatments did not show disease symptoms by 24 h 

incubation. Delay of infection in unwounded plants was not related to epicuticular wax 

quantity which was highly significantly different between canola varieties.  

The lack of significant differences between varieties and species shows that the leaf 

disc assay is inconsistent for comparing the oilseed rape varieties, because they demonstrated 

variable results between experiments in reaction to S. sclerotiorum. Based on the 

investigations of Rosa et al. (1996), the concentration of GSLs as ITCs production resources, 

is expected to be more in three month old plants rather than two or one month old plants. 

However, larger lesions in 2-month-old plants caused by the fungus was inconsistent with 

expected GSL concentrations (Rosa et al. 1996) and profiles (Sang et al. 1984; Bellostas et al. 

2007). This is supported by experiments (Chapter 4) on toxic volatiles derived from infected 

leaves and moreover, confirms the hypothesis of Mithen (1992) on lack of relation between 

leaf GSL profiles and pest and disease resistance in oilseed rape. However, the phloem 

mobility of GSLs (Brudenell et al. 1999) is expected to be destroyed because of damage to the 

leaves in cutting leaf discs. In addition, the role of salicylic acid in expression of systemic 

resistance to the pathogen (Uknes et al. 1992) should be damaged. Therefore, accumalution of 

GSLs which is induced by salicylic acid system during injury (Kiddle et al. 1994) will not 

occur to affect the pathogen through the hydrolysis toxic products.  

 On the other hand, by comparing the results of the effect of toxic volatiles derived 

from freeze-dried leaves with the presented results for the same genotypes, no relation 

between toxic volatile production potentials of varieties and their reaction to S. sclerotiorum, 

in vivo was found. In particular, leaves of AV-Sapphire and Rainbow, among the oilseed rape 

varieties with higher degree of resistance to the pathogen, did not show higher inhibitory 

effect of volatiles in vitro (Chapter 4).  

 The brassicas reactions in both 105-day-old intact plant assays were consistent for 

determining resistance and susceptibility of varieties/species. It reveals that this method seems 

to be a more reliable way to evaluate the oilseed rape varieties against Sclerotinia disease than 

the others used in these investigations.  

The same results observed in 105-day-old plants were obtained from oxalic acid 

treatments. B. nigra and Rainbow, and AG-Castle and Oscar were determined as the most 
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resistant and susceptible groups respectively. This indicates that there may be some relative 

correlations between fungus and oxalic acid in evaluations. However, more genotypes should 

be evaluated through this method to determine the strength of the correlation. Also, the 

greenhouse results need to be compared with field results.  However, Chaocai (1995) applying 

three laboratory test methods, macerated mycelium inoculum method, rye grain inoculum 

method and oxalic acid-submerged root method observed significant correlations with disease 

incidence in field experiments and this comparison has been emphasized by other researchers 

(Bradley et al. 2006). Fifteen spring rapeseed cultivars and strains were evaluated in the 

investigation of Chaocai (1995) suggesting use of many different cultivars in evaluation 

methods. Li et al. (2007) and Zhao et al. (2004) evaluated 47 and 53 genotypes, respectively. 

Bradley et al. (2006) detected significant differences among 19 cultivars for S. sclerotiorum 

using the oxalic acid assay method (excised canola plants in oxalic acid mix), but not the 

detached leaf assay method. The results of the leaf disc assay and oxalic acid inoculation 

method in the present investigation support their findings. Interestingly and for instance, AV-

Sapphire was among the genotypes that performed best following inoculation by mycelial 

spray or myceliogenic germination of sclerotia (Li et al. 2007) and also in the intact plant leaf 

inoculation by mycelium plugs in these experiments. Significant differences between 

evaluated varieties and species at measurement times of 48 h and more after inoculation were 

evident. This phenomenon suggests that to discern differences between cultivars/genotypes, 

the time of evaluations should extend to 48 h after inoculation. Li et al. (2007) suggested that 

by delaying time of assessment of disease, the impact of the time of inoculation on stem 

lesion length could be minimized.  

