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Abstract 

The fungal pathogen Sclerotinia sclerotiorum (Lib.) de Bary is capable of 

infecting over 400 plant species including canola (Brassica napus L.).  The 

fungus secretes oxalic acid (OA), which plays an important role in infection and 

disease progression.  An analysis of proteome-level changes associated with 

infection of susceptible canola leaves by S. sclerotiorum revealed significant 

changes in the abundance of 32 proteins, including proteins involved in 

photosynthesis and metabolism, hormone signaling, and antioxidant defense.  A 

similar subset of 37 proteins was affected when leaves were treated with OA 

alone; this compound also caused a reduction in the activities of a number of 

antioxidant enzymes, suggesting an OA-mediated suppression of the oxidative 

burst.  To further understand the mechanisms of pathogenesis, the role of Sssp, a 

predicted secreted protein from S. sclerotiorum, was targeted for analysis.  Mutant 

strains of S. sclerotiorum were generated by disruption of the Sssp gene and 

characterized for virulence on canola.  Based on the extent of symptom 

development, the virulence of the Sssp-disrupted mutants was significantly 

reduced relative to the wild-type, indicating that Sssp may play a role in the 

infection process.  Finally, the development of sclerotia, long-term survival 

structures that serve as a primary source of inoculum for the fungus, was 

examined. A total of 88 proteins were found to exhibit temporal changes in 

abundance during sclerotium formation and maturation, including proteins 

involved in the regulation of melanogenesis.  A total of 56 proteins were also 

identified in the sclerotial exudates, providing a basis for future studies.  



Collectively, the studies described in this dissertation represent the most 

comprehensive proteome-level analysis of the canola/S. sclerotiorum interaction 

and sclerotial development, and could contribute to the development of novel 

strategies for the management of S. sclerotiorum. 
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1. General Introduction 

1.1. Plant diseases 

Plants contribute to the quality of the environment on our planet in many 

ways, including by providing the oxygen that we breathe and the food that all 

animals, including humans, consume either directly or indirectly.  Normal or 

healthy plants can thrive when provided with sufficient nutrients and proper 

environmental conditions (e.g., moisture, light, and temperature) for growth.  

However, one of the major limitations affecting plant growth and productivity is 

the diseases that affect them.  Plant diseases can cause significant losses, 

including reductions in the quantity and quality of plant products, as well as 

limitations in the kinds of plants that can grow in certain areas.  Ultimately, these 

losses can result in reduced availability of food, feed and fiber, as well as major 

financial losses to farmers and society as a whole (Agrios, 1997).   

Plant diseases can be classified according to the symptoms that they cause 

(e.g., rots, mildews, wilts, spots, blights, rusts), the organs they affect (e.g., root 

diseases, stem diseases, foliage diseases), and/or the type of host that they infect 

(e.g., field crop diseases, vegetable diseases, turf diseases).  A broader 

classification, however, is based on whether a disease is caused by pathogenic 

organisms, i.e. biotic factors (e.g., fungi, bacteria, viruses, nematodes, parasitic 

higher plants), or environmental or abiotic factors (e.g., temperature extremes, 

limiting water conditions including drought and salinity).   

The Great Irish Potato Famine in the 1840s greatly stimulated interest in the 

cause and control of plant diseases, and marked the birth of plant pathology as its 
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own discipline (Agrios, 1997).  Since then, there have been great advances in 

understanding of plant diseases and their development.  While initially focused 

mainly on descriptions of disease, plant pathology has become a much broader 

discipline.  Research activities within the field are aimed at the development of 

chemical and alternative disease control protocols, enhanced understanding of the 

mechanisms by which pathogens cause disease, genetic inheritance of resistance 

and pathogenicity, as well as the epidemiology of plant diseases.  In recent years, 

advances in molecular plant pathology have contributed to rapid strides in 

understanding various aspects of infection by a pathogen and disease progression 

in the host, including the identification of genes involved in mediating plant 

responses to the pathogen (e.g., resistance or tolerance).  In this dissertation, a 

proteomics-based approach was used to the study canola/Sclerotinia sclerotiorum 

pathosystem.  

 

1.2. Brassica napus (canola) 

Four polymorphic plant species in the Brassica genus are cultivated 

worldwide, including B. juncea L., B. napus L., B. oleracea L., and B. rapa L..  

The high chromosome number species B. napus (genome, AACC; 2n=38), B. 

juncea (genome, AABB; 2n=36) and B. carinata A. Braun (genome, BBCC; 

2n=34) are derived from the low chromosome number species B. rapa (genome, 

AA; 2n=20), B. nigra (genome, BB; 2n=16) and B. oleracea (genome, CC; 

2n=18) (Nagaharu, 1935).  Canola was developed in Canada in the 1970s, from B. 

napus and B. rapa, as an edible oilseed crop having low erucic acid and 
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glucosinolate content in the seeds (Stefansson, 1983).  Global production of 

rapeseed, including canola, was approximately 49 million metric tones (MMT) in 

2007, with the major producers being Canada, China and India, among other 

countries (FAOSTAT data 2007).  

Several major diseases can affect the yield and quality of canola, including 

damping-off and seedling blight caused by Rhizoctonia solani J.G. Kühn, 

Fusarium and/or Pythium species; clubroot caused by Plasmodiophora brassicae 

Woronin; Alternaria black spot caused by Alternaria brassicae (Berk.) Sacc., A. 

raphani J.W. Groves & Skolko, and A. alternata (Fr.) Keissl.; blackleg caused by 

Leptosphaeria maculans (Desm.) Ces. & de Not.; and Sclerotinia stem rot, caused 

by Sslerotinia sclerotiorum (Lib.) de Bary , which is the focus of this dissertation. 

 

1.3. Sclerotinia sclerotiorum and stem rot 

Sclerotinia stem rot is one of the many diseases caused by S. sclerotiorum.  

This fungal pathogen causes extensive yield losses in many field and horticultural 

crops (Purdy, 1979; Steadman, 1983; Boland and Hall, 1994).  Stem rot can be 

difficult and cost-ineffective to manage using routine fungicide applications 

because severe and typical outbreaks of the disease take place randomly in both 

time and space (Bom and Boland, 2000).   

1.3.1. Symptoms 

Stem rot symptoms first appear near the late flowering stage of many crops.  

Small, watery, light brown spots develop on infected petals, which later enlarge 

and extend to the entire petal; the whole flower eventually turns dark brown and 
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drops off the plant (Agrios, 1997).  Infected leaves usually develop water-soaked 

lesions that extend rapidly down the petiole or leaf axil and into the stem.  These 

lesions usually turn necrotic, and subsequently a white-cottony mycelium appears, 

a characteristic sign of plant infection by S. sclerotiorum (Bolton et al., 2006).  

The development of numerous black sclerotia, which are hard overwintering 

structures produced by the fungus, is the most obvious sign of the pathogen in or 

on the soil, infected plant tissue (especially stems) and crop debris.  Sclerotia will 

often be found embedded in the cottony white mycelium inside the infected 

stems.  They may also be found on the outside of the stems, especially under 

damp conditions (Bolton et al., 2006).  

1.3.2. Host range 

Sclerotinia sclerotiorum is a necrotrophic fungus, which depends upon dead 

organic matter as its food source (Bateman, 1964).  Many plants, including 75 

families, 278 genera, and more than 400 species, are reported to be susceptible to 

infection by this pathogen (Boland and Hall, 1994).  In Canada, more than 100 

species of plants serve as hosts, including agriculturally important crops such as 

sunflower, dry bean, canola, pea, carrot, celery, and soybean.  However, members 

of the cereal or grass family (Poaceae), including small grains and corn, are 

usually considered to be immune to infection by S. sclerotiorum.  A survey of the 

literature revealed over sixty names used to refer to diseases caused by S. 

sclerotiorum (Purdy, 1979).  These are often called ‘white mold,’ yet may be 

more accurately referred to as ‘Sclerotinia disease.’  In canola and soybean, the 
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disease caused by S. sclerotiorum is commonly referred to as ‘stem rot’, and 

represents one of the most important diseases in these crops.   

1.3.3. Disease cycle and epidemiology 

Three factors contribute to the success of S. sclerotiorum as a plant pathogen.  

Firstly, as noted above, the fungus can infect and reproduce on a large range of 

susceptible hosts.  Secondly, high moisture can help to increase the chances of 

infection and production of inoculum during the growing season (Abawi and 

Grogan, 1979).  Thirdly, the occurrence of drier soil conditions can favor survival 

of the pathogen, which can overwinter as sclerotia in the soil, or as mycelium 

and/or sclerotia on crop debris and living plants (Agrios, 1997). 

The sclerotia of S. sclerotiorum germinate under favorable conditions in late 

spring or early summer.  Germination can be myceliogenic, with the production of 

vegetative mycelium, or carpogenic, with the production of sexual fruiting bodies 

called apothecia.  The type of germination depends largely on the prevalent 

environmental conditions.  If nutrients are available and abundant, sclerotia may 

germinate and produce mycelium that infects the root tissues, causing crown rot 

and root rot of carrots (Finlayson et al., 1989).  Furthermore, myceliogenic 

germination is more common in sclerotia that are melanin-deficient (‘tan 

sclerotia’) (Huang, 1981; 1983) or immature (and are therefore not completely 

melanized) (Huang and Kozub, 1994).  This type of germination can also be 

induced in sclerotia cultured on medium amended with the melanin inhibitors 

tricyclazole and pyroquilon (Huang et al., 1993), or if normal black sclerotia are 
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mechanically injured (Huang, 1985), heated, desiccated, frozen, or kept under 

high humidity (Huang and Kozub, 1991; Huang et al., 1998).  

While carpogenic germination of sclerotia is most common, whether or not it 

occurs can depend on the geographic origin of particular isolates (Huang and 

Kozub, 1991) and on the temperature at which the sclerotia formed (Huang and 

Kozub, 1989).  The amount of soil moisture can also be an important factor in 

determining whether carpogenic germination of sclerotia occurs (Morrall, 1977).  

Temperatures of 4°C (Smith and Boland, 1989) or 10°C (Huang and Kozub, 

1989; 1991), representing a cold-conditioning period, are usually required to 

trigger carpogenic germination if sclerotia are formed at temperatures higher than 

20°C.  Upon carpogenic germination, a stipe emerges from the sclerotium, with 

an apothecium produced at its tip. The top surface of the apothecium consists of a 

hymenium or fertile layer, made up of asci containing eight ascospores each.  The 

ascospores are physically or mechanically discharged from the surface of the 

hymenium in an upward direction; the simultaneous discharge of millions of 

ascospores can appear as a smoke-cloud to the naked eye.   

Canola crops, ascospores escaping from the canopy can be carried by wind or 

air currents to fields as far as several kilometers away.  This type of dispersal can 

result in the development of local epidemics of stem rot.  The ascospores are 

covered with sticky mucilage, which facilitates adhesion to the substrate on which 

they land (Clarkson et al., 2003).  Upon landing, the ascospores will germinate; 

those landing on flowers or senescing tissues will quickly colonize these tissues, 

which provide a readily available source of nutrients.  When infected petals are 
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shed by the canola plants, they land on or adhere to the leaves or stems.  In 

canola, those infected petals landing on the leaf axils, which often contain free 

water and are adjacent to the stems, most often initiate infection of the stem.  

Infection of the leaves can also occur (Bolton et al., 2006).  Under moist 

conditions favorable for infection, the fungal mycelium will continue to spread in 

the stem and other healthy tissue, and will sometimes infect tissues of other plants 

that are in direct contact with infected tissues.  Further spread of the disease can 

be curtailed by the onset of dry conditions. 

New sclerotia, which in canola are generally formed inside the infected 

stems, will fall to the soil at harvest and serve as inoculum for the next season, 

thereby completing the disease cycle.  Thus, stem rot is a monocyclic disease, 

since no asexual spores are produced by S. sclerotiorum that could serve as 

secondary inoculum (Rimmer et al., 2003).  In addition to the survival of the 

pathogen in the form of sclerotia, the fungus can also overwinter as mycelium in 

infected plant tissues.  In western Canada, however, this mycelium rapidly loses 

its viability in the spring and early summer (Huang and Kozub, 1993b). 

Sclerotinia stem rot can also be a seedborne disease; seeds may be 

contaminated with fungal sclerotia, which are easy to remove through cleaning, or 

they may be infected internally by the fungal mycelium.   

1.3.4. Disease control 

There are no effective cultural methods to completely manage Sclerotinia 

diseases, although some cultural practices tend to reduce their impact, including  

the utilization of pathogen-free or fungicide-treated seeds (Tu, 1989), increasing 
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spacing between and within rows, decreasing the seeding rate to reduce secondary 

spread (Hoes and Huang, 1985; Tu and Zheng, 1997), deep burying of the 

sclerotia to prevent carpogenic germination (Williams and Stelfox, 1980), or high 

levels of irrigation after harvest to stimulate the decomposition of sclerotia in the 

soil (Teo et al., 1989).  Crop rotation is another strategy for the control of 

Sclerotinia diseases, although the incidence of stem rot on canola did not appear 

to be significantly reduced in a 3- to 4-year rotation (Williams and Stelfox, 1980; 

Morrall and Dueck 1982).  During harvest, recommended strategies to minimize 

the risk of infection include direct combining of the crop, swathing only mature 

stands, and avoiding swathing if rain is in the immediate forecast. Furthermore, 

avoiding heavy or compact swaths, and the use of a high cut to allow for better 

drying are also useful in reducing field losses caused by S. sclerotiorum (Canola 

Council of Canada). 

Treatment with foliar fungicides remains the principal method for control of 

stem rot of canola on the Canadian prairies.  Currently, the fungicides Proline 480 

(prothioconazole), Ronilan EG (vinclozolin), and Rovral (iprodione) are amongst 

the registered treatments (Alberta Crop Protection Guide, 2009).  These are 

usually applied as aerial sprays at the full bloom stage, in order to protect the 

petals from ascospore infection.  In order to minimize unnecessary applications of 

fungicides, several stem rot forecasting systems have been developed.  Many 

factors influence forecasts and their relationship to actual disease levels.  Some 

factors that must be considered when forescasting for the risk of Sclerotinia 
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disease include the field history (Turkington et al., 1988), rainfall, soil moisture 

(Hunter et al., 1984), and canopy density (Thomas, 1984). 

Different approaches have been taken to develop forecasts for Sclerotinia 

stem rot.  A checklist for predicting disease epidemics in oilseed rape has been 

available for many years (Thomas, 1984), in which host, pathogen, and 

environmental risk factors for stem rot are assessed in a questionnaire (Canola 

Council of Canada).  The responses to the questionnaire are then used to predict 

the relative risk of disease development.  Another forecasting system was 

developed that uses the incidence of petal infection as a proxy for risk of disease 

(Turkington et al., 1991; Turkington and Morrall, 1993).  Briefly, rates of canola 

petal infection are used to predict the amount of inoculum present and the risk of 

stem rot in a particular crop.  A commercial petal testing kit was developed for 

growers based on this forecasting system, and is available for purchase 

(Discovery Seed Labs Inc., Saskatoon, SK).  Bom and Boland (2000) created a 

model that incorporated both petal infestation and soil moisture, which could 

correctly predict disease development more often than the model using petal 

infestation alone (Turkington and Morrall, 1993).  Nevertheless, the accuracy of 

both models was affected by the timing of soil moisture measurements in relation 

to petal infestion, and the selection of threshold values for discriminating 

categories of soil moisture and petal infestation.  Disease risk maps may also be a 

useful tool for predicting the possibility of stem rot development in canola fields 

(Canola Council of Canada).  However, since these maps are based only on 
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weather-related parameters, namely temperature, and relative humidity, caution 

should be employed when interpreting the relative risk of disease. 

Biological control represents another strategy to manage Sclerotinia disease, 

with most approaches focusing on the use of mycoparasitic fungi, bacteria, and 

insects.  The fungus Coniothyrium minitans W.A. Campb. was the most effective 

agent in reducing the incidence of Sclerotinia wilt of sunflower (Huang, 1980).  

Although most biocontrol agents can restrict ascospore germination on water 

agar, inhibit mycelial growth on potato dextrose agar, and reduce host infection in 

growth chamber experiments (Mercier and Reeleder, 1987), they do not provide 

consistent control of white mold of bean in field tests (Inglis and Boland, 1992).  

There are a few examples of the use of antagonistic bacteria for the control of S. 

sclerotiorum in Canada.  For instance, the bacterium Bacillus cereus Fr. & Fr. 

(strain alf-87A) reduced the incidence of basal pod rot of pea caused by ascospore 

infection (Huang et al., 1993).  Other attempts to use bacteria for the control of S. 

sclerotiorum have also been initiated (de Freitas et al., 1999).   

Hypovirulence has been observed in both S. sclerotiorum (Boland, 1992) and 

S. minor (Melzer and Boland, 1996).  However, the use of hypovirulent isolates of 

S. sclerotiorum for the control of virulent strains of the fungus may be impractical 

(Boland, 1992), because of the high number of mycelial compatibility groups in 

this species (Kohn, 1995) and the importance of carpogenic germination in the 

epidemiology of above-ground diseases caused by the pathogen.  The larvae of a 

fungus gnat (Bradysia coprophila Litner) were found to feed on mycelia and 

sclerotia of S. sclerotiorum (Anas and Reeleder, 1988).  However, the feasibility 
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of using mycophagous insects to regulate or control pathogen populations and 

promote interaction with beneficial organisms in the field needs to be assessed 

further (Bardin and Huang, 2001). The use of organic and inorganic soil 

amendments represents another interesting approach for the biological control of 

Sclerotinia diseases (Bardin and Huang, 2001; Boland, 2004). 

In economic terms, the deployment of genetically resistant host genotypes 

represents one of the most desirable strategies for plant disease control.  In 

Brassica species, a significant amount of variation has been observed with respect 

to susceptibility to stem rot caused by S. sclerotiorum (Sedun et al., 1989).  

Although historically there have been few commercially available canola cultivars 

with genetic resistance to this pathogen, a canola hybrid (‘45S51’) with moderate 

levels of resistance to S. sclerotiorum was recently registered (Pioneer 

TechUpdate, 2009).  This cultivar may serve as an important tool in managing 

stem rot on the prairies.  Moreover, given the importance of petal infection in the 

stem rot disease cycle, the development of apetalous canola could be a genetically 

clever means of escaping infection (Rao et al., 1991; Jiang and Becker, 2003).  

Another strategy for the development of genetically resistant canola genotypes 

would involve the engineering of resistance-related genes into the host plants, 

thereby reducing losses through a transgenic approach (Stuiver and Custers, 

2001).  Ultimately, the sustainable management of stem rot of canola and other 

crops will require an integrated approach that incorporates cultural, chemical and 

biological methods, as well as disease forecasting and genetic resistance. 
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1.4. Host-pathogen interactions  

1.4.1. Infection process 

Infection by S. sclerotiorum usually occurs after the ascospores land on the 

petals or the infected tissue falls on the stems or leaves.  The ascospore 

germinates and produces a germ tube, with an appressorium formed at the point of 

contact between the hypha and the plant tissue surface.  This appressorium may 

be simple or complex in structure depending on the substrate (Tariq and Jeffries, 

1984).  The pathogen can usually penetrate directly through the host plant surface, 

with a penetration peg developing from the appressorium.  The direct penetration 

of the cuticle was considered as a purely mechanical process in early studies 

(Boyle, 1921; Abawi et al., 1979).  However, more recent ultrastructural studies 

suggested that enzymatic digestion of the cuticle also plays some role in the 

penetration process (Tariq and Jeffries, 1986).  Just prior to penetration, a large 

vesicle develops at the tip of the appressorium, with a subcuticular vesicle 

forming in the host after penetration.  Large hyphae fan out from this subcuticular 

vesicle, releasing cell wall degrading enzymes (CWDE) that dissolve the 

subcuticular wall of the epidermis (Hegedus and Rimmer, 2005).  At the same 

time, S. sclerotiorum also secretes oxalic acid and other toxic substances, which 

further facilitate infection.  

1.4.2. Oxalic acid 

It is well known that some necrotrophic pathogens can secrete oxalic acid, a 

non-host specific toxin, to suppress the defense responses of the host plant 

(Dutton and Evans, 1996).  Furthermore, oxalic acid plays complex and diverse 
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roles during the infection process, although it is a simple organic substance with 

limited chemical interactions (Hegedus and Rimmer, 2005).  S. sclerotiorum has 

been found to secrete oxalic acid, which serves as an essential determinant of its 

pathogenicity (Maxwell and Lumsden, 1970; Noyes and Hancock, 1981; 

Marciano et al., 1983; Godoy et al., 1990; Zhou and Boland, 1999) and a 

virulence factor for the pathogen (Guimarães and Stotz, 2004).  Evidence for the 

secretion of oxalic acid by S. sclerotiorium comes from studies with culture 

filtrates, manual injection of this compound into host tissues, the nature of 

symptom development, and its occurrence in infected tissues (Bateman and Beer, 

1965; Maxwell and Lumsden, 1970; Noyes and Hancock, 1981; Marciano et al., 

1983; Godoy et al., 1990). 

There are currently several mechanisms proposed to explain the role of oxalic 

acid in the virulence of S. sclerotiorum (Dutton and Evans, 1996).  Firstly, cell 

wall calcium (Ca2+) can be chelated by oxalic acid, which can both compromise 

the function of Ca2 +-dependent defense responses and weaken the plant cell walls 

(Bateman and Beer, 1965).  Secondly, the secretion of oxalic acid has been 

suggested to facilitate invasion because this compound may be directly toxic to 

hosts, presumably as a result of its acidity (Noyes and Hancock, 1981).  Finally, 

the fungal enzymes (e.g., polygalacturonases) secreted by S. sclerotiorum in the 

infection court have maximal activities at lower pH values.  It has therefore been 

postulated that oxalic acid might increase fungal virulence by shifting the pH in 

the infection court to a value better suited for enzymatic degradation of the plant 

cell walls (Bateman and Beer, 1965). 
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A number of studies support the above hypotheses.  The calcium in the 

middle lamellae of the plant cell walls can be chelated by oxalic acid, allowing 

fungal polygalacturonases to hydrolyze pectates more readily (Bateman and Beer, 

1965).  Several fungal pectinolytic enzymes, such as the various endo- and 

exopolygalacturonases and pectin methylesterase (Lumsden, 1976; Riou et al., 

1992a, b; Waksman et al., 1991), are most active in the acidic, low calcium 

environment resulting from the secretion of oxalic acid.  The pH of infected tissue 

and culture media will decrease to pH 4 or 5 with increased oxalic acid 

concentrations.  Since the optimal pH of extracellular enzymes produced by these 

oxalate-secreting fungi is generally below pH 5, the lowered pH of infected 

tissues enhances enzymatic activity (Bateman and Beer, 1965; Magro et al., 1984; 

Maxwell and Lumsden, 1970).   

In addition, oxalic acid was also reported to directly enhance the activity of 

the endopolygalacturonase SSPG at low pH (Favaron et al., 2004).  When the 

ambient pH falls to less than 3.8, expression of the polygalacturonase gene 

(specifically Sspg1) increases sharply (Rollins and Dickman, 2001; Cotton et al., 

2003).  The lower pH values may also interfere with the molecular interaction 

between plant inhibitor proteins (polygalacturonases) and cognate pathogen-

derived polygalacturonases, enabling the latter to escape inactivation (Favaron et 

al., 2004).  It is well established that an interaction between oxalic acid and 

polygalacturonases is important during colonization and symptom development in 

Sclerotinia diseases (Marciano et al., 1983; Maxwell and Lumsden, 1970).  An 



 15

acidic environment may also serve as a signal to enhance the production of this 

virulence factor and coordinate the production of additional factors. 

In one study by Godoy et al. (1990), mutants of S. sclerotiorum deficient for 

the production of oxalic acid were generated by UV irradiation.  When these 

mutants regained their oxalate biosynthetic capacity, they exhibited normal 

virulence.  Thus, this study provided evidence that oxalic acid is a determinant of 

pathogenicity (Godoy et al., 1990).  Oxalic acid secreted by S. sclerotiorum has 

also been shown to suppress the oxidative burst, which serves as a defense 

mechanism for the host through the formation of reactive oxygen species (ROS) 

(Cessna et al., 2000).  Oxalic acid also interferes with stomatal closure, firstly by 

disrupting the ABA-dependent process leading to the closing of stomates, and 

secondly by stimulating the accumulation of potassium and the hydrolysis of 

starch, both of which contribute to stomatal opening (Guimarães and Stotz, 2004).  

Differences in sensitivity to oxalic acid may partly explain the resistance to S. 

sclerotiorum among bean lines (Chipps et al., 2005).   

1.4.3. Events during the interaction between host and pathogen 

Plants are composed of immobile cells embedded in rigid cell walls, and 

therefore specialized defensive cells cannot move in response to microbial 

infection, as occurs in animals (Ebel and Mithöfer, 1998).  A defense system has 

evolved wherein each plant cell has the capacity to respond to attempted infection 

and to establish a defense response.  Therefore, plants are immune to most 

potential pathogens in a growth environment.  In nature, there are relatively few 

true host-pathogen pairs existing between susceptible plants and virulent 
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pathogens (Ebel and Mithöfer, 1998).  The plant cell can recognize 

microorganisms based on the generation of elicitors by these potential pathogens 

(Dixon et al., 1994).  One of the first events detected in host cells artificially 

treated with fungal elicitors is the rapid and transient generation of activated 

oxygen radicals.   

There are several models proposed to explain the biochemical basis of the 

interaction between plants and potential pathogens.  One of these models 

hypothesizes that a ligand-receptor-like interaction between pathogen-produced 

signal compounds (elicitors) and corresponding plant receptors triggers the initial 

defense response.  These elicitors may be cultivar-specific, species-specific, or of 

a more general type (non-host), depending on the given pathosystem.  Race-

specific elicitors are molecules encoded by phytopathogen avirulence (Avr) genes 

(de Wit, 1997).  Specific plant cultivars carry genes conferring resistance to 

specific pathogen races harboring the corresponding avirulence genes (Heath, 

1997).  This type of interaction is also termed “gene-for-gene”, wherein for each 

gene that confers resistance in the host there is a corresponding gene in the 

pathogen that confers virulence (Flor, 1971).  The direct or indirect interaction of 

the Avr and host polypeptides triggering resistance has been shown through the 

cloning of plant resistance (R)-genes from host–pathogen model systems (Dangl, 

1995).  It has been proposed that R-gene products encode receptors capable of 

binding Avr products as ligands (Jones et al., 1994).  The R-genes are also 

hypothesized to play a role as signaling intermediates in a reaction cascade, since 

the amino acid sequences of their products have homology to many structural 
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protein–protein interaction domains (de Wit, 1997).  Non-race-specific elicitors, 

such as fungal or plant cell wall fragments released during the infection process, 

can also induce a host defense response (Blumwald et al., 1998).   

A number of defense responses are induced by plant pathogen challenge, 

including the collapse of the challenged plant cells in a hypersensitive response 

(HR), which can be defined as a type of blocking necrosis by non-host plants 

against plant pathogens (Chester, 1993).  The HR is considered a biochemical 

rather than a structural defense mechanism, and consists of the generation of 

ROS, the activation of defense-related genes, and structural changes in the cell 

wall (Agrios, 1997).  As a result of these responses, lesions resulting from 

infection can be clearly delimited from the surrounding healthy tissue.  A 

phenomenon known as systemic acquired resistance (SAR) is also observed in 

certain plants following the expression of the HR; SAR transiently increases 

resistance against subsequent pathogen challenge, and is also induced by certain 

elicitors (Agrios, 1997; Ebel and Mithöfer, 1998). 

1.4.3. Elicitors and their perception  

A number of substances with diverse chemical structures, collectively termed 

elicitors (Keen et al., 1972), have been reported to activate the various plant 

defense response systems (Darvill and Albersheim, 1984; Yoshikawa and 

Sugimoto, 1993; Ebel and Cosio, 1994; Boller, 1995; Hahn, 1996).  The 

components of the host cell surface and host or pathogen-secreted metabolites of 

an oligosaccharide, glycoprotein, or fatty acid nature may all serve as elicitors.   
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Oligosaccharides were one of the earliest elicitors to be characterized in 

detail (Darvill and Albersheim, 1984).  Four major classes of elicitor-active 

oligosaccharides have been identified: oligoglucan, oligochitin, and oligochitosan, 

which are of fungal origin, and oligogalacturonide, which is of plant origin (Côté 

and Hahn, 1994).  Glucans were first isolated from the oomycete Phytophthora 

sojae Kaufm. & Gerd. by various treatments of the hyphal walls, and as a soluble 

fraction was spontaneously released from germinating zoospores of P. sojae 

(Ayers et al., 1976; Waldmüller et al., 1992).  A major polysaccharide constituent 

of the hyphal walls of most of higher fungi is chitin (Bartnicki-Garcia, 1968).  

