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Sclerotinia sclerotiorum, a fungal pathogen of over 400 plant species has been 

estimated to cost UK based farmers approximately £20 million per year during severe 

outbreak (Oerke and Dehne 2004).  S. sclerotiorum disease incidence is difficult to predict 

as outbreaks are often sporadic. Ascospores released from the fruiting bodies or apothecia 

can be dispersed for tens of kilometres.  This makes disease control problematic and with 

no S. sclerotiorum resistant varieties available, growers are forced to spray fungicides up to 

three times per flowering season in anticipation of the arrival of this devastating disease. 

 This thesis reports the development of the first infield S. sclerotiorum biosensor 

which aims to enable rapid detection of airborne ascospores, promoting a more accurate 

disease risk assessment and fungicide spraying regime. The sensor is designed to detect the 

presence of oxalic acid, the main pathogenicity factor secreted during early S. sclerotiorum 

ascospore germination. Upon electrochemical detection of this analyte in the biosensor, a 

binary output is relayed to farmer to warm him of a disease risk.  This project focused on 

the development of a nutrient matrix which was designed to be contained within the 

biosensor. The role of this matrix was to promote the growth of captured airborne S. 

sclerotiorum ascospores and induce high levels of oxalic acid secretion. The use of the 

designed biological matrix to promote oxalic acid production was tested during three field 

trials in S. sclerotiorum artificially inoculated fields.     

 This thesis describes the use of contemporary pathogenomics technologies to 

further investigate candidate genes involved in pathogenicity alongside the secretion of 

oxalic acid. A pre-described bioinformatics pipeline was used to predict the S. sclerotiorum 

secretome to identify potential effector proteins as well as explore proteins which are 

unique to S. sclerotiorum to be used as other novel targets for detection. GFP tagged 

constructs were designed to investigate the expression of the putative  targets for S. 

sclerotiorum detection.          

 The transcriptomes of wild type and oxalic acid deficient S. sclerotiorum strains 

during infection as well as during a saprotrophic stage were investigated. This study 

provided expression support for not only some of the unannotated genes identified in the 

putative secretome, but some candidate genes speculated to be involved in infection.   
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Chapter 1: General Introduction 

 

1.1 The challenges of securing food for a growing global population  

 The world’s population is predicted to grow from the current 7.2 billion people to a 

staggering 9.6 billion people by the year 2050 (United Nations, 2013). The ability to 

sufficiently feed this number of people relies on modern agriculture increasing current 

production by between 60 and 110% (Tilman et al. 2011, OECD-FAO Agricultural 

Outlook 2012-2021  2012). This is a colossal challenge as there are multiple factors which 

will affect the global community’s ability to achieve this goal. How productive our 

agricultural systems are is dependent on our ability to cope with factors including climate 

change resulting in unpredictable weather patterns and changes in pest and disease 

outbreaks, insufficient fertile land, availability of water and expensive and limited energy 

supplies.  The global shift towards a meat based diet, whether land is used for food, feed or 

biofuel production, excessive food wastage in developed countries and uneven distribution 

of food across the globe add to the problem and make it difficult to assess how and where 

food production would be best increased.        

 Some studies suggest that improving crop yields will be the answer in creating 

sustainable, intensive agricultural systems capable of the necessary outputs while 

preserving valuable natural ecosystems (Matson and Vitousek 2006, Phalan et al. 2011). 

The Royal Society published a report in 2009 describing how ‘growth in production must 

be achieved for the most part without the cultivation of additional land’ as ‘the 

environmental consequences of increasing cultivated areas are undesirable’(Society 2009). 

Other studies suggest that improving crop yields is not enough to achieve secure food 

supplies and the only way to achieve this is through the clearing and use of all suitable 

land for agriculture whether it is already used for production or not (Ray 2013).  A study 

which analysed the current increase in production of the world’s top four crops; maize, 

rice, wheat, and soybean (which are responsible for two thirds of the world’s global 

calories), found that crop production is only increasing at 1.6%, 1.0%, 0.9%, and 1.3% per 

year, respectively. This is less than the projected 2.4% per year rate required to double 

global production by 2050. At these rates, global production in these crops would increase 

by approximately 67%, 42%, 38%, and 55%, respectively. This is lower than will be 

required to feed the population by 2050 (Ray 2013). As the population steadily grows, the 

clock ticks for a decision to be made on the global strategy for future food production 

while considering  precious natural resources that are vital to the health and wellbeing of 

the planet.             
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 Modern agricultural practises have changed enormously as a result of the Green 

Revolution (GR), which occurred between 1966 and 1985 (Pingali 2012) . During this 

period, crop production tripled even with only a 30% increase in the use of cropable land 

(Pingali 2012). Gross world food production (cereals, grains, roots, tuber, pulses and oil 

crops) increased by 138%, from 1961 to 2007. That is an increase from 1.84 billion tonnes 

of food to 4.38 billion tonnes (Society 2009). This dramatic increase was a result of high 

rates of investment in scientific crop research to set up publicly funded crop breeding 

programs to develop biotic and biotic-stress tolerant plants, policy support, market 

development and infrastructure growth (Pingali 2012).  Significant developments in 

synthetic fertiliser production and the discovery of chemical pesticides and herbicides 

changed smaller scale market garden style food production to intensive, monoculture 

systems used today to produce cheap food that the governments of the world promised its 

citizens after suffering food shortages during the war years. However, the benefits from the 

GR have not been seen everywhere and low income countries, mainly in sub-Saharan 

African countries, still experience low food productivity resulting in poverty and chronic 

food shortages. Food price spikes in the mid-2000s have highlighted how the pressures of 

unstable economies, increases in fuel prices and the effects of climate change can 

dramatically affect food security. As a result a call for renewed interest in agricultural 

investment has been a main concern for many policy makers and other stakeholders. 

Chemical discovery and managed pesticide resistance programs are key to improving 

farming systems as well as the development of precision farming equipment and 

sustainable energy solutions. A clear lesson learnt from the 1960’s GR is that success can 

only be achieved with vast investment into scientific research on a global scale which will 

ultimately lead to innovative scientific solutions which will allow growers to secure the 

yields required to feed our growing population while reducing the negative effects on the 

environment.  

 

1.2 The use of crop protection in agricultural systems.       

 Successful yield outputs rely heavily on a range of energy-intensive inputs into 

agricultural systems. Large-scale farming would not be possible without the use of 

synthetic nitrogen fertilisers, herbicides, pesticides and fungicides. Artificially 

synthesised nitrogen fertilisers improved crop yields significantly because providing 

there are no other limitations in soil, there is a linear relationship between available 

nitrogen and crop biomass accumulation (Society 2009). Application of nitrogen is 
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essential to exploit the full genetic potential of improved crop cultivars. The ability of 

growers to protect large monocultures from pests, pathogens and weeds significantly 

improves yields. Pests (which include insects, fungal pathogens, viruses and 

nematodes) have been estimated to account for 50% global potential loss in wheat and 

80% potential global loss in cotton production (Oerke 2006). For this reason, the global 

use of pesticides rose to 3 million tonnes per year in 2000. Although pesticide use has 

been controversial for many years, primarily because they are blamed for causing 

environmental damage, chemical pesticides have often been the most effective in 

controlling pests. However the unmanaged, overuse of chemical sprays over the last 

four decades has resulted in many pest species becoming resistant to pesticides, 

reducing the efficacy of the chemicals. Resistance is the decreased susceptibility of a 

pest to a pesticide. Resistance can evolve within a pest population if it is exposed to a 

high selection pressure, in this case the chemical pesticide. If one individual pest 

contains a trait which allows it to be less susceptible to that pesticide, it will survive 

and that trait will spread throughout the pest population rendering the chemical 

ineffective (FRAG-UK). It has been observed that within one to two decades of the 

seven major herbicides being introduced, herbicide- resistance weeds were visible in 

grower’s fields (Palumbi 2001). Insects can often evolve resistance within one decade 

of exposure to a chemical, whereas bacterial pathogens evolve resistance much 

quicker. This can occur within 3 years of intensive exposure to antibiotics (Tilman et 

al. 2002) as a result of the ease of transmission of genes between bacterial species, i.e. 

by horizontal gene transfer. In the past, growers had no guidance or restrictions on the 

numbers of sprays to apply to crops. As a result resistance spread rapidly. More 

recently considerable research has gone into developing pesticide spraying regimes 

which decrease the incidence of resistance. Growers are advised not to overspray and 

given guidance on the time of year and the most appropriate product to apply.   

 As a result of the EU Directive 91/414/EEC, around 75% of some 1000 active 

ingredients used in pesticide products have been removed from the market since 1993 

(Postnote 2009). This is because they have been tightening the cut-off criteria which 

chemistries must pass in order to be registered for pesticide use. This again will 

challenge the farming community’s ability to prevent resistance developing against the 

ever decreasing crop protection products available. Other methods of crop protection 

include the use of resistant cultivars, crop rotations, the use of pest free seed or plants, 

attracting natural enemies to control insect pests or the use of biocontrol agents for 

some fungal pathogens and nematodes. 
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1.3 The role of fungal pathogens in agriculture      

 Fungal pathogens cause a variety of diseases within crops. Fungal pathogens use 

plant material as a substrate for nutrient acquisition. Different species will use specific host 

plant tissue to acquire nutrients. For example, Take-all disease, caused by 

Gaeumannomyces graminis var tritici, results in the formation of patches of blackened 

roots in wheat crops. This prevents the infected wheat plant from efficient removal of 

nutrients and water from the soil.  Botrytis cinerea on the other hand is a broad host disease 

but is extremely problematic on soft fruit and causes decay which affects the quality of the 

produce. Fungal pathogens are difficult to control within crops because their microscopic 

size poses a challenge detection before symptoms appear on the crop. Usually once disease 

symptoms are visible, to achieve effective control is difficult. This is because many fungal 

pathogens have the ability to produce and disseminate millions of spores during 

sporulation.         Fungal 

pathogens in particular account for the loss of approximately 16% of yield globally (Oerke 

and Dehne 2004). Septoria tritici, (recently renamed Zymoseptoria tritici) a fungal 

pathogen which cause Septoria blotch disease of wheat was responsible for £35.5 million 

of economic loss globally in 1998 (Innes 2010). In the same year, Take all disease, was 

estimated to have caused approximately £55 million worth of damage (Oerke and Dehne 

2004). Figure 1 highlights the UK yield losses to winter oilseed rape crops as a result of the 

main four oilseed rape fungal pathogens; Leptosphaeria maculans which causes phoma 

stem canker, Pyrenopeziza brassicae, the causal agent of light leaf spot, Sclerotinia 

sclerotiorum, the causal agent of stem rot  and Alternaria brassicae, the cause of dark pod 

spot (Fitt et al. 2006) (Fitt et al. 1997)  
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Figure 1: Estimated disease loss in oilseed rape. 

 

Figure taken from (Fitt et al. 2006). The estimated losses from diseases (phoma stem 

canker, light leaf spot, Sclerotinia stem rot and Alternaria pod spot) in winter oilseed rape 

in England and Wales for harvest years 1987-2002, calculated from disease survey data 

(www.cropmonitor.co.uk). 

 

Fungal disease not only causes yield loss, many fungi also produce mycotoxins during 

plant infection. Mycotoxins are secondary metabolites secreted by the fungus during 

infection. Many of these toxins, if consumed by humans and/or animals, can cause many 

harmful effects including sickness and diarrhoea, gastrointestinal problems, kidney damage 

and in some cases are carcinogenic. Mycotoxins are produced by some fungi to assist with 

disease induction or pathogenicity. For example deoxynivalenol or DON mycotoxin is 

produced by Fusarium culmorum and F. graminearum through primary isoprenoid 

metabolism (Kimura et al. 2003). This toxin inhibits protein translation in eukaryotes and 

is required for the infection of wheat ears but not maize cobs (Hammond-Kosack and Rudd 

2008).  However, some phytopathogenic fungi produce toxins, but their precise function is 

not known (Lowe et al. 2012). Mycotoxin production can be particularly damaging post-

harvest. If grain for example is not stored correctly and any residual fungal spores 

germinate and colonise the grain, there is a risk that the stored grain may subsequently 

become contaminated with the mycotoxin. It is therefore of vital importance that growers 

are able to prevent or minimise fungal disease in their crops, to maximise the harvested 

yields but also to reduce losses occurring during storage or transportation.    

As with insect pests, fungal pathogens are predominately controlled with the use of 

fungicides. Table 1 lists a few of the main fungicide groups and their modes of action. 

http://www.cropmonitor.co.uk/
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Fungicides are classed as preventative if the chemistry prevents the pathogen from 

developing or curative if the chemistry interrupts the growth of an already established 

pathogen prior to symptom development. Fungicides can also be eradicative and will 

disrupting the development of a pathogen that has already established disease symptoms. 

However most fungicides are not curative or eradicative so it is extremly difficult to 

control the disease once symptoms are visible.   Although fungicide applications have been 

shown to improve yields significantly over the last forty years, reports of fungicides 

becoming less effective due to resistance is now a common occurrence (FRAG-UK). In 

fungi there are four main mechanisms of resistance. Firstly, there is a change in the 

chemical target site due to a mutation in the DNA sequence at a specific location. 

Secondly, the organism may produce more of the target site and the chemistry becomes 

less effective. This has been seen in Mycosphaerella graminicola, a fungal pathogen of 

wheat. This pathogen has showed reduced sensityivity to fungicides as a result in an 

increase in the cytochrome P450 target site, Cyp51.  Some resistant strains may increase 

the rate of removal or breakdown of the compound to detoxify the cell. Finally there may 

be underlying naturally resistant individuals within a population. When a chemical is 

sprayed repeatedly into the same environment, resistance strains will spread quickly 

throughout the population. Often resistance has developed as a direct result of the intensive 

overuse of single site mode of action fungicides (Table 1) (Russell 2005). Over the last 10 

years there has been considerable research into developing strategies for reducing 

resistance to new fungicides in the anticipation of prolonging the effectiveness of newer 

compounds. Research bodies such as the Fungicide Resistance Action Group (FRAG-UK) 

and the HGCA (HGCA) as well as agrochemical companies work closely together to 

educate fungicide users about the risk of pathogen resistance and suggest specific 

management strategies. These include reducing the number of applications per season and 

applying the chemicals only at certain times or life stages of the crop. It is also essential 

that fungicide mixtures used must have different modes of action. Growers are encouraged 

to use fungicidal mixtures where possible and to use disease-resistant crop varieties to 

decrease selection pressure and reliance on fungicides. Growers need to be prepared to use 

new fungicides with different modes of action and finally longer crop rotations should be 

chosen.  
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Table 1: Example of the main fungicide groups and their modes of action 

Fungicide 

Group 

Target Site Mode of action Target species Chemical structure 

Benzimidazole 

Fungicides 

(Methyl 

Benzimidazole 

Carbamates 

fungicide) 

(Group 1), 

 

ß-tubulin 

assembly in 

mitosis 

Blocks the 

polymerisation of 

tubulin which 

prevents the 

nuclear division of 

fungal cells. 

Systemic 

Works on a broad 

spectrum of 

powdery mildews, 

Botrytis blights, 

leaf spots and 

blights.(FRAG-

UK) 

 

Benomyl 

CAS 

Number: 17804-35-2 

Dicarboximide 

Fungicides 

(Group 2) 

 

MAP/Histidine- 

Kinase in 

osmotic signal 

transduction 

(os-1, Daf1) 

Prevents mycelia 

growth and reduces 

spore germination. 

Protectant 

Works on a broad 

spectrum 

including Botrytis, 

Monilinia and 

Sclerotinia. 