 In addition, significant differences between varieties throughout the unwounded 

inoculations at 48 h revealed that regardless of GSL concentrations of leaves, there are some 

other factors causing different reactions against S. sclerotiorum. One possibility is epicuticular 

wax which was highly significantly different between evaluated varieties. However, the 

results showed that leaf epicuticular wax does not have role in varying the reaction to fungus. 

Moreover, despite significant infection of wounded plants in the 1-month-old intact plant 

inoculation assay, the cultivars/species did not react to the disease differentially. The same 

results were obtained from 1-month-old plants in epicuticular wax experiments.  

There was no infection of unwounded treatments in the one-month-old intact plant 

assay, whereas the same treatments demonstrated infection in both epicuticular wax 

experiments. Different growing season and pot situations in green house used for these two 

different experiments may affect the actual growth stages of plants despite all having one 
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month incubation time. This may be the reason for lack of infection of unwounded treatments 

in 1-month-old intact plant inoculation assay, compared with epicuticular wax experiments.  

Overall, oilseed rape cultivars could not be evaluated by inoculating the young plants. 

This is partially in agreement with resistance to blackleg (L. maculans) where seedling and 

adult plant resistance are under different genetic control (Ballinger and Salisbury 1996; Pang 

and Halloran 1996). On the other hand, Bradley et al. (2006) using an oxalic acid assay, 

evaluated the same stage plants of canola and obtained significant differences between 

cultivars revealing that the resistance system is activated in some genotypes of younger 

plants.  

According to Toal and Jones (1999) oilseed rape has systemic resistance to S. 

sclerotiorum which is induced by oxalic acid. Overall, it can be understood that resistance in 

these intact plant experiments may be expressed in oilseed rape varieties at the 3-month-old 

stage and no expression happened in younger plants. Perhaps the jasmonate-dependent and 

salicylate-dependent defense-response pathways are not involved in the younger evaluated 

cultivars. These pathways are essential for resistance to distinct microbial pathogens in the 

Brassicaceae model plant, Arabidopsis (Thomma et al. 1998).  

 In conclusion, oilseed rape varieties and brassica species react to S. sclerotiorum 

inoculations differentially and more importantly, regardless of their leaf GSL concentration 

and toxic volatile production capabilities. The leaf disc assay gave variable results in separate 

experiments and was not reliable to evaluate brassica resistance to the pathogen. There was a 

weak correlation between response to intact leaf inoculations by mycelium plugs and oxalic 

acid treatment. More investigations with further oilseed rape cultivars are needed. In addition, 

resistance to S. sclerotiorum in the evaluated genotypes was reflected only in older plants.  
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CHAPTER 8 

HISTOPATHOLOGICAL STUDIES ON INFECTION OF BRASSICA SPECIES AND 

VARIETIES BY Sclerotinia sclerotiorum  

 

INTRODUCTION 

Glucosinolates are activated in response to brassica tissue damage and this activation is due to 

the plant enzyme myrosinase. It is known that in healthy plants the enzyme is separated from 

its substrates by cellular compartmentalization (Matile 1980; Bones and Rossiter 1996; Rosa 

et al. 1997). Preformed antifungal compounds are commonly sequestered in vacuoles or 

organelles in healthy plants (Osbourn 1996). The myrosinase containing cells, named myrosin 

cells, were confined to occur in green parts of different plants of the Brassicaceae, especially 

epidermal cells of leaves (Bones and Rossiter 1996). They were observed in seeds, 

parenchyma tissue, phloem, epidermis, and guard cells (Bones and Iversen 1985; Hoglund et 

al. 1991; Andreasson et al. 2001; Husebye et al. 2002) .  