Chitin elicits a number of plant defense responses, including lignification (Pearce 

and Ride, 1982), and phytoalexin synthesis (Ren and West, 1992).  

Oligogalacturonides can also act as endogenous elicitors; these may be released 

from homogalacturonan, a pectic polysaccharide and an important structural 

component of the primary cell walls of higher plants, during pathogen attack 

(Côté and Hahn, 1994). 

Glycopeptides and proteins that display different degrees of host-specificity 

have been identified, including glycoproteins. Glycopeptides and free N-linked 

oligosaccharides derived from glycoproteins are also active as elicitors in several 

cases (Anderson, 1989; Ebel and Cosio, 1994; Boller, 1995).  The carbohydrate 

moieties were found to be responsible for the elicitor activity of various 

glycoproteins from Colletotrichum lindemuthianum (Sacc. & Magnus) Briosi & 

Cav. (Coleman et al., 1992) and Puccinia graminis Pers. (Kogel et al., 1988), 

whereas the protein portion or even an oligopeptide moiety elicited defense 
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responses in the P. sojae/parsley interaction (Nürnberger et al., 1994; Sacks et al., 

1995).  Glycoprotein elicitors have been shown to remain strictly localized to the 

area of application, where the HR occurs and signaling is initiated between the 

elicitor-treated and surrounding cells (Dorey et al., 1997).  Plants can also 

perceive peptides and proteins alone (without a carbohydrate moiety) as elicitors 

of defense responses.  A HR as well as SAR against fungal and bacterial 

pathogens in certain plant genotypes is induced by these types of proteins (Ricci 

et al., 1989; Kamoun et al., 1993).  Similarly, the small extracellular proteins 

secreted by Phytophthora species are perceived in this manner by the host (Ricci 

et al., 1992; Kamoun et al., 1994; Boissy et al., 1996).   

1.4.5. Signal transduction  

As a consequence of the perception of elicitors, a number of rapid reactions 

are detectable in plant cells, including enhanced ion fluxes across the plasma 

membrane, formation of reactive oxygen intermediates, changes in protein 

phosphorylation, and lipid oxidation (Ebel and Mithöfer, 1998).  Various 

physiological stimuli (Ward et al., 1995), including elicitors (Mathieu et al., 1991; 

Kuchitsu et al., 1993), have been studied with respect to plasma membrane 

depolarization in plant cells.  Numerous mechanisms such as nonselective 

channels activation or modulation of anions (Ca2+, K+) or inhibition of proton 

pumps, can result in plasma membrane depolarization (Ward et al., 1995).  

Furthermore, the elements of elicitor-induced signal transduction may be 

represented by protein kinases and phosphatases, which convert receptor signals 

into cell-specific responses (Boller, 1995).   
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The oxidative burst associated with the generation of ROS is a rapid response 

of plants to the perception of elicitors and/or pathogen infection, and is a 

characteristic feature of the HR (Lamb and Dixon, 1997).  Lipoxygenases or ROS 

can mediate the rapid oxidation of lipids in the cells of many plant species 

following elicitor-treatment (Rogers et al., 1988; Slusarenko et al., 1991).  The 

expression of various genes in several plant systems can be triggered by infection, 

mechanical wounding, or treatment with numerous elicitors (Creelman and 

Mullet, 1997; Doares et al., 1995; Gundlach et al., 1992; Mueller et al., 1993; 

Nojiri et al., 1996; Reinbothe et al., 1994).  Given their limited mobility, 

oligosaccharide and protein elicitors are not likely to be directly responsible for 

long-distance signaling (Aldington and Fry, 1993; Boller, 1995).  Systemic 

intercellular signals, however, could be generated in plants by some immobile 

elicitors (Schaller and Ryan, 1995; Ryals et al., 1996).   

1.4.6. Gene expression in the B. napus/S. sclerotiorum interaction 

A number of studies have been conducted to understand the interactions 

between S. sclerotiorum and some of its main hosts. For instance, two cDNA 

libraries were constructed from fungal mycelium or B. napus stem tissue 

colonized by S. sclerotiorum, and over two thousand expressed sequence tags 

(ESTs) were generated (Li et al., 2004).  Sequence analysis of the cDNAs 

obtained revealed that many of these encoded pathogenicity and signal 

transduction factors related to pathogenesis, including endo- and exo-

polygalacturonases, as well as several metabolite transporters.  In another study, 

B. napus genes expressed in response to challenge with S. sclerotiorum were 
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screened to identify possible quantitative trait locus (QTL) associated with 

resistance to this pathogen (Liu et al., 2005).  Genes expressed differentially in B. 

napus in response to challenge with S. sclerotiorum have also been identified by 

cDNA microarray analysis (Zhao et al., 2007; Yang et al., 2007).  

 

1.5. Proteomics in plant pathology 

Proteomic analysis is a powerful approach that can provide a systematic 

understanding of molecular events associated with particular biological processes.  

Many proteome-level studies have begun to appear in the literature in recent 

years, especially in the area of plant pathology.  Proteomic studies may provide 

novel insights and contribute to the understanding of pathogen biology and the 

host response to pathogen challenge.  Ultimately, such increased knowledge may 

facilitate the development of improved strategies for integrated plant disease 

management. 

1.5.1. Proteomic investigations of plant pathogens 

In one proteomic study of a bacterial plant pathogen, a comprehensive profile 

of proteins secreted by Erwinia chrysanthemi (Burkholder et al.) was obtained 

(Kazemi-Pour et al., 2004).  Of the approximately 100 protein spots found on the 

resulting proteome-reference map, 25 spots were identified as unique under 

uninduced culture conditions (e.g. Luria-Bertani media) among a total of 55 spots 

identified under different culture conditions.  Inactivation of the enzyme luxS, 

which is responsible for the germination of a molecule (Autoinducer-2) used in 

quorum sensing by many bacterial species, was shown to have a strain-dependent 
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impact on the intracellular proteome, secreted proteins, motility and virulence of 

E. carotovora (Jones) Bergey et al. on potatoes (Coulthurst, et al., 2006).  A 

comprehensive analysis of the secretome of Xanthomonas campestris (Pam.) 

Dow. revealed that many of the identified proteins were degradative enzymes 

likely involved in the infection of susceptible hosts (Watt et al., 2005).  A 

comparative genetic and proteomics analysis resulted in the identification of a 

biomarker to distinguish virulent and avirulent strains of Pantoea stewartii 

(Smith) Mergaert et al. (Wu et al., 2007). 

An investigation of the proteome of the fungal pathogen Magnaporthe grisea 

(T.T. Hebert) M.E. Barr, causal agent of rice blast, resulted in the identification of 

a number of proteins associated with appressorium formation (Kim et al., 2004b).  

Proteins associated with regulation of appressorium development were also 

identified in P. infestans (Mont.) de Bary, the causal agent of late blight of potato 

(Grenville-Briggs et al., 2005).  An inventory of cell wall-associated proteins in P. 

ramorum Werres, de Cock & Man in't Veld, the cause of sudden oak death, 

revealed a total of 17 proteins important for pathogenicity (Meijer et al., 2006).  

An annoted proteome map of conidiospores from the barley powdery mildew 

pathogen Blumeria graminis (DC.) Speer has also been published (Noir et al., 

2009).  Proteome maps have also been developed for Ustilago maydis (DC.) 

Corda, causal agent of corn smut (Bohmer et al., 2007), Botrytis cinerea (de Bary) 

Whetzel, a necrotrophic and ubiquitous plant pathogen with a wide range host 

range (Fernández-Acero et al., 2006; 2007), and Penicillium expansum Link, a 

mycotoxigenic fungus associated with fruit decay (Qin et al., 2007).  The 
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secretome of F. graminearum [Gibberella zeae (Schwein.) Petch], a devastating 

pathogen of wheat, maize and other cereals, was also characterized and shown to 

consist of a higher concentration and more diverse collection of proteins when the 

fungus was grown on plant cell wall extracts versus glucose (Phalip et al., 2005).  

More recently, the secretomes of virulent and avirulent isolates of the fungus 

causing tan spot of wheat, Pyrenophora tritici-repentis (Died.) Drechsler, were 

compared, revealing major quantitative and qualitative differences in the proteins 

produced (Cao et al., 2009).    Perhaps of greatest interest, however, is the 

analysis of the mycelial proteome and secretome of S. sclerotiorum (Yajima and 

Kav, 2006), the fungal pathogen on which this thesis is focused.  The information 

provided by that analysis will serve as an important resource as we examine the 

canola/S. sclerotiorum interaction on a molecular level.  

1.5.2. Proteomic investigations of plant responses to fungal pathogens 

Proteomic analyses have also contributed to the understanding of plant 

biology in recent years, including their responses to biotic and abiotic stresses 

(Cánovas et al., 2004; Rossignol et al., 2006).  Proteomics, combined with 

transcriptomics, have been widely applied as tools for the identification of 

proteins that may play roles in plant defense responses to various pathogens 

(Mehta et al., 2008).  The identification of such proteins is critical not only to the 

understanding of the defense response itself, but also to the interaction between 

plant and pathogen.   

A proteomic investigation of wheat leaf rust, caused by the fungus P. triticina 

Erikss., revealed proteins with known and unknown functions as being 
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differentially abundant in the wheat host after pathogen challenge (Rampitsch et 

al., 2006).  A proteomic experiment to study the wheat response to infection by F. 

graminearum was also carried out (Zhou et al., 2006).  Another proteome-based 

investigation was conducted to examine the differential expression of proteins 

from rice leaves and suspension-cultured cells in response to inoculation with the 

rice blast fungus, M. grisea (Kim et al., 2003; 2004a).  Similarly, comparison of 

the proteomes of different rice lines revealed a complex response to M. grisea 

challenge that involved the induction of proteins from various defense-related 

pathways (Lee et al., 2006).  The leaf proteomes of two different pea genotypes 

resistant to Erysiphe pisi DC., cause of powdery mildew, were also compared in 

order to understand the mechanisms of this resistance (Curto et al., 2006).  Many 

other studies have examined the response of hosts to infection in a variety of 

different pathosystems, including: root tissues of Medicago truncatula Gaertn. 

inoculated with Aphanomyces euteiches Drechsler (Colditz et al., 2004), maize 

embryos infected by F. verticillioides (Sacc.) Nirenberg (Campo et al., 2004), and 

tomato xylem sap after colonization by F. oxysporum Schltdl. (Houterman et al., 

2007).  

Proteomic analysis of the interaction between canola and some of its major 

pathogens is an area of particular interest.  The response of two canola genotypes 

exhibiting differential reactions to infection by A. brassicae, the cause of 

Alternaria black spot, was investigated at the proteome level (Sharma et al., 

2007).  Similarly, leaf-proteome level changes in a susceptible B. napus genotype 

and a resistant B. carinata genotype were investigated, in order to understand the 
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impact of infection by the blackleg pathogen, L. maculans (Subramanian et al., 

2005).  Proteome-level changes in the proteomes of B. napus and B. carinata 

were further compared during infection by L. maculans (Sharma et al., 2008).  A 

proteomic analysis of canola roots infected with P. brassicae, the causal agent of 

clubroot of crucifers, was also conducted (Cao et al., 2008).  These studies have 

revealed novel information about the specific pathosystems involved.  As such, in 

the present work, the response of B. napus canola upon S. sclerotiorum infection 

will be examined in detail.  

 

1.6. Objectives 

The primary objective of the work described in this thesis was to improve the 

understanding of the molecular events associated with pathogenesis and virulence 

in the B. napus/S. sclerotiorum interaction.  To achieve this objective, we used a 

largely proteomic approach, although a number of other approaches were also 

employed as necessary, including histology, quantitative (q)-PCR, and fungal 

transformation.  Thus, in the first study, a proteomic analysis of the B. napus/S. 

sclerotiorum interaction was conducted, with fungal ingress examined by 

histological observation and the expression of selected genes validated by q-PCR.  

In the second study, the focus shifted from the effects of the pathogen on the host 

proteome to those mediated by oxalic acid, an important pathogenicity factor 

produced by S. sclerotiorum, in order to better understand the note of oxalic acid 

during S. sclerotiorum infection.  In the third chapter, the potential role of a 

hypothetically secreted protein from S. sclerotiorum was characterized in gene 



 26

disruption experuments.  The fourth and fifth studies were primarily focused on 

the development of sclerotia and associated exudates to identify the proteins 

associated with sclerotial development, because these resting structures play an 

important role in the disease cycle and survival of the pathogen.  Collectively, the 

work conducted in this thesis serves to provide novel insights on stem rot of B. 

napus, which will contribute to our ability to manage this important disease in a 

sustainable manner. 
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2. Proteomic changes in leaves of Brassica napus L. as a result of Sclerotinia 

sclerotiorum challenge* 

2.1. Introduction 

Canola (Brassica napus L.) is an economically important oilseed crop that is 

cultivated worldwide, including in Canada and the USA.  Sclerotinia stem rot, 

caused by Sclerotinia sclerotiorum (Lib.) de Bary, is one of the most serious 

diseases affecting canola and has the potential to significantly limit yields (del Río 

et al., 2007).  In addition to being able to infect canola, S. sclerotiorum is a 

necrotrophic, generalist parasite capable of infecting approximately 400 plant 

species (Boland and Hall, 2007).  In canola, outbreaks of Sclerotinia stem rot 

generally occur near the end of flowering, late in the growing season.  Infection is 

initiated by airborne ascospores, which land on and infect the flower petals under 

favorable conditions (i.e., high moisture and high temperature); infected petals 

fall on leaves and leaf axils, from which the pathogen can grow into the host stem, 

forming lesions that may completely girdle the stem and cause plant death 

(Rimmer et al., 2003).  Black sclerotia are eventually formed within the infected 

canola stems, which serve as survival structures for S. sclerotiorum and as a 

source of inoculum in subsequent seasons. 

The biochemical and molecular events occurring in host plant tissues during 

disease progression are not clear.  In the past, research on the molecular aspects of 

pathogenicity in S. sclerotiorum mainly focused on the roles of oxalic acid and 

cell-wall-degrading enzymes (CWDEs) such as glycosidases, pectinases, 

*A version of this chapter has been published.  Liang, Y., Srivastava, S., Rahman, M.H., Strelkov, 

S.E., Kav, N.N.V.  2008.  J. Agric. Food Chem. 56, 1963-1976.  
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xylanases (Annis and Goodwin, 1997), and polygalacturonases (PGs) (Cotton et 

al., 2003).  The secretion of oxalic acid by S. sclerotiorum has been found to be an 

essential determinant of its pathogenicity in bean and sunflower (Godoy et al., 

1990), and the compound is considered to be a crucial pathogenicity factor 

produced by the fungus (Guimarães and Stotz, 2004).  In addition to oxalic acid, 

the pathogen also secretes CWDEs that can facilitate penetration and degradation 

of host cell walls (Riou et al., 1991).  Among the CWDEs, PGs are pectinases that 

can degrade unesterified pectate polymers present in plant cell walls and for 

which important roles as virulence factors have been demonstrated in a few 

pathosystems (Bolton et al., 2006).  In addition, a recent analysis of the proteins 

secreted by this pathogen (the secretome) has revealed additional proteins that 

may be important during pathogenesis (Yajima and Kav, 2006).  

Although there are a number of reports in the literature that describe the 

importance of oxalic acid and CWDEs for infection and pathogenesis by S. 

sclerotiorum, there are very few reports describing detailed molecular changes 

that accompany infection in the host.  In fact, only two papers are available in the 

literature that have employed genomics-based techniques to identify plant and 

fungal genes that are modulated during B. napus–S. sclerotiorum interactions (Li 

et al., 2004; Liu et al., 2005).  The first was an expressed sequence tag (EST) 

analysis of fungal genes expressed during growth in pectin medium or in infected 

plant tissue, which revealed a number of fungal genes important for pathogenesis 

(Li et al., 2004).  The second study involved an investigation into changes in gene 

expression in the host (canola) tissue accompanying S. sclerotiorum infection and 
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which identified a number of plant genes that were modulated during infection 

(Liu et al., 2005).  Although genomics-based investigation of host–pathogen 

interactions can provide valuable information into the changes in gene expression, 

an investigation into changes in protein abundance is also important in order to 

identify those proteins that are essential during such interactions.  This is because 

there is often a poor correlation between transcript and protein abundance (Gygi 

et al., 1999).  In this post-genomics era, proteomics-based approaches employing 

two-dimensional gel electrophoresis (2-DE) and mass spectrometry (MS) are 

widely used to investigate various plant processes, including biochemical and 

physiological responses to abiotic or biotic stresses at the proteome level (Kav et 

al., 2004; Subramanian et al., 2005; Sharma et al., 2007; Jain et al., 2006; Zhou et 

al., 2006).  

The identification and characterization of host proteins having levels affected 

by pathogen challenge are important in elucidating their roles in mediating the 

host response and is one of our long-term objectives.  In this paper, we describe 

the changes in the leaf proteome of B. napus after infection by S. sclerotiorum, 

which was investigated using 2-DE and tandem MS.  We have identified 32 

proteins having levels that were modulated significantly at various time points 

after pathogen challenge, and the roles of these proteins are discussed within the 

context of the stem rot pathosystem. 

 

2.2. Materials and methods 

2.2.1. Fungal culture growth and inoculation of canola   
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Brassica napus and Arabidopsis thaliana seeds were sown in plastic trays 

with 32 cell packs containing Metro Mix 290 (Grace Horticultural products, Ajax, 

ON, Canada).  Plants were grown in the greenhouse (16 h photoperiod, 22 oC 

day/18 oC night) for 18 days.  A. thaliana seeds were vernalized by placing the 

trays in a dark room at 4 oC for 2 days.  All plants were placed in a humidity 

chamber for 24 h prior to inoculation.  Cultures of Sclerotinia sclerotiorum were 

grown on potato dextrose agar (PDA; Becton Dickinson, MD) and incubated at 

room temperature for 3 days.  Actively growing mycelia from the edge of the 

colony were subcultured onto fresh PDA media and grown for an additional 2 

days, after which mycelial plugs (5 mm) were excised from the cultures and used 

to inoculate leaves of B. napus (two true leaves) and A. thaliana (all the true 

leaves), which were gently wounded by scratching with a pipette tip.  Similarly, 

control leaves were wounded and inoculated with PDA plugs alone.  After 

inoculation, plants were returned to the humidity chamber for an additional 24 h, 

after which they were transferred to and maintained in the greenhouse. Shoot 

samples from control and inoculated plants were harvested at 6, 12, 24, 36 and 48 

h after inoculation, flash frozen in liquid nitrogen and stored at –80 oC.  Three 

independent biological replicates were performed for each treatment; each 

biological replicate consisted of 10 plants at each time point.  

2.2.2. Histology  

The infected leaf material and controls were cut into small (5 × 10 mm) 

sections, containing a portion of the wounded region, and fixed at 4 ºC overnight 

in 50 mM phosphate buffer (pH 7.2) containing 4% paraformaldehyde by vacuum 
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infiltration. Subsequently, they were dehydrated in a graded ethanol series, 

changed to toluene and infiltrated with Paraplast (Fisher, Pittsburgh, PA).  

Paradermal sections (6 µm thickness) were cut, affixed to slides, deparaffinated 

with toluene (two changes of 5 min each), rehydrated to 50% ethanol, and stained 

with Aniline Blue in lacto-phenol (Larone, 1995) for 10 min.  Stained sections 

were rinsed with water (three changes of 3 min each), counterstained with 

acidified Eosin Y (Dougherty, 1981) for 1 min, dehydrated and mounted with 

DPX (Electron Microscopy Sciences, Hatfield, PA) mounting medium.  The 

sections were viewed with a Leica DM RXA microscope (Leica Microsystems, 

Wetzlar, Germany) and photographed using an Optronics digital camera with 

Macrofire software (Optronics, Goleta, CA). 

2.2.3. Protein extraction 

Pooled B. napus leaves (~300 mg) were ground to a fine powder in liquid 

nitrogen and then resuspended in 1.5 mL of actone containing 10% trichloroacetic 

acid (TCA; Fisher, Fair Lawn, NJ) and 0.07% dithiothreitol (DTT, Fisher).  After 

incubation at –20 °C for 1 h, the suspension was vortexed and centrifuged (18 

000g, 15 min, 4 ºC).  After removal of the supernatant, the pellet was resuspended 

in 1 mL of ice-cold acetone containing 0.07% DTT and centrifuged as described 

above.  This washing step was repeated an additional four times.  The washed 

pellets were dried for 10 min in a Speedvac (Hetovac VR-1; Heto Lab Equipment 

A/S, Birkerod, Denmark) and resolubilized in 400 µL rehydration/sample buffer 

(BioRad, Mississauga, ON, Canada) containing 0.1% tributylphosphine (TBP, 

BioRad) and incubated overnight at 4 ºC.  After incubation, the samples were 
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vortexed vigorously and centrifuged as described above, and the supernatants 

were transferred to fresh tubes and stored at –20 °C until analysis by 

electrophoresis.  The protein samples were prepared twice from each of three 

independent biological replicates of leaf tissue for a total of 6 samples for each 

time point.  Protein concentrations were determined using a modified Bradford 

assay (Bradford, 1967) with bovine serum albumin (BSA; Pierce Biotechnology, 

Rochford, IL) as the standard. 

2.2.4. Two-dimensional gel electrophoresis 

Isoelectric focusing (IEF) of extracted protein in the first dimension and 

separation by sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-

PAGE) in the second dimension were performed as previously described (Sharma 

et al., 2007).  Briefly, 17 cm IPG (pH 4–7, Bio-Rad) strips were rehydrated 

overnight with 400 μg of protein in 300 μL rehydration/sample buffer.  IEF was 

preformed using a PROTEAN IEF cell (Bio-Rad) to separate proteins based on 

difference in isoelectric points.  The focused IPG strips were equilibrated in 5 mL 

equilibration buffer containing 6 M urea, 2% SDS, 0.37 M Tris-HCl, pH 8.8, 20% 

glycerol, and 130 mM DTT for 10 min and then incubated in the same buffer 

containing 135 mM iodoacetamide (IAA) for 10 min. The equilibration steps in 

both buffers were performed twice.  For the separation of the focused proteins in 

the second dimension, sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed using a PROTEAN II XI cell (Bio-Rad).  The 

separated proteins were stained using a Colloidal Coomassie Blue Staining Kit 

(Invitrogen, Carlsbad, CA) as per the manufacturer’s instructions. 
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2.2.5. 2-D gel analysis and protein identification 

Images of the 2-D gels were recorded using a GS-800 calibrated densitometer 

(Bio-Rad) and analyzed using PDQuest 2-D analysis software (version 7.3.1, Bio-

Rad).  A matchset was created from images of 12 gels (for each time point), 

which consisted of 2 extractions from each of the three biological replicates for 

the control and inoculated plants at each time point.  Analysis of the 2-D gels was 

performed using the automated detection and matching tools of the PDQuest 

software, and artifacts were removed by manual refinement of the matched spots.  

Replicate groups for control and inoculated gels were created and analyzed using 

the Student’s t-test feature of the software, in order to identify those spots that 

showed statistically significant (p < 0.05) differences in intensities.  The 

quantities of these significantly altered spots were determined using the spot 

quantification tool, and fold-changes were calculated.  Among the statistically 

significant (p < 0.05) spots, only those that showed reproducible changes (up- or 

down-regulation) in all of the replicates were selected for further analysis using 

tandem MS.  Electrospray ionization quadrupole time-of-flight tandem mass 

spectrometry (ESI-q-TOF MS/MS) experiments were performed at the Institute 

for Biomolecular Design (IBD), University of Alberta, using a Micromass Q-

TOF-2 mass spectrometer (Micromass, Manchester, UK) as described previously 

(Yajima and Kav, 2006).  Data-dependent MS/MS acquisition was performed for 

peptides with a charge state of two or three, and the data were processed using the 

Mascot (Matrix science Inc., Boston, MA) search engine and the NCBI 

nonredundant protein database.  Parameters that were utilized for the Mascot 
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search included carbamidomethylation of cysteine, possible oxidation of 

methionine, and one missed cleavage per peptide. 

2.2.6. Quantitative real-time PCR 

Primers and probes were designed using Primer Premier 3 software (Applied 

Biosystems Inc., Foster City, CA) to generate amplicons approximately 60 bp in 

size are listed in Table 2-1.  Total RNA was extracted from control and inoculated 

pooled leaf samples for all the time points using RNeasy Plant Mini Kit 

(QIAGEN, Mississauga, ON, Canada).  During RNA extraction, an RNase-free 

DNase (Qiagen) treatment was included to ensure complete removal of 

contaminating genomic DNA.  First strand cDNA was synthesized by reverse 

transcription of 50 ng total RNA using the iScript cDNA synthesis kit (Bio-Rad).  

Quantitative real-time PCR (qRT-PCR) was performed using TaqMan technology 

and the ABI PRISM 7700 (Applied Biosystems) DNA Sequence Detection 

System as previously described (Srivastava et al., 2007).  qRT-PCR reactions 

were performed using 2 μL of 5 × diluted cDNA as template, 22.5 pmol of 

primers, 5 pmol of probe and 1 × TaqMan PCR Master Mix (Roche, Branchburg, 

NJ) in a reaction volume totalling 20 μL.  The relative expression of the various 

genes was calculated using the delta–delta method, employing the following 

formula: relative expression = 2– [ΔCt sample – ΔCt control] (Livak and Schmittgen, 

2001).  For all qRT-PCR experiments, the actin gene was used as the endogenous 

control.  The relative expression in inoculated samples was normalized against the 

expression level in control samples (which were considered to be as 1).  qRT-PCR 

reactions for samples from each biological replicate were performed in duplicate, 
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Table 2-1.  Sequences of the primers and probes used for qRT-PCR analysis. 

gene accession  no. primers and probe 

uroporphyrinogen decarboxylase 

(A. thaliana) 

AY035057 F-5’-TGGGCAACCGAGCTTAGC-3’ 

R-5 GAGAGGTAGGTTTGGGTGAGTTTG-3’ 

P-5’-TGGATTTTGAGGAGTTTAGCT-3’ 

ATPase 

(A. thaliana) 

NM_100523 F-5’-TGTTGGTGGACTCGGTGGTA-3’ 

R-5-CAAACCGGTGATCTGTTGCA-3’ 

P-5’-AGCTGCCGAAGAAG-3’ 

peroxidase 

(A. thaliana) 

NM_111480 F-5’-TCCACCACGCCATTGTCA-3’ 

R-5’-TAGGCACATGCTGCTGTGAAC-3’ 

P-5’-AGAAAGTCGTCATCTTTGGT-3’ 

triosephosphate isomerase 

(A. thaliana) 

NM_127687 F-5’-CGCTCCCCCAGAGGTGTT-3’ 

R-5’-TTCCTCCAACGAAAAACTTTCC-3’ 

P-5’- TGCCATGGCTGGATC-3’ 

fructose-bisphosphate aldolase 

(A. thaliana) 

NM_120057 F-5’-GCGGTTTGGTTCCGATTGT-3’ 

R-5’-TCAATGTCGTGTTCTCCATCCA-3’ 

P-5’- AGCCAGAGATCTTG-3’ 

glyceraldehyde 3-phosphate 
dehydrogenase 

(A. thaliana) 

ATHCPGAPBA F-5’-GGAAGCTGTTGGAAGTGGAGAT-3’ 

R-5’- TCATCAGCCGGGTTTGTCTT-3’ 

P-5’- 6FAM-CTTTGGAGGATTTCTG-3’ 

glyoxalase I, 

(A. thaliana) 

NM_105396 F-5’- AAGTTATGCTCCGTGTTGGTGAT-3’ 

R-5’- TCCATTCCAAAAGCCTTCTCA-3’ 

P-5’- CGATAGGGCCATAAAG-3’ 

actin 

(B. napus) 

AF111812 F-5’- TGGGTTTGCTGGTGACGAT-3’ 

R-5’- TGCCTAGGACGACCAACAATACT-3’ 

P-5’- CTCCCAGGGCTGTGTT-3’ 

actin 

(A. thaliana) 

AY120779 F-5’- GCCATTCAGGCCGTTCTTT-3’ 

R-5’- ATCGAGCACAATACCGGTTGT-3’ 

P-5’- TCTATGCCAGTGGTCG-3’ 
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 and the experiment was repeated at least twice for all the time-points.   