(FRAG-UK) 

 

Vinclozolin: CAS 

Number: 50471-44-8 

Sterol 

Biosynthesis 

Inhibitors (SBI's) 

(formerly 

DeMethylation 

Inhibitors 

DMI’s) 

Fungicides 

(Group 3) 

 

C14- 

demethylase in 

sterol 

biosynthesis 

(erg11/cyp51) 

Inhibit sterol 

biosynthesis in 

membranes.  

 

(includes 

pyrimidines and 

triazoles and can 

be curative)  

 

Systemic  

Broad spectrum 

including powdery 

mildews, rusts and 

many leaf spotting 

fungi including 

apple scab. 

(FRAG-UK) 

 
Bitertanol (triazole) 

CAS Number: 55179-

31-2 

Phenylamide 

Fungicides 

(Group 4) 

 

RNA 

polymerase I 

Inhibits nucleic 

acid synthesis- 

RNA polymerase 1 

Systemic 

Potato and tomato 

late blight and 
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1.4 Fungal infection modes        

 Many of the most destructive agricultural pathogens have been described as 

necrotrophs which are fungal pathogens which rely on killing host cells to live off the 

nutrients once the cell is dead. Other fungi can exhibit biotrophic lifestyles which obtain 

nutrients from cells without killing the cell for long periods of time and without causing 

problematic disease symptoms. There has been a recent re-classification of many 

traditional fungal necrotrophs which exhibit a biotrophic life stage before inducing 

necrotrophy. These have been re-defined as hemi-biotrophic fungi. Advances in 

sequencing technologies have made the study of pathogen genomes and the interactions 

between host plants and pathogens more accessible. Both experimental approaches based 

on sequencing are foreseen to facilitate the discovery of new targets for the control of 

pathogen.           

 In 1971, Flor and colleagues put forward the gene-for-gene hypothesis (Flor 1971). 

Flor hypothesised that for every dominant avirulence (Avr) gene in the pathogen, there is a 

matching resistance (R) gene in the host. It was assumed that a direct interaction between 

the products of these genes would lead to the stimulation of the host defence response 

including the hypersensitive response (HR) which arrests fungal growth.  Since then, 

molecular plant pathologists have been trying to identify these Avr and R genes to 

understand plant-pathogen interactions. Subsequent research led to the isolation of several 

Avr proteins, now termed effector proteins, many of which are small secreted proteins 

which manipulate host cell structure and function (Birch et al. 2006, Kamoun 2003).  

Throughout the co-evolutionary arms race between a plant and an adapted pathogen, plant 

hosts have developed effector-triggered immunity (ETI) as the host R proteins are able to 

perceive the presence of specific effector proteins directly or indirectly. Detection by the 

host, forces the pathogen to mutate and develop new effectors to suppress the activation of 

plant defences and so the cycle continues (Stergiopoulos and de Wit 2009, Jones and 

Dangl 2006).          

 Chitin is a principle building block of fungal cell walls but it can also act as a 

signalling molecule to elicit plant defence if it is detected by plant cells. Chitin and other 

pathogen associated compounds including glycan and xylanase are known as PAMPs or 

pathogen associated molecular patterns. PAMPs will binds to PAMP recognition receptors 

(PRRs) localised on plant cell walls. The binding event will facilitate PAMP triggered 

immunity (PTI) and allow the plant to induce plant defence mechanisms to prevent 

progression of disease. In the case of chitin, the PRR have already been identified in some 
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plant hosts. The LysM receptor kinase CERK1 mediates bacterial perception in 

Arabidopsis by binding chitin (Gimenez-Ibanez et al. 2009).  Rice requires both a LysM 

receptor-like kinase, OsCERK1, alongside CEBiP (chitin elicitor binding protein) to 

induce PTI (Shimizu et al. 2010).  

Pathogens have evolved a counter attack strategy to PTI. Recently effector proteins 

have been discovered in a variety of bacterial and fungal pathogens which prevent 

PTI.  Avr2 and Ecp6 (van Esse et al. 2008) secreted by the tomato pathogen Cladosporium. 

fulvum and the Mg3LysM effector secreted by wheat infecting pathogen Mycosphaerella 

graminicola (Marshall et al. 2011) act against plant chitinases or bind chitin, preventing 

the plant from recognising fungal chitin which would normally elicit plant defence.  

    

1.5 Technological advances in fungal pathogen forecasting systems, detection and 

diagnosis in agricultural systems       

 Forecasting systems which give early warning predictions of fungal outbreaks can 

help growers target their sprays more efficiently. Correct targeting of fungicides will 

reduce the risk of fungicide resitance as it will prevent overuse of the chemistry. It will 

also benefit the environment and reduce the growers’ costs.   There are a variety of 

Decision Support Systems (DSS) which are based on mathematical models which 

incorporate meteorological data for the prediction of pathogen outbreaks (Evans et al. 

2006, Magarey et al. 2005, Smith et al. 2007). Many knowledge transfer bodies such as 

DEFRA, the HGCA or research institutes can provide advice on which forecasting systems 

to follow for a particular disease. Some agrochemical companies also provide growers with 

free online disease forecasting systems to assess the risks of disease outbreak which may 

influence a grower’s need for sprays. For example, Rothamsted Research has an online 

prediction tool which predicts the risk of light leaf spot outbreaks on different oilseed rape 

cultivars across the UK.  The Syngenta BlightCast system is available on-line; to give 

potato growers and agronomists a five-day advance warning of localised blight risks 

caused by the oomycete Phytophthora infestans. This online tool was developed to enable 

risk based selection of appropriate fungicides and ensure application at the right time to 

prevent infection.  However many of these forecasting systems are usually depedent on 

local weather conditions and cannot be used in other countries where the weather patterns 

may be significantly different. What could be suitable as a multi-country forecasting 

system is one which combines weather based predictions with real time automated 

monitoring of the pathogen. Some prediction systems require monitoring of certain aspects 

of the disease including leaf wetness, appearance of apothecia or the appearance of lesions 
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on leaves for example to calculate whether there is a disease risk. This can be a challenge 

for growers who may not be experts in disease diagnosis. As a result there have been major 

advances in disease diagnosis and detection which may contribute to the future of disease 

forecasting systems when combined with meteorological data. Detection and diagnosis of 

fungal pathogens are key to select the correct control meaures and forecasting is key for 

optimising efficiency.  

 

1.6 Detection and diagnosis of plant pathogens     

 The identification of the many pathogens which may attack a crop during a 

growing season is a challenge for most growers. Growers do not always have the expert 

taxonomic skills they need to diagnose a disease symptom and this may compromise their 

ability to provide accurate crop protection. Rapid detection and diagnosis of plant 

pathogens is key to implementing correct control strategies for containment or elimination 

of plant diseases which would otherwise have serious economic consequences.  As farms 

become larger and growers become more reliant on mechanised equipment, the need for 

automated and user friendly diagnosis tools increases. Grower- friendly methods of 

pathogen detection need to be practical, readily available and cost effective. They also 

need to be specific to a certain pathogen or ideally as multiplexed systems capable of 

detecting a range of pathogens accurately. The following sections will discuss the current 

technologies used by growers and researchers to diagnose and detect plant pathogens as 

well as looking to the future of this rapidly expanding sector of agricultural technology.  

 

1.6.1 DNA-based detection methods      

 Advances in fungal genomics has revolutionised our ability to identify genomic 

sequences which can be used as unique detection targets for disease diagnosis.  Polymerase 

Chain Reaction (PCR) has facilitated many plant disease clinics across the world to rapidly 

identify disease samples without the need to culture a sample for spore identification. 

Spore trapping devices can be used to capture air samples which contain airborne spores. 

The DNA can then be extracted for testing. Potentially contaminated plant tissue, soil and 

water samples can also be used in DNA extraction. The extracted DNA can then be used in 

species specific PCR to determine the species of pathogen and the amount of inoculum in 

the air or in other sample substrates. This has been successfully done for S. sclerotiorum 

(Rogers et al. 2009). The detection test involves the use of 7-day Burkard spore trap, which 

traps airborne spores on a wax film. DNA is extracted from the wax strip and the quantity 

of S. sclerotiorum determined through qPCR by amplifying a unique DNA sequence to S. 
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sclerotiorum. Alongside these detection studies it has also been necessary to relate the 

amount of spores in the air to give an indication of disease epidemics. For example, 25-35 

Botrytis squamosa conidia/ m
-3

 air were found to cause 2.5 lesions per leaf (Carisse et al. 

2005). It was also found that when detection of this inoculum was used to indicate disease 

potential, a fungicide reduction of 75% and 56% in 2002 and 2003 was documented 

(Carisse et al. 2005). This sort of monitoring is important for sporadic diseases such as S. 

sclerotiorum where a very low number of ascospores (12 spores/ m
-3

) measured by spore-

trapping related to disease incidence (Rogers et al. 2009).     

1.6.2 Immunology-based/ Antibody-based detection methods    

 Advances in rapid and cost effective antibody production over the last 10 years 

have allowed the development of antibody based detection systems for plant disease 

diagnosis. Antibody based diagnosis / detection systems have been designed to be used in 

the laboratory as well as in hand held devices at point of use. These systems are based on 

the use of antibodies as high affinity ligands which will bind to cell surface fragments or 

antigens or even whole cell substrates.  Antibodies that can be used in various detection 

systems can be either monoclonal or polyclonal. Monoclonal antibodies (mAb) will bind to 

a single site or epitope of the target fragment whereas polyclonal antibodies (pAb) will 

bind to multiple epitopes on a single antigen allowing more specificity for target detection.  

mAbs and pAbs are routinely produced by the injection of the whole cell / pathogen or 

surface fragment into a suitable animal.  Another increasingly popular production method 

is the use of bacterial expressed recombinant fragments which include single chain variable 

fragments (scFv) (Skottrup et al. 2008). These fragments are a sixth of the size of standard 

antibodies (Lamberski et al. 2006) and maintain high specificity to the parental mAb. 

Using bacterial cultures for production ensures an infinite supply of genetically stable 

scFvs which is cost effective, and more attractive than using animal systems.  

 Antibody based kits for plant disease diagnosis were originally developed in 1977 

(Clark and Adams 1977) but are now commercially available for laboratory use. Most 

companies supply a DAS-ELISA kit (double antibody sandwich enzyme-linked 

immunosorbent assay) for disease diagnosis. This test involves the use of multi well 

microtiter plates which have a specific antibody adsorbed to the surface of the microtiter 

wells. A plant extract is incubated for a period of time in an extraction buffer in the well. 

The incubation allows the binding of the antigen to bind to the antibody. A conjugate 

buffer containing an enzyme-labelled antibody is then added to the wells and incubated. 

After a final washing step, another buffer reacts with the conjugated enzyme labelled 
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antibody that is bound to the target fragment. The wells which contained samples with the 

pathogen of interest will change colour and can be visualised using a spectrophotometer (  

 

Figure 2). There are many commercial ELISA kits available for the detection of plant 

viruses as specific antibodies can be raised easily against such organisms, however there 

are fewer kits available for fungal pathogen diagnosis to a species level. This is partially 

because of cross reactivity between different species and in the case of most spores, due to 

low allergenicity of the surface coat. ELISA kits have been developed for fungi and 

oomycetes including, Botrytis cinerea, Pythium spp, Phytophthora spp and Septoria spp 

(Agdia, Bioreba, Neogen). ELISA kits will allow for quantitative and accurate diagnosis of 

the disease however the tests require skilled technicians and specialised equipment. There 

is also usually a time delay for the grower to obtain results which may limit the time 

window for disease treatment. ELISA technology, although not thought of as traditional 

biosensor technology, can be classified as a biosensing technique. This is because it 

transforms the biological response of the antibody binding event and relays the response 

optically with the use of a spectrophotometer to detect changes in chemiluminescence or 

fluorescence. 

  

 

Figure 2: The DAS-ELISA assay.  

Multiwells contain antibodies which are used to bind to pathogen specific antibodies  

 

Handheld lateral flow devices (LFD) have been developed so that growers can 

carry out rapid disease assessments in the field as opposed to waiting for results from a 

diagnostics laboratory. One step LFDs are similar to ELISA assays as they use pAbs and 

mAbs to bind to a fragment or antigen which is specific to a certain pathogen, however this 

method is not quantitative. A LFDs commercially available from Pocket Diagnostics
TM

  

(www.pocketdiagnostic.com) contains antibody-coated latex beads which will bind the 

specific pathogen antigen absorbed from the plant extract (Ward et al. 2004). The user will 

crush up and incubate the infected plant sample in a buffer. After incubation, the buffer 

http://www.pocketdiagnostic.com/
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solution is dropped onto a release pad on the bottom of the LFD which contains specific 

antibody-coated latex beads which will bind to the target antigen from the plant extract. 

The solution containing the conjugated antibodies will migrate along an absorbent pad to a 

test strip where latex beads containing the bound antigen will be trapped forming a visible 

line on the pad. Surplus unbound antibodies migrate further along the pad and are trapped 

onto a second strip. This acts as a control indicating that the test worked correctly (Figure 

3). There are a variety of LFDs which are capable of identifying a many plant viruses 

although some can diagnose some fungal pathogens including B. cinerea, oomycete 

pathogens such as Pythium and Phytophthora sp and bacterial pathogens including 

Ralstonia solanacearum and Erwinia amylovora.  

 

Figure 3: Positive and negative detection of pathogens using handheld lateral flow 

devices. 

 

1.6.3 Antibodies for metabolite sensing       

 Plant pathogen detection devices can also target secreted metabolites rather than 

cell surface proteins for accurate diagnosis. A rapidly expanding example of this is the 

need for detection methods for fungal and bacterial toxins which are secreted into 

substrates. Many species of fungi including Penicillium spp and Aspergillus spp secrete 

mycotoxins during growth in or on food substrates. Manufactures and sellers of perishable 

foods have to follow strict legislation to ensure their food does not contain mycotoxin 

levels above a certain threshold outlined by the EU Commission Regulation (EC) No. 

1881/2006). On site diagnosis kits made by companies including Neogen Europe Ltd, for 

many toxins including aflatoxins, ochratoxins and DON using LFD have been developed. 
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However more accurate laboratory based ELISA and HPLC testing is used to quantify the 

amounts of the different toxins more accurately. 

 

1.6.4 Biosensors for pathogen detection       

 Since the invention and success of the blood glucose biosensor (Clark and Lyons 

1962), research into using biosensing as a way to monitor and quantify elements of 

biological systems at point of care (POC) has flourished in medical professions. 

Biosensing applications to detect plant pathogens in an agricultural system are an 

expanding field because there is the potential to develop devices which detect pathogens 

rapidly. In addition, this fully automated format can be easily used with very little technical 

skill. There is also the potential to combine biosensor outputs with wireless networks to 

enable data of detection events to be sent to a central monitoring and processing unit which 

can then incorporate the information into a disease forecasting system. However much of 

the technology is laboratory based and remains to be translated into handheld or automated 

devices.         A biosensor takes a 

biological response and translates it into an electrical signal (Turner 2000) (Figure 4). It is 

an analytical device which integrates a biological sensing element or bioreceptor within a 

physicochemical transducer and is required to produce an electronic signal proportional to 

the specific analyte that it is measuring (Nierman et al. 2005). Bioreceptors include 

antibodies, enzymes, whole cells and DNA. These are usually immobilised onto some form 

of sensor surface. The transducer, which can be optical or electrochemical, takes the 

biological response and changes it into an electrical signal. An example of optical 

transducers includes surface plasmon resonance (SPR) or fibre optics. Electrochemical 

transducers make use of changes in current, potential, impedance and conductance across 

an electrode surface for detection events (Velusamy et al. 2010).    