 The process of penetration by S. sclerotiorum, initial infection, development of the 

lesion at advancing margins, and mature portions of lesions in bean hypocotyls have been 

described (Lumsden and Dow 1973; Lumsden 1979). S. sclerotiorum produces the phytotoxin 

oxalic acid and a range of extracellular enzymes that degrade the cell wall, including 

polygalacturonases, proteases, cellulases and glucoamylases (Lumsden 1969; Lumsden 1979; 

Riou et al. 1991; Poussereau et al. 2001; Hegedus and Rimmer 2005).  In most cases, the 

pathogen penetrates directly through the cuticle and not through stomata (Purdy 1958; 

Hegedus and Rimmer 2005). Pawlowski and Hawn (1964) examining sections of inoculated 

sunflower stems observed that the fungus ramifies and destroys the cambium tissue of the 

vascular bundles and enters the vessels and interfascicular regions. Prior and Owen (1964) 

investigated Sclerotinia infection of clover and alfalfa, and found that enzymatic action 

follows the mechanical stresses on the cuticle and epidermis. Lumsden and Wergin (1980) 

showed that the process of disease development in bean tissues caused by S. sclerotiorum 

included formation of infection cushions, mechanical penetration of the host cuticle, 

development of infection hyphae intercellularly beneath the cuticle and within the host cortex, 

inter- and intracellular development of ramifying hyphae that differed in size and appearance 

from infection hyphae. A primary role in pathogenesis is suggested for the intercellular 

infection hyphae, and a secondary and perhaps nutritional role is suggested for the ramifying 

hyphae. The role of ramifying hyphae is the production of cellulolytic or other cell wall-
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degrading enzymes after pathogen establishment and their ability to develop intracellularly in 

tissues (Lumsden and Dow 1973).  

 This information suggests that myrosinase containing cells i.e. guard cells, epidermis, 

phloem and parenchyma tissue, also are invaded through the pathogen cell wall-degrading 

enzymes. Cytological studies of infected canola tissues focusing on S. sclerotiorum and GSL-

M system interactions have not been reported. In this study, the cytological behavior of S. 

sclerotiorum in relation to myrosinase and GSL containing cells of oilseed rape, Sinapis alba 

and Brassica nigra species was studied. Cytological comparisons of two growth stages of host 

varieties and species based on microscopic observations were a second aim of the 

investigation.  

 

MATERIALS AND METHODS 

Rapeseed varieties and Inoculations 

Seeds of the oilseed rape varieties including AG-Castle, as more susceptible, and Rainbow, as 

less susceptible, black mustard (Brassica nigra L.) and white mustard (Sinapis alba L.) were 

sown in 140 mm diameter plastic pots filled with 1:1:1 sand: loam: peat moss mixture in the 

greenhouse. Two age groups of experimental plants, 105 and 50 days old, grown in the 

greenhouse provided plant materials for investigation. Leaves were selected based on color, 

shape and size to ensure uniformity between varieties. After detaching, the leaves were cut 

into discs with a 20 mm diameter cork borer. The upper surface of half of the leaf discs of 

each variety/ species was inoculated by 3-day-old S. sclerotiorum mycelium. The inoculum 

was a 4 mm diameter plug from the margin of pathogen colony grown on ¼ PDA and the 

plugs were put on the center of leaf discs which had been laid on wet filter papers in 55 

millimeter Petri plates. All treated and untreated plates were sealed immediately with two 

layers of Parafilm, and incubated at 25˚C in darkness for 24h.  

 

Fixation and dehydration 

Inoculated and uninoculated leaf discs were cut into four equal pieces and then 

immersed in glutaraldehyde (Sigma, 25% Aqueous Solution) solution (2% in sodium 

phosphate buffer 25 mM, pH 6.8). A small drop of the emulsifier Tween 80 was added to 

assist wetting of the leaf pieces. The leaf pieces were infiltrated with fixative in a vacuum 

desiccator using a water aspirator and then fixed overnight at room temperature. The leaf 

pieces were rinsed in two 10 min changes of 25 mM, pH 6.8 sodium phosphate buffer. 

Dehydration was done in a series of 10%, 20%, 40%, 60%, 70%, 80%, 90%, and 2 changes of 

100% ethanol at 4° C for 30 minutes each change. The 100% ethanol was replaced with one 



 89 

change each of 100% n-propanol and n-butanol for 2 h each at 4° C. These two less polar 

alchohols were used to soften the leaf surface wax more effectively to allow the resin to 

penetrate easily into leaf tissues. Preliminary samples dehydrated in ethanol only had shown 

poor infiltration of the cuticle. 