2.2.7. Peroxidase and superoxide dismutase assays 

Crude leaf extracts were prepared for the assay of peroxidase (POX) and 

superoxide dismutase (SOD) activities.  Fresh, pooled leaves (~ 200 mg) from 

control (mock-inoculated), inoculated, and untreated (without wounding and 

inoculation) plants were ground in 1 mL of sodium phosphate buffer (60 mM, pH 

7.0) and transferred to 1.5 mL tubes.  The homogenates were centrifuged (20 

000g) for 15 min at 4 ºC and the supernatants removed and used for POX and 

SOD assays.  POX was assayed as described by Benkeblia and Shiomi (2004) 

with minor modifications.  The reaction mixture (10 μL of 45 mM guaiacol, 10 

μL of 200 mM H2O2, and 180 μL of 65 mM sodium phosphate buffer, pH 6.5) 

was mixed with 10 μL of crude enzyme extract, and the absorbance was 

immediately measured at 430 nm using a spectrophotometer.  After incubation at 

room temperature for 10 min, the absorbance was measured again.  One unit of 

enzyme activity was defined as a change in absorbance of 0.01 min-1 (Benkeblia 

and Shiomi, 2004).  The POX enzyme assay was performed using leaf samples 

from three independent biological replicates and the whole experiment was 

repeated at least two times.   

SOD enzyme activity was assayed by measuring the photochemical reduction 

of nitro blue tetrazolium [NBT] (Beauchamp and Fridovich, 1971) in a reaction 

mixture containing 50 mM phosphate buffer (pH 7.8), 13 mM methionine, 75 μM 

NBT, 2 μM riboflavin, 0.1 mM EDTA, and 0–20 μL enzyme extract in a total 

volume of 200 μL.  To avoid delays in performing enzyme assays, ELISA plates 
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were used to accommodate multiple samples.  The reaction mixture (except 

riboflavin) was added to all of the wells, riboflavin was added last, and the plate 

was placed 3 cm below a light source (two 34 W fluorescent lamps) for 10 min; 

the reaction was terminated by switching off the light source.  The plates were 

covered with a black cloth until the absorbance was recorded at 560 nm and 

compared with the maximum absorbance in wells without the enzyme.  The 

amount of enzyme extract corresponding to 50% inhibition of maximum color 

formation in enzyme-free extracts was considered to be one enzyme unit 

(Giannopolitis and Ries, 1977; Babitha et al., 2002).   

2.2.8. Statistical analysis 

Statistical analyses of proteome-level changes were performed using the 

Student’s t-test feature of PDQuest software as described earlier and significance 

(p > 0.05) was calculated as per manufacturer’s instructions.  Analysis of POX, 

SOD activity and qRT-PCR results was performed using analysis of variance 

(ANOVA) with the mixed model procedure of SAS version 9.1 (Statistical 

Analysis system; SAS Institute Inc., Cary, NC).   

 

2.3. Results and discussion 

2.3.1. Morphology and histology 

The appearance of B. napus leaves at various time points (6, 12, 24, 36 and 

48 h) after inoculation with S. sclerotiorum are shown in Figure 2-1.  Symptoms 

of leaf necrosis began to appear 12 h after inoculation, which spread relatively 

rapidly by 24 h, indicating that rapid invasion of the host tissue occurs between  
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Figure 2-1.  Appearance of B. napus leaves inoculated with S. sclerotiorum.  

Leaves are shown 6, 12, 24, 36 and 48 h after inoculation with the pathogen or 

mock-inoculation with an agar plug only.  The labels UI and I refer to control and 

inoculated leaves, respectively. 
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12 and 24 h.  To examine the invasion of leaf tissue by the fungus, we examined 

the uninoculated and inoculated leaves using light microscopy at the various time 

points indicated above.  These results are illustrated in Figure 2-2.  At 6 h after 

inoculation, there was no visible growth of the fungal mycelia in the host tissue.  

Although no mycelia were detectable, the cells in close proximity to the 

inoculation point demonstrated characteristics different from those of the cells 

that were distal to the infection site.  These cells, especially the chloroplasts and 

the starch granules contained within them, and the adjacent cytoplasm stained 

more intensely with Aniline Blue and appeared darker compared to the cells more 

distal to the inoculation point.  The control plant cells stained less intensely, and 

this phenomenon was also observed in all successive time points.  The greater 

staining intensity of the cells may have been an indication of 

biochemical/physiological changes occurring before visual sympotom 

development.  At 12 h after inoculation, fungal mycelia, stained pink with Eosin 

Y, could be seen in close proximity to the host tissue (Fig. 2-2), indicating the 

possible initiation of the infection process and the gradual establishment of the 

pathogen within the host.  Once again, the mesophyll cells in close proximity to 

the fungal mycelia stained more intensely with Aniline Blue, whereas the cells in 

the noninfected region were lighter in color and had a purplish hue.  Changes in 

histochemical properties, along with the accumulation of crystalline structures, 

preceding invasion of bean tissue by fungal mycelia have previously been 

reported (Lumsden and Dow, 1973).  By 24 h after inoculation, the pathogen was  
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Figure 2-2.  Light microscopy examining the invasion of B. napus leaves by S. 

sclerotiorum at various time points (6, 12, 24, 36 and 48 h) following inoculation 

or mock-inoculation (ck).  Six micrometer thick paradermal sections of paraffin-

embedded leaf tissue were stained with Aniline Blue in lactophenol and 

counterstained with Eosin Y.  No fungal invasion (6 h), initiation of infection (12 

h), and pathogen establishment and extensive mycelial growth (24–48 h) are 

apparent in these images.  Arrows in the image point to fungal mycelia. 



 61

well established in the host tissue, and extensive mycelial growth was observed.  

The host tissue developed necrosis, and empty spaces in the tissue resulting from 

cell lysis could also be observed, which was also evident at 36 and 48 h after 

inoculation (Fig. 2-2).  Our histological findings correlate well with the observed 

phenotypic changes after pathogen challenge at the various time points (6, 12, 24, 

36 and 48 h).  We observed no visible damage to the leaf tissue at 6 h, and the 

first symptoms appeared at 12 h (Fig. 2-1).  The amount of fungal mycelia 

detectable in the host tissue increased at 24, 36, and 48 h after inoculation, as did 

the severity of macroscopic disease symptoms (Fig. 2-1 and 2-2).          

2.3.2. Protein changes and identification of S. sclerotiorum-responsive 

proteins 

Changes in the leaf proteome of B. napus resulting from challenge by S. 

sclerotiorum were characterized using 2-DE at 6, 12, 24, 36, and 48 h after 

inoculation, and representative images are shown in Figure 2-3.  A total of 32 

spots demonstrated significant (p < 0.05) differences (12 decreased and 20 

increased) in intensities in samples from the inoculated leaf material, among 

which 4, 6, 8, 6, and 8 protein spots were identified at 6, 12, 24, 36 and 48 h after 

inoculation, respectively (Fig. 2-3 and Fig. 2-4).  All of the proteins showing 

statistically significant (p < 0.05) changes in intensities after pathogen challenge 

were subsequently identified by MS/MS analysis and their identities are presented 

in Table 2-2.  For most of the protein spots, a single protein was identified; 

however, for a few spots (9, 27, 28, and 29), multiple identities were obtained  
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Figure 2-3.  Proteome level analysis of B. napus leaves in response to inoculation 

with S. sclerotiorum: (A) representative image of B. napus leaf proteins separated 

by 2-DE and visualized with Coomassie Blue.  [protein spots, selected from 

MS/MS analysis, having intensities that were significantly (p < 0.05) as a result of 

pathogen challenge are indicated by arrows and numbers]; (B) closer view of 

spots showing significant changes. 
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Figure 2-4.  Functional classification (A) of proteins identified by tandem mass 

spectrometry and the fold changes in levels (B) following inoculation with S. 

sclerotiorum. 
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(Table 2-2).  In those the molecular masses and/or isoelectric points were very 

close, making the unambiguous identification of these spots impossible.  In 

addition, one spot (spot 7; Table 2-2), for which the score was below the threshold 

value, generated the same identity after repeated MS/MS analysis and was 

therefore included among the proteins identified.  We have grouped the identified 

proteins based on their functional roles, which are discussed in detail in 

subsequent sections. 

2.3.3. Functional classification of identified proteins 

As indicated earlier, the proteins identified in this study as being significantly 

(p < 0.05) affected by S. sclerotiorum challenge were grouped according to their 

known intracellular functions (Fig. 2-4).  It is evident that a large portion (33%) of 

the proteins have roles in photosynthesis and carbon metabolism.  The second 

largest group of proteins (15%) was identified as those involved in protein folding 

and post-translational modifications, whereas 12% could not be classified based 

on the basis of available information.  Other major categories were comprised of 

proteins involved in hormone biosynthesis and signaling (9%), protein synthesis 

(9%), energy metabolism (3%), chloroplast biogenesis (6%), nitrogen metabolism 

(6%), lipid metabolism (3%), and antioxidant defense (3%).  The remainder of 

our discussion will focus on the role of proteins involved in (1) photosynthesis 

and metabolic pathways, (2) protein folding and modifications, (3) hormone 

signaling, and (4) antioxidant defense, becasue these proteins may have 

significant and important roles in mediating plant responses to the pathogen.  
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Table 2-2. Summary of the differentially expressed proteins identified from 

susceptible leaf tissue of B. napus after inoculation with S. sclerotiorum 
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Table 2-2. Continued 
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Table 2-2. Continued 

 
 
a Number of peptides matched/ percent sequence coverage. 

b Mascot score for the most significant hits/Mascot cut-off (threshold score) 

c Accession numbers for proteins generated by the Mascot search 
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2.3.4. Metabolism 

A number of the proteins found in our study are known to be involved in 

carbon metabolism, including spots identified (Fig. 2-3; Table 2-2) as ribulose-

1,5-bisphosphate carboxylase/oxygenase (rubisco; spots 8 and 30), rubisco 

activase (RCA; spots 27 and 28), and phosphoribulokinase (PRK; spot 5).  These 

proteins were up-regulated following inoculation.  In contrast, protein spots 

identified as glyceraldehyde-3-phosphate dehydrogenase (GAPDH; spot 17), 

fructose bisphosphate aldolase (FBPase; spots 15 and 24), triosephosphate 

isomerase (TPI; spot 3), and malate dehydrogenase (MDH; spot 4) were down-

regulated following pathogen-challenge (Fig. 2-3; Table 2-2).  

Rubisco catalyzes the carboxylation and oxygenation of ribulose 

bisphosphate in the Calvin and photorespiratory cycles, respectively (Roy, 1989).  

Rubisco is one of the key and unique catalysts of the Calvin cycle, one of the 

central steps in the global carbon cycle (Hanson and Tabita, 2001).  Rubisco 

activase (RCA), a nuclear-encoded chloroplast protein, which removes inhibitors 

from its catalytic sites, alters its conformation and activates rubisco in vivo 

(Andrews et al., 1995; Portis et al., 1995), and our proteome analysis also 

revealed an increase in intensities of two spots identified as RCA at 48 h after 

pathogen challenge.  It is important to indicate at this point that spots 27 and 28, 

which were both identified as RCA, also generated an additional hit each (Table 

2-2) and, therefore, it is possible that these spots may not be RCA.  However, for 

spot 28, the Mascot score for the second hit is considerably lower than that of the 

first hit, which was for RCA.  In addition, spot 11 (Fig. 2-3; Table 2-2), which 
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was identified as an unnamed protein, exhibited 98% homology with rubisco (data 

not shown).  Thus our results indicate that rubisco, and perhaps RCA as well as 

PRK, which are involved in catalyzing reactions (PRK and rubisco) or activating 

enzymes (RCA) involved in the first stage of the Calvin cycle, may be increased 

as a result of S. sclerotiorum infection.   

However, our studies also revealed a pathogen-induced decrease in the 

intensities of other enzymes involved in the Calvin cycle, including GAPDH, 

FBPase and TPI (Table 2-2).  The subunit of the plastidic form of GAPDH, which 

was found to be down-regulated ~3-fold at 24 h after inoculation (spot 17; Fig. 2-

3; Table 2-2), participates in the NADPH-dependent conversion of 1,3-

bisphosphate glyceric acid to glyceraldehyde-3-phosphate (GAP).  GAP and its 

isomer dihydroxyacetone phosphate (DHAP) are utilized in the biosynthesis of 

fructose 1,6-bisphosphate by FBPase, which was also observed to decrease in 

intensity at 24 h (spot 15; Fig. 2-3; Table 2-2), suggesting that the formation of 

hexose phosphate by the Calvin cycle may be reduced due to pathogen infection. 

In addition, spot 23 (Fig. 2-3; Table 2-2) also exhibited an approximate twofold 

decrease in intensity and generated peptides that matched FBPase.  Incidentally, 

TPI, which catalyzes the isomerization of GAP to DHAP, was also observed to 

decrease in intensity, albeit to a lesser extent (1.8-fold) and at an earlier time point 

(6 h) (spot 3; Fig. 2-3; Table 2-2).  Our results suggest that even though CO2 

fixation by rubisco may be increased in infected leaf tissue, subsequent reactions 

may be slowed down as a result of a decrease in the levels of GAPDH, TPI and 

FBPase.  The exact significance of the S. sclerotiorum-induced increase in PRK 
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and rubisco, and the concomitant decrease in GAPDH, TPI, and FBPase remain 

unclear.  

Some of the proteins identified are involved in energy metabolism and 

transport, including ADP-glucose pyrophosporylase (AGPase; spot 32; Fig. 2-3; 

Table 2-2).  AGPase produces ADP-glucose, a substrate for starch synthesis in 

plants (Kleczkowski, 2000), and it has been suggested that this enzyme is tightly 

regulated by 3-phosphoglycerate and inorganic phosphate (Sanwal et al., 1968).  

The other protein that also increased following pathogen challenge was 

uroporphyrinogen decarboxylase (UROD; spot 10; Fig. 2-3; Table 2-2).  UROD is 

a central enzyme in the tetrapyrrole biosynthetic pathway, which may have a role 

in mediating plant responses to pathogens (including tolerance).  This suggestion 

is supported by the fact that the antisense of UROD in tobacco confers increased 

tolerance to tobacco mosaic virus (TMV) (Mock et al., 1999). 

Nitrogen nutrition is critical to plants, and nitrogen deficiency often results in 

increased susceptibility to diseases (Pageau et al., 2006).  Proteins involved in 

nitrogen metabolism, including glutamine synthetase (GS; spot 27) and glutamate 

ammonia ligase (spot 29; Fig. 2-3; Table 2-2), were identified in our studies, 

although as the number two hit in both instances.  GS/glutamate ammonia ligase 

is a key enzyme that is responsible for the assimilation of ammonia, catalyzing the 

reaction of NH3, ATP and L-glutamate to phosphate, ADP and L-glutamine (Zörb 

et al., 2004).  Increased expression of GS during disease progression has been 

demonstrated in many host–pathogen interactions.  These include pathosystems 

involving Stylosanthes guianensis–Colletotrichum gloeosporioides (Stephenson et 
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al., 1997), B. carinata–Leptosphaeria maculans (Subramanian et al., 2005), 

Triticum aestivum–Puccinia triticina (Rampitsch et al., 2006), and T. aestivum–

Fusarium graminearum (Zhou et al., 2006).  Furthermore, the inhibition of GS 

activity by a phytotoxin produced by Pseudomonas syringe (Langston-Unkefer et 

al., 1987) suggests a crucial role for this enzyme in mediating host–pathogen 

interactions.  Because leaf necrosis affects nitrogen metabolism from assimilation 

to remobilization, which is normally accompanied by an elevation of GS (Ochs et 

al., 1999), it is possible that the increased level of GS observed in this study may 

positively affect the remobilization of nitrogen from those necrotic tissues. 

2.3.5. Chaperones and post-translational modification of proteins 

Molecular chaperones are a family of cellular proteins that mediate the 

correct folding of other proteins, but they themselves are not components of the 

final structures (Ellis and Hemmingsen, 1989).  Under various stress conditions, 

chaperones play an important role in restoring the native conformation of 

unfolded proteins (Wilkinson and Gilbert, 2004).  Our proteomics investigation 

revealed the identity of a few proteins with chaperone activity.  These included 

protein disulfide isomerase (PDI; spot 1) and chaperonin precursor (spot 13; Fig. 

2-3; Table 2-2).  PDI acts as a molecular chaperone in maintaining proper protein 

folding and besides processing disulfide isomerase activity, catalyzes the 

refolding of many proteins (Schultz-Norton et al., 2006).  Within the context of 

plant responses to pathogens, it has been reported that nitric oxide (NO), an 

essential component of certain defense-signaling cascades, is regulated by PDI 

(Zai et al., 1999).  In addition, it has been reported that upon Mycosphaerella 
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graminicola infection to wheat, an observed induction of PDI that occurred within 

3 h was greatest in resistant lines (Ray et al., 2003).  Chaperonins are molecular 

chaperones, which are present in the plastids, mitochondria, and cytoplasm of all 

eukaryotes and eubacteria (Hill and Hemmingsen, 2001).  Chaperonins interact 

with other proteins and promote their assembly into functional complexes (Roy, 

1989).  A decrease, rather than an increase, in the intensities of spots identified as 

PDI and chaperonin in our studies probably reflects the susceptibility of B. napus 

to S. sclerotiorum.  In light of the aforementioned induction of PDI in a fungi-

resistant wheat line, it is possible that this gene may have utility in engineering 

tolerance to this devastating fungus. 

Proteasome (spot 32) and other peptidases such as metallopeptidase (spot 14) 

and threonine endopeptidase (spot 22; Fig. 2-3; Table 2-2) were also identified in 

our study.  The 26S proteasome is a multicatalytic proteinase complex in 

eukaryotes that is comprised of a 20S core particle (CP) that functions in 

proteolysis and a 19S regulatory particle (RP) that recognizes the protein targeted 

for degradation (Suty et al., 2003).  The 20S proteasome consists of four seven-

membered rings formed by α and β subunits (Baumeister et al., 1998).  In our 

study, we identified as α subunit of a proteasome-like protein as being up-

regulated.  A role of proteasome in cell cycle progression, senescence, and the 

elicitation of defense responses (Conrath et al., 1998; Ito et al., 1999) has been 

reported, and the possible involvement of induced modified proteasomes known 

as “plant defense proteasomes” in the activation of plant defense reactions has 

been suggested (Suty et al., 2003).  The increase in the intensity of the spot 
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identified as a proteasome in this study further supports an important role for this 

protein in mediating plant responses to pathogens.   

2.3.6. Antioxidant defense and detoxification   

Plants possess complex defense mechanisms that respond to pathogen attack, 

including a rapid induction of antioxidant enzymes.  A spot identified as the 

antioxidant enzyme POX was increased ~2-fold in intensity following S. 

sclerotiorum challenge (spot 21; Fig. 2-3; Table 2-2).  Plant POX has also been 

associated with a number of cellular and physiological functions, including the 

regulation of reactive oxygen species (ROS) by H2O2 removal, biosynthesis and 

degradation of lignin in cell walls, hormone signaling, oxidation of toxic 

reductants, and defense against pathogens (Fossdal et al., 2001; Yoshida et al., 

2003).  Nevertheless, induction of POXs in host plants due to invasion of fungal 

pathogens has been reported in a number of studies (Curtis et al., 1997; Fossdal et 

al., 2001; Yoshida et al., 2003); however, the presence of multiple isozymes, a 

lack of substrate specificity, and the complex signaling and regulatory processes 

involving plant peroxidases makes it difficult to fully comprehend their precise 

physiological functions (Curtis et al., 1997; Yoshida et al., 2003).  Overexpression 

of POX genes conferred enhanced abiotic stress tolerance in many plants (Curtis 

et al., 1997), and antisense suppression of the expression of POX resulted in an 

impaired oxidative burst and susceptibility to both fungal and bacterial pathogens 

(Bindschedle et al., 2006).  It is therefore possible that plants respond to pathogen 

infection by increasing the cellular levels of antioxidant enzymes, including 

peroxidases. 
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To validate the role of POX in mediating B. napus responses to S. 

sclerotiorum, we characterized the expression of a POX gene using qRT-PCR.  

Oligonucleotide primers and probes were designed based on the A. thaliana POX 

sequence (due to the absence of B. napus sequence data); however, these primers 

failed to amplify the expected region of B. napus POX.  Therefore, we evaluated 

the response of this POX gene using A. thaliana cDNA from various time points 

following S. sclerotiorum challenge, but the results did not show any significant 

changes in the abundance of this transcript (Fig. 2-5A).  To further confirm a 

potential role for peroxidase in mediating responses to the pathogen, we 

performed peroxidase enzyme assays on crude protein extracts prepared from 

tissues of B. napus.  Our results are presented in Figure 2-6A, and it is evident 

that peroxidase activity increasd sharply and significantly (p < 0.05) after 24 h 

following inoculation.  POX enzyme assay results therefore support our 2-DE gel 

results and further illustrate the value of proteome analysis to identify proteins 

(consequently genes) that may be affected as a result of a stress. 

Interestingly, no other proteins associated with the antioxidant defense 

responses of plants were identified in our 2-DE gels, a result that is different from 

those reported in investigations of other pathosystems. One example is SOD, 

which has been implicated in a number of pathosystems (Subramanian et al., 

2005).  To evaluate further the role of SOD in the B. napus/S. sclerotiorum 

pathosystem, we performed SOD enzyme assays.  The results from these assays 

indicated that SOD activity was significantly (p < 0.05) reduced at 24 h, followed 

by a significant (p < 0.05) increase in the 36–48 h time frame (Fig. 2-6B).   These  
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Figure 2-5.  Changes in the relative abundance of transcripts of (A) POX, (B) 

glyoxalase, (C) GAPDH, (D) FBPase, (E) TPI, (F) ATPase, and (G) UROD at 

various time points after inoculation with S. sclerotiorum.  All data were 

normalized against an actin endogenous control using the comparative CT method 

(Livak et al., 2001), and fold changes in transcript abundance are expressed 

relative to the uninoculated control at the corresponding time point. 
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Figure 2-6.  Peroxidase (A) and SOD (B) activity in B. napus leaves at various 

time points after inoculation with S. sclerotiorum.  Proteins were extracted from 

leaf tissues that were inoculatd (I), uninoculated (UI), and untreated (Blk) without 

wounding or inoculation. 
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temporal changes in the activity of SOD following inoculation with the pathogen 

are quite similar to those observed for POX.  As mentioned earlier, it was 

surprising that SOD was not among the spots identified in our 2-DE gels as being 

significantly affected by the pathogen challenge.  The discrepancy between our 2-

DE and enzyme assay results may be due to the fact that the observed increase in 

enzyme activity represents total SOD activity, whereas changes in spot intensities 

on 2-DE gels will be limited to the various isoforms of SOD.  In other words, an 

individual isoform has to be elevated significantly (p < 0.05) for the PDQuest 

software to consider a spot to be significantly altered, whereas SOD enzyme 

assays are indicative of total activity, which appears to be significantly (p < 0.05; 

Fig. 2-6B) altered in the pathogen-challenged leaf tissues.  Our results suggest 

that POX and SOD, as well as perhaps additional antioxidant emzymes, are 

elevated at 36–48 h after inoculation.  However, the delayed increase in 

antioxidant defense responses in B. napus may be one of the reasons behind the 

successful establishment of fungal infection at earlier time points (Fig. 2-2).       

Another interesting enzyme identified in this study as being increased ~3-fold 

at 48 h after inoculation is a putative glyoxalase, more specifically glyoxylase I 

(spot 25; Fig. 2-3; Table 2-2).  The glyoxalase system catalyzes the detoxification 

of methylglyoxal (MG), a toxic byproduct generated spontaneously from 

dihydroxyacetone phosphate, and is made up of glyoxalase I and II (Thornalle, 

1990).  MG can also accumulate as a result of the leakage of a 1,2-enediolate 

intermediate from the active site of TPI (Richard, 1991), or as a result of MG 

synthase action, and can cause numerous deleterious effects including protein 
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degradation and modification and inactivation of antioxidant defense systems 

(Martins et al., 2001). It has also been reported that a TPI deficiency causes an 

increase in MG levels in infants (Ahmed et al., 2003), and it is tempting to 

speculate that the observed decrease in TPI has a role in increasing the MG levels 

during S. sclerotiorum infection of susceptible host species. Although the 

glyoxalase system has been studied extensively in response to abiotic stresses, to 

our knowledge, there are no papers describing the involvement (or lack thereof) 

of this system following infection of B. napus by S. sclerotiorum.  However, a 

potential role for glyoxalase I has been suggested in the resistance of maize to 

Aspergillus flavus (Chen et al., 2004), indicating the possibility that glyoxalase 

plays an important role in mediating plant responses during pathogen challenge. 

This argument is further strengthened by the increased glyoxylase I activity 

observed in maize lines resistant to A. flavus (Chen et al., 2004). 

Glyoxalases have been modulated via genetic engineering to confer salinity 

tolerance (Singla-Pareek et al., 2007; Veena et al., 1999); however, their utility in 

engineering disease resistance has not been demonstrated.  As may be the case 

with the antioxidant enzymes, the timing of induction of glyoxalase in B. napus 

following pathogen challenge may determine the outcome of the interaction 

between host and pathogen (i.e., tolerance vs. susceptibility), a suggestion that 

must be verified through detailed genetic and molecular approaches.  In this case 

of S. sclerotiorum infection of B. napus, glyoxalase I appears to be induced at a 

later stage (48 h) and may not be able to combat the deleterious effects of 

methylglyoxal.  To further investigate the involvement of glyoxalase I in the B. 
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napus/S. sclerotinia pathosystem, primers specific to the A. thaliana glyoxalase I 

gene were designed, and qRT-PCR analysis performed.  Our results indicated that 

glyoxalase I transcripts increased during the 36–48 h period, the timing of which 

paralleled the increase in the abundance of the protein spot identified as 

glyoxalase I, suggesting a potentially important role for this enzyme.  The utility 

of overexpressing glyoxalase to engineer tolerance to S. sclerotiorum (and 

perhaps other pathogens) is currently being investigated in our laboratory. 

2.3.7. Proteins involved in hormone biosynthesis and signaling 

Plant hormones including jasmonic acid (JA) and ethylene play important 

roles in mediating plant responses to stress.  Both JA and ethylene signaling 

pathways are essential for the induction of nonspecific disease resistance, which is 

distinct from the salicylic acid-regulated systemic acquired resistance (Dong, 

1998).  Proteins involved in both ethylene biosynthesis (such as methionine 

adenosyltransferase, MAT; spot 18) and JA-signaling (such as JA-responsive 

protein, JR1; spot 6; Fig. 2-3; Table 2-2), were identified in our study.  MAT 

catalyzes the synthesis of the ethylene precursor S-adenosylmethionine (AdoMet) 

and plays an important role in mediating the cross-talk between ethylene and NO 

signaling pathways (Delledonne et al., 1998; Lindermayr et al., 2006).  For 

example, AdoMet is a substrate for ethylene and polyamine biosynthesis, and it 

has been suggested that NO may regulate ethylene biosynthesis by inhibiting 

MAT activity (Wang et al., 2006).  JA has crucial roles in regulating many plant 

processes including mediating resistance to pathogens (Creelman and Mullet, 

1997).  JA-responsive (JR) genes, including JR1, have been demonstrated to be 
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induced by wounding (León et al., 1998).  Interestingly, a recent microarray 

investigation into the transcriptional changes in B. napus following S. 

sclerotiorum challenge conducted in our laboratory revealed an increase in the 

transcript abundance of many JA biosynthesis-related proteins (Yang et al., 2007), 

which further supports an important role for JA in this pathosystem.      

2.3.8. Validation of transcript abundance for selected genes 

In addition to previously described gene expression analysis of peroxidase 

(Fig. 2-5A) and glyoxalsae (Fig. 2-5B), we also investigated the relative 

abundance of transcripts for GAPDH, FBPase, TPI, ATPase and UROD.  For all 

of the genes, the primers and probes were designed based on available A. thaliana 

sequence information (Table 2-1), but we were unsuccessful in using these 

primers to amplify the B. napus homologues of these genes (in all cases except 

ATPase) in the reverse transcriptase PCR (RT-PCR) experiments (data not 

shown).   Because both B. napus and the model plant A. thaliana are closely 

related and both are susceptible to S. sclerotiorum, we used A. thaliana cDNA 

from various time points after infection with S. sclerotiorum to perform the qRT-

PCR analysis.  Our qRT-PCR results indicated that GAPDH (Fig. 2-5C), FBPase 

(Fig. 2-5D) and TPI (Fig. 2-5E) exhibited significant (p < 0.05) changes in 

transcript abundance following pathogen challenge.  Furthermore, the changes in 

transcript abundance for GAPDH and FBPase were similar to those observed for 

their corresponding protein spots on 2-DE gels at the time points investigated.  