 

 

Figure 4: The basic components of a biosensor system. 
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1.6.4.1 Surface plasmon resonance (SPR)       

 A popular technique to characterise the interactions of small molecules such as 

proteins, polysaccharides and nucleic acids is SPR (Skottrup et al. 2008). It is a label free, 

optical biosensing technique which can be used to detect molecular binding events. SPR 

incorporates the use of a light source which passes through a prism and impacts on a gold 

surface sensor chip. The light bounces off the sensor chip and is received by a detector. At 

a certain angle known as resonance angle, light is absorbed by the sensor film, causing 

electrons or surface plasmons to resonate (Skottrup et al. 2008). This causes a loss in 

intensity in the reflected beam and this change can be detected by a reflectivity curve 

(Biosensing Instrument Inc ©). Antibodies can be immobilised onto sensor chip surfaces 

and the binding events at the sensor surface will causes a change in the refractive index, 

which is then monitored. This is a real-time method of detection and can also be used to 

calculate rates of binding events. SPR is still very much a laboratory based method of 

detection but has been used to detect a variety of viruses including Cowpea mosaic virus 

(Torrance et al. 2006) and Lettuce mosaic virus (Candresse et al. 2007). Fungal pathogens 

including Fusarium culmorum (Zezza et al. 2006) and Aspergillus niger (Nugaeva et al. 

2007) and the oomycete Phytophthora infestans (Skottrup et al. 2007) have been detected 

by SPR in a laboratory. Many of these detection systems use a Biacore SPR sensor surface 

onto which species specific antibodies are immobilised. The most commonly exploited 

surface chemistry used to mobilise the antibodies onto the sensor surface is called CM5 

(Johnsson et al. 1991). This sensor surface consists of a SiCO2 base layer mobilised on top 

of a gold film. Long chain hydroxyalkyl thiols are also attached to the gold film. 

Carboxymethylated dextran (CM5) is then mobilised onto the surface which creates a 

hydrogel on the gold film. The CM5 has carboxylic side groups which can attach to other 

biomolecules. Although SPR technology has its advantages as a real time, label free 

detection method, the main disadvantage is that it lacks sensitivity for measuring small 

molecules.  

 

1.6.4.2 Electrochemical biosensors       

 Electrochemical transduction is a popular choice for biosensor systems and has 

been researched thoroughly. This form of transduction was used in the original glucose 

biosensor system. These biosensors can be classified into amperometric, potentiometric, 

impedimetric and conductometric biosensors, based on the observed factors such as 

current, potential, impedance and conductance, respectively (Velusamy et al. 2010). For 

example an amperometric biosensor will consist of an oxidoreductase enzyme which is 
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stabilised onto an electrode. The enzyme is specific to a particular analyte which is specific 

to the pathogen being detected. Upon arrival of the analyte, the enzyme will oxidise the 

analyte and the electrons generated in the reaction are shuttled to the electrode through 

artificial electron acceptors or mediators such as ferrocene or hexacyanoferrate. The 

mediation of electrons produces a current that is directly proportional to the concentration 

of the analyte (Turner 2000). Antibodies can also be stabilised onto electrode surfaces so 

that the binding event of target antigen to antibody can be detected. Electrochemical 

biosensors have been successfully used to diagnose many food borne pathogens including 

E-coli and Salmonella  which can cause significant harm to human and animals if ingested 

(Muhammad-Tahir and Alocilja 2003, Muhammad-Tahir and Alocilja 2004, Yang et al. 

2001). One study used an amperometric biosensor to detect S. typhimurium cells. The 

bacterial cells were bound by magnetic- beads which were conjugated to antibodies and 

then subsequently detected by an alkaline-phosphatase (AP)-labelled anti-Salmonella 

antibody. The AP antibody catalysed the breakdown of para-aminophenyl phosphate into 

electro-active para-aminophenol. This generates an electrochemical signal and measures 

over 8 × 10
3
 bacterial cells / mL (Gehring et al. 1996). Microbes have also been used for 

over a decade within sensors as they can be used to catalyse certain amperometric 

reactions. Some examples include ethanol yeast-based bio electrodes, based on the activity 

of alcohol dehydrogenase in yeast (Miyamoto et al. 1991). Yeast and vitamin K3 were 

used in the preparation of bioelectrodes sensitive to ethanol and glucose (Miki et al. 1994) . 

This technology can be further expanded to detect crop pathogens by exploiting certain 

biological or metabolic reactions during pathogen growth and then using these biological 

signals to potentially generate an electrical signal which can measure the presence of that 

pathogen in a field.   However for the diagnosis of plant diseases, the field is still lead by 

antibody based devices such as the LFD and laboratory based assays including ELISA and 

PCR. There is still a large need for infield diagnostics that can use the above technologies 

to detect pathogenic species automatically. 

 

1.6.4.3 Wireless biosensor networks       

 There has been a shift within agricultural industries to harness biosensor 

technology which was originally developed for indoor wireless sensor networks (WSN) 

and medical professions. Biosensor technology is being used with WSN and radio 

frequency identification (RFID) (Ruiz-Garcia et al. 2009). Both have promising uses in 

environmental monitoring, irrigation, livestock, greenhouse, cold chain control or 

traceability.  A main advantage of the WSN technology is that it allows multiple networks 
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to communicate whereas RFID has no cooperative capabilities.   RFID can either come in 

an active or semi-passive form. Semi- passive RFID only has enough power to sense and 

record data. An active RFID system can broadcast data and communicate with other nodes 

in its network within a range of 100 meters. The power required for active RFID is ten 

times more expensive then semi-passive RFID devices. Currently semi-passive and active-

RFID tags have been developed, no bigger than a credit card, which can record 

temperature and are used in industry (Amador 2008). Semi-passive tags to record 

humidity, light, shock/vibration and gas accumulation such as ethylene (which accumulates 

during plant stress) are also becoming commercially available. Current examples of 

sensors include environmental monitors in food containers which monitor the temperature 

and humidity of a space which can then be equated to stresses which food will undergo 

when being transported during the journey from the grower to the supermarket (Ruiz-

Garcia et al. 2009). In greenhouse environments, WSN can also be used to monitor and 

control temperature, relative humidity and light (Wang 2008).    

 A biosensor wireless network consists of many nodes, each one comprising of a 

sensing, processing and communicating unit (Akyildiz et al. 2002).  In a wireless network, 

each sensor node can change information with a gateway unit which can communicate 

with other sensors from other networks. Designing a wireless network has the added 

benefit of not requiring any wiring which makes installation much more economic and 

reduces any problems that wiring installation creates. Wireless network nodes have to be 

placed correctly in the field to ensure the data sensor devices are able subsequently to 

transmit through very challenging environments. Crop canopy and climatic variability may 

be a problem for many sensors as well as sufficient power supplies. These all add to 

problems of erroneous data collection and all need to be taken into account when designing 

a network.  Packet Reception Rate which refers to how much of the recorded message is 

lost in a network must be evaluated in each system. It may be improved by simply 

increasing the number of nodes, changing the position of one or reducing the range of 

monitored area (Ruiz-Garcia et al. 2009).       

 There has been successful applications of WSN within a closed environment in the 

monitoring of potato blight disease caused by Phytophthora infestans by using temperature 

and humidity sensors (Baggio 2005). This network uses 150 sensor boards to be used 

directly in the field (Baggio 2005). These boards are equipped with sensors for registering 

temperature and relative humidity. The network also contains 30 nodes which act as 

communication relays. The sensors were placed at a range of heights (20-60 cm above 

ground). There are also a number of sensors measuring soil humidity. The data is collected 
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by nodes at the edge of the field called a ‘gate-way’ and transferred via Wi-Fi to a PC 

where the data is logged. This PC is connected to the internet and can be uploaded to a 

server. The data collected can be used to monitor whether the field conditions are 

conducive for plant infection, and allow simulations for algorithms for other WSNs. 

 

1.7 The SYield biosensor consortium       

 The research described in this thesis contributed to the work of a consortium that 

aimed to develop a network of infield biosensors for the real-time detection of airborne 

ascospores from the fungal pathogen Sclerotinia sclerotiorum. This project required an 

array of different disciplines including electrical engineers, computer specialists, 

biochemists, biologists, satellite image surveyors, mathematical modellers, field trial 

managers and business managers.   As a result, the consortium consisted of a range of 

small, medium enterprises (SMEs) (Burkard Engineering, DMCii, Uniscan, and Gwent 

Group) and academic partners (Rothamsted Research and The University of Manchester).  

The consortium was led by the agrochemical company, Syngenta and was assembled in 

November 2010 to take on the challenge of building the biosensor. The project received 

approximately £1.5 million over three years from the Technology Strategy Board (TSB) 

and Syngenta combined.        

 The original biosensor network design aimed to unite local farm networks of in-

field biosensors which would interact all over the UK to warn oilseed rape growers of any 

emerging S. sclerotiorum disease threat to their crop. This early warning system is 

designed to help growers choose the best crop protection to reduce the risk of S. 

sclerotiorum disease. This enables growers to save money on fungicide inputs and produce 

more food from fewer inputs by developing an integrated farm management strategy. S. 

sclerotiorum was the chosen pathogen for detection as it causes sporadic outbreaks which 

are very difficult to predict. Currently farmers will spray to protect crops against the 

disease even when there is very little risk of outbreaks.  An electrochemical detection 

method was chosen as a result of the electrochemical expertise available to the project and 

that this pathogen secretes the organic acid, oxalic acid (OA). OA is easily broken down by 

the oxidoreductase enzyme, oxalate oxidase (OxOx) and has similar activity to the glucose 

oxidase enzyme used in the blood glucose biosensor. The blood glucose technology has 

developed over many years of research and in theory could be easily applied to similar 

enzyme systems. After three years of work on the project, an automated biosensor has been 

developed to detect S. sclerotiorum; however the integration of a network of biosensors 

across the UK is still a work in progress. 
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1.8 Sclerotinia sclerotiorum: the pathogen of choice for the SYield Biosensor  

 

1.8.1 Sclerotinia sclerotiorum: Taxonomy       

 S. sclerotiorum is a fungal pathogen which has a broad host range of more than 400 

plant species (Boland and Hall 1994) globally, predominantly dicotyledonous. It has been 

estimated that this disease can cause the loss of up to 60 million dollars per year in the 

combined oilseed crops; sunflower, canola and soybean (Lu 2003). This pathogen poses a 

threat to economically important crops including sunflower, soybean, oilseed rape, 

chickpea, peanut, lentils, carrots, lettuce. Monocotyledonous plants such as onion and tulip 

are also at risk (Boland and Hall 1994). In the UK, oilseed rape, carrot and lettuce crops 

are the most affected (Clarkson et al. 2007). This disease has been called by a variety of 

other names including cottony rot, watery soft rot, crown rot, stem rot, blossom blight and 

white mould (Bolton et al. 2006).  It was first officially described as Sclerotinia 

sclerotiorum de bary in 1884 (De 1884) and has been taxonomically characterised as being 

part of the Sclerotiniaceae fungal family, in the order Helotiales and in the Ascomycota 

phylum (Bolton et al. 2006). This family is associated with the production of melanised 

hyphal aggregates called sclerotia. From these stipitate apothecia develop and from these 

structures, ascospores are released. S. sclerotiorum is a homothallic fungus and so to 

produce ascospores from apothecia, sexual reproduction arises from self-fertilisation 

(Clarkson et al. 2013). This has resulted in clonal population structures across the world, 

with a few clones being sampled at high frequencing but more interestingly there are many 

different diverse clones too. This highlights that S. sclerotiorum has a very diverse 

population structure. DNA fingerprinting and microsatellite studies have shown that 

generally within a population there is one or very few clones sampled with high regularity. 

This has been shown in the same locations over multiple years of sampling (Clarkson et al. 

2013).  An example of this was evident in Canadian oilseed rape isolates which had similar 

DNA fingerprinting to isolates sampled from soybean in Ontario and Quebec (Hambleton 

et al. 2002). In many cases the DNA fingerprinting or microsatellites are closely related to 

mycelial compatibility groups (MCGs). MCG testing is a phenotypic, macroscopic assay 

which is based on the self / non self-recognition mechanism controlled by many loci within 

the fungal genome (Carbone et al. 1999). 
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1.8.2 Advances in the genome sequencing of Sclerotinia sclerotiorum    

 The Broad Institute has sequenced the S. sclerotiorum genome and a comparative 

study of this genome and the closely related sequenced Botrytis cinerea genome has been 

conducted (Amselem et al. 2011). The S. sclerotiorum genome is predicted to contain 14, 

522 genes. The S. sclerotiorum genome contains 16 linkage groups which correspond to an 

estimated 16 chromosomes (Amselem et al. 2011). Also available for bioinformatics 

analysis is an estimated 17
th

 ‘waste bin’ chromosome containing the concatenated 

unmapped sequences. Having this resource available publically has allowed further 

investigation into the infection strategies and mechanisms of pathogenicity which will be 

further covered in this thesis.   

 

1.8.3 Sclerotinia sclerotiorum: Life cycle and infection strategy    

 S. sclerotiorum derives its nutrients from dead or decaying plant cells. For the 

purpose of this thesis and the SYield project, the infection strategy adopted by this 

pathogen to infect oilseed rape was studied; however infection strategies used against other 

host plants including carrots and lettuce are the same. S. sclerotiorum has evolved a 

lifecycle which is synchronous with the flowering stage of oilseed rape (Figure 5). Petals 

or senescing tissue play an extremely important role during the infection process as 

airborne ascospores which land on petal/ senescing tissue are able to obtain nutrients 

during early spore germination without having to combat any host plant defence 

mechanisms (Bolton et al. 2006, Lumsden 1979).  This ascomycete fungus, produces 

melanised resting structures called sclerotia which can survive for several years in the soil 

making it particularly difficult to eradicate from fields (Hegedus and Rimmer 2005). 

Sclerotia which are found naturally in an area respond specifically to the environmental 

cues of that region. Slight differences in climates will affect the optimum germination 

conditions required by scelrotia of different isolates. For example, in temperate regions 

such as the UK, sclerotia require a period of cold conditioning (over wintering) in the soil 

which has a high moisture content. Sclerotia will undergo carpogenic germination which is 

the development of fruiting bodies or apothecia which release ascospores. Apotheicia 

germination will occur after a period of increased temperature during springtime, which 

generally coincides with oilseed rape flowering. This is because the sclerotia respond to the 

same environmental cues as the plant during flowering. After periods of rainfall which 

create a soil water potential of 100 KpA for one to two weeks coincident with increases in 

temperature between 25- 30 ºC, the fruiting bodies or apothecia can develop. Under the 

surface of the mushroom shaped apothecia, rows of asci develop. These are cylindrical-sac 
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like zygote cells which contain 8 hyaline, ellipsoid binucleate ascospores (Kohn 1979).  

Ascospores are released continually when pressure builds up within the asci. Clouds of 

ascospores are sometimes visible when there is a change in air pressure,  a gust of wind or 

physical disturbance of the apothecia (Figure 6).  