 

Resin embedding 

The leaf samples were embedded in glycol methacrylate resin (JB-4, Polysciences, 

Pennsylvania) using a recipe modified from the manufacturer’s instructions. The butanol from 

the dehydration series was replaced with Solution A catalyzed with 0.9 % benzoyl peroxide 

for two changes of 24 h at room temperature on rotating mixer. The leaf pieces were 

infiltrated in a third change of the resin for at least 4 weeks with gentle mixing. 

Polymerization was done without the addition of Solution B (accelerator) which experience 

had shown tended to give differences in hardness inside and outside the leaf tissue. 

The infiltrated leaf pieces were laid between two layers of aluminium foil patty pans 

(Multix, Victoria, Australia) with pencil written paper labels. Excess resin was added to 

exclude air. The resin was polymerized in a 60˚C oven for 2-3 days. 

 

Sectioning and staining  

Pieces of resin containing leaf pieces were cut out and glued with superglue onto resin blanks 

cast in gelatin capsules. The blocks were trimmed so that the margins of lesions would be 

sectioned parallel to the direction of growth of the fungus. Semi-thin (4 �m) sections were cut 

with glass knives on an LKB2218 Historange microtome. Staining procedures for the sections 

were for protein: aniline blue black (Fisher 1968), for cell walls and protein: toluidine blue O 

stain at pH 4.4 (TBO) (Feder and O'Brien 1968), and for host tissue with fungal hyphae: fast 

green-aniline blue black (Fisher 1968; Schneider 1981). Sections were mounted in immersion 

oil and photographed on an Olympus BH-2 microscope with a Nikon DS-5 digital microscope 

camera. 

 

RESULTS 

Characterization of myrosin cells 

Figure 8.1 demonstrates representative myrosin cells in leaf tissues of oilseed rape, 

black mustard and white mustard from 50 and 105 days old plants. Myrosin cells, which have 

been described so far in the vascular tissue close to the phloem and in guard cells (Hoglund et 

al. 1991), were observed in transverse sections of  leaves stained with toluidine blue and 

amido black (aniline blue black). With toluidine blue staining, they were detectable as either 
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small violet-blue colored cells with a round shape which were distributed separately in the 

neighborhood of vascular bundles, or guard cells with the same color in the centre on both 

adaxial and abaxial surfaces of leaves (Figure 8.1b,c). In sections stained with amido black, 

similarly positioned cells with blue black color between parenchyma cells in the vascular 

tissue, and with a little paler color in the guard cells were detectable (Figure 8.1a,d). The dark 

blue colored cells identified as myrosin cells were also observed in lateral vascular bundles 

indicating that the parenchyma tissues of these bundles contained myrosin cells in all 

examined varieties and species (Figure 8.1e). According to the hypothesis of Thangstad et al. 

(2001) in which GSLs are transported to myrosin cells to participate in the GSL-M 

multifunctional defence system, the localized myrosin cells in sections can be considered as 

sites of the GSL-M system as well.  
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Figure 8.1 Transverse sections of brassica leaves showing distribution of myrosin 

(myrosinase) cells in vascular bundles and epidermis layer of (a) vascular bundle (105-day-

old B. nigra) (b) vascular bundle (50-day-old AG-Castle ) (c) stomatal position stained with 

toluidine blue (50-day-old AG-Castle) (d) guard cells stained with aniline blue (105-day-old 

B. nigra) (e) lateral vascular bundle (105-day-old Rainbow). Arrows point to myrosin cells in 

vascular bundle (b and e) and guard cells (c and d).  