Contrary to these results, transcriptional analysis revealed no significant (p < 

0.05) change for ATPase (Fig. 2-5F) and UROD (Fig. 2-5G).  Even though the 
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gene expression patterns for these two genes do not correlate with proteome level 

changes, a role for these enzymes during the response of B. napus to S. 

sclerotiorum cannot be ruled out due to the generally poor correlation between the 

transcriptome and the proteome (Gygi et al., 1999; Greenbaum et al., 2003).  Our 

2-DE and qRT-PCR results suggest that a decrease in three Calvin cycle enzymes, 

GAPDH, TPI and FBPase, may be occurring as a result of pathogen challenge 

which may affect the metabolism of the pathogen-challenged plant and may have 

implications for the eventual outcome of the infection process.  In fact, as 

mentioned earlier, a decrease in TPI has the potential to lead to increased MG 

levels, which will have deleterious consequences for the plant cell. 

Global gene expression analysis using microarrays and protein analysis using 

proteomics are promising techniques to investigate the molecular events occurring 

during host–pathogen interactions.  Our proteomics-based investigation of the B. 

napus/S. sclerotiorum pathosystem revealed the identities of many proteins that 

were up- or down-regulated after pathogen challenge.  This is the first 

proteomics-based investigation of this pathosystem, and the proteins identified as 

increased or decreased included metabolic enzymes, as well as proteins associated 

with protein folding, hormone signaling, and the antioxidant defense response.  

Furthermore, several of the proteins identified were unnamed with unknown 

functions.  The proteomics results were validated by conducting qRT-PCR of 

selected genes and enzymatic activity assays for peroxidases and superoxide 

dismutase.  Future studies will be aimed at the investigation of a link between TPI 
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and MG detoxifying glyoxalases, which has been suggested previously (Singla-

Pareek et al., 2007) and may have utility in engineering tolerance to this pathogen.  
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3. Oxalic acid-mediated stress responses in Brassica napus L.* 

3.1. Introduction 

Oxalic acid (OA) is ubiquitous in nature and plays diverse roles in various 

organisms including animals, plants, and fungi (Hodgkinson, 1977).  It is secreted 

by many fungal species including Postia placenta (Micales, 1994), Fomitopsis 

palustris (Munir et al., 2001), Wolfiporia cocos (Causenl and Green, 2003), 

Botrytis cinerea (Gentile, 1954), Sclerotinia sclerotiorum (de Bary, 1886; 

Maxwell and Lumsden, 1970) and performs many activities related to both 

mycological physiology and ecology (Dutton and Evans, 1996). 

Sclerotinia sclerotiorum is a necrotrophic fungal pathogen capable of 

infecting a broad range of hosts, including many economically-significant crops 

such as sunflower, soybean, and canola (Boland and Hall, 1994).  Sclerotinia stem 

rot is considered a destructive disease, which affects the quality and yield of 

oilseed crops worldwide.  OA secreted by S. sclerotiorum is generally believed to 

help initiate the infection and facilitate disease progression (Godoy et al., 1990; 

Bolton et al., 2006).  The accumulation of OA has been to shown to be positively 

correlated with disease severity (Maxwell and Lumsden, 1970). 

Evidence in the literature suggests that one of the roles of OA during S. 

sclerotiorum infection is the chelation of Ca2+ in the apoplast to form insoluble 

oxalate crystals that subsequently adversely affect the integrity of the plant cell 

wall (Bateman and Beer, 1965).  In addition, the direct acidification within the 

middle lamella also enhances the activities of many cell wall degrading enzymes 

*A version of this chapter has been published.  Liang, Y., Strelkov, S.E., Kav, N.N.V.  2009.  

Proteomics 9, 3156-3173. 
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including polygalacturonases (Bateman and Beer, 1965; Riou et al., 1991).  The 

secretion of OA may help to inactivate plant polygalacturonase-inhibiting 

proteins, thereby allowing the pathogen to overcome this specific host defense 

response (Favaron et al., 2004).  Host polyphenol metabolism is also affected by 

OA, through the inhibition of polyphenoloxidase activity (Magro et al., 1984; 

Ferrar and Walker, 1993).   

The importance of OA in pathogenicity is demonstrated by the fact that OA-

deficient mutants of S. sclerotiorum failed to initiate infection despite the 

production of equal or even higher quantities of cell wall degrading enzymes 

(Godoy et al., 1990; Lumsden, 1979).  In addition to facilitating infection by S. 

sclerotiorum, OA appears to enter the vascular stream, causing wilting of the 

foliage (Noyes et al., 1981).  The wilting results from the disruption of abscisic 

acid (ABA)-induced stomatal closure by OA, which may enable further growth of 

the fungus beyond the initially infected tissues (Guimarães and Stotz, 2004).  The 

utility of oxalate oxidase to combat the OA secreted by the fungus as a potential 

strategy for crop improvement has also been previously reported (Thompson et 

al., 1995; Dong et al., 2008; Chipps et al., 2005; Livingstone et al., 2005).  OA 

has been shown to suppress the oxidative burst of host plants through a reduction 

in the production of reactive oxygen species (ROS), and by interfering with ROS-

mediated signaling pathways (Cessna et al., 2000).  Secretion of OA by S. 

sclerotiorum has also been suggested to trigger programmed cell death (PCD) by 

induction of ROS as pathogen invasion progresses (Kim et al., 2008).  Although 

the results seem to contradict each other, it is possible that the effect of OA might 
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depend on temporal effects, whereby suppression of ROS production occurs 

during establishment of infection and the induction of ROS leading to PCD and 

necrosis occurs during subsequent stages of infection, which helps to promote the 

compatible interaction between the pathogen and its host (Kim et al., 2008).   

In order to further characterize the various effects elicited by OA in the host 

plant, we performed a detailed analysis of the proteome-level changes and 

oxidative/signaling responses that occur in Brassica napus L. in response to 

exogenous treatment with OA. 

  

3.2. Materials and methods 

3.2.1. Fungal materials and OA treatment 

In order to determine the optimum concentration of OA to be used in the 

experiments, liquid cultures of S. sclerotiorum and B. cinerea were grown and the 

pH of the medium was determined.  Briefly, a 5 mm diameter plug was excised 

from the periphery of a 3-day-old fungal colony grown on potato dextrose agar 

(PDA; Becton Dickinson; Franklin Lakes, NJ, USA) and used to inoculate 100 

mL minimal salts medium containing 1% w/v pectin (Yajima and Kav, 2006).  A 

plug of PDA without mycelia was used to inoculate control medium.  The cultures 

were agitated at ~100 rpm for 5 days at room temperature.  Mycelia were 

harvested by centrifugation at 15 300 × g for 20 min at 20°C and vacuum 

filtration (0.22 µm) after which the pH of the medium was determined.  Three 

biological replicates were independently performed for each pathogen (S. 

sclerotiorum or B. cinerea) and control.   



 96

Various concentrations of OA (20, 40, 100, 200 mM) were prepared with or 

without adjustment to the pH value of the media tested above (Bateman and Beer, 

1965; Favaron et al., 2004; Dong et al., 2008).  A 5 µL volume of hydrochloric 

acid (20, 40, 100 or 200 mM) and water were used as a control, and the severity 

of necrosis was used to determine the appropriate concentration of OA and pH for 

subsequent experiments. 

3.2.2. Treatment with OA and inoculation with S. sclerotiorum 

For proteome analysis, enzyme activity assays and real-time PCR, 18-day-old 

B. napus cv. Westar seedlings with two true leaves, which were grown at 22°C 

day/18°C night with a 18h photoperiod, were placed in a humidity chamber for 24 

h prior to treatment.  Leaves were wounded by gently scratching them with a 

pipette tip and were either treated with OA (treatment with water as control) or 

inoculated with a 5 mm agar plug containing 3-day-old S. sclerotiorum mycelium 

(agar plug without mycelia as control).  Plants were returned to the humidity 

chamber for an additional 24 h to prevent rapid evaporation of the OA solution 

and to keep treatment conditions consistent with those used in a previous study 

(Liang et al., 2008).  Plants were then transferred to the greenhouse for further 

growth under the conditions described above.  Whole leaves (2 true leaves from 

each plant) from ten treated/inoculated and control plants were collected (at 0.5, 

1, 3, 6, 12, 24, 36, and 48 h for OA treatment and 6, 12, 24, 36, and 48 h for S. 

sclerotiorum inoculation) and stored at –80°C until used.  Three biological 

replicates were independently performed. 

3.2.3. Extraction of protein 
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Proteins from collected tissues were extracted as described earlier (Liang et 

al., 2008).  Briefly, harvested leaves were pooled and 0.3 g of tissue was finely 

ground in liquid nitrogen and then suspended in 1 mL of actone containing 10% 

w/v trichloroacetic acid and 0.07% w/v DTT.  After incubation at –20°C for 1 h, 

the suspension was centrifuged (18 000 × g for 15 min at 4ºC) and the pellet was 

washed five times with 1 mL of ice-cold acetone containing 0.07% w/v DTT.  

The pellet was dried under vacuum and the proteins were resolubilized in 400 µL 

rehydration/sample buffer (Bio-Rad, Hercules, CA, USA) containing 1.0% v/v 

tributylphosphine (Bio-Rad) and incubated overnight at 4ºC.  The samples were 

subsequently centrifuged (18 000 × g for 15 min at 4ºC) and the supernatants 

were stored at –20°C until electrophoresis.  Protein extraction was performed 

twice from each of three independent biological replicates for each time point 

(i.e., six independent extracts per time point).  The protein concentration was 

determined using protein assay dye reagent (Bio-Rad) and BSA as a standard 

(Liang et al., 2008). 

3.2.4. 2-DE and image analysis 

IEF in the first dimension and separation by SDS-PAGE in the second 

dimension were performed as described previously (Liang et al., 2008).  IPG 

strips (17 cm; pH 4–7; Bio-Rad) were passively rehydrated overnight with 300 µL 

rehydration/sample buffer containing the extracted proteins (400 µg).  IEF was 

performed on a PROTEAN IEF cell (Bio-Rad) with the settings: 250 V for 15 

min, linear increase to 10 000V over 3 h, focused for 60 000 Vh, and held at 500 

V for 1 h.  Focused IPG strips were equilibrated in 5 mL equilibration buffer-I (6 
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M urea, 2% SDS, 0.37 M Tris-HCl, pH 8.8, 20% glycerol, and 130 mM DTT) 

twice (10 min each) and then incubated in equilibration buffer-ΙΙ (6 M urea, 2% 

SDS, 0.37 M Tris-HCl, pH 8.8, 20% glycerol, and 135 mM iodoacetamide) twice 

(10 min each).  The equilibrated strips were placed on top of 13% polyacrylamide 

gels and second dimension SDS-PAGE was performed in a PROTEAN II xi Cell 

(Bio-Rad) with the Precision Plus Protein Standard (Bio-Rad).  After 

electrophoresis, the gels were stained with a Colloidal Blue Staining Kit 

(Invitrogen, Carlsbad, CA, USA) as per the manufacturer’s instructions.  The 

sensitivity of this staining kit is < 10 ng and is linear up to 10 000 ng.   

2-DE gel images were recorded using a GS-800 calibrated densitometer (Bio-

Rad) and a total of 12 gel images (gels from two technical replicates of three 

biological replicates for both treatment and control) for each time point were 

assembled in a matchset using PDQuest software version 7.3.1 (Bio-Rad).  

Automated spot detection was performed with software and then manually 

verified.  The intensities of each matched spot were analyzed and significantly (p 

< 0.05) altered spots were identified with the Student’s t-test feature of the 

software.  To verify the results generated by the PDQuest software, spot 

quantification values were exported and statistical analysis was performed as 

described in the following section.  All protein spots that were reproducibly and 

significantly different in abundance between the treatment and control were 

chosen for analysis by MS/MS, irrespective of the fold changes observed.  The 

expression ratios for each spot at each time point were determined as a ratio of 
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spot intensities in the treatment gels to the corresponding intensities in the control 

gels, in order to perform comparisons of protein intensity changes over time.   

3.2.5. MS analysis 

The protein spots were excised and an automated in-gel digestion was 

performed on a Mass Prep Station (Micromass, Manchester, UK).  In-gel tryptic 

digests were analyzed by LC-MS/MS using an Apex-Qe 9.4T FT-ICR (Bruker 

Daltonics Inc., Billerica, MA, USA).  LC separations were performed using an 

Agilent 1100 Capillary HPLC system operated at 10 µL /min with a pre-column 

split producing a flow rate of 400 nL/min onto a 75 µm × 10 cm, 5 µm particle 

size, C18 reversed phase column (Michrom Bioresources).  Peptides were eluted 

using a linear 2% B/min gradient starting at 95% A (A = 0.2% formic acid in 

water, B = 0.2% formic acid in ACN).  Mass measurements were taken from m/z 

350–1600 and data-dependent MS/MS was performed on doubly and triply 

charged precursors.  A cell fill time of 0.5 s was used for MS measurements and 1 

s for MS/MS.  Data files were processed using Apex Data Analysis software 

generating a Mascot generic file (mgf) that was then searched using the Mascot 

version 2.1 search engine (Matrix science, MA, USA).  The mgf peak lists were 

generated using Mascot Distiller 2.1.1.0, which consist of the precursor mass and 

its associated fragment ions using the following parameters.  Uncentroiding of 

both MS and MS/MS data used a peak half height of 0.2 and 20 data points per 

Da.  Peak picking for both MS and MS/MS data used a minimum S/N of 2, 

minimum peak width of 0.01, and a maximum peak width of 1.  The mgf were 

used to search the NCBI non-redundant database using an in-house copy of 
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Mascot using the following search criteria: one missed cleavage, 0.6 m/z MS/MS 

tolerance, including oxidized methionine variable modification and 

carbamidomethyl cysteine fixed modification.  MS/MS analysis was performed at 

the Institute for Biomolecular Design (University of Alberta).   

3.2.6. Measurements of ROS 

Measurements of ROS accumulation in response to OA treatment were 

performed as described by Cessna et al. (2006) with minor modifications.  Leaves 

from 18-day-old B. napus plants were wounded by gently scratching with a 

pipette tip at four sites per leaf.  The leaves were treated with OA (40mM, pH 2.5) 

and S. sclerotiorum with respective controls (water and agar plug without 

mycelia) at the wound sites.  The accumulation of ROS was determined at 

selected time points (at 0.5, 1, 3, 6, 12, 24, 36, and 48 h) after treatment.  Briefly, 

the stain solution containing 1 mM NBT and 5 mM MES was adjusted to pH 5.5 

and applied on the surface of treated leaves for 10 min, and then washed in 95% 

v/v ethanol overnight to remove chlorophyll in order to increase the contrast of 

the dark blue ethanol insoluble NBT stain against the background.  The 

accumulation of the oxidant in the treated leaves was indicated by the presence of 

insoluble NBT.  The experiment was independently performed three times.   

3.2.7. Enzyme activity assays 

Peroxidase (POX) and superoxide dismutase (SOD) assays were performed 

as previously described (Liang et al., 2008).  Catalase (CAT) activity was assayed 

as described by Khanam (2005) with some minor modifications.  The harvested 

leaves (100 mg) described above were pooled and homogenized in 1 mL of 16.6 
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mM sodium phosphate buffer (pH 7.2) containing 0.6 mM EDTA and 50 mg 

polyvinyl-polypyrrolidone (PVP) and centrifuged at 20 400 × g, 15 min, and 4°C.  

Twenty µL of the resulting supernatant (tissue extract) were added to 180 µL 

buffer (50 mM sodium phosphate, pH 7.2, 1 mM EDTA, and 50 mM H2O2) and 

the reaction solution incubated for 10 min.  The decrease in absorbance at 240 nm 

was measured and used to calculate enzyme activity, with one unit defined as the 

conversion of one µmol of H2O2 per minute (Dhindsa et al., 1981).  Enzyme 

activities were expressed as specific activity (units mg-1 protein) and then relative 

specific activities (treatment/control) were calculated for all time points following 

treatment.  All enzyme assays were repeated twice with tissue extracts from three 

independent biological replicates.  

3.2.8. Real-time PCR analysis 

Total RNA was extracted from leaves (100 mg) using an RNeasy Plant Mini 

Kit (Qiagen, ON, CA) and treated with Rnase-free Dnase (Qiagen) to remove any 

contaminating genomic DNA.  First strand cDNA was synthesized as per the 

manufacturer’s instructions from 50 ng total RNA using an iScript cDNA 

Synthesis Kit (Bio-Rad).  The real-time PCR was performed using the StepOne 

Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) in a 

total reaction volume of 10 µL containing 2.5 µL of 10 × diluted cDNA template, 

2.5 µL primer mixture (3.2 µM each primer), and 5.0 µL SYBR Green Master 

Mix [0.8% v/v glycerol, 2% v/v DMSO, 50 mM KCl, 3mM MgCl2, 0.01% v/v 

Tween 20, Tris pH 8.3, 0.2 mM dNTPs, 1 × ROX, 0.25 × SYBR Platinum Taq 

0.03 units/µL].  Primers were designed using Primer Express Software version 3.0 
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(Applied Biosystems).  The primers used for each gene and actin as the 

endogenous reference gene are listed (Table 3-1).  Relative gene expression was 

evaluated according to the 2-ΔΔCT method described by Livak and Schmittgen 

(2001).    

3.2.9. Statistical Analysis 

The data were analyzed using the generalized linear model procedure for 

ANOVA followed by Duncan’s multiple range test (p < 0.05) to identify 

differences among time-points.  The Student’s t-test was used to identify 

significant (p < 0.05) changes at specific time-points.  All analyses were 

conducted using SAS software (version 9.1, SAS Institute, Cary, NC, USA). 

 

3.3. Results 

3.3.1. Determination of optimum OA treatments 

The pH of cultures of S. sclerotiorum and B. cinerea was measured to 

determine the optimal pH to be used for OA treatment of B. napus leaves.  The 

pH of both culture media was approximately 2.5, which was significantly (p < 

0.05) lower than that of the non-inoculated medium (pH ~3.0).  The observed 

morphological changes caused by different concentrations of HCl and OA with 

and without adjustment of the pH on B. napus leaves after 24 h indicate that the 

application of 40 mM OA (pH 1.8) on leaf tissue resulted in necrosis with larger 

lesions correlated to increasing concentrations of OA.  Treatment with HCl  
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Table 3-1.  Primer sequences used for real-time PCR 

Primers Gene Accession 

no. Forward Reverse 

NPR1 AF527176 5’-TGCTCTGTTGATCGCGAA AC-3’ 5’-CGCCTTTGGCAGCTAACTTC-3’ 

TGA5 EE463024 5’-CAGACGCTGGCAGGAAGATAA-3’  5’-GCTCAGGTTCACTCGCATGA-3’ 

TGA6 CN732338 5’-CAGCCAAGAATGATGTCTTCCA-3’  5’-CCCACCAAGCCACAAGAAAC-3’ 

PDF1.2 AY884023 5’-AGTGGGACATGGTCAGGAGTCT-3’ 5’-CCATGTTGTGCTCCTTCAAGTC-3’ 

AOC CD828070 5’-CAAGCAAAAACCCGAGGAGTT-3’  5’-CTGGTGGCATATTGACTCGAAA-3’ 

EIN2 EE477530 5’-GGAAAATGCACAACAGCAGTCA-3’  5’-GTCCGGCCTTTCCTACAAGAG-3’ 

ERF2 CN737061 5’-GGGTTTGGTTAGGGACGTTTG-3’ 5’-GGAACCACGCATCCTAAAAGC-3’ 

ERF4 EE462058 5’-TGGCGCGTGTTACCAGATC-3’  5’-GACCACGACCTCCGTTTCC-3’ 

ABI5 DY003521 5’-GGACCGTTAAGCCCGGTATC-3’  5’-TCCTTCCCCTTAACCCTCTCA-3’ 

OXO AAX35339 5’-TTCTTGACTTTGCGCTATTTGC-3’  5’-GACTGTAGCAGGCGGTAGGAA-3’ 

NOX EV035965 5’-TCTTGGCATTGGTGCAACTC-3’ 5’-CCGCTTGCTCCTCCATTTTA-3’ 

Actin AF111812 5’-ACGAGCTACCTGACGGACAAG-3’  5’-GAGCGACGGCTGGAAGAGTA-3’ 
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(20mM, pH 1.8) produced smaller lesions than those induced by OA (pH 1.8).  

Necrosis was also clearly visible when 40 mM OA (pH 2.5) was applied to the 

wound sites, but no concentrations of HCl (pH 2.5) produced necrosis.  These 

observations suggest that the necrosis caused by OA at this pH is not merely a 

result of acidity, but may also reflect additional OA-specific effects.  Based on 

these results, a concentration of 40 mM OA, pH 2.5 was chosen for all 

experiments.  The effects of treatment of B. napus leaves with OA (40 mM, pH 

2.5) over time are illustrated (Fig. 3-1).  Necrosis could be observed as early as 1 

h after treatment and continued to progress up to 48 h.      

3.3.2. Identification and classification of the differentially expressed proteins 

The proteome-level changes induced by OA treatment were examined at 

different times, with proteins separated using 2-DE as illustrated in Figure 3-2.  A 

total of about 300–400 protein spots were resolved on the gels at each time-point.  

Protein spots whose intensities were observed to be reproducibly and significantly 

(p < 0.05) altered as a result of OA treatment, as indicated by the PDQuest 

software followed by statistical analysis with SAS software, were selected for 

MS/MS analysis.  A total of 32 proteins were identified with five spots (4, 6, 11, 

20, and 22) showing significant differences in abundance at more than one time 

point, for a grand total of 37 individual spots exhibiting significant changes in 

response to OA stress.  The respective number of up- and down-regulated protein 

spots was 13 and 24 (Fig. 3-3A).   

Most spots exhibited more than a 1.5-fold change in abundance, with 22 

exhibiting changes greater than a twofold up- or down-regulation (fold > 2 or <  
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Figure 3-1. Effect of leaf treatment with oxalic acid.  The H2O-treated leaves as 

control appeared identical at all time points, so only a representative leaf is 

shown.  All other leaves were treated with OA (40 mM, pH 2.5) and then 

observed at each time point as indicated in the figure. 
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Figure 3-2. Proteome-level changes in leaves of B. napus induced by treatment 

with OA.  (A) Representative image of 2-DE gel was performed by IEF/SDS-

PAGE separation followed by staining with colloidal Coomassie Blue.  

Significantly altered spots are indicated by numbers and arrows and their 

identities are detailed in Table 2.  (B) Closer view of protein spots demonstrating 

changes in intensity.  Numbers within brackets correspond to the specific time 

points at which changes in intensity were observed and only apply to those with 

changes at more than one time point.  The spots from H2O (I) and OA (II) 

treatment are shown in these panels. 
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Figure 3-3. Temporal distribution of spots with altered intensity and their 

functional classification.  Distribution of spots whose intensities were 

significantly affected by OA treatment at each time point (A).  Each bar illustrates 

number of proteins with an increase in spot intensity (shaded) and decrease in 

spot intensity (unshaded).   The functional classification of the identified proteins 

is shown (B). 
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Table 3-2.  List of the differentially expressed proteins in B. napus identified by 

MS/MS analysis which respond to oxalic acid. 
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Table 3-2. Continued 
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Table 3-2. Continued 

 
a  Spot number as given on the 2-D gel image. 

b gi number from NCBI database of match protein. 

c Relative expression of identified proteins represents the average ratio 

(treatment/control) in spot indensity at various time points (From left to right is 

0.5, 1, 3, 6, 12, 24, 36, 48 h).  Asterisks (*) indicates statistically significant 

expression ratio from 1 at a specific time point (p < 0.05) by the Student’s t-

test.  Significant differences as determined by ANOVA (p < 0.05) observed at 
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various time points during the entire course of the experiment are indicated by 

different letters. 

d Mascot score/Mascot threshold score for each identified protein. 

e Percent sequence coverage (%). 

f The sequence of matched peptides 
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0.5; Table 3-2).  The results of these analyses are summarized and the temporal 

changes occurring throughout the time course for each protein with significantly 

altered expression are presented in Table 3-2.  As mentioned previously, only five 

proteins (spots 4, 6, 11, 20, and 22) exhibited differential abundance at more than 

one time point, with spots 6 and 11 up-regulated and spots 20 and 22 down-

regulated.  Spot 4 was up-regulated at 1 h and down-regulated at 12 h after OA 

treatment.  All other identified proteins were observed to be either up- or down-

regulated only at one time-point (Table 3-2).   

Based on the available literature and the protein database Pfam 

(http://pfam.sanger.ac.uk) or InterPro (http://www.ebi.ac.uk/interpro) (Apweiler 

et al., 2001), the identified proteins could be categorized into several groups 

including protein processing (14%), RNA processing (8%), photosynthesis (49%), 

signal transduction (16%), stress response (8%), and redox homeostasis (5%) 

(Fig. 3-3B).  The proteins involved in protein processing, signal transduction, and 

redox homeostasis were significantly down-regulated at all time points, whilst 

proteins classified in other groups were either up-regulated or down-regulated.  

Proteins related to RNA processing were found to be up-regulated at an earlier 

time-point (12 h), but down-regulated at a later time point (48 h; Table 3-2).   

Some of these identified proteins were classified as photosynthesis-related, 

including the Rubisco large subunit (spots 6, 26, and 27), the Rubisco small 

subunit (spots 13, 14, 15, and 16), and the oxygen-evolving complex of 

photosystem II (spot 17).  We observed possible degradation of proteins involved 

in photosynthesis (e.g., Rubisco large subunit: spots 6, 26, 27).  Furthermore, 
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other photosynthetic proteins that were observed to be degraded include the 

oxygen-evolving complex of photosystem II (spot 17) and the Rubisco small 

subunit (spots 13, 14, 15, and 16).  This may reflect the fact that OA stress can 

cause greater degradation of proteins involved in photosynthesis.  Alternatively, it 

may simply reflect regular turnover of these highly abundant proteins.  

Incidentally, degradation of photosynthetic proteins like the Rubisco large subunit 

has also been observed in other proteome-level analyses of plant response to 

stresses (Yan et al., 2006; Taylor et al., 2005).   

Other proteins identified included an important molecular chaperone, HSP 70 

(spot 3, 4), which was observed to be down-regulated early upon imposition of 

OA stress and up-regulated at 3 h.  Several proteins involved in plant stress 

response signaling were also identified in the current study (Table 3-2).   

Among the proteins belonging to the signal transduction category, pyridoxine 

biosynthesis protein (spot 25), which is an ethylene (ET)-inducible protein 

(Sivasubramaniam et al., 1995), and thiazole requiring (THI1, spot 20, 21, 22) 

protein, which is identical to the thiazole biosynthetic enzyme in eukaryotes 

(Godoi et al., 2006), were identified as down-regulated.  Interestingly, we 

observed all proteins involved in signal transduction to be down-regulated at later 

time points. 

3.3.3. Oxidative stress responses 

Because oxidative stress responses are an integral part of the plant defense 

response against pathogens, we investigated the effects of OA and S. sclerotiorum 

on the production of H2O2, as well as on the activities of enzymes involved in 
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ROS production and scavenging.  We found that OA appeared to inhibit 

wounding-induced accumulation of H2O2, as evidenced by the absence of dark 

blue insoluble deposits of oxidized NBT around the wound site (0.5 h to 6 h; Fig. 

3-4), but this deposition increased 12 h after treatment (Fig. 3-4).  However, in the 

case of S. sclerotiorum challenge, we observed no differences in NBT deposition 

from 0.5 to 6 h post-infection compared to controls.  At 12 h after pathogen 

challenge, we observed the absence of NBT deposition around the wound site, 

which incidentally coincided with the first appearance of disease symptoms (Fig. 

3-4).  The results suggest that while OA by itself appears to suppress H2O2 

accumulation very early, and after an increase in H2O2 accumulation at 12 h post-

treatment, there appears to be no obvious increase in NBT deposition at later time 

points.  However, in the case of the pathogen, a much different effect is observed 

with the accumulation of H2O2 later in the infection process (36 and 48 h post 

infection with the pathogen) without any discernable differences at the earlier 

time points.  It is reasonable to envisage that in the case of S. sclerotiorum 

infection, additional virulence factors are also involved in the elicitation of H2O2 

production by plants, as would be expected when compared with OA alone.  It is 

also possible that the concentration of OA secreted by the pathogen is well below 

that used in these studies, and/or other factors secreted by the pathogen could 

negate the ability of OA to inhibit H2O2 production.  Nevertheless, OA by itself is 

capable of inhibiting H2O2 production by the host, at least with the concentrations 

tested in this study.  
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Figure 3-4. Accumulation of oxidants in leaves of B. napus in response to OA and 

S. sclerotiorum.   A droplet (5 µL) of OA and an S. sclerotiorum plug were placed 

on either side of the primary leaf vein for the specific durations indicated.  OA 

treatment was on the left side (top) with water control (bottom) whereas the S. 

sclerotiorum inoculation was on the right side (top) with PDA control (bottom).  