 Most of the ascospores will remain in the field where they were released, however 

it has been shown that some ascospores can travel for several kilometres in air currents (Li 

et al. 1994). Continuous  rainfall and dry periods allow apothecia to maintain moisture and 

re-release ascospores. A viable spore may be blown onto a senescing part of the host plant 

such as a petal.   The spore will then colonise the petal and once the petal is abscised from 

the plant and falls onto healthy plant tissue, the fungal hyphae have sufficient energy to 

infect.  The mode of infection involves the penetration directly through the waxy cuticle of 

the leaf rather than through the stomata.  The apex of hyphae forms either an appressoria or 

a pad of short hyphae which are perpendicularly attached to the host surface by mucilage 

(Hegedus and Rimmer 2005). Penetration of the cuticle involves both mechanical and 

enzymatic digestion, most noticeably a hyphal fan which grows over the subcuticular wall 

of the epidermis (Hegedus and Rimmer 2005). The secretion of the organic acid; oxalic 

acid, cell wall degrading enzymes (CWDEs) and pectin degrading enzymes are released 

subsequently. Once the pathogen has scavenged all the available nutrients, hyphae begin to 

form sclerotia in the stem of the plant.  When the stem of the plant falls to the ground, the 

sclerotia fall into the soil and overwinter until the conditions are correct again for apothecia 

development.  
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Figure 5: The life cycle and disease strategy of S. sclerotiorum in oilseed rape systems. 

 

(Courtesy of Syngenta). 

 



43 

 

 

 

Figure 6: A visible cloud- like puff of ascospores released from S. sclerotiorum apothecia.  

S. sclerotiorum sclerotia were potted up in containers of damp vermiculite and conditioned 

for a period of 6 weeks in the dark in a 5 ºC room. The containers were re-located into a 

light box with a 12hr near UV/ white light regime at 18 ºC.  Fruiting bodies or apothecia 

germinated and were kept moist in cloched boxes. Upon removal of the cloche lid, 

ascospores were released into the surrounding air as  a result in the change in pressure.  
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1.8.4 Oxalic acid and its role in Sclerotinia sclerotiorum infection   

 The secretion of oxalic acid during early plant infection has been described as the 

main pathogenicity factor for S. sclerotiorum (Maxwell and Lumsden 1970, Magro et al. 

1984, Dutton and Evans 1996, Godoy et al. 1990, De 1884). Oxalic acid has been detected 

within host plant tissue during and after fungal infection.  It is principally detected in its 

conjugate base form, oxalate which occurs when oxalic acid loses two protons. Although 

oxalic acid been described as a phytotoxin it also has a variety of functions during 

infection including the mediation of a range of pH dependent processes during the 

infection process (Rollins and Dickman 2001), and as a result creates optimum conditions 

for CWDEs (Bateman and Beer 1965). Oxalic acid also disrupts cell wall integrity by 

chelating calcium within the plant cell wall. It’s other documented functions include 

deregulation of stomatal guard cell closure (Guimaraes and Stotz 2004), suppression of the 

induced plant oxidative burst (Cessna et al. 2000), elicitation of plant programmed cell 

death (Kim et al. 2008) and changing the cellular redox-status in the plant (Williams et al. 

2011).            

 A neutral pH environment activates the secretion of oxalic acid. Bateman (1965) 

describes the importance of lowering the pH of the plant tissue to create a more favourable 

environment for enzymes such as Polygalacturonases (Bateman and Beer 1965) and pectin 

methylesterases which breakdown pectin within plant cells (Riou et al. 1991) thereby 

releasing stored starch which the fungus will then utilise. It has been shown by quantifying 

the expression levels of specific gene transcripts, that there is differential expression of 

certain genes coding for CWDEs during pathogenesis (Bolton et al. 2006). 

Polygalacturonases (PGs) are important enzymes that are expressed the most during the 

early phase of colonisation of healthy plant tissues at 36 hours post inoculation (hpi) but 

not during the  later phase at 96 hpi (Kasza et al. 2004). RT-qPCR showed that some PG 

transcripts (pg6 and pg7) were detected from 24 hpi until the end of the time course 

experiment at 96 hpi. This highlights that different enzymes potentially have different roles 

at different time points following infection.        

  Oxalic acid production is a self-limiting mechanism. As oxalic acid 

accumulates, the pH decreases further and subsequent OA production is inhibited. This 

process is regulated by the pac1 gene in S. sclerotiorum which is a pH responsive gene.  

The pac1 protein, originally characterised in A. nidulans, is positively regulated under 

alkaline conditions. It actively promotes transcription of alkaline-expressed genes (Rollins 

2003) and under a neutral pH may be involved in the upregulation of genes involved in 
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oxalic acid synthesis (Rollins 2003). Pac1 is also involved in the regulation of sclerotia 

development which occurs during the final stages of infection when pH would be less 

acidic.            

 An increase in production of cyclic AMP (cAMP), an intracellular signal 

transducer, which activates ion channels and MAP kinases, has been linked to the increase 

in  oxalic acid production (Jurick et al. 2004). Once the pathogen has successfully used up 

all the nutritional reserves from the plant, there is a decrease in cAMP production which is 

linked to the decrease in the amount of glucose available. This decrease in cAMP prevents 

the production of oxalic acid and activates sclerotial formation (Rollins 2003). 

 Oxalic acid is a strong chelator of divalent cations such as Ca 
2+

 (Godoy et al. 1990) 

and it is thought that it sequesters calcium in the form of insoluble calcium oxalate crystals 

which disrupts cell integrity (Bateman and Beer 1965). Once the oxalate has combined 

with calcium ions found in the host cell wall, polygalacturonase can more readily 

hydrolyse pectates found in the middle lamella which thereby further enhances the tissue 

maceration process (Bateman and Beer 1965).      

 Oxalic acid has also been shown to reduce the oxidative burst within the host plant 

(Cessna et al. 2000). An oxidative burst involves a highly controlled localised release of 

reactive oxygen species (ROS) caused by the reduction of molecular oxygen into hydrogen 

peroxide (H2O2), superoxide radicals (·O2
-
) and hydroxyl radicals (·OH) and is produced as 

part of the early plant defence response at the site of infection. ROS are directly toxic to 

fungi, by damaging membranes and proteins and also by inducing programmed cell death 

(PCD) in the pathogen (Hegedus and Rimmer 2005). In plants, localised PCD is frequently 

triggered by the detection of the presence of PAMPS/ MAMPS, effectors or other signal 

molecules which initiate a PTI or ETI mediated response in the host plant (Wojtaszek 

1997). Once ROS are detected, a cascade of downstream signalling pathways and 

networks, which activate plant stress responses to combat infection, are activated. The 

plant oxidative burst is suppressed at low pH and when there is a decrease of Ca 
2+

 ions 

within plant cells. It has been demonstrated that oxalate-deficient strains of S. sclerotiorum 

allow unrestricted H2O2 production in the soybean host cells. When adding oxalic acid 

directly to soybean cells, there was an inhibited production of H2O2 (Cessna et al. 2000) 

indicating that OA suppresses the oxidative burst. A reduction in the pH in the absence of 

oxalic acid production was found not to be sufficient to suppress the oxidative burst. 

Therefore the production of oxalic acid is required for complete suppression (Cessna et al. 

2000).            

 S. sclerotiorum also produces a zinc-superoxide dismutase (Li et al. 2004a).  This 
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enzyme scavenges ROS and depletes the ROS signal to reduce the impact of the plant 

oxidative burst to the pathogen and reduce downstream signalling within the plant. 

 As previously described, S.sclerotiorum has a very broad host range S. sclerotiorum 

which includes over 400 plant (principally dicotyledonous) species.  Non-host species, for 

example, i.e. barley and wheat, are able to evade infection through the production of 

oxalate oxidase or germin which catabolises OA and so enables the plant to remove 

apoplastic oxalate and maintain the oxidative burst  and cell integrity as well as reducing 

enzyme action (Cessna et al. 2000).  

 

1.8.5 Biosynthesis of OA        

 The biosynthesis of this compound in S. sclerotiorum has not been fully 

characterised however the principle way in which oxalic acid is produced  includes the 

direct hydrolysis of oxaloacetate into acetate and oxalate (Lenz et al. 1976) by a relatively 

well characterised enzyme oxaloacetate acetylhydrolase (OAH) (EC 3.7.1.1) (Han et al. 

2007). This enzyme is active during the Tricarboxylic Acid Cycle (TCA) or the Citrate 

Cycle (Cessna et al. 2000) which is an important aerobic pathway for the final steps during 

the oxidation of carbohydrates and fatty acids, which generates NADH and linked to other 

metabolic cycles which produce ATP (Figure 7).     

 OAH was initially purified in Aspergillus niger (Han et al. 2007) and homologues 

of this protein have been identified in both S. sclerotiorum (SS1G_08218) and B. cinerea 

(BC1G_03473). S. sclerotiorum mutant strains deficient in this enzyme are unable to 

produce oxalic acid and its ability to induce disease is severely impaired (Rollins, JA 

unpublished, (Amselem et al. 2011)). Current research shows that oxaloacetate is also 

associated with other metabolic cycles including glyoxylate and dicarboxylate metabolism 

and pyruvate metabolism.  Oxaloacetate is also a component of Glycolysis or 

Gluconeogenesis which is a key pathway involved in the generation of small amounts of 

ATP and NADH as a reducing power as well as the conversion of glucose into pyruvate 

(Han et al. 2007). These mechanisms vary depending on the organism. The ability to 

convert pyruvate to oxaloacetate by the gluconeogenic enzyme, pyruvate carboxylase 

(EC:6.4.1.1) will play a key role in the production of OA. Similarly the upstream 

conversion of acetyl-CoA to pyruvate using pyruvate dehydrogenase (EC 1.2.1.51) directly 

affects the amount of OA produced. An increase in flux through both these steps leads to 

increased OA production.         

 The two other suggested routes for production of oxalate in fungi (Han et al. 2007) 

include the oxidation of glyoxylate by Glyoxylate dehydrogenase (EC1.2.1.17) ( 
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Culbertson et al. 2007 a & b) and glyoxylate oxidase (EC1.2.3.5). Glyoxylate 

dehydrogenase was crudely purified from Sclerotinia rolfsii (Maxwell and Lumsden 1970, 

Bateman and Beer 1965, Balmforth and Thomson 1984)  but has not since been further 

studied in S. sclerotiorum.        

 Finally the production of oxalate was studied during the oxidation of 

glycolaldehyde by the GLOX enzyme, glyoxal oxidase. This was explored during lignin 

decomposition with the enzyme isolated from the white rot fungi Phanerochaete 

chrysosporium (Hammel et al. 1994). 
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Figure 7: The Tricarboxylic Cycle  taken from Kegg. http://www.genome.jp/kegg 

The TCA cycle is the principle proposed pathway that generates excess oxalic acid. However other pathways including glycolysis may also be 

responsible for the production of this organic acid. Green boxes highlight the ortholog enzymes identified in S. sclerotiorum which play a role 

in the TCA cycle.  

 

http://www.genome.jp/kegg
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1.8.6 Sclerotinia sclerotiorum: a necrotroph, a biotroph or something in between?  

 For many years S. sclerotiorum has been described as a true necrotroph. Recently 

the use of bioimaging and a fluorescently labelled strain has revealed that S. sclerotiorum 

may exhibit a very short initial biotrophic phase. This was demonstrated by Kabbage and 

colleagues (Kabbage et al. 2013) who have shown an interplay between autophagy and 

apoptosis during the initial hours post infection. Programmed Cell Death (PCD) can 

determine what lifestyle S. sclerotiorum is exhibiting at different infection stages.  PCD is 

an intrinsic programme for cell suicide. These cell programmes sense and monitor multiple 

internal and external cues and instruct the cell to eliminate itself from the organism for the 

overall survival of the animal, plant or microbe. Cells can undergo apoptosis which is 

characterised by a cascade of tightly controlled checks which are successfully negotiated 

prior to reaching a point-of-no-return life. Or they can undergo autophagy which is a 

catabolic process in which proteins and damaged organelles are engulfed and sequestered 

in characteristic double membrane vesicles termed autophagosomes. Kabbage and 

colleagues hypothesised that the type of induced host PCD is important in determining 

resistance or susceptibility to a fungal pathogen. They compared infection of Arabidopsis 

thaliana plants, transformed with a C. elegans CED-9 anti-apoptotic gene, with a wild type 

S. sclerotiorum strain (WT) and an oxalic acid deficient mutant strain (A2). WT infection 

resulted in a resistant phenotype and disease formation was completely inhibited. The 

authors concluded that the WT strain induces a runaway apoptotic cell death in the host 

plant whereas the oxalate deficient strain induces autophagy cell death which is responsible 

for the restricted growth phenotype of the mutant fungus. They showed that during the 

initiation of pathogenesis, the WT fungus hyphae do not kill cells; there is also no evidence 

for oxidative stress and fungal growth is observed in living plant tissue. S. sclerotiorum 

then switches to a necrotrophic lifestyle inducing apoptosis to induce disease formation 

when the hyphae live off dead plant cells. The authors also identified an effector-like 

protein in S. sclerotiorum called SsCm1 that has strong similarity (structural and 

functional) to the Ustilago maydis effector Cmu1, which codes for a secreted chorismate 

mutase. Cmu1 serves to maintain biotrophy during the establishment of smut infections in 

maize leaves, by maintaining low levels of salicylic acid at the site of infection (Djamei et 

al. 2011).  A similar function is speculated for SsCm1(Kabbage et al. 2013).   

 

1.8.7 Control of Sclerotinia sclerotiorum in the field      

 Many methods recommended for S. sclerotiorum control involve prophylactic 

fungicide spraying. The HGCA provides advice on the use of a combination of prochloraz, 
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tebuconazole, azoxystrobin, prothiaconazole, iprodione and boscalid fungicides which can 

all provide effective control against S. sclerotiorum. However there have now been cases 

of resistance to MBC chemistry (Table 1) in France and so this needs to be addressed with 

better spray programmes and integrated pest management strategies.  The Canola 

Association of Australia (CAA) (Australia 2008) also recommend that as well as fungicide 

use other measures can be taken to protect the oilseed rape crop against S. sclerotiorum. 

This includes the use of good quality seed during sowing, using sufficiently long crop 

rotations and avoiding planting susceptible crops in or around infected fields. The CAA 

also insists that growers use a range of fungicides and carry out the right number of sprays 

per season. There is also a biocontrol product which is commercially available called 

Constans.  This product incorporates the fungal mycoparasite Coniothyrium minitans  into 

a spray which is applied to the soil prior to the growing of high value vegetable crops (de 

Vrije et al. 2001). Once the inoculum has built up within soil, the biocontrol agent is very 

effective in breaking down the sclerotia in the soil which prevents further apothecia 

formation and reduces disease incidence significantly. 

 

1.8.8 Forecasting systems available for S. sclerotiorum     

 Sporadic fungal disease outbreaks are difficult to forecast as they rely heavily on 

very particular environmental conditions.   There are some forecasting methods developed 

for predicting outbreaks of S. sclerotiorum in economically important crops such as peanut, 

lettuces and oilseed rape (Clarkson et al. 2007, Smith et al. 2007, Twengstrom and Sigvald 

1996, Twengstrom and Sigvald 1993, Twengstrom et al. 1998). BASF (agrochemical 

company) and ADAS (agricultural and environmental agency) have combined forces to 

implement a Sclerotinia germination tool for UK based growers.  This tool is based on the 

direct observations of sclerotia at sclerotial depots and is monitored on a weekly basis 

throughout June to August.  This helps gauge the germination pattern of natural sclerotia 

within carrots buried in areas which have been previously affected by the disease. Growers 

are advised to continually check published information on the website to be ready to take 

action against disease outbreaks. A predictive model for carpogenic germination of 

sclerotia to forecast sclerotinina disease on lettuce has also been developed. Again this 

model is dependent on  on the close observation of apothecia development from sclerotia 

found in the soil of previously contaminated fields, soil moisture temperature, climatic 

temperature and canopy density of the crop (Clarkson et al. 2007). The monitoring of 

apothecia development can be difficult due to the small size of the mushroom-like 

structures. The predictive model may also vary as the temperature at which sclerotia 
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germinate is based on a particular climate and temperature ranges cited vary from 16 °C to 

30 °C (Clarkson et al. 2007). One study showed 20 isolates from different regions which 

all required different temperatures for germination (Huang and Kozub 1991). This makes it 

difficult to generate prediction models for an outbreak during a season across different 

climates. Soil water content measurements also differ between studies. One study used 

theta probes which measure the top 6cm of soil and then convert the measurement to soil 

water potential. This is a challenge as these values vary greatly within a single field and 

this makes it difficult to gauge accurate readings across even a single farm.  