 

Infected leaf sections  

All inoculated oilseed rape (B. napus) varieties, and the species black mustard (B. 

nigra) and white mustard (S. alba) demonstrated aggressive colonization by the S. 

sclerotiorum mycelium. The epidermal cells were the first cell groups destroyed in the 

infected leaves (Figure 8.2a,b). All epidermal cells were degraded by the pathogen 

aggressively with the exception of the stomatal guard cells (Figure 8.2b). The stomata in 

infected leaves were in the opened position while the control ones were closed, in most cases 

(Figure 8.2b). Both upper and lower epidermis layers were infected and covered with 

extensive mycelium (Figure 8.2a, c). The palisade and spongy mesophyll cells close to the 

upper and lower epidermis layers, respectively, were collapsed in infected sites and they 

demonstrated a violet color with toluidine blue staining instead of the purple color in un-

infected areas (Figure 8.2d). 
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It was observed that after colonization of the epidermis and cell disruption, the hyphae 

initially showed intercellular penetration of the leaf. Then, destroying the cell walls, the 

fungus ramified the through the cells and showed intracellular colonization (Figure 8.3a,c). 

The main and lateral vascular bundles were also penetrated and damaged directly by the 

hyphae (Figure 8.3b,c). Invading hyphae penetrated the tissues directly through the destroyed 

epidermis layer and penetration through the stomata was rarely observed (Figure 8.3d).  

 

Figure 8.2 Cross sections of leaves of brassica infected by S. sclerotiorum 

(a) Disruption of upper and lower surfaces of leaves (50-day-old Rainbow). Compare 

with uninfected part of leaf at left. (b) damage to the epidermis layer except for the 

guard cells which are left opened (50-day-old Rainbow) (c) colonization of the 

pathogen on the lower surface of leaf showing breakdown of epidermis and spongy 

mesophyll (105-day-old S. alba) (d) effect of fungus colonies on host cells of the 

upper epidermis and palisade mesophyll (105-day-old Rainbow). Arrows point to 

position of S. sclerotiorum hyphae adjacent to guard cells. 
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Figure 8.3 Invasion of brassica leaf tissues by S. sclerotiorum (a) inter- and intracellular 

penetration (105-day-old B. nigra) (b) disruption of vascular bundle tissues (50-day-old 

AG-Castle) (c) disruption of lateral vascular bundle (105-day-old S. alba) (d) direct 

penetration by the pathogen through the upper epidermis (105-day-old Rainbow). Arrows 

point to intercellular and intracellular hyphae (b and c) and mechanical penetration of 

hyphae (d).  

 

DISCUSSION 

The histological results in the present study indicated that S. sclerotiorum follows its specific 

early and late stages of infection and pathogenesis development as described by Lumsden 

(1979) and Lumsden and Dow (1973) regardless of the various expected GSL profiles and 

concentrations in leaves of different species (Sang et al. 1986; Sarwar and Kirkegaard 1998) 

and their hydrolysis toxic volatile products (Chapter 4). It was expected that because of 

myrosin cell localization in epidermis layers (Bones and Iversen 1985), stomatal guard cells 

and parenchymatous tissue of the vascular bundles (Hoglund et al. 1991), the pathogen could 

not colonize the host epidermal cells quickly, based on its sensitivity to GSL toxic volatiles 

(Chapter 4). Nevertheless, similar to the observations of Lumsden and Dow (1973), large 

granular infection hyphae grew and developed between the cuticle and the epidermis. This 
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stage of infection is more consistent with the hypothesis of DeBary (1887) that Sclerotinia 

hyphae attack plant tissues only after being properly nourished and developed (Lumsden 

1979). 

Apparently, the mycelium is restricted to the parenchymatous tissues but it does not 

seem to be affected by toxic volatiles derived from the GSL-M system in the vascular bundle 

parenchyma. The same localization in parenchyma was observed on clover and alfalfa 

infected by S. trifoliorum (Prior and Owen 1964). Based on the investigation of Lumsden and 

Dow (1973), and Prior and Owen (1964) at late stages of infection, the ramifying hyphae 

behind the advancing hyphal tips extensively invade dead or dying host tissue both 

intercellularly and intracellularly. The disruption of vascular bundle parenchyma cells, as a 

centre of GSL-M system location (Hoglund et al. 1991; Husebye et al. 2002) is likely being 

done by these hyphae.  