Representative photographs were taken before and after removing endogenous 

chlorophyll to increase the contrast.  The accumulation of oxidant in the leaf 

tissue is indicated by the presence of insoluble oxidized dark blue NBT deposits. 
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Enzymes such as oxalic acid oxidase (OXO) and those related to ROS 

production and scavenging, including CAT, SOD, POX, and NADPH oxidase 

(NOX), are part of an active strategy used by plants to produce and remove ROS 

during the early phases of infection.  In order to evaluate the effects of OA on the 

dynamics of ROS production and removal, we assayed the activities of some of 

these enzymes or measured their transcript abundance by real-time PCR in leaves 

treated with OA or inoculated with S. sclerotiorum.  OA did not significantly 

affect the activity of CAT, SOD and POX at any of the time-points examined, 

except for a slight elevation in POX activity at 48 h; however, the relative change 

in POX activity at this time point was still below 1.2-fold (Fig. 3-5A).  These 

results correlate well with the proteome results with none of the aforementioned 

proteins identified among the list of proteins (Table 3-2).  The changes in OXO 

and NOX transcript abundance in response to OA and S. sclerotiorum were 

investigated using real-time PCR (Fig. 3-5B).  However, neither OA treatment nor 

pathogen challenge had any statistically significant (p < 0.05) effect on the 

abundance of OXO transcript.  The abundance of NOX transcript was 

significantly affected at 6 h after OA treatment, as evidenced by a sharp increase 

at this time point followed by a decrease to the baseline expression level.  The 

greatest change in NOX transcript level in response to inoculation with S. 

sclerotiorum was observed at 24 h. 

3.3.4. Transcriptional Analysis of Signaling Responses 

Plant exposure to biotic or abiotic stresses has been demonstrated to trigger 

signaling cascades mediated by hormones such as salicylic acid (SA), jasmonic  
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Figure 3-5. Evaluation of OA- and S. sclerotiorum-mediated changes in activities 

and/or transcript levels of B. napus enzymes involved in oxidative responses.  

Activities (A) of CAT, SOD, POX and changes in abundance of transcripts (B) of 

OXO and NOX are presented.  Significant differences as determined by ANOVA 

(p < 0.05) observed at various time points during the entire course of the 

experiment are indicated by the different letters.  Data used for relative changes in 

activity of B. napus POX and SOD in response to S. sclerotiorum were generated 

in an earlier study (Liang et al. 2008).  
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acid (JA), ET and ABA.  In order to characterize the specific hormone-mediated 

signaling that accompanies OA treatment, we performed real-time PCR to 

monitor changes in transcript abundance for genes known to be related to 

different hormone-responsive signaling pathways (Fig. 3-6).  These included 

NPR1, TGA5, and TGA6 for SA signaling (Cao et al., 1994; Johnson et al., 2003; 

Zhang et al., 2003), PDF1.2 and AOC for JA signaling (Schaller, 2001), EIN2, 

ERF2 and ERF4 for ET signaling (Alonso et al., 1999; Fujimoto et al., 2000), and 

ABI5 for ABA signaling (Finkelstein and Lynch, 2000).  Changes in the relative 

expression of all three genes (NPR1, TGA5, and TGA6) known to respond to SA 

were not significantly (p < 0.05) affected at any of the time points tested.  These 

results, with respect to SA response, correlated well with the proteome results in 

that the aforementioned three proteins were not among the list of proteins 

identified as showing significant changes on 2-DE gels (Table 3-2).  However, no 

significant change in PDF1.2 transcript abundance was detected prior to 36 and 

48 h, when a significant increase was observed.  The AOC transcript abundance 

also increased at most time points except for 0.5, 36 and 48 h, peaking at 6 h after 

OA treatment.  ERF2 and ERF4 transcript abundance increased between 6 and 12 

h, whereas EIN2 showed no significant changes at any time point.  The abundance 

of the ABI5 transcript gradually increased throughout the time course, with the 

highest levels observed at the later time points. 
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Figure 3-6. Changes in abundance of signaling gene transcripts in response to OA 

treatment.  Relative abundance of transcripts for each gene is shown and those 

indicated by an asterisk (*) showed a significant increase in relative abundance 

(i.e., more than 1.5-fold) at a specific time point (p < 0.05), as determined by the 

Student’s t-test.  Significant differences as determined by ANOVA (p < 0.05) 

observed at various time points during the entire course of the experiment are 

indicated by the different letters.  
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3.4. Discussion 

Proteomics-based studies involving 2-DE analysis combined with mass 

spectrometry have great utility for investigating proteins that modulate a 

biological response.  Many examples exist in the literature that demonstrate the 

viability of proteome-level studies in uncovering novel information regarding 

cellular processes occurring in plant responses to various stresses (Liang et al., 

2008; Tatlor et al., 2005; Yan et al., 2006).  To our knowledge, this is the first 

proteome-level analysis of the host response to OA.  Treatment with OA induced 

significant changes in the relative abundance of a number of B. napus proteins 

involved in a wide variety of processes, including protein processing, RNA 

processing, photosynthesis, signal transduction, the stress response and redox 

homeostasis. 

A previous proteomic analysis of the B. napus/S. sclerotiorum interaction 

revealed that a number of the differentially abundant proteins between inoculated 

and noninoculated tissue were involved in photosynthesis (Liang et al., 2008).  

Some of these proteins were degraded by OA stress in the present study.  The 

degradation of a few key proteins might be accelerated in response to external 

stress, possibly resulting in decreasing photosynthetic efficiency, thereby reducing 

the accumulation of ROS (Sweetlove et al., 2002).  Therefore, OA might reduce 

the expression levels of proteins involved in photosynthesis, which would likely 

affect host photosynthetic capacity.   

A molecular chaperone (HSP 70) has been indicated to be responsive to 

stress (Vierling, 1991).  HSP70 identified in this study might be modulated by OA 
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stress or by the accumulation of pathogen secretions during infection.  However, 

it was not identified as being differentially expressed in a B. napus/S. 

sclerotiorum proteome analysis (Liang et al., 2008), although HSP70 was 

observed to have increased abundance in a transcript level study of B. napus/S. 

sclerotiorum interaction (Yang et al., 2007).  

Additionally, we identified some proteins included in signaling transduction.  

However, the hormone-responsive genes identified in transcriptomics studies as 

being differentially expressed in the B. napus/S. sclerotiorum interaction (Yang et 

al., 2007; Zhao et al., 2007) were not found in this proteome-level study.  The 

results of transcript abundance suggest that SA does not appear to play a 

significant role in the response to OA stress, but modulation of JA, ET, and ABA 

could be observed in response to OA application with JA-responsive transcripts 

exhibiting the largest observed degree of changes.  These results are consistent 

with the previously described proteome (Liang et al., 2008) and transcriptome 

(Yang et al., 2007) studies, which also indicated that SA-mediated pathways do 

not appear to respond in this pathosystem. 

To further elucidate the effects of OA on the transcript abundance for key 

genes involved in phytohormone-mediated signaling pathways, we performed 

real-time PCR.  It has previously been demonstrated that a variety of plant 

defense responses are regulated by the signaling molecules belonging to two 

major pathways: (i) the SA-dependent pathway and (ii) the SA-independent 

pathway involving JA and ET (Kunkel and Brooks, 2002).  SA has long been 

known to play a critical role in plant defense, as evident by induction of local 
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defense and establishment of systemic acquired resistance and the expression of 

pathogenesis-related genes dependent on SA (Kunkel and Brooks, 2002).  

The lack of changes in the transcript abundance of marker genes involved in 

SA signaling observed in this study is consistent with the previous proteome-level 

study of inoculated host tissues, which failed to identify any SA-responsive 

proteins (Liang et al., 2008).  These results are, as mentioned previously, also 

consistent with the current proteome-level observations.  Similarly, no SA-

responsive genes were reported from gene expression profiling of the response of 

B. napus to S. sclerotiorum (Yang et al., 2007; Zhao et al., 2007).  It has 

previously been predicted that SA-dependent responses do not contribute to the 

observed resistance to necrotrophic pathogens, such as B. cinerea, which is 

another OA-secreting pathogen (Glazebrook, 2005).  Furthermore, the activation 

of SA-dependent plant defense depends on the specific pathosystem, which 

suggests that what occurs in one pathosystem might not be applicable to another, 

even a closely related system (Achuo et al., 2004).   

SA and JA along with ET have synergistic and antagonistic interactions 

during signaling, which leads to a fine-tuning of the plant defense response 

(Kunkel and Brooks, 2002).  These results along with other studies suggest that 

JA plays a role in plant response to OA and necrotrophic fungal pathogens (Liang 

et al., 2008; Yang et al., 2007; Zhao et al., 2007).  JA is known to play important 

roles in plant development and in response to biotic stress (Creelman and Mullet, 

1997).  ET functions in a diverse range of plant physiological processes, including 

the defense response to internal or external stimuli (Broekaert et al., 2006).  ET 
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has been demonstrated to inhibit stomatal closure and also reduces photosynthetic 

activity in some plants (Pallas and Kays, 1982).  We observed that OA treatment 

results in increased levels of ET-responsive transcripts at early time-points 

following OA stress, which might contribute to the inhibition of stomatal closure 

caused by OA-secreting fungi such as S. sclerotiorum (Guimarães and Stotz, 

2004).  Interestingly, a plant defensin gene (PDF1.2) was reported to be activated 

by the concomitant triggering of the JA and ET pathways in Arabidopsis 

(Penninckx et al., 1998), and was demonstrated to play a role in the later stages of 

the plant response to OA stress.   

ABA plays an important regulatory role, such as in the control of stomatal 

opening and the initiation of adaptive responses to various stresses (Mauch-Man 

and Mauch, 2005).  Increased amounts of ABA transcript have been suggested to 

cause increased susceptibility to B. cinerea, and to negatively modulate SA-

dependent defense signaling in tomato upon B. cinerea infection (Audenaert et al., 

2002).  Genetic analyses have also demonstrated that ABA negatively regulates 

JA-responsive defense genes and has an antagonistic interaction with ET in 

Arabidopsis (Anderson et al., 2004).  The results show that an ABA-responsive 

gene might negatively regulate SA-responsive genes in susceptible plants, but 

does not appear to antagonistically modulate JA- and ET-responsive genes.  The 

observed effect on ET-responsive transcripts, which differs from the effect seen in 

Arabidopsis, might reflect the complexity of signaling networks and/or 

pathosystem-specific differences.  The discussion on the transcript level changes 

of phytohormone (JA, ABA, and ET)-responsive genes is based on the 



 124

assumption that the observed changes were the results of OA treatment alone.  

However, it is possible that OA-induced necrosis might also influence the 

abundance of transcripts for these genes, especially at later time points.  

Additionally, two drought-induced proteins were identified in the current 

proteome analysis, consistent with the suggestion that OA might alter guard cell 

activity to induce stomatal opening leading to water deficiency (Guimarães and 

Stotz, 2004). 

The oxidative burst is generally considered to be one of the early responses of 

plants to biotic and abiotic stress, and produces a rapid, transient, and significant 

amount of ROS (Wojtaszek, 1997).  ROS can be affected by various enzymes 

including NOX and SOD, and can be scavenged by other enzymes such as POX 

and CAT (Møller et al., 2007).  Additionally, OXO can produce H2O2 and can be 

construed as a marker of the general defense response, although it is not related to 

the oxidative burst (Wojtaszek, 1997).  In the current study, the activity of 

proteins involved in ROS activity did not appear to be affected by treatment with 

OA.  However, a previous study indicated that POX protein abundance and 

activity as well as SOD activity increased during S. sclerotiorum infection in B. 

napus leaves (Liang et al., 2008).  Although a previous study demonstrated that 

OA suppresses the oxidative burst in plants, the identities of the specific proteins 

involved in the observed suppression were not determined (Cessna et al., 2000).  

This study has expanded upon the previous study by clearly identifying which 

enzymes are likely contributing to the suppression of oxidative burst.  

Suppression of the oxidative burst by OA may also help to explain the wide host 
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range of S. sclerotiorum and other OA-secreting pathogens.  Other pathogen-

produced factors might contribute to the accumulation and increase in activity of 

POX and SOD at later stages of the infection process by S. sclerotiorum (Liang et 

al., 2008), but are absent when host tissues are treated with OA by itself.  

Additionally, the up-regulation of NOX and ABA-responsive transcripts (Fig. 3-5 

and 3-6) observed in the B. napus response to OA may have resulted in increased 

levels of H2O2, which is known to mediate ABA-induced stomatal closure (Pei et 

al., 2000).  The roles of OA secreted by S. sclerotiorum or other OA-secreting 

pathogens may change during infection.  OA may initially inhibit the oxidative 

burst to promote pathogen growth in the host, and later induce PCD of the plant 

cells, facilitating tissue colonization (Kim et al., 2008; Glazebrook, 2005).  

Moreover, although the effects of the ROS may serve to efficiently halt further 

infection by biotrophic pathogens, they may not inhibit, and may even promote, 

infection by necrotrophic pathogens (Broekaert et al., 2006). 

 

3.5. Concluding remarks 

A model showing the possible molecular events occurring under OA stress 

based on the results of this study is presented in Figure 3-7.  The interactions 

indicated in this figure may influence various cellular events.  The current 

proteome-level investigation of B. napus under OA stress demonstrates that OA 

can affect oxidative responses, which is indicative of plant defense responses.  

The observed suppression of selected proteins involved in oxidative responses 

(SOD, OXO, CAT, and POX) and the induction of others (NOX) would affect the  
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accumulation of H2O2.  Any changes to H2O2 abundance may have consequences 

on redox homeostasis and protein processing, in which RNA processing may also 

be involved.  OA may also cause a water deficiency, based on its known induction 

of stomatal opening; it is interesting that among the proteins identified in this 

study were drought-responsive proteins.  Additionally, the results appear to 

indicate that photosynthetic proteins are significantly altered by OA stress, with 

some of them potentially degraded.  The precise effects of OA stress on signaling 

responses are not completely understood, likely as a consequence of the 

complexity of the signaling network.  However, the results demonstrate that 

phytohormones (SA, JA, ET, and ABA) and proteins related to signal 

transduction are indeed mediated by OA stress.  Future studies of the various 

components identified in this study may provide additional and novel insights into 

plant stress responses, which may in turn contribute to the development of 

integrated resistance to plant pathogens. 
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4. Disruption of a gene encoding a hypothetical secreted protein from 

Sclerotinia sclerotiorum reduces its virulence on Brassica napus canola 

4.1. Introdution 

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

phytopathogen that can infect more than 400 different plant species (Boland and 

Hall, 1994) including canola (Brassica napus L.), a major oilseed crop on the 

Canadian prairies.  Sclerotia are long-term survival structures produced by S. 

sclerotiorum and serve as the primary source of inoculum during seasonal crop 

infection cycles (Bolton et al., 2006).  Germination of sclerotia may be 

myceliogenic (producing vegetative hyphae) or carpogenic (producing apothecia), 

with the type of germination influenced by environmental conditions and crop 

canopy density during disease initiation (Bardin and Huang, 2001).  Hyphae can 

directly infect plant tissue during myceliogenic germination (Huang, 1985).  In 

carpogenic germination, millions of airborne ascospores are released from the 

apothecia, and in canola crops these spores land and germinate on senescing floral 

tissues, which serve as a nutrient source.  The infected senescent tissues fall onto 

the leaf axils, and the pathogen mycelium grows into the stem, hindering water 

and nutrient uptake and often resulting in significant yield losses (Turkington and 

Morrall, 1993).  Given its economic importance and wide host range, S. 

sclerotiorum is considered to be a model for fungal development in soilborne 

necrotrophs, particularly among the Ascomycetes (Broad Institute, Cambridge, 

MA). 
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The entire genome sequence of S. sclerotiorum has been recently annotated 

(Broad Institute), providing an enormous amount of data that may be used to 

identify putative (secreted) proteins.  A number of studies have examined 

gene/protein expression in S. sclerotiorum, leading to the identification of many 

proteins potentially involved in virulence or pathogenicity (Li et al., 2004; Sexton 

et al., 2006; Yajima and Kav, 2006).  Comprehensive studies of novel proteins 

likely require a concerted effort to integrate genomic, transcriptomic, proteomic, 

and metabolomic components (de Wit et al., 2009).  Comparative analysis of 

secretomes and similarity searches of sequences can also be used to identify 

putative proteins or genes in sequenced genomes, although sufficient homology 

among genes is required for this approach to be successful (Friesen et al., 2006).  

Even though genome-wide searches for the identification of candidate genes or 

proteins involved in a particular activity are of considerable value (de Wit et al., 

2009), the functions and characteristics of these putative genes and proteins still 

need to be characterized experimentally, using techniques that include 

overexpression, gene disruption or silencing, and subsequent assessment of 

pathogenicity on plants. 

In a recent proteome-level analysis of the Botrytis cinerea (de Bary) Whetzel 

secretome (Shah et al., 2009), a number of hypothetical proteins were identified, 

one of which was a secreted protein (BC1G_00896.1) with a specific ortholog 

(SS1G_00263.1) found only in S. sclerotiorum.  As these fungi are closely related 

necrotrophs with similarities in pathogenesis and virulence (Bolton et al., 2006; 

Williamson et al., 2007), we hypothesized that SS1G_00263.1 has a role in the 
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infection process and selected it for further characterization in S. sclerotiorum.  

This protein, which will hereafter be referred to as Sssp, was predicted to occur in 

the secretome of S. sclerotiorum based on the available genome database, 

although it has not been identified in previous studies, likely due to its small 

molecular mass (theoretical value of 16.5 kDa) and limitations in the 

methodologies used to analyze the secretome (Yajima and Kav, 2006).  

Furthermore, beyond the prediction that it is a secreted protein, Sssp has not been 

characterized in terms of activity.  In this study, we describe the generation of 

Sssp-disrupted mutants of S. sclerotiorum and discuss the potential activities of 

this protein during the infection of a susceptible canola genotype.  The mutant 

strains caused significantly less disease than the wild-type, suggesting that Sssp 

contributes to the virulence of this pathogen.  To the best of our knowledge, this is 

the first study in which a secreted protein with unknown function has been 

identified as a virulence factor for S. sclerotiorum during the infection process. 

 

4.2. Materials and methods 

4.2.1. Fungus and growth conditions 

Wild-type S. sclerotiorum was isolated from an infected canola stem and 

cultured on potato dextrose agar (PDA; Becton Dickinson, Franklin Lakes, NJ, 

U.S.A) for production of sclerotia (Yajima et al., 2009).  The sclerotia were sliced 

in half and subcultured on fresh PDA for mycelial growth.  To produce mycelium 

for DNA exaction, five mycelial plugs (5 mm in diameter) excised from the 

periphery of an actively growing culture of S. sclerotiorum on PDA were used to 
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inoculate 100 ml of minimal salts medium [1% wt/vol pectin (Acros Organics, 

Gell, Belgium), 7.3 mM KH2PO4, 6.7 mM KCl, 4.2 mM MgSO4, 50 mM NH4Cl, 

and 0.07 mM FeSO4] in a 250 ml Erlenmeyer flask, which was then incubated at 

room temperature with agitation (100 rpm).  After 5 days incubation, the cultures 

were harvested by filtering through Whatman #1 filter paper (Waterman 

International Ltd., Maidstone, U.K.).  The mycelia were washed three times with 

sterile water by centrifugation (10,000 × g, 10 min, 4 °C), flash frozen in liquid 

nitrogen, and lyophilised overnight.  The S. sclerotiorum disrupted-gene mutants 

were cultured on PDA containing 100 μg/ml hygromycin.   

4.2.2. DNA extraction 

Total genomic DNA from mycelium of S. sclerotiorum was isolated 

essentially as described in Rollins (2003) and Yajima et al. (2009).  Lyophilized 

mycelium (30 mg) was placed in a sterile 1.5-ml microcentrifuge tube and ground 

to a powder with a sterilized metal spatula.  The ground mycelium was mixed 

with 500 μl buffer [50 mM EDTA, 0.2% (wt/vol); sodium dodecyl sulfate, pH 

8.5] and briefly vortexed.  The mixture was incubated at 68 °C for 10 min and 

vortexed again prior to centrifugation (21,000 × g, 5 min, 22 °C).  The 

supernatant was transferred to a new sterile 1.5-ml microcentrifuge tube, and a 30 

μl volume of 8 M KAc, pH 10.0 was added.  The mixture was placed on ice for 5 

min and centrifuged as above.  The supernatant was collected in a new 1.5-ml 

microcentrifuge tube and centrifuged again.  The supernatant was carefully 

transferred to a new sterile 1.5-ml microcentrifuge tube and mixed with 600 μl of 

isopropanol.  The solution was mixed vigorously and centrifuged (21,000 × g, 5 
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min, 22 °C).  The pelleted DNA was air-dried and resuspended in 200 μl of Tris-

EDTA buffer (100 mM Tris, 1 mM EDTA, pH 8.0) with RNase A (20 μg/ml) 

(Ambion, Austin, TX, U.S.A).  The solution was thoroughly mixed with 10 μl of 

10 M LiCl and 500 μl of 95% (vol/vol) ethanol, incubated at 37 °C for 30 min, 

and then centrifuged (21,000 × g, 5 min, 22 °C).  After discarding the supernatant, 

the resulting pellet was air-dried and resuspended in 200 μl sterile water prior to 

extraction with 200  μl of phenol/chloroform/isoamyl alcohol (vol/vol; 25:24:1).  

Another 10 μl of 10 M LiCl and 500 μl of 95% (vol/vol) EtOH were added to the 

solution and it was centrifuged as above.  The supernatant was discarded and the 

DNA pellet air-dried and resuspended in 30 μl of sterile water.  The DNA 

concentration was measured with a NanoDrop 1000 (Thermo Scientific, 

Wilmingon, DE, U.S.A.) after analysis by 1% (vol/vol) agarose gel 

electrophoresis.  DNA extraction from mature sclerotia and plant tissue collected 

24 hours after inoculation with the fungus or PDA plugs (mock-inoculated 

controls) was performed using the same protocol. 

4.2.3. Construction of the gene disruption vector 

Genomic PCR was performed to amplify the Sssp gene, yielding a 2,315 bp 

fragment that commenced 889 bp upstream of the start codon and ended 1,423 bp 

downstream of the stop codon.  The amplified fragment consisted of a 531 bp 

coding sequence and included the one intron present in the gene.  The primers 

(forward, 5´-AGACAAGCTAGCTTTTCTTCAAGATTTATTACG-3΄ with the 

NheI restriction site in italics; reverse, 5´-

TAATAAGAGCTCAACGTTTCATAAATTTGATTCG-3΄ with the SacI 
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restriction site in italics) used to amplify the entire target gene from the genomic 

DNA were manually designed, with their specificity verified by a BLAST search.  

The PCR reaction was conducted using an Expand High Fidelity PCR System 

(Roche, Laval, Canada), with an initial heat denaturation step of 95 °C for 5 min; 

followed by 40 cycles of 95 °C for 1 min, 56 °C for 1 min, 72 °C for 2.5 min; and 

a final extension of 72 °C for 7 min.  The amplified products were visualized on a 

1% (wt/vol) agarose gel and purified with a QIAquick gel extraction kit (Qiagen, 

Mississauga, Canada). 

The purified amplicons were digested with NheI and SacI (New England 

Biolabs, Pickering, Canada) at 37 °C for 2 h and the digests purified with a 

QIAquick gel extraction kit (Qiagen).  The digested products were introduced into 

a NheI/SacI-digested pET28a vector (Novagen, Mississauga, Canada) using the 

Rapid DNA Ligation Kit (Roche) according to the manufacturer’s instructions.  

Competent DH5α Escherichia coli cells (50 μl) were transformed with 10 µl of 

the ligation mix and plated on Luria-Bertani agar containing kanamycin (50 

μg/ml) (Invitrogen, Burlington, Canada) for overnight growth at 37 °C.  Bacterial 

colonies were randomly selected for use in colony PCR using the same conditions 

as above in order to confirm that they contained the desired Sssp-pET28a 

construct.  Plasmid DNA from PCR-verified colonies were isolated using the 

Qiaprep Spin Miniprep Kit (Qiagen) and sequenced using a BigDye Terminator 

V3.1 Cycle Sequence Kit (Applied Biosystems, Foster City, CA, U.S.A.) and an 

ABI PRISM 3100 Genetic Analyzer (Applied Biosystems) according to the 

manufacturer’s instructions. 
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The Sssp-pET28a construct and the hygromycin phosphotransferase (hph)-

containing pCB1003 vector (Carroll et al. 1994; Fungal Genetics Stocks Center, 

University of Missouri, Kansas City, U.S.A.) were digested with KpnI and SalI 

(New England Biolabs), respectively, at 37 °C for 2 h and purified with a 

QIAquick gel extraction kit (Qiagen).  The digested products were treated with 

the Klenow fragment of DNA polymerase I (New England Biolabs) at 25 °C for 

15 min to produce the fragments required for successful blunt end ligation, and 

were then purified as above.  A 3 μl aliquot of each sample was visualized on a 

1% (wt/vol) agarose gel, while the remainder was used in blunt end ligation with 

a Rapid DNA Ligation Kit (Roche).  Transformation of competent DH5α E. coli 

cells and colony PCR were performed as described above.  Amplicons obtained 

from colony PCR were expected to be approximately 3,700 bp in size (2,315 bp 

Sssp fragment and ~1,400 bp hph), and the plasmids purified from colonies in 

which a PCR product was obtained were sequenced to verify the insertion of hph 

into the Sssp fragment. 

4.2.4. Fungal protoplast preparation 

Protoplasts of S. sclerotiorum were prepared as described in Rollins (2003) 

and Yajima et al. (2009).  Briefly, five plugs (4 mm in diameter) excised from the 

periphery of a fungal colony growing actively on PDA medium were used to 

inoculate 25 ml of potato dextrose broth (PDB; Becton Dickinson) in a sterile 

Petri dish, which was incubated without agitation at room temperature.  After four 

days, the mycelial mat growing on the surface of the medium was collected by 

gently peeling it off with sterile forceps.  The mycelium was placed on four layers 
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of sterile cheesecloth on a funnel and washed with sterile water followed by 

protoplast buffer (0.8 M MgSO4 · 7H2O, 0.2 M Na3C6H5O7 · 2H2O, pH 5.5). 

The washed mycelium was cut into pieces with a sterile scalpel blade, and the 

smaller fragments were transferred to a sterile 125-ml Erlenmeyer flask.  

Protoplasting solution [17 ml of protoplast buffer and 3 ml buffer (1 M sorbitol, 

50 mM sodium citrate, pH 5.8) containing 200 mg lysing enzymes from 

Trichoderma harzianum (Sigma-Aldrich, St. Louis, MO)] was added to the flask, 

which was incubated at 28 oC with gentle agitation (100 rpm) for 3 hours.  

Protoplasts were collected in a sterile 125 ml Erlenmeyer flask by filtering the 

solution through sterile cheesecloth to remove any residual hyphae.  

Subsequently, 30 ml of 0.6 M KCl was poured over the cheesecloth and collected 

in the protoplast-containing flask.  The protoplast solution was transferred to 50 

ml plastic tubes and centrifuged at 3000 ×g for 10 min at 4oC.  The resulting 

protoplast pellet was rinsed twice with 10 ml STC buffer (50 mM CaCl2·2H2O, 1 

M sorbitol, 50 mM Tris, pH 8.0) and re-suspended in 10 ml STC buffer.  The 

protoplast concentration was determined using a Bright Line Hemocytometer with 

a 0.4 mm cover slip (Fisher Scientific, Ottawa, Canada), and adjusted to a final 

concentration of 1 × 108 protoplasts/ml with STC buffer.  For each 1 ml of 

protoplast solution, 12.5 µl dimethyl sulfoxide (DMSO), 62.5 µL heparin (5 

mg/ml in STC buffer), and 250 µl polyethylene glycol (PEG) solution (40% 

wt/vol PEG 4000, 0.6 M KCl, 50 mM Tris, pH 8, 50 mM CaCl2) were added, and 

the protoplasts were stored at –80 oC until needed. 

4.2.5. Fungal protoplast transformation 
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The Sssp-hph-pET28a construct was double-digested with NheI and SacI and 

the linearized Sssp-hph fragment purified with a QIAquick gel extraction kit 

(Qiagen).  Fungal protoplast transformation was performed as described in 

Rollins (2003) and Yajima et al. (2009).  Briefly, 100 µl of a 1 × 108 protoplast/ml 

suspension in STC buffer was mixed with 5 µg of the linearized Sssp-hph 

fragment and incubated on ice for 1 h.  PEG (1 ml) was gently mixed into the 

solution, which was then incubated at room temperature for 20 min.  The 

suspension was spread evenly onto the surface of 25 ml regenerating medium 

(RM) [0.7 M sucrose, 0.05% (wt/vol) yeast extract, 1.5% (wt/vol) agar] bottom 

agar in Petri dishes and then incubated overnight in darkness at room temperature.  