 One way to monitor S. sclerotiorum inoculum in a field  is to use semi-selective 

agar plates. This method involves placing the agar plates, open, under the canopy to allow 

S. sclerotiorum ascospores to drop onto the plates (Steadman et al. 1994). The semi-

selective agar contains a bromophenol blue pH indicator dye which will change from blue 

to yellow as S. sclerotiorum ascospores germinate and  secrete oxalic acid. Sclerotia 

production on the plate is then monitored for confirmation of species. This method may be 

effective for studying whether S. sclerotiorum is present in a field but it does not give a 

rapid enough result as to whether the disease is present or not before an outbreak will 

occur.           

 Disease models are extremely important in generating predictions to help forecast 

disease risks and they are an important life line for growers who are trying to implement 

good pest control management strategies. More automated ways to monitor the arrival of 

the disease in combination with the already useful prediction models available would be a 

significant improvement in controlling this and other fungal pathogens.  

  

1.9 Project objectives 

This project is very much focused on the development of an automated infield 

biosensor to detect the presence of the fungal pathogen S. sclerotiorum, in particular the 

selective growth surface or the biological matrix within the biosensor that S. sclerotiorum 

ascospores will be sampled into. The matrix will need to induce rapid growth for 

specifically this species of fungi and induce secretion of an analyte (oxalic acid) to be 

quantified and detected with an electrochemical assay. This project also aims to investigate 

other important aspects of pathogen biology so that information from these investigations 

can contribute to the development of an accurate detection system. Methods to investigate 

the biology and the underlying molecular mechanisms of infection included the use of 

RNA sequencing to look at the transcriptome during infection processes as well as using 
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bioinformatics tools to predict the suit of proteins secreted during early infection. This will 

not only help identify potential effector candidates but also potential protein targets which 

can be applied to other diagnostic techniques.  

1.9.1 Hypotheses to be tested: 

1. The number of S. sclerotiorum ascospores is positively correlated with OA 

concentrations after incubation in an appropriate medium. 

2. A biological matrix which is conducive to the growth of S. sclerotiorum can be 

used in combination with an electrochemical assay for OA to detect the presence of 

ascospores.  

3. The use of a bioinformatics pipeline to predict secreted proteins can be used to 

identify potential new nucleotide or protein targets for the detection of S. 

sclerotiorum. 

4. The lack of oxaloacetate acetylhydolase secretion  by a mutant strain of S. 

sclerotiorum compromises the expression of other genes important for disease 

development.  
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Chapter 2: General Experimental Procedures 

 2.1 S. sclerotiorum sclerotia and ascospore production      

 To obtain S. sclerotiorum ascospores throughout this PhD, it was necessary to 

obtain large sclerotia that would produce large numbers of apotheica. Sclerotia were 

generated using carrot agar as this was observed to generate the largest sclerotia. Carrot 

agar was prepared by boiling and then blending 400 g of carrots in 400 ml of deionised 

H2O and subsequently increasing the final volume to 1L with deionised H2O before adding 

20 g/L of agar to prepare the solid media. Plates were poured after autoclaving liquid 

medium under a sterile flow hood. S. sclerotiorum sclerotia for apothecia production were 

generated by inoculating carrot agar plates with a 6 mm
2
 S. sclerotiorum mycelial plug 

placed in the centre of the plate. The plates were incubated at 18 °C for 3 weeks until 

mature black sclerotia had formed at the edge of the plates. Plate lids were removed and 

sclerotia air dried for two days. Sclerotia were picked off the plate and the same isolates 

consolidated. Harvested sclerotia were surface sterilised in 10 % sodium hypochlorite and 

95% ethanol an washed with sterile water. Sclerotia were dried under a sterile flow hood. 

Sclerotia were stored in bags placed in boxes with silica gel at 5 °C.   

 The following apothecia production protocol was adapted from the method used by 

Dr. John Clarkson, University of Warwick.  Containers were filled with medium sized 

particle vermiculite and soaked thoroughly with water. The sclerotia were buried in the 

containers and a fine layer of vermiculite placed on top. The pots were soaked once more.  

The containers were kept at 5 °C for 8 weeks and then kept for 4 weeks at 18 °C under 

near UV and white light in cloched containers until they produced apothecia. Cloched lids 

were lifted from boxes and ascospores harvested from apothecia by vacuuming the spores 

onto sterile filter paper on a daily basis.  

Ascospore suspensions were made by placing a section of spore-coated filter paper 

into sterile water and shaking vigorously from time to time over a period of several 

minutes. A 20 µl 0.1% Tween solution was added to 1ml of ascospore solution to prevent 

spore clumping. Ascospore numbers were estimated using a haemocytometer.  10 µl of 

spore solution  was placed under the cover slip of a haemocytometer and observed under a 

Leica 20x compound light microscorpe . Ascopsores were counted  and the ascospore 

solution calculated.   

2.2 S. sclerotiorum mycelial cultures 

 Sterilised sclerotia were halved using a sterile scalpel under a flow hood. The 

sclerotia halves were placed face down onto PDA plates. Plates were incubatd in the dark 

at 18º C for 2 days. Agar plugs were taken from the advancing hyphal edge.  
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Table 2:  S. sclerotiorum and B. cinerea isolates used throughout this project. 

Species Isolate name Plant host Origin 

S. sclerotiorum  L2003  Lettuce John Clarkson, Warwick, UK 

S. sclerotiorum L6 Lettuce John Clarkson, Warwick, UK 

S. sclerotiorum L17 Lettuce John Clarkson, Warwick, UK 

S. sclerotiorum L44 Lettuce John Clarkson, Warwick, UK 

S. sclerotiorum  GFW 1 OSR Rothamsted, UK 

S. sclerotiorum  GFW 2 OSR Rothamsted, UK 

S. sclerotiorum  GFW 3 OSR Rothamsted, UK 

S. sclerotiorum  GFW 6 OSR Rothamsted, UK 

S. sclerotiorum  GFR 1 OSR Rothamsted, UK 

S. sclerotiorum  GFR 2 OSR Rothamsted, UK 

S. sclerotiorum  GFR 3 OSR Rothamsted, UK 

S. sclerotiorum  GFR 4 OSR Rothamsted, UK 

S. sclerotiorum  GFR 10 OSR Rothamsted, UK 

S. sclerotiorum  GFR 11 OSR Rothamsted, UK 

S. sclerotiorum  GFR 12 OSR Rothamsted, UK 

S. sclerotiorum  GFU1 OSR Rothamsted, UK 

S. sclerotiorum  BF OSR Rothamsted, UK 

S. sclerotiorum  BF1 OSR Rothamsted, UK 

S. sclerotiorum  BF3 OSR Rothamsted, UK 

S. sclerotiorum  BF4 OSR Rothamsted, UK 

S. sclerotiorum  BF7 OSR Rothamsted, UK 

S. sclerotiorum  81(A) OSR Rothamsted, UK 

S. sclerotiorum  M1/448 OSR Rothamsted, UK 

S. sclerotiorum  M448 OSR Rothamsted, UK 

S. sclerotiorum  b1/31 1992 OSR Rothamsted, UK 

S. sclerotiorum  1992B OSR Rothamsted, UK 

S. sclerotiorum  S14 Lettuce Bristol, UK  

S. sclerotiorum  S4 Lettuce Bristol, UK  

S. sclerotiorum  SS Polish LL15 OSR Poland, UK 

S. sclerotiorum  SS Polish Sco50 OSR Poland, UK 

S. sclerotiorum  US 1980 Nebraska bean Jeffrey Rollins, Broad sequenced 

strain, US 

1. Sclerotinia trifoliorum 2. R316 Grass  Rothamsted, UK 

Botrytis cinerea 181038 Soft fruit  Rothamsted, UK 

Botrytis cinerea 967 Soft fruit UK, Syngenta 

Botrytis cinerea 978 Soft fruit UK, Syngenta 

Botrytis cinerea 1305 Soft fruit UK, Syngenta 

Botrytis cinerea 1430 Soft fruit UK, Syngenta 
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2.3 Bioassay to test different complex media to induce oxalic acid production by S. 

sclerotiorum ascospores       

 Different liquid media were tested for improved secretion of  oxalic acid by S. 

sclerotiorum ascospores in 12 well plates (Figure 8). Media was made up according to 

manufacturer’s instructions. Additions to media including Glucose, malate, fumarate, 

succinate and buffers including MES (2-(N-morpholino) ethanesulfonic acid) and HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma Aldrcih, UK) were made up 

to the required concentrations and filter sterilised  before adding to the medium. Media pH 

was altered using a pH meter and probe (Hanna Instruments, USA). pH of solutions was 

adjusted using 1M NaOH or HCL. Media were autoclaved before use. Wells were filled 

with 2 ml of the medium of choice for testing and then seeded with ascospore solutions. 

Three wells were used for three biological replicates. Three wells per plate were used as 

control wells which were seeded with water. Plates were incubated in the dark, on the 

bench top at 20 ºC. 

 

 

 

Figure 8: The 12 well plate used to test various liquid media for oxalic acid production by 

S. sclerotiorum ascospores. 

Each well within the twelve well plate was dosed with 2 ml of the liquid medium being 

tested for o determine its ability to induce oxalic acid production by S.sclerotiorum 

ascospores which were seeded into the medium. Nine wells contain ascospores which have 

been incubated for 4 days. Three wells were used as control wells which were seeded with 

sterile water to ensure the medium contained no oxalic acid or was contaminated.  
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2.4 Sigma high throughput spectrophotometric determination of oxalic acid in liquid 

media.           

 This assay was optimised with the help of Prof. Nicola Tirelli and Dr. Cong Duan-

Vo at the University of Manchester. Solution A was made up with 50 mM Succinate buffer 

(Sigma Prod. No. S-7501), 0.79 mM N,N Dimethylaniline (Sigma Prod. No. D-8509) and 

0.11 mM 3-Methyl-2- Benzothiazolinone Hydrazone MBTH (Sigma Prod. No. M-8006) 

which were dissolved in 100 ml of deionised water. The pH was adjusted to pH 3.8 at 37°C 

with 1 M NaOH. 100 mM Ethylenediaminetetraacetic Acid Solution (EDTA) was made up 

in deionised water (Sigma Stock No. ED2SS). 1 mg / ml aliquots of Horseradish 

Peroxidase (HRP) (Sigma Prod. No. P-8375) was made up in cold deionised water 

immediately before use. A 0.25 - 0.50 unit/ml aliquot of Oxalate Oxidase (OxOx) (Sigma/ 

Syngenta in house production) was dissolved in cold deionised water immediately before 

use. A master mix solution containing 12.6 ml Solution A, 0.5 ml 100 mM EDTA, 1 mg / 

ml HRP, 0.35 unit / ml OxOx and 1.5 ml water was mixed together.     

 In a 96-well flat-bottom tissue culture plate (TPP®), 10 µl of liquid medium to be 

tested for OA concentration was pipetted into a single well. At least two technical 

replicates per sample were used. 10 µl of un-inoculated medium was used as blank. A set 

of standards included a ranged of OA concentrations (0, 25, 50, 100, 200, 400, 1000, 1500, 

2000, 2500, 3000 µM)  were set up on each plate to generate a standard curve to enable 

prediction of the oxalate concentrations.  These standards were usuThese were made from 

the 100 mM stock oxalic acid concentration and using a dilution factor 14 to ensure the 

correct working concentration in the final sample volume (150 µl) and also made up in the 

same medium being tested.  A 140 µl aliquot of the master mix was pipetted into each well 

of a 96 well and incubated at 37°C for 5 hr (Figure 9). The plates were read in a Varioskan 

Flash spectral scanning multimode reader (Thermo Scientific™) at 590nm (light path 1cm, 

37°C).  The plate was read at time 0 and then 5hrs later. 



57 

 

 

Figure 9: Oxalic acid concentration determined using a high throughput 

spectrophotometric assay.  

 

A 96-well flat-bottomed tissue culture plate used to quantify oxalic acid concentration of 

media samples. Ten microliter of medium was added to 140 µl of the master mix solution. 

Increasing oxalic acid concentrations of solutions can be observed with increasing purple 

intensity in the wells. The absorbance of each aliquot was read in a plate Varioskan 

spectrophotometer.  

 

2.6 Calculation of the concentration of oxalic acid in samples  

The results from the Varioskan software were imported into Microsoft Excel and 

the value of OA determined using the Genstat asymptote script written by Stephen Powers 

based at the Rothamsted Statistics department.  The script was based on the following 

equation:  

           

 

This script predicted the OA values using the equation used to fit the known 

standard concentrations of OA to an asymptotic curve.  The OA concentration average of 

the three biological replicates which contained known concentrations of OA was used to 

create the concentration bar graphs. Absorbance values greater than the standard 

concentration could not be estimated. In this case the test had to be repeated by either 

increasing standard concentrations or by diluting the 10 µl sample with water.  

Script used in Genstat to determine OA concentrations by applying the equation to known 

absorbance values of the known concentrations of OA: 
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express e1; valu=!e(y=a +b*R**Conc) 

model Absorb;fit=y 

rcyc a,b,R; init=0.932,-0.6926,0.99;step=*,*,* 

fitn [calc=e1;print=s,e,m,mon] 

rgraph Conc 

scalar abs1 

read abs1 

value xxxx 

scalar C1 

variate [nv=1; val=*] se1 

express e2; valu=!e(C1=log((abs1-a)/b)/log(R)) 

rfunc [calc=e2;se=se1] C1 

vari CforANOVA; valu=!(#C1) 

vari SEforANOVA;valu=!(#se1) 

print CforANOVA,SEforANOVA 

 

2.7 Statistical analysis         

 General ANOVA analysis was done to assess whether there was any significant 

difference between the effects of different treatments of media on the amount of OA 

produced in the different experiments. GenStat 2011, version 14, (c) VSN International, 

Ltd, Hemel Hempstead, UK was used for the analysis. 

2.8 DNA extraction  

         

2.8.1 Hyphae DNA extraction        

 DNA extraction was done by growing up a range of fungal isolates either in PDB 

liquid medium for 1 week or on sterile cellophane discs on top of PDA plates.  Cultures 

were vacuum filtered and freeze dried to remove excess liquid.  A Plant DNeasy mini kit 

(Qiagen, Manchester UK) was used to extract DNA. The manufacturer’s protocol was 

followed. 