It was shown in Chapter 4 that toxic volatiles are released by GSL hydrolysis during 

infection of brassica varieties and species by S. sclerotiorum. On the other hand, the stages of 

infection and disease development in host leaf tissues were observed without any appreciable 

inhibitory effect of these chemicals, especially on the main sites of localization of the GSL-M 

system. These observations suggest that the pathogen tolerates the toxic volatile components, 

and this is in agreement with the tolerance reaction of the fungus to ITCs and toxic volatiles 

derived from MP (Chapter 5).   

Several phytopathogenic fungi, including S. sclerotiorum, produce millimolar 

concentrations of oxalic acid (oxalate) in infected tissues (Ferrar and Walker 1993). Oxalic 

acid is an essential virulence factor of the pathogen (Godoy et al. 1990) which decreases the 

ambient pH down to around 4-5 and therefore favors the activity of a wide range of fungal 

enzymes for plant cell wall degradation (Hegedus and Rimmer 2005; Bolton et al. 2006). 

These changes, which are histologically detected in cell walls two to three cells in advance of 

hyphae (Lumsden and Dow 1973), are demonstrated in toluidine blue stained sections by 

shifting the purple color of healthy tissue to violet because of acidic carbohydrates (Clark et 

al. 1981). The invaded plant cells are detectable also in sections stained with amido black. 

Interestingly, the GSL-M system is activated despite the decreased ambient pH caused by 

oxalic acid secretion (Chapter 3).  

Oxalic acid causes wilting symptoms in Sclerotinia-infected plants (Noyes and 

Hancock 1981; Kolkman and Kelly 2000). Guimaraes and Stotz (2004) have tested the 

hypothesis that oxalate (oxalic acid) induces foliar wilting during fungal infection by 

manipulating guard cells. They concluded that this pathogenesis factor acts via (1) 

accumulation of osmotically active molecules to induce stomatal opening and (2) inhibition of 
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abscisic acid (ABA)-induced stomatal closure. This stomatal opening might help the pathogen 

to avoid the lethal concentrations of toxic volatiles, particularly ITCs. Therefore, oxalic acid 

by keeping stomata opened, provides the conditions in which fungus mycelium is exposed to 

sublethal concentrations of volatile ITCs. The lower concentrations, as has been shown before 

(Chapter 5 and 6), in the next stage would induce the expression of GST enzyme encoding 

genes as part of the system to detoxify the remaining ITCs during disease development in host 

tissues. Perhaps, pathogens through the same mechanism induce stomatal opening making the 

infected leaves release the toxic volatiles into the atmosphere and enabling them to be 

dominant in competitive life interactions. 

In summary, histological studies did not demonstrate any appreciable inhibitory effect 

of toxic volatiles derived from GSL hydrolysis during brassica infection by S. sclerotiorum. 

The GSL-M sites in the epidermis layer and vascular bundle parenchyma tissues in the leaf 

were observed being invaded by the fungus like the other leaf tissues. It is proposed that 

oxalic acid by inducing leaf stomatal opening, as shown in infected leaf sections, assists the 

pathogen to be exposed to sublethal toxic volatiles instead of lethal concentrations which 

could be available with closure of stomata. Further studies are required to develop an 

understanding of the role of oxalic acid as a pathogenesis factor of S. sclerotiorum in 

neutralizing the toxic volatile components via decrease in lethal concentration.  
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CHAPTER 9 

GENERAL DISCUSSION 

The aim of this thesis was to determine the potential of the GSL-M system as a defense 

mechanism of brassica plants particularly oilseed rape against the stem rot causal agent, 

Sclerotinia sclerotiorum. This major aim was successfully achieved through experimental 

work done in chapters 3 to 8.   

 The in vitro bioassay system with mustard powder, used in this project, provided a 

reasonable monitoring method for testing the reaction of S. sclerotiorum to volatiles, 

particularly isothiocyanates (ITCs), which are derived from GSL-M system activity (Chapter 

3). The growth of the fungus was inhibited significantly in the first 24 h incubation indicating 

the potential effectiveness of the system in the host plant as a defense mechanism (Bones and 

Rossiter 1996). It is known that oxalic acid as a virulence factor of S. sclerotiorum (Godoy et 

al. 1990) decreases the ambient pH to around 4 in oilseed rape (Zou et al. 2007). My results 

demonstrated that this pathogenicity factor not only did not disarm the GSL-M system 

directly, but also that an indirect effect through the lowering of ambient pH within 

physiological range was not observed. On the other hand, the myrosinase enzyme essential for 

GSL hydrolysis has a broad range of pH for activity. Production of toxic volatiles was only 

reduced at pH values of 3.0 or lower which are not normally found during pathogenesis 

(Chapter 3).  