Five ml of RM top agar [0.7 M sucrose, 0.05% (wt/vol) yeast extract, 0.8% 

(wt/vol) agar and 0.6 mg/ml hygromycin B] was spread evenly over the entire 

surface of each Petri dish, which was then incubated at room temperature until 

colonies were observed.  The hyphal-tips of colonies that emerged through the 

RM top agar were carefully excised and transferred onto PDA plates (containing 

100 µg/ml hygromycin B), and subsequently regenerated four more times on PDA 

containing hygromycin B.  A protoplast suspension mixed with buffer, but 

containing no linearized Sssp-hph, was spread and incubated on RM bottom and 

then top agar with or without hygromycin; these treatments served as the 

corresponding controls for protoplast growth and the hygromycin-treated 

condition. 

6.2.6 Determination of hph integration events 
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To determine whether successful hph integration into the genome of S. 

sclerotiorum had occurred, genomic DNA from the wild-type and three 

representative transformants was extracted as described earlier.  The Sssp-specific 

primers (forward, 5´-ATGCATTTCTCCATGATTGC-3΄; reverse 5´-

AAGCATAATCGGTGTAGC-3΄) were used in genomic PCR to amplify part of 

the Sssp gene under the following reaction conditions: 95 °C for 5 min; 35 cycles 

of 95 °C for 1 min, 55 °C for 1 min, 72 °C for 2 min; and 72 °C for 10 min.  An 

amplicon about 1,800 bp in length was expected if hph was successfully 

integrated into Sssp, while an amplicon only 457 bp in length was expected from 

genomic DNA of the wild-type.  The hph-specific primers (HPH: K01193; 

forward, 5΄-CAAAGCATCAGCTCATCGAGAG-3΄; reverse, 5΄-

GAAAAGTTCGACAGCGTCTCC-3΄) were expected to generate a PCR product 

502 bp in length only from genomic DNA of the mutant strains under reaction 

conditions consisting of 95 oC for 5 min; 30 cycles of 95 oC for 1 min, 54 oC for 1 

min, 72 oC for 1 min; and 72 °C for 10 min.  Amplification of actin 

(SS1G_08733) using primers (forward, 5΄-

GTTGGAGATGAAGCGCAATCCAAG-3΄; reverse 5΄-

CTCAAGACCCAAGACAGATGGTTGG-3΄) designed to generate a product 651 

bp in length was conducted under conditions consisting of 95 oC for 5 min; 30 

cycles of 95 oC for 1 min, 56 oC for 1 min, 72 oC for 1 min; and 72 °C for 10 min. 

The effect of hph integration on expression of Sssp was evaluated by reverse 

transcriptase (RT)-PCR.  RNA was extracted from wild-type and mutant 

mycelium of S. sclerotiorum using an RNeasy Plant Mini Kit (Qiagen), with a 
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DNase treatment included to remove contamination by DNA.  cDNA was 

synthesized with the iScript cDNA Synthesis Kit (BioRad, Mississauga, Canada) 

according to the manufacturer’s procedure.  Amplification of Sssp, hph and actin 

gene was performed using the gene-specific primers and reaction conditions 

described above.  Extracted RNA was also used as a template for PCR to confirm 

that there was no DNA contamination.  All PCR experiments were performed 

using the Expand High Fidelity PCR System (Roche).  The presence of Sssp was 

also confirmed in mature sclerotia and canola tissue 24 hour post inoculation (hpi) 

with the wild-type fungus or a water control. 

4.2.7. Infection assays on host plant 

Seeds of Brassica napus L. doubled haploid line DH12075 were planted 

individually in 13 cm diameter plastic pots filled with LA4 Aggregate Plus 

Sunshine Professional Peat-Lite Mix (Sungro Horticulture, Vancouver, Canada).  

The plants were maintained in a growth chamber under an 18 hour photoperiod 

(21 oC day/18 oC night) and fertilized with 15-30-15 (Plant Products Co., 

Brampton, Canada) every week.  Fully expanded leaves were excised at the six-

true leaf stage and placed in 150 × 15 mm Petri dishes lined with water-moistened 

sterile no. 1 Whatman filter paper.  A sterile cotton ball was saturated with water 

and placed at the base of each leaf.  Each excised leaf was inoculated with one 

agar plug (4 mm in diameter) of actively growing mycelium of the wild-type 

(grown on PDA) or mutant strains of S. sclerotiorum (grown on PDA with 100 

µg/ml hygromycin).  The Petri dishes were sealed with plastic laboratory film and 

incubated at room temperature for a 72 h period.   
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Leaves were photographed at 24 h intervals, and the lesion (necrotic) area 

was quantified using image analysis software (APS Assess: Image Analysis 

Software for Plant Disease Quantification; APS Press, St. Paul, MN) as per the 

manufacturer’s instructions.  Three mutant strains of the fungus were used in the 

inoculation assays and were regarded as independent biological replicates; a wild-

type strain of S. sclerotiorum was also included in each assay, as was a mock-

inoculated control (inoculated only with PDA).  Three replicates were included in 

the inoculation trials, with three leaves per replicate per fungal strain.  Treatments 

were arranged in a randomized complete block design.  The lesion data were 

analyzed using the Student’s t-test (P < 0.01) in SAS software version 9.1 (SAS 

Institute Inc., Cary, NC). 

  

4.3. Results 

4.3.1. Sequence analysis and gene confirmation 

Hypothetical proteins with unknown functions identified in the secretome of 

B. cinerea (Shah et al., 2009) were compared to the S. sclerotiorum genome 

database.  One of the proteins (SS1G_00263.1) identified by BLASTP analysis of 

the NCBI database was an ortholog found only in S. sclerotiorum and B. cinerea 

(E-value = 2 × 10-60 with an identity of 72%).  This result suggests possible 

functional conservation of this protein in these two necrotrophic plant pathogens.  

The Sssp gene is located on Supercontig 1 (681499-682029+) with a coding 

sequence 531 nt in length and a 63 nt intron near the stop codon.  The gene 

encodes a 155 aa protein with a putative signal peptide (Broad Institute), and had 
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no significant homology with any Genbank accessions except for the original 

protein identified from B. cinerea (BC1G_00896.1). 

The presence and expression of Sssp in vegetative hyphae and sclerotia of 

wild-type S. sclerotiorum, as well as in host leaf tissue 24 h after inoculation with 

the wild-type fungus, were assessed by genomic and RT-PCR with Sssp-specific 

primers.  The amplification results revealed that the Sssp gene and transcript were 

present in the wild-type fungus and infected plant tissues, but were absent in 

mock-inoculated (control) leaf tissue (Fig. 4-1).  As there was no annotation of 

Sssp in the available databases beyond its gene sequence, gene-disruption studies 

were undertaken to determine whether this protein plays a role in the infection 

process. 

4.3.2. Fungal transformation 

Transformation of S. sclerotiorum protoplasts was performed with the 

linearized Sssp-hph DNA fragment for homologous recombination leading to the 

integration of hph into the genome within Sssp.  Transformants started to emerge 

through the RM top agar 3 days after plating, as determined by examination under 

a stereomicroscope.  The first colonies were visible to the naked eye 5 days after 

plating, with additional colonies observed on subsequent days.  Regenerating 

colonies were tip-excised and transferred onto fresh PDA plates containing 

hygromycin.  In order to confirm that the hygromycin concentration was 

appropriate, a control was included in which a mixture of DNA elution buffer 

(without the linearized Sssp-hph DNA fragment) and protoplasts of S. 

sclerotiorum was plated onto RM containing hygromycin.  A 
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Figure 4-1.  Confirmation of the production of Sssp by wild-type S. sclerotiorum 

via reverse transcriptase (RT)-PCR.  An amplicon of the expected size (~450 bp) 

was obtained from wild-type mycelium (my), sclerotia (sc) and canola (Brassica 

napus) leaf tissue 24 hours post-inoculation (hpi) with the wild-type strain (in); in 

contrast, no amplicon was obtained from mock-inoculated leaf tissue at 24 hpi 

(un) or any other time.  The size marker (M) included was a 1-kb Plus DNA 

ladder (Invitrogen). 
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second control was also included in which the mixture of DNA elution buffer 

(without the linearized Sssp-hph DNA fragment) and protoplasts was plated onto 

RM lacking hygromycin.  No regenerating colonies were observed emerging 

through the RM top agar in the first control treatment, while mycelial colonies 

were observed in the second control 3 days after plating; thus, the concentration 

of hygromycin was sufficient to prevent non-transformed fungal protoplasts from 

growing, and the protoplasts were viable. 

4.3.3. Genomic and RT-PCR 

The wild-type and mutant strains were analysed by genomic and RT-PCR.  

The genomic PCR results are shown in Figure 4-2A, where a single amplification 

product (Sssp-hph hybrid; about 1,850 bp in length) was observed from the 

mutant using Sssp-specific primers, while another single amplification product 

(~450 bp) was generated from the wild-type only.  The difference in size between 

the amplicons obtained from the wild-type versus the mutant corresponded to the 

expected size (~1,400 bp) of the integrated hph gene.  RT-PCR revealed that the 

Sssp transcript was present only in the wild-type.  A single and faint amplification 

product (1,850 bp), which was sequenced and confirmed to be an Sssp-hph hybrid 

(data not shown), was observed in the mutants. 

In order to confirm the presence of hph in the mutants, hph-specific primers 

were used for genomic and RT-PCR and a single amplification product of the 

expected size (~500 bp, a partial fragment of the entire hph) was observed for the 

mutants only (Fig. 4-2B).  These results revealed that hph was successfully 

integrated into the genome and that the hph transcript was expressed only in the 
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Figure 4-2.  PCR amplification assays.  A, When using Sssp-specific primers, an 

amplification product of the expected size (~450 bp) was obtained from genomic 

and reverse transcribed (RT) cDNA of the wild-type strain (WT), while a product 

~1,850 bp in size, corresponding to the Sssp gene with the hygromycin 

phosphotranferase (hph) insertion, was obtained from the mutant strain (mut). B, 

When using hph-specific primers, the hph gene fragment and transcript were 

amplified only from the mutant, further indicating successful insertion of hph.  C, 

When using actin-specific primers as a control, a product of the expected ~650 bp 

size was obtained from both the wild-type and mutant strains of Sclerotinia 

sclerotiorum.  The absence of a detectable amplicon in the no-RT controls 

indicates that the bands obtained by RT-PCR were not the result of DNA 

contamination.  The size marker (M) included was a 1-kb Plus DNA ladder 

(Invitrogen).  The results presented are for a representative mutant strain; identical 

results were obtained with two other strains (data not shown). 
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mutant.  Moreover, given the amplification of the actin internal control from all 

treatments, the absence of Sssp or hph amplification products was not caused by 

poor quality or insufficient cDNA (Fig. 4-2C).  As expected, no amplification 

products were observed when RNA was used as the template (e.g., no-RT 

control), which indicated that amplification products from the RT-PCR were not 

caused by contamination with genomic DNA (Fig. 4-2).  All three potential 

mutants producing an amplicon of the expected size were used in subsequent leaf 

inoculation experiments; each mutant was considered as an independent 

biological replicate. 

4.3.4. Infection assays on host plants 

Typical water-soaked lesions were observed at all time-points on leaves 

inoculated with the wild-type or mutant strains, while cottony white mycelium 

was observed only at 72 hpi (Fig. 4-3).  The lesions that developed on leaves 

inoculated with the mutants were significantly (p < 0.01) smaller than those that 

developed after inoculation with the wild-type at all time-points (Fig. 4-4). 

 

4.4. Discussion 

Plant pathogens utilize a wide variety of mechanical or biochemical strategies 

to effectively attack host plants.  Necrotrophic pathogens release a number of cell 

wall-degrading enzymes (e.g., hydrolases and lyases) to break down the plant cell 

walls, which are composed primarily of an integrated matrix of polysaccharides  
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Figure 4-3.  Symptom development on canola (Brassica napus) leaves inoculated 

with a wild-type (WT) or Sssp gene-disrupted mutant strain of Sclerotinia 

sclerotiorum.  The images show the appearance of leaves at 24, 48 and 72 hours 

post-inoculation (hpi). 
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Figure 4-4.  Development of necrosis on canola (B. napus) leaf tissue inoculated 

with a wild-type or Sssp gene-disrupted mutant strain of S. sclerotiorum at 24, 48 

and 72 hours postinoculation.   The area of necrosis was measured using Assess 

Image Analysis Software for Plant Disease Quantification (APS Press).  Error 

bars indicate the standard error of the mean, while double asterisks denote a 

statistically significant difference (p < 0.01) between treatments at each time-

point as assessed by the Student’s t-test. 
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including cellulose, hemicelluloses, and pectin (Cosgrove, 2005; Hématy et al., 

2009).  Specifically, S. sclerotiorum secretes a number of pectinases that degrade 

pectin and facilitate fungal ingress (Bolton et al., 2006).  Some pathogens may 

also possess mechanisms to evade or inactivate host defense responses, such as 

the oxidative burst and the production and export of anti-microbial compounds 

(Hématy et al., 2009).  

The current results indicate that the mutant strains are still able to infect 

susceptible canola tissue even in the absence of Sssp, although they cause 

significantly reduced symptoms relative to the wild-type.  The fact that the Sssp-

deficient S. sclerotiorum strains are still pathogenic likely reflects the secretion of 

other cell wall-degrading enzymes and virulence factors by this fungus (Vorwerk 

et al., 2004).  Thus, Sssp appears to serve as a virulence factor rather than a 

pathogenicity factor for S. sclerotiorum, since this protein was not essential for 

disease development yet contributed to symptom severity.  Other recent studies 

have also demonstrated that the disruption of a single gene can result in reduced 

virulence in B. cinerea and S. sclerotiorum (Vallette-Collet et al., 2003; Yajima et 

al., 2009).  For instance, the disruption of a secreted arabinofuranosidase/β-

xylosidase precursor secreted by S. sclerotiorum also caused a significant 

reduction in lesion size (Yajima et al., 2009). 

Since Sssp has no similarity to any cell-wall degrading enzymes or other 

proteins with a known function, it is difficult to speculate on its precise role in the 

infection process.  It has been observed that cell wall degradation products can 

modulate the production of other cell wall-degrading enzymes (Hématy et al., 
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2009).  Thus, it is possible that production of Sssp may somehow play a part in 

the accumulation of such products, thereby contributing to the amount/activity of 

other cell wall degrading enzymes.  Alternatively, the protein may have a role in 

reducing or evading the host defense response, which could ultimately result in 

diminished symptom development in response to inoculation with the mutant 

strains.  Additional experiments to characterize gene expression, enzyme 

activities, histological changes and other molecular events during infection are 

needed to test these possibilities. 

The identification of Sssp as a virulence factor for S. sclerotiorum may have 

applications in crop protection and related industries.  Firstly, Sssp could be used 

as a specific biomarker to detect Sclerotinia diseases at the gene or protein level, 

given that the encoding gene appears to be fairly unique to S. sclerotiorum and B. 

cinerea.  Secondly, the development of an effective antibody-based application 

targeting Sssp could have applications as a tool to improve resistance to S. 

sclerotiorum in canola and other crops, perhaps through a transgenic approach. 

The identification of Sssp as a virulence factor for S. sclerotiorum stemmed 

from an earlier proteomic analysis of B. cinerea, further revealing the merits of 

proteome-based studies in increasing understanding of plant pathogens.  A 

comprehensive proteomics-based investigation includes not only a list of proteins 

identified from a particular pathogen, but also takes full advantage of the 

integration of genomic, transcriptomic, proteomic, and metabolomic data.  

Characterization of the function(s) of proteins identified using such an approach 
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may provide novel insights into fungal virulence and pathogenicity, and may 

ultimately help to develop novel disease management strategies.  



 158

4.5. Literature cited 

Bardin, S.D., Huang, H.C.  2001.  Research on biology and control of Sclerotinia 

diseases in Canada.  Can. J. Plant. Pathol. 23, 88-98. 

Boland, G.J.,  Hall, R.  1994.  Index of plant hosts of Sclerotinia sclerotiorum.  

Can. J. Plant Pathol. 16, 93-108. 

Bolton, M.D., Thomma, B.P.H.J., Nelson, B.D.  2006.  Sclerotinia sclerotiorum 

(Lib.) de Bary: biology and molecular traits of a cosmopolitan pathogen.  

Mol. Plant. Pathol. 7, 1-16. 

Cosgrove D.J.  2005.  Growth of plant cell wall.  Nat. Rev. Mol. Cell Biol. 6, 850-

861. 

de Wit, P.J.G.M., Mehrabi, R., van den Burg, H.A., Stergiopoulos, I.  2009.  

Fungal effector proteins: past, present and future.  Mol. Plant Pathol. 10, 735-

747. 

Doyle, P.J., Saeed, H., Hermans, A., Gleddie, S.C., Hussack, G., Arbabi-

Ghahroudi, M., Seguin, C., Savard, M.E., MacKenzie, C.R., Hall, J.C.  2009.  

Intracellular expression of a single domain antibody reduces cytotoxicity of 

15-acetyldeoxynivalenol in yeast.  J. Biol. Chem. 284, 35029-35039. 

Friesen, T.L., Stukenbrock, E.H., Liu, Z., Meinhardt, S., Ling, H., Faris, J.D., 

Rasmussen, J.B., Solomon, P.S., McDonald, B.A., Oliver, R.P.  2006.  

Emergence of a new disease as a result of interspecific virulence gene 

transfer.  Nat. Genet. 38, 953-956. 

Hématy, K., Cherk, C., Somerville, S.  2009.  Host-pathogen warfare at the plant 

cell wall.  Curr Opin. Plant Biol. 12, 406-413. 



 159

Huang, H.C.  1985.  Factors affecting myceliogenic germination of sclerotia of 

Sclerotinia sclerotiorum.  Phytopathology 75, 433-437. 

Li, R., Rimmer, R., Buchwaldt, L., Sharpe, A.G., Seguin-Swartz, G., Coutu, C., 

Hegedus, D.D.  2004.  Interaction of Sclerotinia sclerotiorum with a resistant 

Brassica napus cultivar: expressed sequence tag analysis identifies genes 

associate with fungal pathogenesis.  Fungal Genet. Biol. 41, 735-753. 

Peschen, D., Li, H.P., Fischer, R., Kreuzaler, F., Liao, Y.C.  2004.  Fusion 

proteins comprising a Fusarium-specific antibody linked to antifungal 

peptides protect plants against a fungal pathogen.  Nat. Biotechnol. 22, 732-

738. 

Rollins, J.A.  2003.  The Sclerotinia sclerotiorum pac1 gene is required for 

sclerotial development and virulence.  Mol. Plant Microbe Interact. 16, 785-

795. 

Sexton, A.C., Cozijnsen, A.J., Keniry, A., Jewell, E., Love, C.G., Batley, J., 

Edwards, D., Howlett, B.J.  2006.  Comparison of transcription of multiple 

genes at three developmental stages of the plant pathogen Sclerotinia 

sclerotiorum.  FEMS Microbiol. Lett. 258, 150-160. 

Shah, P. Atwood III, J.A., Orlando, R., Mubarek, H.E., Podila, G.K., Davis, M.R.  

2009.  Comparative proteomic analysis of Botrytis cinerea secretome.  J. 

Proteome Res. 8, 1123-1130. 

Turkington, T.K., Morrall, R.A.A.  1993.  Use of petal infestation to forecast 

Sclerotinia stem rot of canola: the influence of inoculum variation over the 

flowering period and canopy density.  Phytopathology 83, 682-689. 



 160

Vallette-Collet, O., Cimerman, A., Reignault, P., Levis, C., Boccara, M.  2003.  

Disruption of Botrytis cinerea pectin methylesterase gene Bcpme1 reduces 

virulence on several host plants.  Mol. Plant Microbe Interact. 16, 360-367. 

Vorwerk, S., Somerville, S., Somerville, C.  2004.  The role of plant cell wall 

polysaccharide composition in disease resistance.  Trends Plant Sci. 9, 203-

209. 

Williamson, B., Tudzynski, B., Tudzynski, P., van Kan, J.A.L. 2007.  Botrytis 

cinerea: the cause of grey mould disease.  Mol. Plant. Pathol. 8, 561-580. 

Yajima, W., Kav, N.N.  2006.  The proteome of the phytopathogenic fungus 

Sclerotinia sclerotiorum.  Proteomics. 6, 5995-6007. 

Yajima, W., Liang, Y., Kav, N.N.V.  2009.  Gene disruption of an 

arabinofuranosidase/β-xylosidase precursor decreases Sclerotinia 

sclerotiorum virulence on canola tissue.  Mol. Plant Microbe Interact. 22, 

783-789. 



 161

5. Developmentally induced changes in the sclerotial proteome of  

Sclerotinia sclerotiorum* 

5.1. Introduction 

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

phytopathogen that causes significant crop losses throughout the world.  The host 

range of S. sclerotiorum includes over 400 species, most of which are herbaceous 

plants, including a substantial number of economic crops and horticultural plants 

(Boland and Hall, 1994).  Sclerotia are long-term survival and dissemination 

structures that can withstand adverse environmental conditions (Willetts, 1971).  

The sclerotia are also known to play a crucial role in the life cycle of S. 

sclerotiorum, serving as the primary inoculum source during seasonal crop 

infection cycles by this pathogen (Bolton et al., 2006).  The survival of sclerotia is 

influenced by various factors, including structural and environmental factors such 

as moisture, aeration, and temperature (Coley-Smith and Cooke, 1971).  

Environmental conditions and crop canopies can lead to myceliogenic or 

carpogenic germination of sclerotia (Bardin and Huang, 2001).  Myceliogenic 

germination results in the production of hyphae or mycelia that directly infect 

plant tissues (Huang, 1985).  Carpogenic germination of sclerotia results in the 

formation of apothecia that release ascospores.  Germination of ascospores under 

high moisture conditions, combined with the presence of senescent tissues that 

can serve as nutrient sources, leads to the infection of aboveground plant tissues 

(Tu, 1989; Turkington and Morrall, 1993).  Both types 

*A version of this chapter has been published.  Liang, Y., Rahman, M.H., Strelkov, S.E., Kav, 

N.N.V.  2010.  Fungal Biology, doi:10.1016/j.funbio.2010.05.003
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 of germination can result in the initiation of diseases (Morrall, 1977; Huang and 

Kozub, 1993). 

The sclerotium is a multiple-hyphal aggregate structure and consists of three 

distinct layers: a pigmented rind, a thin-walled cortex, and a large central medulla 

(Jones, 1970; Colotelo, 1974; Kosasih and Willetts, 1975).  Three distinct stages 

have been recognized during sclerotial development: (i) initiation, the formation 

of small and discrete initials though the aggregation of hyphae; (ii) development, 

increasing size along with the surface exudation of liquid droplets; and (iii) 

maturation, involving surface delineation and melanin deposition in peripheral 

rind cells followed by internal consolidation (Townsend and Willetts, 1954).  The 

induction and development of sclerotia requires specific metabolic and 

physiological processes.  The initiation of sclerotial development is affected by 

several endogenous and exogenous factors including nutrients, light, temperature, 

pH, and aeration (Chet and Henis, 1975).  Development and maturation of the 

sclerotia involves complex morphological and biochemical processes.  These 

include the branching, interweaving and fusion of hyphae, translocation of 

nutrients and water, and the exudation of liquid droplets from the sclerotial 

surface (Chet and Henis, 1975; Willetts and Bullock, 1992).  The biochemical 

composition of sclerotia has been shown to consist of carbohydrates, enzymes, 

free amino acids, and fatty acids (Cooke, 1969; Jones, 1970; Colotelo et al., 

1971).  Additionally, melanin is the darkly pigmented polymer whose deposition 

accompanies sclerotial development and maturation, and serves a critical role in 

fungal persistence and longevity by affording protection against adverse 
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environmental conditions (e.g., temperature extremes, UV and visible irradiation, 

desiccation, toxic metals, and antagonistic or competitive microbes) (Bell and 

Wheeler, 1986).  Fungal melanin is also involved in pathogenicity and/or 

virulence, and is an essential requirement for appressorial formation and 

penetration of host plants (Butler and Day, 1998). 

Proteomics is a powerful tool that can be applied to increase the 

understanding of complex cellular processes and networks.  Although there are a 

number of studies on the biology and physiology of sclerotial development, little 

is known of the proteomic changes associated with this biological process.  In the 

current study, a global proteome analysis of sclerotia was performed to elucidate 

the proteome-level changes that occur during the three distinct stages of sclerotial 

development: initiation, development and maturation.  To our knowledge, this is 

the first study investigating differentially regulated proteins with an aim to obtain 

novel information on the molecular events occurring during sclerotial 

development in S. sclerotiorum.  The results presented provide new insights into 

sclerotial development that will form the framework for the future 

characterization of the roles of specific proteins in this process, including the 

establishment of functions for proteins with as of yet unknown roles.  Such 

knowledge, in the long-term, may facilitate the development of novel, alternate 

strategies for disease management. 

 

5.2. Materials and methods 

5.2.1. Microorganism and culture conditions 
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Sclerotia were harvested as described in the literature with minor 

modifications (Rollins and Dickman, 1998).  Briefly, a mature sclerotium of the 

wild-type S. sclerotiorum was sliced into two halves using a sterile scalpel and 

cultured at room temperature on potato dextrose agar (PDA; Becton Dickinson; 

Franklin Lakes, NJ, USA), with the sectioned sides touching the medium.  A 

mycelial plug (5 mm) was excised from the periphery of the resulting colony after 

4 days and subcultured on PDA.  Subsequently, sclerotia were harvested at three 

distinct developmental stages: initiation (4 days of growth), development (5 days 

of growth) and maturation (8 days of growth), and stored at –80 °C.  Three 

individual sclerotia were used to start the mycelial cultures that served as the 

source of the sclerotia used in the proteome analysis.  Each of the original 

sclerotia was considered as an independent biological replicate, and therefore 

three replicates were included in the proteomic analysis. 

5.2.2. Protein extraction 

After homogenization of the sclerotia (~300 mg) in liquid nitrogen, total 

protein was extracted as follows: a fine powder of ground sclerotia was suspended 

in 1 mL of acetone containing 0.07% (w/v) dithiothreitol (DTT, Fisher Scientific, 

Fair Lawn, NJ, USA) and 10% (w/v) trichloroacetic acid (TCA, Fisher Scientific) 

and incubated at –20 °C for 1 h.  The suspension was centrifuged at 18,000g for 

15 min at 4 ºC, and the pellet washed three times with 1 mL of ice-cold acetone 

containing 0.07% (w/v) DTT.  The pellet was dried in vacuo and resolubilized in 

400 µL rehydration/sample buffer containing 1.0% (v/v) tributylphosphine (Bio-

Rad, Hercules, CA, USA) overnight at 4 ºC.  The samples were subsequently 
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centrifuged at 18,000g for 15 min at 4 ºC and the protein concentrations in the 

supernatant were assessed with a protein assay dye reagent (Bio-Rad) using BSA 

as a standard (Yajima and Kav, 2006). 

5.2.3. Two-dimensional gel electrophoresis 

The proteins (300 μg) were passively rehydrated overnight in 300 μL 

rehydration/sample buffer and applied to IPG strips (17 cm, pH 4–7, Bio-Rad).  

Isoelectrofocusing (IEF) was carried out using a PROTEAN IEF cell (Bio-Rad) 

programmed as follows: the voltage was initially held at 250 V for 15 min, then 

linearly increased to 10,000 V over 3 h, focused for 60,000 Vh and held at 500 V 

for 1 h.  Each focused strip was subsequently equilibrated in 5 mL of equilibration 

buffer (0.37 M Tris-HCl, pH 8.8, 6 M urea, 2% SDS, and 20% glycerol) 

containing 130 mM DTT with gentle agitation two times (10 min each), followed 

by incubation in 5 mL of equilibration solution containing 135 mM 

iodoacetamide (IAA, Bio-Rad) another two times (10 min each).  The second 

dimension SDS-PAGE was performed on 13% polyacrylamide gels in a 

PROTEAN II xi Cell (Bio-Rad) at 25 mA per gel, until the dye front reached the 

bottom of the gel, at which time electrophoresis was continued for an additional 

15min.  The gels were stained with a Colloidal Blue Staining Kit (Invitrogen, 

Carlsbad, CA, USA) as per the manufacturer’s instructions.  Two technical 

replicates were run for each biological replication, for a total of six gels for each 

developmental stage. 

5.2.4. Image acquisition and statistical analysis   
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Gel images were recorded with a GS-800 calibrated densitometer (Bio-Rad).  

A matchset was created from the 18 gel images (two technical replicates of three 

biological replicates for each of the three developmental stages) using PDQuest 

software version 7.3.1 (Bio-Rad).  Protein spot detection and quantification were 

performed using the automated feature of PDQuest followed by manual 

verification.  Matched spots whose abundance was significantly (p < 0.01) altered 

were determined between any two of the three developmental stages employing 

the Student’s t-test feature of the software.  To further verify and analyze the 

temporal expression of significant spots generated by the PDQuest software, 

quantification values of the matched spots were exported and statistically 

analyzed using SAS software (version 9.1, SAS Institute Inc., Cary, NC, USA).  