 

2.8.2 S. sclerotiorum ascospores DNA extraction      

 An ascospore solution made up in 2 ml tubes. The tubes  were frozen at -20 ºC and 

freeze dried to remove any moisture. Alternatively Burkard wax tape strips were cut into 

strips corresponding to a single day of airsampling. The strips were coiled into 2 ml screw 

cap tubes. One scoop of ballotini beads (0.5 g x 400-455 µm diameter) we placed in the 

same 2 ml tubes. 440 µl of Extraction Buffer consisting of; 400 mM Tris-HCl; 50 mM 
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EDTA pH 8; 500 mM sodium chloride; 0.95 % sodium dodecyl sulphate (SDS); 2 % 

polyvinylpyrrolidone and 5 mM 1,10-phenanthroline monohydrate, was added to each 

tube.  0.1% β-mercaptoethanol was added to each 2 ml tube. The tubes were processed in a 

FastPrep machine. They were shaken 3 times at 6.0 m/s for 40 sec, with a 2 minute cooling 

period between each cycle. During this period, the tubes were placed on ice. After shaking, 

400 µl of 2 % SDS was  added to each tube. The tubes were inverted several times and 

incubated at 65 °C in a water bath for 30 mins. Eight hundred microlitres of the bottom 

phase of phenol: chloroform (1:1) was added to each tube and then vortexed. Tubes were 

centrifuged at 4 °C at 13 krpm for 10 mins. In a  1.5ml flip-top Eppendorf tube, 30 µl of 

7.5 M ammonium acetate and 480 µl of isopropanol was added. The top layer of the 

supernatant from the original tube was pipetted up carefully and placed into the 1.5 ml 

Eppendorf tube containing the ammonium acetate mixture.  The tubes were inverted 

several times and centrifuged at -20 ° at 13 krpm for 30 mins. The supernatant was 

removed leaving a DNA pellet. The pellet was washed with 200 µl of 70 % ethanol and the 

tube centrifuged again at 13 krpm for 15 mins. The ethanol was removed and the pellet 

dried. The pellet was re-suspended in 30 µl of sterile deionised water and mixed. All DNA 

was stored in a freezer at – 20 °C. 

2.9 RNA extraction         

 To obtain RNA from S. sclerotiorum ascospores grown in vitro, ascospores were 

germinated in 1 ml PDB in Eppendorf tubes for 5 days. Material was collected by 

centrifuging the tubes for 2 min at 4°C. The supernatant was pipetted off.  The mycelium 

was washed with RNase free water and snap frozen in liquid nitrogen. The mycelium was 

then freeze dried to remove moisture.   

To obtain RNA from S.sclerotiorum infected leaf tissue, leaves were collected into 

2 ml tubes and immediately frozen in liquid nitrogen. The tubes were freeze dried to 

remove moisture. 

In both instances, RNA was extracted using a RNeasy Plant mini kit (Qiagen, 

Manchester UK) following the manufacturer’s instructions. RNA/ DNA quantified on a 

NAnodrop ND-1000 spectrophotometer (NanoDrop Technologies). 

2.10 Amplification of DNA targets using Polymerase Chain Reaction  

Polymerase Chain Reaction (PCR) amplification was performed with REDTaq 

readymix (Sigma-Aldrich).  For each 25 µl reaction; a total of 10 mM of each primer and 

25-100 ng of DNA template was used. 12.5 µl REDTaq ready mix and 10 µl sterile water, 

were added.  Sterile water was used in place of DNA templates as a negative control. A 
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GS4 thermocycler (G-storm, Somerset, UK) was used for the PCR. Cycling parameters 

included a denaturing step of 95 °C for 2 mins followed by 35 cycles of 95°C for 30 secs, 

55°C for 30 secs, 72°C for 45 secs and a final extension step of 72°C for 5 mins. PCR 

products were run on a 0.8% molecular biology grade agarose (Fisher Scientific, 

Loughborough, UK) gel with 1 X TBE buffer (0.89 M Tris Borate, 20mM Na2EDTA). 

Gels were stained with ethidium bromide (Sigma-Aldrich, UK) at a final concentration of 

0.78 μg ml
-1

. Typically, 10 μl of PCR product and 4 μl of 1 kb or 100 bp Gene Ruler ladder 

(Fermentas, Thermo scientific, UK) were loaded onto gels. Gels were electrophoresed at 

120V for 20 – 40 mins. DNA fragments were visualised under a 302 nm transilumminator 

(Syngene, MD, USA) using the Gene Genius BioImaging System.   

 

2.11 Quantitative Polymerase Chain Reaction for the specific identification of S. 

sclerotiorum. 

A high throughput Roche Taqman qPCR protocol for the specific identification S. 

sclerotiorum DNA was optimised by Jon West and Gail Canning (method pending 

publication; Calderón-Ezquerro et al. Molecular Detection Of Airborne Sclerotinia 

Sclerotiorum Spores On Mexican Crops). ABGENE 96 well plates were used for the assay. 

A master mix was prepared with 10 μl 2x FastStart universal probe ROX Master mix 

(Roche Diagnostics GmbH)., 0.04 μl Taqman Probe (100 μM) (TCG TAC CTT GGC 

AAC ACC TAC TTC) (Applied Biosystems), 0.75μl Carman Ss Forward Primer (100μM) 

(TGT CAG AAA TAA TGA GAT CAA AAG), 0.25μl Carmen Ss Reverse Primer 

(100μM) (CCG ACC TCT ATT CAT ACC CT), 4.96μl dH2O. Standard concentrations of 

S. sclerotiorum DNA were used to generate a standard curve (0.00005-5 ng/ μl) on each 

plate.  4 μl DNA template or dH2O (non-template control) was pipetted into the wells 

before the master mix was added.  3 technical replicate wells per sample were used. 

Plates were sealed and centrifuged in a SpeedVac. A Mx3000P (Startagene) qPCR 

machine was used. Thermal cycling parameters: 95°C 10mins and 40 cycles of 95°C for 15 

secs, 56°C for 45 secs and 72°C for 45secs. Spore number can be calculated as 1 spore is 

the approximate of 0.1 pg DNA detected.  
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Chapter 3: The development of an electrochemically compatible 

biological matrix for the specific induction of S. sclerotiorum ascospore 

germination and oxalic acid secretion to be used within an infield 

automated detection biosensor. 

 

3.1.1 Introduction          

 Chapters 3 and 4 report an investigation into the development of an infield 

automated biosensor for the detection of the fungal pathogen S. sclerotiorum in oilseed 

rape fields, the first of its kind in the world. The SYield consortium which was assembled 

in November 2010 to take on this challenge, received three years of funding from the 

Technology Strategy Board (TSB) and Syngenta. The consortium consists of a range of 

small, medium enterprises (SMEs) and academic partners.       

 S. sclerotiorum was the pathogen of choice for this project as a result of its sporadic 

lifestyle which makes it difficult to predict. Outbreaks only occur every few years but 

when they do, they can be severe, reducing yield by up to 50%. There are some climate 

based forecasts to predict potential outbreaks for this pathogen, however as they are 

predominantly weather based, they only work on a regional scale and some rely on being 

able to identify the fruiting bodies in the field or by physically monitoring petal stick 

(Clarkson et al. 2007, Parker et al. 2009). Both methods remain a challenge for many 

growers because of the need to provide such continuous monitoring for a single disease. 

Currently growers can spray fungicide protectants up to three times per flowering season to 

protect crops being infected with S. sclerotiorum even though there may be no risk of 

disease. This may also increase the selection pressure for resistance to develop in other 

pathogen populations. For example, Boscalid a SDHI fungicide, is not only used to control 

S. sclerotiorum but is used against Alternaria sp, Botrytis cinerea, Blumeria graminis and 

Rhizoctonia solani in leafy vegetables. Overuse of this single fungicide without using other 

chemistries with different modes of action, could lead to less resistance fungal populations.     

S. sclerotiorum ascospores are released from apothecia which develop from 

sclerotia found in the soil. The ascospores are wind dispersed upon release. Although most 

ascospores are dispersed locally, they can be moved tens of kilometres from the source. 

This poses a potential disease threat to host crops within a large area in the vicinity of the 

inoculum source. The aim of this project is to detect the presence of S. sclerotiorum 

ascospores within a field and combine this information with climatic information, to 

provide a more accurate disease risk assessment. This will provide a more accurate spray 

window for growers. This will potentially benefit the environment, reduce selection 
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pressures for resistance and help growers save thousands of pounds per growing season if 

they can avoid applying a second or third spray each growing season if this detection 

system can accurately determine that there is no disease risk.      

 The basic design of this detection system combines an air sampling unit which 

actively draws air into the device and deposits the air particles onto a biological matrix 

which is attached to an electrochemical biosensor. The electrochemical biosensor consists 

of an enzyme which is stabilised onto a carbon electrode. The enzyme is specific to a 

particular analyte which is specific to the pathogen being detected. Upon arrival of the 

analyte, the enzyme will hydrolyse the analyte. The products of this reaction will then 

physically react with the electrode causing a change in potential across the matrix which is 

then detected using a potentiostat.  This detection event can then be transmitted wirelessly 

to the end user.          

 This chapter focuses on the development of the biological matrix within the 

biosensor which is a selective nutrient liquid medium which actively encourages S. 

sclerotiorum ascospores which are sampled from the air into the device, to germinate and 

grow within the matrix.  As previously described, S. sclerotiorum produces oxalic acid 

(OA) during development. The secretion of this organic acid regulates a whole range of 

virulence functions. OA was chosen as the analyte to be detected within the biosensor as 

firstly it is secreted at an early stage of ascospores germination and secondly, oxalate 

oxidase (OxOx), readily hydrolyses OA to release carbon dioxide (CO2) and hydrogen 

peroxide (H2O2).  

                     
    
→               

 

Once the ascospores have been incubated with the liquid medium and secreted 

oxalic acid, the liquid will then be applied to a carbon electrode which contains two  

enzyme, OxOx and horse radish peroxidise (HRP).  The detection of S. sclerotiorum will 

actually based on a coupled enzyme reaction. During this process OxOx will  hydrolyse 

any OA present in the liquid medium, releasing hydrogen peroxide and carbon dioxide. 

Hydrogen peroxide will then be hyrdrolysed by HRP and measured using an 

electrochemical process described as cyclic voltammetry. This technique involves the 

application of a potential to an electrode which is ramped linearly between two voltage 

points at a scan rate of 0.05 V/s. The measurement starts with a specific condition, for 

example everything in the sample is fully reduced. As the potential changes from the 

starting conditions, the active chemical species in the sample will become oxidised.  The 

detection principle in this biosensor is based on the electrochemical oxidation of hydrogen 
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peroxide which is generated from the activity of OxOx (Figure 10). This system is based 

on the blood glucose biosensor which was invented in 1962 and originally determined the 

glucose concentration by applying a negative potential to a platinum cathode containing  

stabilised glucose oxidase (Gox). The reductive detection of the oxygen consumption  

which was released from the breakdown of glucose was then measured (Clark and Lyons 

1962). The electrochemistry used in the SYield biosensor was optimised and fixed to 

measure only the release of hydrogen peroxide and not any other electrochemical-active 

chemical species that may be in the matrix. This part of the project was carried out by Dr. 

Sophie Weiss at the University of Manchester. The positive detection of OA (termed ‘a 

positive event’) will be relayed through a network as a wireless signal to be picked up by a 

central processing unit. The positive event will then be integrated with climatic 

information and fed into a real time disease prediction model. If a risk is predicted then the 

farmer will be notified and advised to spray his crop to protect against S. sclerotiorum.  
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Figure 10: Schematic of the basic principles of electrochemistry used in the SYield 

biosensor.  

a) The biological matrix (liquid medium) contains the analyte to be detected, OA. b) The 

electrode contains OxOx stabilised enzyme which hydrolyses OA in the biological matrix, 

releasing hydrogen peroxide, which directly reacts with the electrode. c) A potentiostat is 

connected to the working and reference electrodes and monitors the change in current as 

the hydrogen peroxide becomes oxidised. d) The output of the change in current can be 

monitored and reported using software connected to the potentiostat. The change in current 

increases as the amount of OA in the biological matrix increases.  

 

3.1.2 Considerations for the biological matrix design and biosensor detection success 

 There were certain challenges which required consideration throughout the 

development of the biological matrix to ensure that the detection of S. sclerotiorum 

ascospores was as accurate as possible.  It was of paramount importance that the matrix 

was able to:  

 Induce rapid growth of fungal hyphae post ascospore germination. 

 Induce rapid secretion of OA. 

(a) 

(b) 

(c) 

(d) 
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 Induce high levels of OA production. 

 Be selective for S. sclerotiorum growth and not the many other fungi which may be 

present in the air sample which either produce OA themselves or could out-grow 

the S. sclerotiorum hyphae. 

 Detect low ascospore numbers.  

 Must be compatible with the electrochemistry and not inhibit any of the chemistry 

within the sensor system 

 

Other fundamental questions to be solved during the formulation of the matrix for accurate 

sensor development included: 

 Does the change in pH of the biological matrix have an effect on the pathogen 

growth or biosensor performance? 

 What is the effect of temperature on fungal growth and enzyme activity? 

 Is oxalic acid quantifiable in the biosensor and how does this relate to spore 

number? 

 Does the OA level correlate to disease risk in the field? 

 Does the sensor rapidly detect early germ tube growth post spore germination to 

maximise the window of opportunity for successful crop protection? 

 

This chapter reports the development stages of the nutrient matrix that will address the 

above considerations and questions. There have been other studies in the past exploring 

how to optimise OA production from S. sclerotiorum. However all these previous 

investigations have only explored OA production from mycelial plug inoculations and not 

ascospores which makes this work novel. OA secretion from a range of plant pathogens 

has been investigated previously however no previous studies have investigated the 

compatibility of a nutrient matrix coupled to an electrochemical for the detection of S. 

sclerotiorum ascospores.  Other OA detection methods have been previously used in 

medical studies which use quantification of OA in human urine to monitor kidney stone 

development (Table 3). 

The investigations into developing a nutrient medium began with the use of host 

plant extracts to germinate the ascospores and initiate hyphal growth. However a more 

defined medium was eventually developed that was compatible with the electrochemical 

assay. The effect of different glucose concentrations and other additions/ subtractions to 

the medium was investigated as well as the buffering capacity. Investigations into the 

typical fungal community which may be present within the biosensor air sample were also 

undertaken. Other fungal competitors were identified and medium specificity was 

addressed through the use of fungicidal additions. Chapter 4 will report how the biological 

matrix developed in this chapter performed during field trials. 
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Table 3:  Methods for detecting OA in clinical samples and for the investigation of OA 

production by plant pathogens. 

Detection methods for OA in urine as an 

indicator for kidney stones  

Detection methods for OA in fungal 

pathogens/host plants  

High-performance liquid chromatography 

(Holloway et al.1989) 

KMnO4 titration  (Bateman and Beer 1965) 

 

Gas chromatography (Gelot et al. 1980) Thin-layer chromatography (Vega et al. 

1970) 

  

Ion chromatography (Schwille et al. 1989) Enzymatic detection in a HPLC eluate 

(Rassam and Laing 2005)  

 

Spectrophotometric methods based on oxalate 

oxidase (Kohlbecker and Butz 1981)  

Bromophenol blue, quenching reaction. 

Absorbance measured (Durman et al. 

2005)  

Oxalate decarboxylase (Beutler et al.1980)   

pH-electrode determination coupled with an 

enzymatic reaction (Boer et al. 1984)  

 

Chemiluminescence detection (Balion and 

Thibert 1994) 
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3.2 Experimental Procedures  

3.2.1 Bioassay for the quantification of OA produced by ascospores in on solid 

media made from plant extracts.  

 

Various host plant extracts were used to make different solid agar media to test the 

best medium for the quickest, most reliable oxalic acid induction from S. sclerotiorum 

ascospores: 

PDA (Potato 

Dextrose Agar) 

20 g potato dextrose agar (Difco) added per 500 ml deionised water 

and autoclaved. 

Carrot Agar 400 g of chopped fresh carrots autoclaved in 400 ml deionised 

water. Carrots blended. Carrot solution made up to 500 ml with 

deionised water and mixed with 10 g agar before re-autoclaving. 

V8 juice 0.8 g CACO3, 8 g agar and 80 ml V8 juice mixed (company add) 

with 320 ml deionised water and autoclaved. 

Sunflower 

Seed agar 

25 g sunflower seeds were pulverised in a blender. The seeds were 

boiled in 500 ml deionised water for 30 mins. The seed extract was 

cooled and filtered through gauze. The filtrate was mixed with 5 g 

glucose and 7.5 g agar. The solution was made up to 500 ml with 

distilled water and autoclaved. 