 Significant differences between shoot parts of varieties and species in production of 

toxic volatiles showed that the plants are armed with the GSL-M system with potential for 

activity against the fungus (Chapter 4). Moreover, it was located in different parts of the plant 

shoot agreeing with Bones and Rossiter (1996). The different potential activity depends upon 

the species and type of brassica tissue (Chapter 4), which according to Kirkegaard et al. 

(1996) influence the type and concentration of ITCs evolved. Moreover, they have considered 

age of the Brassica tissue and the sensitivity of the pathogen as factors influencing this 

defense system. However, leaf and seed GSL levels are under separate genetic control 

(Osbourn 1996) and this advantage could help the oilseed rape breeders to improve varieties 

containing favored GSL concentrations and profiles without any worry about seed quality 

limitation. For instance, reduced susceptibility of B. napus to the nematode Pratylenchus 

neglectus was observed in plants with elevated root levels of 2-phenylethyl GSL (Potter et al. 

1999).  

In this project, by inoculating the brassica leaf discs, I found that volatiles were 

released during infection of leaf tissues reflecting the GSL-M system activity. The toxic effect 
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of these volatiles on the exposed colonies was considered to be evidence that S. sclerotiorum 

in infected tissues does not redirect the GSL hydrolysis to non-toxic nitriles (Bellostas et al. 

2006) instead of ITCs. Therefore, it is suggested strongly that S. sclerotiorum develops 

tolerance in the host plant against the volatile products of GSL-M system activity. This is in 

agreement with the hypothesis of Andreasson et al. (2001) that the GSL-M system does not 

determine the outcome of the interaction between B. napus and Leptosphaeria maculans.  

Continuous exposure of S. sclerotiorum colonies to toxic volatiles from mustard 

powder (MP) and synthetic ITCs supported the development of tolerance of the fungus to the 

toxic volatile GSL-M system activity products (Chapter 5). Despite the role of physiology of 

S. sclerotiorum and toxicity of MP products and ITCs in the experiments, the response may 

also vary by either concentration or volatility of ITCs (Brown and Morra 1997).   

Regarding the adaptation of S. sclerotiorum to MP toxic volatiles and ITCs in vitro 

and vivo, the pathogen could employ one of the following mechanisms: 

- Detoxification by glutathione S-transferase (GST) enzyme (Sellam et al. 2006) 

- Changes (partition coefficient of molecular lipophilicity or hydrophobicity) in 

fungal cell membrane to affect the capability of a molecule to pass through 

(Manici et al. 1997) 

- Mechanisms to evade the toxic effects of ITCs. For instance, brassica phytoalexins 

can be converted into less toxic compounds by L. maculans (Sexton et al. 1999).  

The results obtained from chapter 6 of the thesis project, showed that expression of 

GST enzyme encoding genes in S. sclerotiorum is induced during exposure to allyl-ITC and 

toxic volatiles derived from MP. Upregulation of three relevant genes, SS1G_07195.1, 

SS1G_01918.1, and SS1G_10295.1 induced by ITCs (during 1h exposure) indicates the 

involvement of GSTs in S. sclerotiorum to disarm the GSL-M system in brassica crops. It is 

known that GST enzymes may detoxify xenobiotics, including ITCs (Kolm et al. 1995; 

Sellam et al. 2006). This is the first report of induction of S. sclerotiorum GST encoding 

genes whose protein products could neutralize the toxicity of ITCs. Rapid upregulation of 

genes occurred following exposure to sublethal concentrations (Sellam et al. 2006) of ITCs 

and MP.  