The relative expression abundance for each significant spot at each of the three 

developmental stages was normalized as an expression ratio using samples from 

the sclerotial initiation or maturtion stages against the development samples (i.e., 

expression ratio = 4 days/5 days and 8 days/5 days, whilst the expression ratio at 

5 days was set to one by default).  Data for each spot were subjected to the 

generalized linear model (GLM) procedure for analysis of variance (ANOVA) 

with Duncan’s multiple range test (p < 0.05) in order to delineate expression 

patterns over the three different developmental stages.  All protein spots that were 

reproducibly and significantly altered in abundance were selected for MS/MS. 

5.2.5. In-gel tryptic digestion 

Protein spots showing statistically significant (p <0.01) changes in abundance 

were excised from the stained gels and placed in 1.5 mL microcentrifuge tubes for 
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in-gel digestion with trypsin in a laminar flowhood.  The gel pieces were washed 

with 100 μL of HPLC grade water (Fisher Scientific) for 5 min, dehydrated with 

50 μL of 100 % acetonitrile (ACN) for 10 min, destained with 50 μL of 50 mM 

NH4HCO3/50% ACN for 10 min with periodic vortexing, and dehydrated with 50 

μL of 100% ACN for 10 min followed by air-drying for 10 min.  Proteins in the 

gel pieces were reduced by incubating with 30 μL of 0.1 M NH4HCO3/10 mM 

DTT at 56 °C for 30 min, dehydrated with 50 μL of 100% ACN for 5 min, and 

alkylated with 30 μL of 0.1 M NH4HCO3/55 mM IAA in the dark for 20 min.  

After rinsing with 150 μL of 0.1 M NH4HCO3 and occasional gentle vortexing for 

15 min, the samples were dehydrated with 50 μL of 100% ACN for 10 min and 

air-dried; this rinse/dehydration step was repeated once more.  Afterwards, the 

dried gel pieces were rehydrated with 30 μL of 0.02 μg/μL trypsin (Promega, 

Madison, WI, USA) in 40 mM NH4HCO3/10% ACN at room temperature for 60 

min, and incubated at 37 °C overnight.  The digestion was stopped by the addition 

of 3 μL of 2% formic acid (FA) and incubation for 30 min at room temperature.  

The solution was transferred into a new microcentrifuge tube and the resulting 

peptides were extracted twice with 15 μL of 50% ACN/0.1% FA (v/v).  The 

peptide extracts were stored at –20 °C for subsequent protein identification. 

5.2.6. LC-MS/MS and protein identification   

The peptide mixtures obtained through digestion were analyzed on an Agilent 

1100 Series LC/MSD Trap XCT System (Agilent Technologies, Palo Alto, CA, 

USA) operated in the unique peptide scan auto-MS/MS mode.  An autosampler 

was used to inject 20 μL of peptide mixture onto a concentration column (Zorbax 
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300SB-C18, 5 μm, 5 × 0.3 mm), followed by a second separation column (Zorbax 

300S B-C18, 5 μm, 150 × 0.3 mm).  The columns were activated at a flow rate of 

4 μL/min and the samples analyzed using a linear HPLC gradient (buffer A, 0.1% 

FA in H2O and buffer B, 0.1% FA in CAN; v/v) under the following conditions: 

an initial mode of 3% buffer B for 5 min, to 15% buffer B for 3 min, to 45% 

buffer B for 42 min, to 90% buffer B for 10 min, to 3% buffer B for 1 min; and 

finally to 3% buffer B for 14 min to clean the column prior to the injection of the 

next sample.  The peptide ion fragmentation information was acquired using an 

MS 300–2000 m/z scan followed by an MS/MS analysis of the most intense ions.  

Raw data of mass spectra were converted into Mascot Generic File (*.mgf) format 

using the default method in the ChemStation Data Analysis module. 

All of the files generated (*.mgf) were analyzed using the MS/MS ion search 

module of Mascot software (version 2.1; Matrix Sciences, London, UK; 

http://www.matrixscience.com/) and queried against the NCBI nonnedundant 

(NCBInr) database, using fungi as the taxonomic category with the following 

search criteria: one missing cleavage allowance by trypsin, fixed modification of 

carbamidomethyl, ±2.0 Da peptide tolerance, ±0.8 Da MS/MS tolerance, 1+, 2+, 

3+ peptide charge, monoisotopic ions with no precursor, and ESI-TRAP 

instrument.  Individual ion scores resulting in peptide mass fingerprints obtained 

by the Mascot search were calculated as –10×Log (P), where P is the probability 

that the observed match is a random event.  Individual ions scores with a 

threshold value >50 were considered to indicate identity or extensive homology (p 

< 0.05) as defined by the Mascot probability analysis. 
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5.2.7. Bioinformatics and classification 

Functional groupings of identified proteins were based on InterPro 

(http://www.ebi.ac.uk/interpro/) and FunCat classifications (the Munich 

Information Center for Protein Sequences; http://www.helmholtz-

muenchen.de/en/mips/) (Apweiler et al., 2001; Ruepp et al, 2004). 

 

5.3. Results and discussion 

5.3.1. Development of sclerotia 

The developmental sequence of the sclerotia was similar to that reported in a 

previous study (Colotelo, 1974).  Mycelia grew and developed into a dispersed 

colony, with clumps appearing among hyphae after 3 days of growth on PDA, as 

described earlier (Willetts and Bullock, 1992).  The sclerotial initials formed from 

white mycelial aggregates by 4 days (Fig. 5-1A), whilst liquid droplets of 

exudates started to appear and coalesce on the sclerotial surface.  The number of 

developing sclerotia continued to increase, and their pigmentation also increased 

rapidly as they turned from grey to black, with a simultaneous increase in the size 

and number of the exudate droplets by 5 days (Fig. 5-1B).  The pigmented, 

mature sclerotia were clearly visible on the edge of plate by 8 days of growth, at 

which time liquid droplets were no longer present on the sclerotial surface (Fig. 5-

1C). 

5.3.2. Proteome changes during sclerotial development and their functional 

classification 
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Figure 5-1.  Three distinct stages in the formation of sclerotia of S. sclerotiorum: 

(A) initiation (4 days of growth); (B) development (5 days of growth); and (C) 

maturation (8 days of growth).  The enlarged panel on the right corner shows a 

typical sclerotium (arrow). 
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Individual protein spots were resolved by 2-DE with a pH range of 4–7, with 

good reproducibility and resolution achieved on Colloidal blue stained gels.  A 

representative image of a 2-DE gel is shown in Figure 5-2.  PDQuest analysis 

revealed that a total of 719 matched protein spots could be detected on the gels 

over the three different developmental stages examined.  Of the spots observed, a 

total of 88 exhibited significant differences (p < 0.01) in abundance between any 

two stages and could be identified by LC-MS/MS (Table 5-1 and Table S5-1).  

The results indicate that 20 of these protein spots were common to all sclerotial 

developmental stages investigated in this study, with 39 differing in abundance 

between the initiation (4 days) and development stages (5 days), 26 differing in 

abundance between the development and maturation stages (8 days), and 67 

differing in abundance between the initiation and maturation stages (Fig. 5-3).  To 

understand the predicted functions of the identified proteins, the differentially 

expressed proteins were sorted into several functional categories (Fig. 5-4).   

5.3.3. Proteins associated with development 

Most of the proteins identified as being involved in amino acid metabolism 

exhibited a significant (p < 0.01) decrease in abundance during the various stages 

of sclerotial development.  Two proteins matching aminotransferase and aldehyde 

dehydrogenase (spots 75 and 84) showed consistent decreases in abundance at all 

developmental stages (Table 5-1).  Saccharopine dehydrogenase (spots 80 and 82) 

is known to catalyze lysine biosynthesis in fungi and the deletion of the lysine 

biosynthesis gene (lysF) lead to attenuation of virulence in Aspergillus fumigatus 

(Zabriskie and Jackson, 2000; Liebmann et al., 2004).  The loss of virulence in a  
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Figure 5-2.  A representative 2-DE gel image of the sclerotial proteome of S. 

sclerotiorum during initiation.  Samples containing 300 μg total protein were 

subjected to isoelectric focusing (IEF) in a linear IPG strip (17 cm, pH 4–7) as the 

first dimension, followed by 13% SDS-PAGE for protein separation in the second 

dimension.  Proteins were visualized with Colloidal blue staining.  The 

differentially abundant protein spots are indicated by arrows (the numbers refer to 

the order of each spot in Table 5-1). 
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Table 5-1. List of the differentially expressed proteins identified during sclerotial 

development of S. sclerotiorum 
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Table 5-1 Continuted 
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Table 5-1 Continuted 
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Table 5-1 Continuted 

 
a Respective identification number of spots as given on the 2-D gel image. 

b Protein name based on BROAD database searching by locus tag in NCBI 

result 

c Locus tag number in NCBI annotation 

d Accession number in NCBI 

e Mascot score (threshold score > 50) 

f Number of peptide matched 

g Percent sequence coverage (%) 

h Theoretical molecular mass (Mr, kDa)/Isoelectric point (pI) value 

i Observed molecular mass (Mr, kDa)/Isoelectric point (pI) value 
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j Temporal regulation patterns of identified proteins at three stages of sclerotial 

development.  X-axes: from left to right is 4, 5, and 8 days of growth; Y-axes: 

relative abundance normalized as an expression ratio (expression ratio = 4 

days/5 days and 8 days/5 days, with the expression ratio at 5 days set to one by 

default).  The different letters indicate the significance as determined by 

ANOVA (p < 0.05). 
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Figure 5-3.  A Venn diagram showing the numerical distribution of protein spots 

during various stages of sclerotial development in S. sclerotiorum (4 days, 

initiation; 5 days, development; 8 days, maturation). 
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Figure 5-4.  Functional classification of differentially abundant proteins identified 

during sclerotial development in S. sclerotiorum.  The proteins were categorized 

based on their annotation in the InterPro (the European Bioinformatics Institute) 

and MIPS (Munich Information Center for Protein Sequences) database and 

assigned to their predicted functional categories. 
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mutant isolate of S. sclerotiorum was shown to be associated with aberrant 

sclerotial development and maturation (Rollins, 2003).  Moreover, it has been 

speculated that lysine is involved in the binding between chitin and glucan during 

the synthesis of the fungal cell wall (Debono and Goedee, 1994).  These 

observations indicate a possible crucial role for saccharopine dehydrogenase in 

sclerotial development, as well as a possible role in fungal virulence that will need 

to be tested in future studies. 

The abundance of proteins involved in lipid and secondary metabolism was 

significantly higher at the initiation stage relative to the two later stages of 

sclerotial development (Table 5-1).  For example, sterol 24-C-methyltransferase 

(spot 76) is involved in ergosterol biosynthesis, ergosterol being a component of 

fungal cell membranes (Hendrix, 1970; Nes et al., 2009).  Similarly, 

diphosphomevalonate decarboxylase and hydroxymethylglutaryl-CoA synthase 

(spots 50 and 52, respectively) are known to participate in the biosynthesis of 

isoprenoids (Kleinig, 1998), which also represents an important, conserved set of 

reactions (Semighini et al., 2006).  Metabolites derived from the sterol 

biosynthetic pathways often play significant roles as signaling molecules in 

regulating lipid synthesis (Edwards and Ericsson, 1999).  Furthermore, the protein 

EstA (spot 22) has previously been used as an indicator of differentiation based 

on its isoenzyme patterns during sclerotial development in Sclerotium rolfsii 

(Chet and Henis, 1975). 

Five spots identified as cellobiose dehydrogenase (spots 4, 5, 6, 15, and 16) 

and classified into the carbohydrate metabolism category were observed to be 
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significantly (p < 0.01) increased in abundance during the development and 

maturation of sclerotia, whilst the abundance of D-arabinitol 2-dehydrogenase and 

galactose-1-phosphate uridylyltransferase (spots 24 and 56, respectively) was 

significantly decreased in the latter two stages (Table 5-1).  Cellobiose 

dehydrogenase (CDH) is an extracellular enzyme produced by a number of soft 

rot fungi and molds, and has been reported to exhibit high activity levels in the 

phytopathogen S. rolfsii (Ludwig and Haltroch, 2003). 

CDH has also been reported to be involved in glucose oxidation and the 

production of superoxide (Henriksson et al., 2000).  Interestingly, a correlation in 

abundance between CDH and superoxide dismutase (SOD; spots 29 and 86) was 

observed, and the latter also increased between the development and maturation 

stages (Table 5-1).  SOD, a free radical scavenging enzyme, has been found to 

increase in abundance after differentiation during sclerotial metamorphosis 

(Georgiou et al., 2006).  Another protein, peroxidase (spots 44 and 67), which was 

grouped in the cell defense category, exhibited a significant decrease between the 

initial and developmental stages.  The abundance of catalase and 

polyphenoloxidase was not found to be significantly altered, although the 

occurrence of these enzymes has been reported in developing sclerotial extracts 

(Colotelo et al., 1971).  Spots 46, 59 and 63 corresponded to NADH: ubiquinone 

oxidoreductase (complex I) of the fungal respiration chain, an enzyme known to 

generate superoxide radical (O2
.–) (Bai et al., 2003).  Thus, enzymes involved in 

the generation and detoxification of free radicals appear to have an important role 

during sclerotial development. 
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The abundance of all proteins involved in energy metabolism decreased 

between the initiation and development stages of sclerotium formation.  In fact, 

some protein spots (spots 1, 57, 60, and 72) decreased between the development 

and maturation stages as well (Table 5-1).  Proteins in this category included 

isocitrate dehydrogenase, fumarate hydratase, and aconitate hydratase (spots 78, 

81, and 85, respectively), which are enzymes involved in the citric acid cycle.  

Pyruvate dehydrogenase and dihydrolipoyl dehydrogenase (spots 54 and 57) are 

components of the pyruvate dehydrogenase complex that transforms pyruvate into 

acetyl-CoA, an important rate-limiting step for the entry of carbon into the citric 

acid cycle (Schnarrenberger and Martin, 2002).  Ribose-5-phosphate isomerase 

(spot 70) is involved in the pentose phosphate pathway, which serves as a major 

source for NADPH and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(Walfridsson et al., 1995).  In this study, GAPDH (spot 72) was most abundant 

during the sclerotial initiation stage, and gradually decreased during the 

developmental process.  This finding is consistent with a previous study that 

reported a decrease in GAPDH activity during sclerotial development (Chet and 

Henis, 1975), further indicating an important role for this protein during the initial 

stages of sclerotial development. 

Two proteins were identified as scytalone dehydratase and 

trihydroxynaphthalene reductase (spots 45 and 66, respectively), enzymes 

involved in the biosynthesis of melanin (1, 8-dihydroxynaphthalene, DHN) in a 

wide range of plant pathogenic fungi (Butler and Day, 1998).  The abundance of 

these two proteins increased significantly between the initiation and 
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developmental stages of sclerotium formation, and was maintained at high levels 

after the initiation stage.  This suggests that the up-regulation of proteins involved 

in melanin biosynthesis takes place during sclerotial development (Table 5-1).  

Inhibition of melanogenesis or degradation of melanin production could represent 

a potential strategy to mitigate the devastating effects of sclerotial pathogens.  For 

instance, the white rot fungus Phanerochaete chrysosporium can degrade melanin 

produced by sclerotia of S. sclerotiorum (Butler et al., 2009). 

Most proteins with unknown functions increased in abundance.  All spots 

corresponding to one of these proteins, identified as a developmental-specific 

protein (Ssp1; SS1G_14065), were significantly increased between any two of the 

three stages of sclerotial development (Table 5-1).  Some of these spots possessed 

a lower molecular mass than their theoretical/expected values, which may have 

resulted from fragmentation during the protein extraction process and/or 

electrophoresis (Horie et al., 2008).  The rapid accumulation of Ssp has been 

observed only in sclerotial development, and it is undetectable in vegetative 

mycelia (Russo et al., 1982); in sclerotial extracts of S. sclerotiorum, S. 

trifoliorum, and S. minor, Ssp was found to comprise approximately 38, 27, and 

31%, respectively, of the total cellular protein (Petersen et al., 1982).  Therefore, 

this protein may have a role in the formation and preservation of dormancy or 

germination of sclerotia (Russo et al., 1982).  Recently, Ssp1 was identified in 

multiple stages of sclerotial and apothecial development as a developmental-

specific protein.  Although the biological activity of Ssp1 is still not fully 

understood, the encoded gene product has been suggested as a biomarker for 
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sclerotial development (Li and Rollins, 2009).  Further studies on the 

functional/structural characterization of Ssp1 should be undertaken to elucidate its 

biological significance, which could result in strategies to inhibit sclerotial 

development, thereby aiding in disease control.  The characterization of other 

proteins with unknown functions may also provide insight into their roles, 

resulting in an increased understanding of the underlying mechanisms of sclerotial 

development.  Ultimately, this knowledge may have applications towards the 

engineering of protection against sclerotial pathogens. 

This study represents the first global analysis of the proteins associated with 

sclerotial development, and provides insight into the intrinsic regulatory networks 

driving this process.  Some of the identified proteins may serve as rational targets 

for the development of novel and effective inhibitors of melanin synthesis, which 

could aid in plant protection by reducing sclerotium survival.  In addition, 

proteins with unknown functions need to be characterized to elucidate their 

biological roles.  As the data contained in publically available databases continue 

to expand, ascribing functions to the identified proteins becomes of greater 

importance in order to maximize the utility of such databases.  Although the 

functions of many of the proteins found in this study might not be currently 

known, their association with sclerotial development offers some clues as to their 

putative activities.  Indeed, the knowledge that these proteins are likely involved 

in sclerotial development is valuable, since it provides a context for future 

investigations on their function. 
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6. The Proteome of liquid sclerotial exudates from Sclerotinia sclerotiorum* 

6.1. Introduction 

Sclerotinia sclerotiorum (Lib.) de Bary is a necrotrophic, homothallic fungus 

belonging to the phylum Ascomycota (Bolton et al., 2006).  More than 400 plant 

species, including economically important crops such as grain legumes, oilseeds, 

and various horticultural commodities, serve as hosts for this pathogen in many 

parts of the world (Boland and Hall, 1994).  A common symptom of S. 

sclerotiorum infection includes the development of water-soaked lesions that 

eventually turn necrotic, while the growth of fluffy white mycelium on affected 

tissue is a common sign of infection.  As suggested by the name of the pathogen, 

sclerotia play an important role in the disease and life cycles of S. sclerotiorum.  

Sclerotia can be found inside infected stem piths and also on the surfaces of 

infected plant tissues under favorable environmental conditions.  The period of 

sclerotium formation coincides with the flowering and seed production stages of 

the host, which can therefore lead to the infestation of harvested seeds (Bolton et 

al., 2006).  Sclerotia also serve as over-wintering, long-term survival and 

reproductive structures for the pathogen (Chet and Henis, 1975; Willetts and 

Bullock, 1992). 

Sclerotia are formed under conditions that are unfavorable for vegetative 

growth and consist of three different layers: a thick-walled and pigmented rind, a 

thin-walled cortex, and a white medulla (Bardin and Huang, 2001).  The presence 

of melanin in the rind is important for the survival and longevity of the  

*A version of this chapter has been published.  Liang, Y., Strelkov, S.E., Kav, N.N.V.  2010.  J. 

Proteome Res. 9, 3290-3298. 
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sclerotium, helping to protect it from adverse environmental conditions and 

microbial degradation (Bell and Wheleler, 1986).  Three distinct, overlapping 

stages have been described during sclerotial development: (1) initiation 

(aggregation of hyphae to form initials), (2) development (hyphal growth to full 

size), and (3) maturation (involving surface delimitation, pigmentation of 

peripheral rind cells and internal consolidation) (Townsend and Willetts, 1954). 

The germination of sclerotia can be carpogenic (resulting in the formation of 

apothecia) or myceliogenic (resulting in the formation of mycelia) (Bardin and 

Huang, 2001).  The nature of germination depends on the geographic origin of an 

isolate, temperature, and/or soil moisture conditions.  When carpogenic 

germination occurs, apothecia form on a stipe at the soil surface, releasing 

millions of airborne ascospores.  These ascospores can colonize senescent or 

necrotic tissues, including flower petals, which serve as a nutrient source after 

spore germination.  In contrast, myceliogenic germination results in the 

production of hyphae that can directly infect plant tissue, and is associated with a 

melanin deficiency, the existence of melanin-inhibitors, and/or an absence of 

nutrients (Bardin and Huang, 2001; Hegedus and Rimmer, 2005). 

The exudation of liquid droplets by sclerotia is a common feature during the 

early stages of sclerotial development (Cook, 1969), and many reports in the 

literature from the 1970s and earlier refer to such exudates.  The accumulation of 

liquid droplets was observed on sclerotial surfaces when initials began to form, 

with the droplets increasing in size during the growth of the sclerotia (Cook, 

1969).  During maturation, the droplets gradually decreased in size and eventually 
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disappeared (Colotelo, 1974).  The rapid loss of water as exudates during the 

early stages of sclerotial development may serve to maintain internal 

physiological balance by conversion and excretion of excess carbon compounds 

(Cook, 1969).  The exudation may also result from the dehydration of cell walls 

and the polymerization of soluble compounds during the formation and thickening 

of sclerotial cell walls (Chet and Henis, 1975).  The decreased moisture in tissues 

as a result of the active exudation of water and carbohydrates may have a 

significant influence on the long-term survival of the sclerotia (Willetts, 1971). 

The chemical composition of the exudates is quite complex.  Oxidized 

phenolics were found to accumulate in the exudates, giving them a clear to pale-

yellow or dark-brown color (Willetts and Bullock, 1992).  In addition, the 

exudates contain a number of soluble carbohydrates, including glucose, trehalose, 

inositol, and mannitol (Cook, 1969).  Sclerotial exudates have also been reported 

to possess phenol oxidase activity, and to contain various salts, proteins and 

amino acids, but no catechol compounds (Jones, 1970).  The chemical and 

physiological properties of the exudates have also been described, including 

analysis of dry mass, total protein, and crude lipid and ammonium content at 

different stages of development; in addition, the specific activities of various 

enzymes as well as the pH and fatty acid composition were investigated 

(Colotelo, 1973; Colotelo et al., 1973).  However, to the best of our knowledge, 

there has been no detailed analysis of the proteins in the exudates.  The exudate 

constituents are believed to be selectively re-absorbed into the sclerotia, resulting 

in the decrease in droplet volume (Colotelo, 1973; Colotelo et al., 1973). 
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Moreover, exudates were reported to effectively induce disease symptoms and to 

have deleterious effects on adjacent plant tissues, although these effects are not 

understood (Colotelo et al., 1973). 

In this study, a proteomic analysis was performed in order to gain a better 

understanding of the nature of sclerotial exudates from S. sclerotiorum.  The 

results are discussed within the context of sclerotial development as well as the 

disease and life cycles of the pathogen. 

 

6.2. Materials and Methods 

6.2.1. Growth conditions and collection of exudates   

A mature sclerotium of wild-type S. sclerotiorum collected from an infected 

canola plant was sliced in half using a sterile scalpel and placed on potato 

dextrose agar (PDA; Becton Dickinson; Franklin Lakes, NJ, USA) in a Petri dish, 

with the sectioned surface in contact with the medium.  The Petri dish was 

incubated at room temperature (22 ± 1 °C) for 4 days, until a colony formed 

around the sclerotium.  A mycelial plug (5 mm) excised from the periphery of this 

young colony was placed on the center of another PDA plate and was incubated at 

room temperature for 5 days.  Liquid exudates (droplets) were collected from the 

surfaces of developing, 5-day-old sclerotia using a sterilized Pasteur pipette with 

the aid of a stereomicroscope (6 × magnification) (Colotelo et al., 1971; Chen et 

al., 2004; Rollins and Dickman, 1998).  Three individual sclerotia were originally 

used to start the mycelial cultures, from each of which approximately 50 plates of 

developing sclerotia served as the source of the exudate samples.  Exudate 
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samples derived from each original sclerotium were considered to be one 

biological replication, and thus three independent biological replicates of exudate 

samples were prepared and analyzed by electrophoresis. 

6.2.2. Protein preparation   

Protein samples for electrophoresis were prepared as previously reported with 

some minor modifications as described below (Colotelo et al., 1971).  Exudate 

droplets from the surfaces of developing sclerotia were collected and immediately 

filtered through a 0.22 μm filter unit (Millipore Corp., Bedford, MA, USA) and 

lyophilized overnight.  The concentration of protein in the samples was 

determined using a modified Bradford assay (Bio-Rad, Hercules, CA, USA) with 

bovine serum albumin as the standard (Bradford, 1976). 

6.2.3. 1-DE and 2-DE analysis 

For one-dimensional gel electrophoresis (1-DE), protein samples (15 μg) 

dissolved in HPLC-water were mixed with 5× SDS-PAGE loading buffer [250 

mM Tris-HCl, pH 6.8, 500 mM (dithiothreitol) DTT, 10% (v/v) SDS, 35% (v/v) 

glycerol, 0.05% (v/v) Bromophenol Blue] and placed in a boiling water bath for 5 

min.  Samples were applied to and separated on a 4–15% gradient Tris-HCl 

Ready gel (Bio-Rad) run in a Mini PROTEAN Cell (Bio-Rad) at 25 mA per gel 

for 30 min.  Three biological replicates were analyzed in different wells of the 

same gel. 

For two-dimensional gel electrophoresis (2-DE), liquid exudate was desalted 

by centrifugation through a Microcon YM-3 centrifugal filter unit (3,000 Da 

MWCO; Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s 
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recommended procedure and lyophilized overnight to concentrate the protein.  

The protein samples were resolubilized in rehydration/sample buffer (Bio-Rad) 

containing 1% (v/v) tributylphosphine (TBP, Bio-Rad).   Immobilized pH 

gradient (IPG) strips (7cm, pH 4–7, Bio-Rad) were passively rehydrated overnight 

with 50 μg protein in 125 μL rehydration/sample buffer.  Isoelectric focusing 

(IEF) was performed using a PROTEAN IEF cell (Bio-Rad) programmed as 

follows: the voltage was first held at 250V for 15 min, then linearly increased 

from 250 to 4,000 V over 2 h, focused for 20,000Vh and held at 500V.  The 

focused strip was equilibrated in 1 mL of equilibration solution [6 M urea, 2% 

(v/v) SDS, 20% (v/v) glycerol, and 0.37 M Tris-HCl, pH 8.8] containing 130 mM 

DTT with gentle agitation for 10 min twice, followed by another equilibration in 1 

mL of equilibration buffer containing 135 mM iodoacetamide (IAA, Bio-Rad) for 

another 10 min twice.  SDS-PAGE gels (13%, 1mm) were carried out in a Mini 

PROTEAN Cell at 25 mA per gel for 45 minutes.  Two technical replicates of the 

electrophoresis were performed for each of three biological replicates. 

Proteins were visualized by staining with a Colloidal Blue Staining Kit 

(Invitrogen, Carlsbad, CA, USA), followed by destaining in deionized water as 

per the manufacturer’s instructions.  Gel images were recorded on a GS-800 

Calibrated Densitometer (Bio-Rad). 

6.2.4. In-gel digestion of proteins 

Protein bands (1 × 10 mm) were excised from the stained 1-DE gels using a 

Gridcutter (Gel Company, San Francisco, CA, USA), while additional gel slices 

representing major bands on 1-DE gels and protein spots on 2-DE gels were 



 197

excised with a sterile scalpel.  The excised gel samples were placed in separate 

1.5 mL microcentrifuge tubes for in-gel tryptic digestion, which was performed in 

a laminar flowhood.  Briefly, gel samples were washed with 100 μL of HPLC-

grade water (Fisher Scientific, Fair Lawn, NJ, USA) for 5 min, dehydrated with 

50 μL of 100 % (v/v) acetonitrile (ACN) for 10 min, destained with 50 μL of 50 

mM NH4HCO3/50% (v/v) ACN for 10 min (with vigorous intermittent vortexing), 

dehydrated with 50 μL of 100% (v/v) ACN for 10 min, and air-dried for 10 min.  