SNA (Synthetic 

nutrient poor 

agar) 

20 x stock solution of made up using 0.1 % KH2PO4, 0.1 % KNO3, 

0.1 % MgSO4x7 H2O, 0.05 % KCl, 0.02 % glucose, 0.02 % 

saccharose, 2 % Agar. 20 ml 20 X SNA stock added to 500 ml 

deionised water. 

 

Bromophenol blue pH indicator dye was added to the different plant extract agars. 

A stock solution of bromophenol blue was made up by diluting 0.1 g powder in 4 ml 95 % 

ethanol. A 1 ml aliquot of this stock solution was added to 500 ml liquid agar media. 

Bromophenol blue will change a substrate from blue to yellow during the acidification of 

the substrate. Sodium succinate (56 mM) which has been previously shown to increase OA 

production in S. sclerotiorum cultures, was added to duplicate bottles of all media.   All the 

media was titrated to pH 6 using hydrochloric acid or sodium hydroxide before autoclaving 

the solution. Three replicate plates for each treatment were used. Three ascospore solutions 

(L6 isolate) were made up using ascospore covered filter paper.  Sixteen spots of 20 µl 

ascospore solution were pipette onto each plate in sterile conditions. The plates were stored 

in 18 °C incubator and regularly checked for signs of bleaching or mycelia growth. 

Yellowing circles around growing colonies were compared to known concentrations and 

volumes of OA dropped onto the same type of plate (Figure 11).



68 

 

 

Figure 11: The standard OA concentration agar plates. 

Plates used to quantify OA secreted by S. sclerotiorum ascospores grown on different plant extract agars. Agar contained a bromophenol blue 

pH dye which changes the agar colour from blue to yellow during acidification of the agar, during the release of OA. Each type of agar tested 

had 5, 10 and 50 µl of different solutions containing different concentrations of OA dropped onto the different plates. Colour changes in carrot 

and V8 agars were difficult to assess due to lack of blue colour change.  

 SNA PDA Carrot V8 juice Sunflower seed extract 

5 µl of 

OA 

solution 

        

20µl  of 

OA 

solution 

         

50µl  of 

OA 

solution 

   

 
  

 

5mM 

10mM 

20mM 

30mM 

40mM 

50mM 

60mM 

70mM 

80mM 

90mM 

100mM 
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For details on how ascospore solutions were made up for testing and how bioassays for 

media testing were carried out refer to General Experimental Procedures (Chapter 2).  

3.2.2 Preliminary experiments 

3.2.2.1 Detection limits of Sigma OxOx enzymatic spectrophotometric assay 

Preliminary experiments were completed to determine the OA detection limits of 

the enzymatic spectrophotometric tests.  Twenty six wells of a 96 well plate were filled 

with 20 µl  potato dextrose broth (PDB) (Sigma Aldrich, 24g/L). The wells were then 

spiked with  different OA concentrations to achieve working OA concentrations of 0, 2, 5, 

10, 15, 20, 25, 50, 100, 200, 400, 500 and 800 µM. The absorption of two replicates per 

concentration was measured using the spectrophotometric assay (see Chapter 2) and the 

experiment was repeated twice.  

3.2.2.2 Preliminary work to determine whether any additions to assay can inhibit 

enzyme activity. 

A second experiment was completed to determine whether different chemical 

additions to the medium, for example; malic acid, succinic acid and fumarate, could affect 

the activity of the OxOx and HRP enzymes or inhibit theses enzyme used in the optical 

enzymatic assay and as a result affect the accuracy of the absorbance readings and oxalate 

concentrations calculated with the use of the standard curves. These additions are 

intermediates of the Tricarboxylic acid cycle which has been described as the principal OA 

biosynthesis pathway (Culbertson et al. 2007). They were chosen as they had been 

previously used to induce OA secretion (explained in detail later on). OA standards 

were made up with the addition of different concentrations of malate in PDB medium. Two 

replicates for each concentration were tested.   

 

3.2.2.3 Storing medium for later OA detection and electrochemical analysis.   

The wells of a 12 well plate were filled with 2 ml of PDB. The PDB was spiked 

with 100 mM stock solution of oxalic acid to reach a working concentration of 140 µM or 

100 µM oxalic acid. 12 replicates per concentration were used. Six replicates for each 

concentration were frozen at either -20ºC or -80ºC. The concentration of OA was measured 

using the spectrophotometer assay (see Chapter 2) after 7 days of being in the respective 

freezers.  
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3.2.2.4 The effect of temperature, shaking and a flotation membrane on OA 

production.  

PDB was made up following manufactures instructions and adjusted to pH 5 before 

autoclaving. Six wells of eight 12 well plates were filled with 2 ml of PDB. Three wells 

per plate were seeded with 100 µl  ascospore solution (approximately 45 000 S. 

sclerotiorum L6 ascospores per well). 3 wells on the plate were used as a negative control 

and were seeded with 100 µl  water. Four of the plates were kept at 20 ºC and the other 4 

plates were kept at 25 ºC. A disc of sterile miracloth (Merck Millipore, UK) was placed 

into the wells of two plates incubated at 20 ºC and the wells of two plates incubated at 25. 

The membrane was added to the medium by cutting a miracloth disc the size of the well 

and then dropping it on top of the medium before adding in the ascospores. Plates with and 

without miracloth discs were either shaken at 150RPM or kept still under both 

temperatures. All experiments were carried out in the dark. The plates were incubated for 4 

days and the OA concentrations calculated using the spectrophotometer assay (see Chapter 

2). 

3.2.3  OA production induction via Tricarboxylic Acid Cycle intermediates combined 

with a baseline nutrient         

Media were made by adding 25 mM malate, 25 mM succinate, 25mM ammonium 

acetate, 1% pectin, 25mM glucose or PDB (24 g/ L) to the baseline minimal salts 

(Culbertson et al 2007).  The wells of a 12 well plate were filled with 2 ml of different 

media. Each treatment was replicated using 3 wells. 100 µl  ascospore solutions (4000 

spores / well) of L6 and L2003 S. sclerotiorum isolates were added to the each well and 

incubated in the different growth media for six days. Negative control wells were seeded 

with 100 µl  sterile spectrophotometer assay (see Chapter 2)water. The OA concentrations 

calculated using the spectrophotometer assay (see Chapter 2). 

3.2.4 Complex media (Soytone and Yeast) combined with TCA cycle intermediates 

and their effect on OA production.        

1% Soytone medium(Fisher Scientific) and 1% Yeast medium (Sigma-Aldrich) 

were made up with baseline nutrient salts (Culbertson et al 2007). The media were adjusted 

to pH 5 before autoclaving.  2 ml of each medium was added to the wells of 12 well plates. 

1M stock solutions of glucose, malic acid, ammonium acetate or succinate  were sterile 

filtered and added to each type of media, and adjusted to make a working concentration of 

25 mM glucose, malic acid, ammonium acetate or succinate . Each individual treatment 

was replicated in three wells. An L6 isolate S. sclerotiorum ascospore solution was made 

up in sterile water. 100 µL spore solution was added to each well (approximately 3000 
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spores). 100 µL sterile water was added to negative control wells. The plates were 

incubated for 4 days. The OA concentration of each well was calculated using the 

spectrophotometer assay (see Chapter 2).  

3.2.5 The influence of different glucose concentrations on OA production in a 

complex medium. 

1% Soytone medium was made up with baseline nutrient salts and adjusted to pH 5. 

The wells of 12 well plates were filled with 2 ml of medium.  A stock solution of 500 mM 

glucose solutions was sterile filtered and added to each well to make media with either 0, 

25, 50 or 100 mM additional glucose concetrations. Each treamtment was replicated 3 

times in 3 wells. A S. sclerotiorum L6 ascospore solution was made. Approximately 2900 

ascospores were added to each well. Negative control wells contained no ascospores. The 

plates were incubated for 4 days at 20 ºC in the dark. The OA concentration of each well 

was calculated using the spectrophotometer assay (see Chapter 2). 

One three separate occasions lower glucose concentrations (0, 5, 10, 15, 20, 25 

mM)  were also tested with 1% soytone medium as described above on three. The first 

experiment 900 S. sclerotiorum L6 isolate ascospores were used per well. The second 

repeat of the experiment used varying numbers of L6 isolate ascospores ranging from 175, 

750, 1050, 2100 and 7500 ascospores per well. The third repeat experiment used a single 

ascospore dose per well of 175 L6 S. sclerotiorum isolate ascospores. All treatments were 

repeated in three wells. Plates were incubated for 7 days at 20 ºC in the dark.  

3.2.6 TCA cycle intermediate additions        

TCA cycle intermediates were tested for their effect on OA production in a similar 

format to how the effects of different glucose concentrations on OA production was 

investigated. 1% soytone medium was made up with baseline nutrient salts and 25 mM 

glucose and adjusted to pH 5 before autoclaving. 2 ml of the medium was added to the 

wells of a 12 well plate. 1M stock solutions of fumarate, malate and succinate were made 

up with sterile water and sterile filtered. Working concentrations of 0, 5, 15 and 25mM of 

the intermediates were added to the wells separately. Three replicate wells were used per 

treatment. The experiment was repeated on 3 separate occasions. There The OA 

concentration of each well was measured at day 3, 4 and 7 of incubation using the 

spectrophotometer assay (see Chapter 2). Ascospore concentrations used for each separate 

experiment were approximately 1750, 900 and 4860 ascospores per well of the L6 S. 

sclerotiorum isolate. Sterile water was added to wells for a negative control. Plates were 

incubated for 7 days at 20 ºC in the dark.  



72 

 

3.2.7 Comparison four electrochemical compatible media for OA induction   

The four electrochemical compatible media were tested for their ability to promote 

OA production from S. sclerotiorum L6 isolate ascospores. 1% Potato dextrose broth, 1% 

Yeast Nitrogen base with no added amino acids (Sigma Aldrich), 1% Sabouraud Dextrose 

Broth (Sigma-Aldrich) and 1% Czapeks Dox (Oxoid, Thermo Scientific) media were made 

up separately with baseline nutrient salts and adjusted to pH 5. Sterile filtered 25mM 

glucose was added to a second batch of the same media after autoclaving.  In each well of 

a 12 well plate, 2 ml of the medium was added. Six wells were used for each type of 

medium. Three wells contained ascospores and 3 wells acted as negative controls with no 

ascospores added. Approximately 9250 ascospores were added to each well. Plates were 

incubated for 7 days at 20 ºC in the dark and the OA concentrations of each well checked 

on day 3, 4, 5 and 6 of incubation.   

3.2.8 Limits of detection.          

1% Sabouraud Dextrose Broth (SDB) was made up with minimal baseline salts and 

adjusted to pH 5 before autoclaving. 500 µl plastic field pots were cleaned with 95 % 

Ethanol and dried in sterile conditions. Each single pot was placed in a single well of a 12 

well plate so that the pots remained under sterile incubation conditions. 400 µl of the 

medium was pipette into each pot. Three spore dilutions were tested to determine the 

lowest number of ascospores that could be detected by the amount of OA measured. 0, 4, 

16, 67, 135, 543, 1087, 4350 S. sclerotiorum L6 isolate ascospores were added to separate 

pots. Three pots were used per ascospore dilution. The plates were incubated in the dark at 

20 ºC and the OA concentrations of each pot measured after 3, 4 and 5 days incubation in 

sterile conditions by using the spectrophotometer assay (see Chapter 2). 

3.2.9 The relationship between S. sclerotiorum ascospore number, biomass and oxalic 

acid production          

1% SDB medium was made up with baseline salts and adjusted to pH5 before 

autoclaving.  2 ml of the medium was added to the wells of 12 well plates. Three S. 

sclerotiorum L6 isolate ascospore dilutions were made up in sterile water so that each well 

contained either a high spore dose of 2366 spores, a medium spore dose of 291 spores or a 

low spore dose of 50 spores. Each spore dose was replicated in three wells. Negative 

control wells contained no spores. The plates were incubated in the dark at 20 ºC for 11 

days The plates were set up so that at days 1, 2, 3, 4, 5, 6 and 11 incubation, three wells of 

each spore dose were destructively sampled. These samples were used to measure the 

average biomass of the fungal cultures growing for each spore dose.  All liquid and any 
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visible fungal biomass from these wells was pipetted into a pre-weighed 2ml tube. The 

tube was frozen at  -20 ºC and freeze dried to remove any liquid. The tubes were then re-

weighed and the difference between the pre and post weight calculated.  

Over 11 days of incubation, the pH of the liquid medium was tested using a micro pH 

probe (Hanna Instruments, UK) which is capable of measuring volumes as small as 100 µl 

as the medium volume decreases significantly after 11 days incubation. The OA content of 

the wells were also measured on day 1, 2, 3, 4, 5, 6 and 11 of incubation.  

As a result of the destructive sampling structure  of the experiment and the repeated 

measures aspect of the experiment, the method of Residual Maximum Likelihood (REML) 

was used to fit a linear mixed model to the pH and oxalate data, accounting for the design 

of the experiment (plates, wells within plates and time points within wells) as random 

terms in the model. As part of this structure, the effect of the correlation over time for the 

wells was accounted for. The overall effect of treatment compared to control and then the 

effects of low, medium and high treatment, nested within this comparison were taken as 

fixed terms in the model, along with the main effect of time and the interaction of time 

with these other terms. The GenStat (2011, version 14, (c) VSN International, Ltd,Hemel 

Hempstead, UK) was used for the analysis.  

 

The model used was based on the following equation: 

 

 y= constant +Treatmenti + Timei + (Treatment. Time)ij + Platek + (Plate.Wells)kc + E 

 

                                         Fixed Terms    Random Terms  

(Where terms in the model are a stated and with E as the error term)  

3.2.10 Buffering Capacity of the medium        

50 mM MES (2-(N-morpholino)ethanesulfonic acid), 50 mM Succinate and 50 mM 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) were added  to separate 

bottles of 1% SDB. SDB was also tested without an additional buffer. Separate buffered 

media were adjusted to pH 4, 5, 6 or 7 and then autoclaved.  2 ml of each treatment was 

added to 9 wells. A low ascospore dose was added to 3 wells, a high ascospore dose added 

to 3 wells and the final three wells were used as negative control wells with no ascospores 

added. The low S. sclerotiorum L6 isolate ascospore dose used in the MES buffered 

medium was 30 ascospores per well and the high dose was 290 ascospore per well.  The 

low S.sclerotiorum L6 isolate ascospore dose used in the HEPES ad Succinate buffered 
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media was 38 ascospores  and the high dose was 2366 ascospores per well.  The plates 

were incubated in the dark, 20 ºC for 5 to 11 days. The OA concentration and the pH was 

measured for each well on day 1, 2, 3, 4, 5, 6, 7 and 11.  

3.2.11 Competition assays  

Trichoderma, Botrytis, Alternaria and Epicoccum species isolated from the field 

(See Chpater 4) were cultured on PDA plates to obtain spores.  Spore solutions were 

obtained for each fungal species by pipetting 1ml sterile water onto the surface of the plate. 

Using a an L-shaped spreader, the spores were mixed with the water. Water and spore 

solution was pipette off the plate. S. sclerotiorum ascospore solution (L6 isolate) was made 

as mentioned previously.  

To test whether any of these species secreted oxalic acid within the medium, the 

wells of 12 well plates were filled with  2 ml SDB medium, pH. All fungal spore solutions 

were adjusted so that 1000 spores were added to each well. Each fungal spore type was 

repeated in 3 wells.  The plates were incubated over 7 days in the dark at 20 ºC and the OA 

concentration of each well measured on day 4, 5 and 7 of incubation.  