In addition to experiments investigating capability of brassica shoot parts (i.e. leaf) to 

release toxic volatiles, I employed leaf inoculation techniques to compare leaf discs and intact 

plant reactions with the in vitro results (Chapter 7). The more consistent results obtained from 

intact plant experiments (in comparison to leaf disc assay), in this thesis showed that there is 

no relation between toxic volatile production potential (Chapter 4) with resistance to S. 

sclerotiorum under glasshouse conditions. For instance, B. nigra leaves which showed 100% 
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inhibitory effect on the pathogen mycelial growth in bioassays, still became diseased 

considerably after inoculation. 

Therefore, brassica varieties and species must show differences in resistance to S. 

sclerotiorum by some way other than the GSL-M system. In addition, this system capability is 

neutralized by the pathogen itself. The older plants (105-day-old) showed more consistent 

reactions compared to younger ones (30-day-old). It is therefore proposed that 3 months old 

plant wounded leaf inoculations would provide results that are more consistent. However, 

field measurements are necessary for confirmation, as others have emphasized (Bradley et al. 

2006).  

In the last part of the project, histological studies of oilseed rape (canola) varieties 

(Ag-Castle and Rainbow) and two species (B. nigra and S. alba), did not demonstrate any 

appreciable disruption of fungal cells at GSL-M location areas. The interactions seen showed 

that the pathogen hyphae in areas of myrosin cells (containing myrosinase) developed 

naturally and followed pathogenesis. The epidermis layer especially stomatal guard cells and 

parenchymatous tissue of vascular bundles are known to be sites of the GSL-M system 

(Bones and Rossiter 1996). In the early and late stages of infection, S. sclerotiorum hyphae 

colonized the epidermis tissue and penetrated intercellularly and intracellularly the vascular 

bundle areas as well.  

It is proposed that the open position of stomatal pores during the infection of leaves 

caused by oxalic acid (Guimaraes and Stotz 2004), can help the fungus to be exposed to sub-

lethal concentrations of ITCs (Sellam et al. 2007a) through increased transpiration. These sub-

lethal ITCs during disease establishment could induce enzyme-encoding genes to reduce their 

toxicity.  

 

OVERALL CONCLUSIONS 

The established bioassay technique is consistent for in vitro assays of the GSL-M 

system using either commercial or experimental powders of brassica products. S. sclerotiorum 

has initial sensitivity to volatiles (particularly ITCs) derived from MP. Oxalic acid as a 

pathogenicity factor, does not have any direct or indirect (lowering the pH) inhibitory effect 

on the brassica GSL-M defense system which is activated at pH levels even less than 4.0 

(Chapter 3). 

The inhibitory effect of volatiles released from brassica shoot parts reveals the 

existence of active GSL-M system in plants and the same results were obtained from infected 

leaves (Chapter 4). 
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Continuous exposure of S. sclerotiorum colonies induces tolerance of the pathogen to 

either MP toxic volatiles or ITCs, although S. sclerotiorum is killed during exposure to some 

lethal concentrations of ITCs (Chapter 5).  

Three putative GST encoding genes are upregulated during short periods of exposure 

to MP toxic volatiles or ITCs. Enzyme products of these genes could reduce the toxicity of 

ITCs (Chapter 6). Increased GST activity was also observed in crude protein extracts. 

There was no correlation between GSL-M inhibitory activity and resistance to S. 

sclerotiorum in greenhouse experiments. A systemic mechanism of resistance is proposed. In 

addition, intact plants were observed to react independently of the quantity of epicuticular 

wax (Chapter 7). 

The histological studies provided microscopic confirmation of the above results. The 

role of oxalic acid in stomata pore opening needs to be investigated in relation to host-parasite 

interactions (Chapter 8). 

In conclusion, the GSL-M system as a defense mechanism of brassicas does not 

demonstrate consistent capability for inhibiting S. sclerotiorum in host plants. So, despite 

there being separate genetic control of seed and shoot (particularly leaf) GSL levels, breeding 

programs tending to elevate GSL levels of oilseed rape shoot parts will have little benefit in 

limiting S. sclerotiorum damage.   
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