Proteins in the gel samples were reduced by incubation with 30 μL of 10 mM 

DTT/0.1 M NH4HCO3 at 56 °C for 30 min, which was followed by dehydration 

with 50 μL of 100% (v/v) ACN for 5 min.  The samples were subsequently 

alkylated in 30 μL of 55 mM IAA/0.1 M NH4HCO3 at room temperature in 

darkness for 20 min.  The samples were rinsed with 150 μL of 0.1 M NH4HCO3, 

dehydrated with 100% (v/v) ACN for 10 min, and air-dried, with the latter three 

steps repeated twice.  Proteins present in the gel slices were digested with 30 μL 

of 0.02 μg/μL trypsin (Promega, Madison, WI, USA) in 40 mM NH4HCO3/10% 

(v/v) ACN, followed by incubation at room temperature for 60 min, and a 

subsequent incubation at 37 °C overnight.  The trypsin digestion was terminated 

by adding 3 μL of 2% (v/v) formic acid (FA) and incubation for 30 min.  The 

solutions were added to new microcentrifuge tubes and extracted twice with 15 

μL of 50% (v/v) ACN/0.1% (v/v) FA.  The extracts were thoroughly mixed and 

stored at –80 °C until MS/MS analysis.   

6.2.5. LC-MS/MS 
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Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of 

the proteins was performed in the Microarray and Proteomics Facility, 

Department of Biological Sciences, University of Alberta, Edmonton, Canada.  

Digested samples were analyzed in an Agilent 1100 Series LC/MSD Trap XCT 

ion trap mass spectrometer (Agilent Technologies, Palo Alto, CA, USA) operated 

in the unique peptide scan auto-MS/MS mode.  Each sample (20 μL) was injected 

using an autosampler and processed on a Zorbax 300SB-C18 (5 μm, 5 × 0.3 mm) 

column to concentrate the sample, followed by separation of the peptides on a 

Zorbax 300SB-C18 (5 μm, 150 × 0.3 mm) column.  Gradient separation of the 

peptides was performed at a flow rate of 4 μL/min with a mobile phase consisting 

of solvent A [0.1% (v/v) FA in H2O] and solvent B [0.1% (v/v) FA in ACN], 

under the following linear gradient programs: an initial mode of 3% solvent B for 

5 min (0–5 min), to 15% solvent B for 3 min (5–8 min), to 45% solvent B for 42 

min (8–50 min), to 90% solvent B for 10 min (50–60 min), to 3% solvent B for 1 

min (60–61 min), and finally to 3% solvent B for 14 min (61–75 min) to clean the 

column prior to the application of the next sample.  Peptide ion fragmentation 

data were collected by performing an MS 300-2000 m/z scan, followed by 

MS/MS analysis of the most intense ions.  Raw spectral data were converted into 

Mascot Generic File (*.mgf) format using the default method in the ChemStation 

Data Analysis module.  

6.2.6. Protein identification 

All MS/MS spectra (*.mgf) were analyzed using the Mascot search engine 

(version 2.1; Matrix Science, MA, USA) and queried against the NCBI 
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nonredundant (NCBInr) database with fungi selected as the taxonomy.  The 

following search criteria were used: one missed cleavage by trypsin allowed, 

fixed modification of carbamidomethyl, peptide tolerance of ±2.0 Da, MS/MS 

tolerance of ±0.8 Da, peptide charge of 1+, 2+, 3+, monoisotopic with no 

precursor, and ESI-TRAP instrument.  Identified proteins were grouped into the 

different predicted functional categories based on InterPro and MIPS 

classifications (the Munich Information Center for Protein Sequences) (Apweiler 

et al., 2001; Puepp et al., 2004). 

 

6.3. Results and Discussion 

6.3.1. Formation of sclerotial exudates 

Sclerotium formation and development of exudate droplets were consistent 

with previous reports (Colotelo, 1974).  As the mycelium of wild-type S. 

sclerotiorum reached the outer edge of the Petri dish 3 days after inoculation, the 

colony was generally undifferentiated except for some areas of thicker growth 

(Fig. 6-1A).  However, sclerotial initials were clearly visible by 4 days, at which 

time droplets of exudate began to develop and coalesce into larger droplets on the 

surface of the sclerotia (Fig. 6-1B).  By 5 days after inoculation, the sclerotia 

became pigmented and the exudate droplets had enlarged considerably and could 

be readily observed with the naked eye (Fig. 6-1C and 6-1E).  By 8 days, the 

exudate droplets had almost completely disappeared (Fig. 6-1D).  Based on the 

relative abundance of exudates at 5 days, and earlier reports that the dry matter  
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Figure 6-1.  Formation of exudates by developing sclerotia of S. sclerotiorum at 

different developmental stages.  (A) Mycelial mass 3 days after inoculation;  (B) 

Sclerotial initials at 4 days after inoculation;  (C) Developing sclerotia with 

visible exudate droplets at 5 days after inoculation; (D) Mature sclerotia at 8 days 

after inoculation; (E) Sclerotial exudates on the surface of the developing 

sclerotium under a stereomicroscope (25 × magnification). 
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and protein content of the exudates was greatest at this time, this time point was 

selected for collection of exudates for proteomic analysis (Colotelo, 1973). 

6.3.2. Proteome of sclerotial exudates 

The total protein concentration in the crude sclerotial exudate preparations 

was 2.3 ± 0.3 μg/μL (mean ± standard error), which is in consistent with previous 

reports (Colotelo, 1973).  Both 1-DE and 2-DE were used in this study to ensure 

that the maximum number of sclerotial exudate proteins could be identified.  1-

DE is technically-simpler than 2-DE and more importantly, its performance is not 

adversely affected by certain compounds in the exudates (e.g., phenolics and 

salts) as is normally the case with 2-DE.  The attempts to separate proteins present 

in the crude exudates by 2-DE without any desalting process resulted in poor 

quality gels with considerable smearing of protein bands (data not shown).  

Therefore, additional steps to desalt and/or remove phenolics were required for 2-

DE, but not for 1-DE.  A combination of 1-DE and 2-DE was used to increase the 

chances of identifying proteins of lower abundance that would be missed in 2-DE, 

because the loss of such proteins may occur with additional desalting steps.   

However, the resolution of proteins is far superior in 2-DE, which separates 

proteins into individual spots on the gel.  Furthermore, much lower molecular 

mass proteins could be observed and subsequently excised from 2-DE gels 

compared to 1-DE gels.   Since 1-DE patterns obtained from each of the three 

independent biological replicates were identical, two gel panels, representing two 

independent biological replicates of sclerotial exudates, were further processed for 

mass spectrometric analysis.  A total of 26 gel slices, corresponding to a 
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molecular mass range of 25-130 kDa, and four individually excised bands (Fig. 6-

2), were subjected to tryptic digestion and LC-MS/MS for protein identification.  

In the case of 2-DE gels, 92protein spots reproducibly observed in all three 

biological replicates were excised and subsequently identified by LC-MS/MS.  A 

representative gel image indicating the protein spots resolved by 2-DE is shown 

(Fig. 6-3). 

6.3.3. Protein identification 

LC-MS/MS analysis of proteins from excised gel spots/slices resulted in 

peptide mass fingerprints that were used to search the NCBInr database using 

Mascot software.  Individual ion scores were calculated as –10×Log (P), where P 

is the probability that the observed match is a random event.  Scores greater than 

the threshold value (> 50) were considered to indicate identity or extensive 

homology (p < 0.05), as defined by the Mascot probability analysis. 

A total of 103 significantly positive protein hits, consisting of 50 

nonredundant proteins, were reproducibly identified from the 1-DE gel slices (26 

slices plus the 4 individual bands) and are shown in Table 6-1 with additional data 

presented in Table S6-1.  The number of hits generated from each slice was 

roughly correlated with the intensities of the corresponding protein bands on the 

gels (Fig. 6-2).  Multiple hits are a common occurrence in protein samples 

generated by 1-DE separation of crude protein extracts, likely as a result of the 

occurrence of more than one protein in a particular band.  Moreover, some 

proteins were identified in more than one band, which may result from 

fragmentation during extraction and/or 1-DE (Table 6-1) (Horie et al., 2008).  In 
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Figure 6-2.  1-DE analysis of proteins present in sclerotial exudates from S. 

sclerotiorum.  Proteins were separated by 1-DE and visualized by staining with 

Colloidal Coomassie Blue.  Bands of approximate 20-130 kDa in size (box) were 

cut into 26 (1 × 10 mm) slices (band nos. 1-26) and an additional four individual 

bands (band nos. 27-30) were excised for MS/MS analysis.  The numbers ascribed 

to the bands on the gel correspond to the numbers and protein identities listed in 

Table 6-1.  Relative migration of the molecular mass markers (M) is also 

indicated. 
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Figure 6-3.  2-DE analysis of proteins present in sclerotial exudates from 

Sclerotinia sclerotiorum.  Proteins were separated by 2-DE and visualized by 

staining with Colloidal Coomassie Blue.  The numbers ascribed to the spots on 

the representative gel image correspond to the numbers and protein identities 

listed in Table 6-2. 
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Table 6-1. List of proteins identified by 1-DE with LC-MS/MS in the sclerotial 

exudates of S. sclerotiorum 
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Table 6-1 Continuted 

 
a Band number as given on the 1-D gel image. 

b Protein name based on Broad database searching by Mascot results 

c Locus tag number in BROAD database 

d Accession number in NCBI database 

e Mascot score (threshold score > 50, the different numbers separated by 

virgules represent results from biological replicates 1 and 2, respectively) 

f Number of peptides matched (the different numbers separated by virgules 

represent results from biological replicates 1 and 2, respectively) 

g Percent sequence coverage (%, the different numbers separated by virgules 

represent results from biological replicates 1 and 2, respectively) 

a Theoretical molecular weight (Mr, kDa)/Isoelectric point (pI) value 
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addition, a total of 102 significantly positive protein hits, consisting of 42 

nonredundant proteins, were identified from protein spots excised from 2-DE gels 

(Table 6-2 and Table S6-2).  There are several multiple identifications from 

apparent single protein spots (e.g. spot 31, Table 6-2), possibly due to overlap of 

protein spots with similar molecular masses and isoelectric points (pIs).  As 

indicated in the Venn diagram (Fig. 6-4), a total of 50 and 42 proteins were 

identified from 1-DE and 2-DE gels, respectively, with 36 of these proteins being 

identified from both types of electrophoresis.  The value of performing both 1-DE 

and 2-DE is demonstrated by the fact that 14 proteins and 6 proteins were 

identified only from 1-DE and 2-DE gels, respectively.  Clearly, if only one type 

of electrophoresis was performed, some proteins present in the sclerotial exudates 

would have been missed. 

6.3.4. Functional categories 

The identified proteins were classified into functional categories based on 

their known annotations in the currently available databases.  These categories 

included amino acid metabolism, carbohydrate metabolism, lipid and secondary 

metabolism, energy, signal transduction, and unknown proteins (Fig. 6-5; Table 6-

1 and Table 6-2).  The largest category consisted of proteins involved in 

carbohydrate metabolism (45%) and included those proteins that are known to be 

related to the morphogenesis of the fungal cell wall.  Fungal cell walls are 

composed of complex polysaccharides (glucan, chitin, mannans) and proteins 

(Bartnicki-Garcia, 1968; Wessels, 1994).  The cell walls of S. sclerotiorum have  
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Table 6-2. List of proteins identified by 2-DE with LC-MS/MS in the sclerotial 

exudates of S. sclerotiorum 
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Table 6-2 Continuted 

 
a Respective identification number of spots as given on the 2-D gel image 

b Protein name based on BROAD database searching by locus tag in NCBI 

result 

c Locus tag number in NCBI annotation 

d Accession number in NCBI 

e Mascot score (threshold score>50) 

f Number of peptides matched 

g Percent sequence coverage (%) 

h Theoretical molecular mass (Mr, kDa)/Isoelectric point (pI) value 

i Observed molecular mass (Mr, kDa)/Isoelectric point (pI) value 
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Figure 6-4.  Distribution of the proteins identified using 1-DE and 2-DE coupled 

with LC-MS/MS.  1-DE and 2-DE independently identified 50 and 42 proteins, 

respectively, where 36 proteins were common in both datasets from the sclerotial 

exudates of S. sclerotiorum. 
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Figure 6-5.  Functional groupings of proteins identified in sclerotial exudates from 

Sclerotinia sclerotiorum.  The percentages listed correspond to the proportion of 

the identified proteins in the various functional categories, and are based on a set 

of 56 nonredundant proteins identified with unique accession numbers in the 

NCBI database. 
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been demonstrated to contain large amounts of 1,3-β-glucan and chitin (Jones, 

1970), and most of the proteins related to cell walls have glucanase or chitinase 

activities (Adams, 2004).  Five glucanases were identified from the sclerotial 

exudates (SS1G_00458, SS1G_01229, SS1G_01422, SS1G_04085, and 

SS1G_07393), and these enzymes may play important roles during early sclerotial 

development by modifying cell wall architecture.  Necrosis inducing protein 

(NPP1, SS1G_11912) was also identified in the exudates.  This protein is thought 

to mediate callose apposition, pathogenesis-related gene transcription, as well as 

the generation of reactive oxygen species (ROS) and ethylene in the plant 

response to abiotic and biotic stress (Fellbrich et al., 2002).  Other proteins 

(SS1G_10353 and SS1G_12017) were reported to be responsible for the 

elongation of 1,3-β-glucan side chains (Hartland et al., 1996). 

The localization of endoglucanase and glucanosyltransferase activities is 

dependent upon the expression of a GPI-anchor protein to a specific site in the 

fungal cell envelope (Adams, 2004).  One such GPI-anchor protein 

(SS1G_04852) was also identified in the sclerotial exudates, which further 

supports an important role for cell wall modification enzymes during sclerotial 

development.  Additional proteins identified in this study that have roles in 

modifying cell wall architecture included: glucoamylase, which is involved in 

hydrolysis of carbohydrates (SS1G_08135 and SS1G_10617) (Basaveswara  et 

al., 1981), glycosyl hydrolase (SS1G_01776) (Lee et al., 2007), cellobiose 

dehydrogenase (SS1G_07863) (Sadana and Patil, 1985), mannosidase 

(SS1G_04200 and SS1G_04468) (Bartnicki-Garcia, 1968; Eades and Hintz, 
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2000), and rhamnosidase (SS1G_04541) (Bartnicki-Garcia, 1968; Orejas et al., 

1999).  Some of the other identified proteins (SS1G_06037, SS1G_07162, and 

SS1G_12930) have been reported to participate directly or indirectly in cell wall 

synthesis (Simons et al., 1998).  A laccase (SS1G_05112) was also identified 

from the sclerotial exudates and has been shown to be associated with lignin 

degradation, morphogenesis, and pathogenic processes in numerous fungi 

(Thurston, 1994).  A cell wall-bound laccase was also reported to be associated 

specifically with the process of melanization, through the oxidative 

polymerization of 1,8-dihydroxynaphthalene (Bell abd Wheeler, 1986).  

Additionally, two proteins (SS1G_02462 and SS1G_03602) were identified 

as arabinofuranosidases (Table 6-1 and Table 6-2).  An arabinofuranosidase 

precursor was previously identified in the secretome of S. sclerotiorum (Yajima 

and Kav, 2006), and has recently been demonstrated to be a virulence factor for 

this fungus (Yajima et al., 2009).  The observation that sclerotial exudates may 

induce disease-like symptoms on plant tissues may reflect the presence of cell 

wall degrading enzymes (CWDEs) (such as the arabinofuranosidase) in the 

exudates (Colotelo, 1973).  A protein (SS1G_10096) belonging to the cerato-

platanin (CP) family was also identified.  The CP family includes phytotoxic 

proteins that are secreted by the Ascomycetes and which elicit defense-related 

responses, including phytoalexin synthesis and cell death, in host and nonhost 

plants (Pazzagli et al., 2006).  The potential roles of these proteins, as well as 

others, during exudate formation and sclerotial development will be the subject of 

future investigations.   
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Another major group of proteins identified in this study include those 

involved in amino acid metabolism (13%), such as tyrosinase (SS1G_01576), 

which has been shown to be a key enzyme in the biosynthesis of fungal melanin 

(Bell and Wheeler, 1986).  There is considerable information in the literature that 

suggests that melanin is essential for fungal survival and longevity, by affording 

protection against adverse environmental stresses including UV irradiation, 

desiccation, antagonistic microbes, nutrient limitation, and temperature extremes 

(Bell and Wheeler, 1986; Whiletts, 1971; Henson et al., 1999).  Furthermore, the 

presence of melanin, which is known to act as a free radical scavenger, may 

indirectly indicate that sclerotial differentiation processes can be induced by 

oxidative stress. 

Most of the remaining proteins were classified as unknown (32%), as they 

were not functionally annotated in the public databases.  One particularly 

abundant protein (SS1G_14065) has been reported to be a development-specific 

protein (Ssp1) in multiple stages of sclerotial development, although its biological 

activity is unknown at this time (Li and Rollins, 2009); the same protein has been 

shown to rapidly accumulate during sclerotial development, but has not been 

detected in vegetative hyphae (Russo et al., 1982).  This protein was also shown 

to comprise approximately 38% of the total protein in sclerotial extracts, and is 

suggested to play significant roles in sclerotial development in other Sclerotinia 

species (Petersen et al., 1982).  Structural and functional characterization of Ssp1 

may allow for the elucidation of its function during sclerotial development and 

will be pursued further.  The development of inhibitors of this and other proteins 
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(such as arabinofuranosidase) may also be an effective strategy to inhibit 

sclerotial development and may have applications in disease management. 

 

6.4. Concluding remarks 

The effectiveness of proteome-level investigations in the study of plant 

pathology is supported by the identification of potential proteins that may be 

involved in pathogen development and/or pathogenicity and virulence.  The 

objective of the current study was to evaluate the protein composition of the 

liquid exudates formed during sclerotial development in S. sclerotiorum.  The 

results obtained provide, for the first time, a comprehensive profile of the proteins 

present in these exudates, which will form the basis for investigations into the 

structure and function of selected proteins in sclerotial development.  Amongst 

the proteins identified was arabinofuranosidase, which has been previously 

demonstrated to be a virulence factor for S. sclerotiorum (Yajima and Kav, 2009).  

This finding suggests an additional role for this enzyme during sclerotial 

development, which has not been previously proposed.  Another protein 

(SS1G_14065) identified in the exudates has been shown to be present in large 

amounts only in the developing sclerotia (Li and Rollins, 2009; Russo et al., 

1982).  This protein could also serve as a target for the development of novel crop 

protection agents.  A number of proteins with unknown functions were also 

identified in this study; characterization of their roles during sclerotial 

development, and in the life cycle of S. sclerotiorum in general, should form the 

focus of future studies. 
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7. General Discussion 

The two main objectives of this project were (1) to gain a comprehensive 

understanding of the response of canola to challenge by S. sclerotiorum, and (2) 

to characterize some of the main biological, physiological, and molecular changes 

associated with growth and infection by this fungus.  In order to achieve these 

objectives, a series of proteome-level investigations were conducted.  These 

included an analysis of proteome-level changes in canola inoculated with S. 

sclerotiorum and/or treated with the fungal pathogenicity factor oxalic acid, as 

well as characterization of the sclerotial proteome.  Additionally, the signal 

transduction networks (e.g., ABA, ET, JA, SA) and expression and/or activity of 

enzymes (e.g., CAT, NOX, OXO, POX, SOD) involved in the host oxidative 

response were examined, as were some of the morphological and histological 

events associated with infection. Finally, the role of a protein, termed Sssp, with 

unknown function was evaluated via a gene-disruption approach.  It was hoped 

that, collectively, this research would be useful not only in furthering the 

understanding of the canola/S. sclerotiorum interaction, but that it would also 

generate novel insights that might lead to the development of improved disease 

management strategies.   

The comparative proteome-level analysis of the canola-S. sclerotiorum 

interaction (Chapter 2) led to the identification of a number of proteins for which 

the corresponding genes were not found to be differentially expressed in a 

previous, transcriptome-based analysis of the same interaction (Yang et al., 2007). 

It is clear that, in order to fully understand the canola-S. sclerotiorum relationship 
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or other important pathosystems, information must be obtained at several levels, 

since quantities of transcripts and proteins are often not well-correlated (Gygi et 

al., 1999).  Moreover, since the studies described in this dissertation employed a 

susceptible canola genotype as the host, further studies should examine the 

interaction between resistant and tolerant genotypes and S. sclerotiorum.  These 

additional studies would serve to complement the present work and provide more 

clues as to the basis for resistance to stem rot.   

The use of biotechnology and genetic engineering approaches represents one 

avenue for obtaining durable disease resistance in economically important crops.  

Defense pathways, resistance genes and/or the hypersensitive response have all 

been suggested as rational targets for such an approach (Stuiver and Jerome, 

2001).   Given the role of OA as a pathogenicity factor for S. sclerotiorum, the 

manipulation of OXO (an enzyme that degrades OA) may represent an effective 

way in which to improve resistance to this pathogen (Thompson et al., 1995).   

Overexpression of oxalate decarboxylase, another enzyme that degrades OA, was 

shown to enhance resistance to S. sclerotiorum in tobacco and tomato (Kesarwani 

et al., 2000).  Such reports suggest that interference with the production and/or 

accumulation of fungal pathogenicity or virulence factors could be sufficient to 

provide resistance, at least in S. sclerotiorum and other OA-secreting pathogens 

(Stuiver and Jerome, 2001).   

Within this context, the current research provided novel insights that could be 

of use in transgenic-based approaches for obtaining resistance against S. 

sclerotiorum. For instance, we demonstrated the differential abundance of 
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molecules associated with JA-mediated signal transduction in response to S. 

sclerotiorum infection (Chapter 2 and 3).  This finding suggests that the 

modulation of key genes in the JA pathway could lead to the development of 

crops tolerant to this fungus or other OA-secreting pathogens.  Similarly, we 

observed that the abundance of a number of key enzymes involved in the host 

oxidative response, namely POX and SOD, was significantly reduced by 

treatment with OA (Chapter 3).  This would indicate that over-expression of these 

proteins in B. napus might serve to mitigate the effect of OA, and/or modulate 

oxidative responses in general.  Perhaps one of the best candidates identified in 

this study for the plantibody engineering of resistance to S. sclerotiorum, 

however, is the protein Sssp, since we showed that it serves as a virulence factor 

for the fungus (Chapter 4).   As the role of Sssp was formerly completely 

uncharacterized, manipulation of this protein would represent an entirely novel 

approach for developing S. sclerotiorum-resistant canola. 

In a knowledge-based approach to plant disease management, understanding 

the biology and development of a pathogen may be just as important as 

understanding the nature of its interactions with host genotypes.  As such, a 

portion of this dissertation was dedicated to characterizing the process of 

sclerotial development in S. sclerotiorum (Chapter 5 and 6).  An increased 

understanding of this important process could eventually result in new, fungus-

specific methods of stem rot control, focused on the inhibition of sclerotium 

formation (Patsoukis and Georgiou, 2007).  This could represent an attractive 

alternative to the traditional use of foliar fungicides.   More generally, however, 



 224

an enhanced knowledge of the molecular regulation of sclerotial development 

could also be very important for understanding more complex forms of 

differentiation in other microbes.  In this proteomic analysis of sclerotial 

development, we identified 88 differentially abundant proteins at different time-

points, including development-specific protein (Ssp) which could have an 

important role in sclerotial development.  This analysis represented the first global 

investigation of the sclerotial proteome, and sets the basis for future studies 

examining specific proteins with unknown functions during sclerotial 

development. 

 One of the problems associated with determining the function(s) of 

hypothetical or predicted proteins identified in global genomic or proteomic 

studies is that it may be difficult to determine in which, if any, biological 

processes a particular protein is involved.  Ultimately, this necessitates a 

comprehensive approach.  The work noted above on Sssp (Chapter 4) represents 

the integration of genomic, proteomic and transcriptomic analyses to develop 

specific hypotheses and identify targets for further analysis; in the case of Sssp, 

these analyses consisted of gene-disruption studies coupled with pathogenicity 

assays on canola plants.  The identification of Sssp as a target for such studies 

would not have been possible without the proteome-based research that preceded 

this work, or without the comparison to the Genbank databases.   

Given that Sssp gene-disruption mutants caused significantly reduced 

symptoms on a susceptible canola genotype, and that this protein is therefore a 

virulence factor for S. sclerotiorum, it worth touching on some possible 



 225

mechanisms of Sssp action.  For instance, Sssp might interfere with the function 

or activities of cell-wall degrading enzymes, or it could possibly have a direct 

effect on the integrity of plant cell walls.  Alternatively, Sssp might serve to 

attenuate the host defense response.  Based on current knowledge, all of these 

possibilities are simple speculation, but could serve as the basis for more detailed 

studies on the properties of Sssp and its specific role in disease development.    

Moreover, Sssp could also be used as a target in an antibody or PCR-based 

diagnostic assay for S. sclerotiorum and/or B. cinerea, given the unique 

occurrence of this protein in these pathogens (Chapter 4).    Such an approach 

would complement existing disease forecasting systems, and could facilitate 

development of in-field diagnostic tools in a variety of formats.  

 

7.1. Concluding remarks 

The proteins identified in this dissertation represent novel information in the 

understanding of the canola/S. sclerotiorum interaction and in the developmental 

biology of the fungus itself.  Therefore, this analysis may serve as a starting point 

towards achieving a comprehensive understanding of the molecular events 

associated with stem rot disease specifically, and other host-pathogen interactions 

in general.  Ultimately, an improved knowledge of stem rot and other diseases 

may lead to the creation of rational and effective strategies for sustainable plant 

disease management.  Before such strategies can be implemented, however, 

additional work will be required.  For instance, the function of some of the 

differentially abundant proteins identified in Chapters 2 and 3 should be studied in 
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more detail through gene knock-out or silencing studies.  Similarly, while we 

gained insights into the signaling and oxidative responses of canola to S. 

sclerotiorum infection, these components could be examined more closely 

through additional molecular and histopathological analyses.    

In the long-term, the modulation of host genes/proteins involved in the 

response to S. sclerotiorum challenge, through the application of various 

molecular techniques such as gene overexpression and RNA interference, could 

be useful for the management of stem rot.  Specifically, the triggering of signaling 

pathways or the modulation of oxidative responses early in the infection process 

could serve to increase tolerance to S. sclerotiorum.  Perhaps the clearest target 

for such an approach identified in this dissertation is the Sssp protein, which was 

found to serve as a virulence factor for S. sclerotiorum (Chapter 4).  The 

expression of exogenous antibodies specific for this protein in canola might lead 

to increased tolerance/resistance to infection.  Of course, it would be prudent to 

fully characterize the role of Sssp in disease development prior to undertaking 

such a strategy.  Nevertheless, given the unique occurrence of Sssp in S. 

sclerotiorum and Botrytis cinerea, this protein could at the very least serve as a 

target for molecular detection of stem rot through an antibody or PCR-based 

approach.   

While Chapters 2 to 4 were focused on the interaction between S. 

sclerotiorum and its canola host, the characterization of proteins associated with 

sclerotium development (Chapter 5) and sclerotial exudates (Chapter 6) 

represented a contribution to our understanding of the fungus itself.  Ultimately, 
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such an understanding could also have important practical applications.  By 

specifically targeting particular proteins or processes within these structures, it 

may be possible to hinder their formation and/or persistence.  As such, the 

inoculum potential in canola fields could be reduced.  While such strategies may 

seem a long way off, improved understanding of the basic biological systems 

involved is necessary before they are even possible.  This dissertation has 

contributed to such an understanding, providing a good overview of the stem rot 

pathosystem and a strong foundation from which to build on our knowledge.  

Ultimately, a more comprehensive knowledge base will facilitate management not 

only of S. sclerotiorum, but also of related pathogens.   
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Supplementary data 

Table S5-1. Detailed mass spectrometric data of proteins identified during 

development of sclerotia of S. sclerotiorum 
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Table S5-1. Continued 
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Table S5-1. Continued 
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a Spot number as given on the 2-D gel image. 
b Accession number in NCBI database. 
c Sequence of matched peptides by LC-MS/MS. 
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Table S6-1.  Detailed mass spectrometric data of proteins identified by 1-DE with 

LC-MS/MS in the sclerotial exudates 

 
 



 239

Table S6-1.  Continued. 
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Table S6-1.  Continued. 
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Table S6-1.  Continued. 

 

 



 242

Table S6-1.  Continued. 
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Table S6-1.  Continued. 
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Table S6-1.  Continued. 
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Table S6-1.  Continued. 
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Table S6-1.  Continued. 
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Table S6-1.  Continued. 
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Table S6-1.  Continued. 

 
a Band number as given on the 1-D gel image. 
b Accession number in NCBI (the same accession number in the different rows 

represent results from biological replicates 1 and 2, respectively) 
c The matched peptides with the different charge generated by LC-MS/MS 
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Table S6-2.  Detailed mass spectrometric data of proteins identified by 2-DE with 

LC-MS/MS in the sclerotial exudates 
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Table S6-2. Continued. 
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Table S6-2. Continued. 
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Table S6-2. Continued. 
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Table S6-2. Continued. 
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Table S5-2. Continued. 

 
a Respective identification number of spots as given on the 2-D gel image 
b Accession number in NCBI database 
c The matched peptides with the different charge generated by LC-MS/MS 
 

 