To determine the competition between different fungal species, the wells from 12 well 

plates were filled with 2 ml SDB, pH 5. Botrytis and Trichoderma spores were germinated 

separately and together with high and low doses of S. sclerotiorum L6 isolate ascospores. 

The high spore dose was adjusted so that 290 ascospores were added to each well and the 

low dose added to the well was 30 ascospores. 100 spores of Botrytis and Trichoderma 

were added to each well separately. Each species of fungal spore was incubated 

individually too. Each treatment was replicated in three wells. The plates were incubated 

over 5 days in the dark at 20 ºC and the OA concentration of each well measured on day 3, 

4 and 5 of incubation. Observations of fungal growth were also recorded on these days.  

3.2.12 High throughput fungicide sensitivity testing  

 Fungicide sensitivity assays were adapted from the methods published by Pijls et al 

(1994) (Pijls et al. 1994). Dimethylsulfoxide (DMSO) or acetone was used to dissolve 

fungicide powders to make stock concentrations of fungicides. Potato dextrose broth (2X) 

was amended with decreasing concentrations of fungicides to ensure that a final working 

concentration across the columns of the plates of each fungicide in the medium was 

determined at  60, 30, 15, 7.3, 3.75, 1.875, 0.9375, 0.469, 0.234, 0.117, 0.059, 0 µg ml
-1

. A 

100 µl aliquot of fungicide amended PDA was added to each well of a flat bottomed 96 

well microtitre plate (Figure 12). The 100 µl aliquot of ascospore suspension (1 x 10
6
) of 

each fungal isolate was added to each well. Plates were incubated in the dark, at room 
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temperature. After three days of incubation, fungal growth was measured using a 

FLUOstar OPTIMA microplate reader (BMG Labtech, Offenburg, Germany) in end point 

mode. The optical density of colonies was measured at 630nm. The concentration of 

fungicide which inhibited growth was measured.  

 

 

 

 

Figure 12: Plate set up for fungicide sensitivity assay.  

A single fungal isolates was applied to each row of the plates. The different fungicide 

concentrations increased across the rows.   
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3.3 Results 

3.3.1 The used of host plant extracts within a solid matrix    

 Host plant extracts including potato dextrose agar (PDA), carrot agar, sunflower 

seed extract and V8 juice agar (pureed tomatoes and carrots), were initially chosen for 

testing in a solid agar form to investigate the best medium for OA secretion from S. 

sclerotiorum ascospores. These substrates were selected as it was hypothesised that host 

plants would contain substrates that would induce rapid OA secretion. Bromophnol Blue 

(BPB), a pH indicator dye was added to the solid agar to monitor OA secretion by 

monitoring the change from blue to yellow upon acidification of the medium (Figure 11). 

A second set of plates contained bromophenol blue and sodium succinate as it has 

previously been shown that succinate can increase OA production (Pierson and Rhodes 

1992).  Three different spore solutions were tested per treatment. After four days of 

incubation, the highest spore dilutions on the PDA and sunflower seed plates were the first 

plates to show yellowing of the dye indicating OA was being produced and secreted.  

 This method provided a time scale of OA production however determining the 

amount of OA produced was extremely challenging.  Areas of bleaching and the bleaching 

intensity were compared to plates of media with known concentrations and volumes of 

OA.  It was difficult to compare inoculated plates with the OA standard plates as bleached 

areas of the plate would soon fade after addition of the oxalic acid standards.  The different 

colours of the media also affected the bleaching intensity. Another challenge with this 

method was that the yellowing could be caused by any secreted acid which lowered the 

substrate pH and so was not specific to OA.      

 Although OA could not be accurately quantified from this experiment, these 

experiments did demonstrate that the sunflower seed and potato dextrose agars promoted 

the quickest OA production out of all the media as yellowing in these two media was seen 

first (Figure 13). It also highlighted that carrot agar was the best medium for sclerotia 

production as the sclerotia were consistently the largest on this type of medium (Figure 

14).  This method for producing sclerotia was adopted throughout the Ph.D. 
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Figure 13: BPB bleaching caused by three S. sclerotiorum different spore solutions. 

Ascospores grown on different media for four days.  Bleaching first seen in PDA and 

sunflower agar plates (a,b).  No bleaching was observed in SNA plates (c) and less 

bleaching was observed in carrot and V8 agars (d, e).   

 

     

      SNA agar                V8 agar        Carrot agar       SSEA 

  PDA 

Figure 14: Different amounts of sclerotia formation on different agars containing BPB.  

Carrot agar induced the largest sclerotia which are the black stone-like structures visible on 

the plates. SNA agar did not support / supported the smallest sclerotia formation.  

 

3.3.2 Liquid medium is better than solid medium for the quantification of OA 

 The purpose of the next strategy was to increase the accuracy of OA quantification 

from germinating S. sclerotiorum ascospores. An optical enzymatic assay used to detect 

OA using spectrometry was found to be commercially available (Sigma-Aldrich, UK) (See 

Chapter 2). This assay has been utilised in medical professions to monitor oxalic acid in 

urine as an indicator of kidney stones (Kohlbecker and Butz 1981).  This assay was 

optimised with the help of Prof. Nicola Tirelli and Dr. Cong Duan-Vo at the University of 

Manchester. This assay was used to measure the amount of OA in liquid aliquots of media.  
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Initially the PDB (the liquid form of PDA) and liquid sunflower seed extract were 

tested in for successful OA induction by S. sclerotiorum ascospores. The sunflower seed 

extract promoted OA production however oxalate concentrations varied as a result of the 

solid seed particles in the medium which interfered with the spectrophotometer readings 

(data not shown). In addition, during the testing of this medium in the pre-optimised 

electrochemical assay, the particles in the sunflower seed medium burnt onto the electrode. 

From this point onwards it was decided to choose a more defined medium that would allow 

reproducible oxalate production from ascospores.  Also the medium was required to be 

compatible with both the spectrophotometer and the electrochemical assay being 

developed at the University of Manchester. PDB induced OA secretion and was 

compatible with the Sigma high throughput optical enzymatic assay and as a result was 

used as a control medium to determine whether other media were better inducers of OA 

secretion by S. sclerotiorum ascospores. 
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3.3.3 Preliminary experiments 

3.3.3.1 Detection limits of Sigma OxOx enzymatic spectrophotometric assay 

Preliminary experiments were completed to determine the OA detection limits of 

the enzymatic spectrophotometric tests.  Two millimetre aliquots of potato dextrose broth 

(PDB) were spiked with different OA concentrations to achieve working OA 

concentrations of 0, 2, 5, 10, 15, 20, 25, 50, 100, 200, 400, 500 and 800 µM. The 

absorption of two replicates per concentration was measured and the experiment was 

repeated twice. The results highlight that below 25 µM, there is a lot of background noise 

which prevents an accurate quantification of OA.  Therefore any measurements made 

below this concentration were not quantifiable (Figure 15) 

 

a)                                                                           b) 

 

                                                                                            

 

        c) 

 

 

 

 

 

 

 

Figure 15: Detection limits of the Sigma OxOx enzymatic spectrophotometric assay.  

a) Two biological replicates used to test a range of OA concentrations within the optical 

spectrophotometric assay and to determine the lowest level of OA detectable.  Constant 

values can be read above 25 µM, anything below this will be considered a negative OA 

event.  b) The enlarged area standard OA values from 0-50 µM which highlight the noise 

in readings below 25 µM.  
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3.3.3.2 Preliminary work to determine whether any additions to assay can inhibit 

enzyme activity 

A second experiment was completed to determine whether different chemical 

additions to the medium, for example; malic acid, succinic acid and fumarate, could affect 

the activity of the enzymes or inhibit the enzyme used in the optical enzymatic assay and 

as a result affect the absorbance readings of the standard curves. These additions are 

intermediates of the Tricarboxylic acid cycle which has been described as the principal OA 

biosynthesis pathway (Culbertson et al. 2007). They were chosen as they had been 

previously used to induce OA secretion (explained in detail later on).   

 OA standards were made up using different concentrations of malate in PDB 

medium. Two replicates for each concentration were tested.  The results highlight that the 

absorbance readings for media containing different malic acid concentrations were 

markedly lower than the medium which contained PDB only with no additional malate (0 

mM malic acid) (Figure 16).  This highlights that the malate may inhibit the activity of 

some component of the enzymatic assay.  As a result a separate set of standards were 

generated for the specific type of medium being tested.  

 

 

Figure 16: Absorbance readings of known concentrations of OA in PDB media containing 

different concentrations of the malate.   

The absorbance values for those containing malate are similar compared with the 

absorbance values of those samples with 0mM malate.  This highlights the need for 

standards to be made up in the same medium to the samples being tested. 
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3.3.3.3 Storing medium for later OA detection and electrochemical analysis  

 Freezing appears to have an effect on the detectable concentration of OA (Figure 

17).  In both instances the OA measurements were between 10 and 21 % lower post 

freezing.  

 

 

 

 

 

 

 

 

 

          

 

Figure 17: Storing medium for later OA detection and electrochemical analysis. 

The OA levels in spiked PDB samples measured before and after freezing highlighted that 

there was an effect of freezing at both temperatures.  Bars represent the average OA 

production of six biological replicates. 
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3.3.3.4 The effect of temperature, shaking and a flotation membrane on OA 

production          

 PDB was used to establish whether other environmental effects could affect OA 

production. These included external temperature, aerating the culture by shaking and 

whether a floating miracloth membrane would make a difference to OA production. The 

membrane was tested to determine whether it supported the mycelia network which forms 

following ascospore germination. All the experiments were carried out in the dark because 

previous studies have shown that exposure to UV light can inhibit of OA production 

(Rollins and Dickman 2001). Furthermore, when the samples are incubated in the 

biosensor device, this will be in an enclosed environment with no light allowed to filter 

through. Unfortunately two treatments were missing from the results due to bacterial 

contamination of the cultures. The data set lacks the results for the plates kept still at 25 ˚C 

because these plates were contaminated after 2 days growth.  After four days of incubation, 

samples kept at 20 ˚C induced higher levels of OA compared with at 25 ˚C, regardless of 

the presence of a membrane or whether the culture was shaken (Figure 18). It was decided 

for future medium testing, experiments would be maintained at room temperature in the 

dark, with no membrane or no shaking.  In the final biosensor, having to shake the sample 

would require a large amount of energy.  

 

  

 

Figure 18: The effect of different environmental conditions on OA production.  

Oxalic acid production by S. sclerotiorum L6 ascospore after four days growth under 

different environmental conditions. Ascospores added to 12 multi well plates with each 

well containg 2ml PDB. Bars represent the average OA production of three biological 

replicates. Ascospore concentration: 45 000 spores/well. 
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3.3.3.5 Creating a more defined medium which induces OA secretion and is 

compatible with both the enzymatic spectrophotometric assay and the biosensor 

electrochemistry          

 Fungi have relatively simple nutritional requirements in comparison to larger, more 

complex animal systems however they still require a range of macro elements which 

include carbon, nitrogen, oxygen, hydrogen, sulphur and phosphate which are significant 

for carbohydrate, lipid and protein assimilation. Other micro-elements which are still vital 

for fungal development but required in much small amounts, include calcium, zinc, copper, 

iron and manganese. Micro and macro-elements are key components of any medium used 

to culture fungi. Culbertson et al (2007a&b) has defined a baseline nutrient medium which 

can be used as the main source of micronutrients for S. sclerotiorum growth (Culbertson et 

al. 2007a, Culbertson et al. 2007b). This baseline was used as the basis of the defined 

medium (Table 4). 

    

 

 

 

 

 

 

 

 

Table 4: The baseline minimal salts required for S. sclerotiorum fungal growth.  

Defined by Culbertson et al 2007  

Micro nutrient Company obtained Mg / 

litre 

(NH4)2SO4 Ammonium sulphate  Sigma Aldrich A4418 1000 

KH2PO4 Potassium phosphate   Sigma Aldrich P9791 500 

NaCl  Sodium chloride   Sigma Aldrich S7653 450 

MgSO4 .7H2O  Magnesium sulfate 

heptahydrate   

Sigma Aldrich 230391 250 

FeCl3.6H2O  Iron (III) chloride, hexahydrate Sigma Aldrich 0.5 

C6H9NO6  Na nitrilotriacetate Sigma Aldrich 5 

CuSO4. 5H2O Copper sulphate   Sigma Aldrich C1297 1 

ZnCl2 Zinc chloride   Sigma Aldrich  96468 1 

MnSO4.H2O Manganese (II) sulphate 

monohydrate  

Sigma Aldrich  

M7634 

1 

Na2MoO4. 2H2O Sodium molybdate dehydrate  Sigma Aldrich  71756 1 

http://www.sigmaaldrich.com/catalog/ProductDetail.do?lang=en&N4=S7653|SIAL&N5=SEARCH_CONCAT_PNO|BRAND_KEY&F=SPEC
http://www.sigmaaldrich.com/catalog/ProductDetail.do?lang=en&N4=C1297|SIAL&N5=SEARCH_CONCAT_PNO|BRAND_KEY&F=SPEC
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3.3.3.6 OA production induction via Tricarboxylic Acid Cycle intermediates 

combined with a baseline nutrient        

 Once the  essential micro nutrients required by S. sclerotiorum were selected 

(Culbertson et al. 2007a, Culbertson et al. 2007b), other nutrient additions were tested to 

see if single additions to the baseline medium would instantly induce OA secretion. OA 

biosynthesis or oxalogenesis, is believed to be predominantly formed in fungi via the 

Tricarboxylic Acid Cycle through the hydrolysis of oxaloacetate into oxalic acid and 

acetate (Han et al. 2007).  The TCA cycle is an essential aerobic pathway during the 

oxidation of carbohydrates and fatty acids. This cycle has been exploited in fungi to 

produce excess citric acid as a bi-product of the pathway which can then be used in many 

food and beverage industries. Intermediates which are considered to feed into the 

Tricarboxylic Acid Cycle (TCA), for example glucose, malate and succinate have been 

previously tested to determine whether OA production can be optimised through the 

addition of these intermediates (Culbertson et al. 2007a, Culbertson et al. 2007b).  

In this investigation glucose, malate and succinate were combined with the basic 

baseline nutrient medium to test whether OA production could be induced in germinating 

ascospores of two different S. sclerotiorum isolates (L6 and L2003). An ammonium nitrate 

source and pectin source were also tested to see if these could induce OA just in 

combination with the basic salt mixture as these have been shown to induce OA production 

(Culbertson et al. 2007a, Culbertson et al. 2007b).   The effect of these compounds 

combined with the baseline salts was compared to the OA production in PDB as it was 

established as a good OA inducer. The medium was adjusted to pH 5. The effect of pH will 

be discussed later on in the chapter.        

 The results indicate there was no OA induction by ammonium nitrate, malic acid, 

pectin and succinate (Figure 19).  PDB induced the highest amount of OA from the spores 

and glucose also had some effect. These results highlight that a complex medium as well as 

potentially an addition of a simple sugar such as glucose are required for ascospore 

germination, hyphal growth and high OA induction. 
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Figure 19:  The effect of different additions to minimal nutrient media on OA production. 

25 mM malate, succinate, ammonium acetate, pectin, glucose or PDB were combined with 

the baseline micronutrients. L6  (a) and L2003 (b) isolates were incubated in the different 

growth media for six days. Ascospores were grown in 12 multi well plates, each well 

containing 2 ml medium. Ascospore concentration:  4000 spores/ well.    The bars 

represent the average OA production of three biological replicates.  a) OA production by 

L6 S. sclerotiorum isolate. b) OA production by S. sclerotiorum isolate L2003. 
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