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This thesis is an investigation of detecting and quantifying airborne inoculum of 

Sclerotinia sclerotiorum (Lib.) de Bary to improve the Sclerotinia rot of carrot (SRC) 

forecast model. A quantitative polymerase chain reaction (qPCR) assay was developed to 

specifically detect and quantify DNA from airborne ascospores of S. sclerotiorum. The 

qPCR assay was evaluated on air samples collected using a Burkard Sampler, and 

showed that ascospores of S. sclerotiorum were specifically detected among a pool of 

foreign DNA. The concentration of detected ascospores was related to the observed 

incidence of SRC to suggest a preliminary threshold of 2 to 4 ascospores m-3 of air for 

SRC development. Evaluation of an Andersen Sampler, the blue plate test (BPT) and the 

qPCR assay showed that the latter two methods were equally effective in detecting and 

quantifying ascospores of S. sclerotiorum and consistently detected greater numbers of 

ascospores than an Andersen Sampler. Three days are required to confirm the presence of 

S. sclerotiorum using the BPT, while results from the qPCR assay can potentially provide 



 
 

results within five hours of air sampling. The choice of detection method depends on the 

available resources and need for a quick result. Analysis of data from nine years of air 

sampling using the BPT indicated that a single air sampling site is sufficient to detect 

ascospores when counts are low, increasing to two sites during periods when ascospores 

are detected near threshold levels and crop and environmental conditions are conducive 

to disease. Chitosan and canopy trimming were evaluated to manage SRC under field 

conditions. Chitosan reduced area under the disease progress curve (AUDPC) by 55 and 

42% in 2009 and 2011, respectively, which was comparable to a standard fungicide. 

Trimming enhanced chitosan efficacy, reducing AUDPC by 88 and 82% in 2009 and 

2011, respectively. Trimming as a stand-alone treatment reduced AUDPC by 66% in 

2011. Under controlled environmental conditions, chitosan inconsistently enhanced 

defense responses against S. sclerotinia. The results show that chitosan has potential to be 

integrated into SRC management systems, particularly when combined with foliar 

trimming in years with moderate to high disease risk.  
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CHAPTER 1 

LITERATURE REVIEW 

1.1 General overview 

This research focused on disease management in an integrated pest management 

(IPM) system beginning with predicting the risk of disease developing to field 

management using cultural control combined with a low risk fungicide in response to 

disease risk. The research also evaluated chitosan, a low risk plant protection product, 

that enhances plant innate defense and contributed to the understanding of the genetics of 

plant defense in response to induced resistance (IR). All of the research involved the 

Sclerotinia sclerotiorum (Lib.) de Bary and carrot [Daucus carota L., subsp. sativus 

(Hoffm.) Arcang] pathosystem. 

Two discoveries for improved management of SRC were recently reported in the 

theses of Kora (PhD, 2003) and Foster (MSc, 2006). Kora’s work described the 

epidemiology of SRC and developed two Sclerotinia rot of carrot (SRC) forecast models 

based on predicting disease risk using weather and crop variables or by detecting 

inoculum. Foster later validated Kora’s forecast models and investigated cellular 

responses in carrot shoots and roots to challenge with S. sclerotiorum.   

Research in this thesis builds upon the results of Kora (2003) and Foster (2006), 

and contributes to an IPM system for SRC by characterising advances in improved 

disease risk prediction and disease management in the field. Evaluation of air sampling 

methods established that quantitative polymerase chain reaction (qPCR) detects 

ascospores of S. sclerotiorum with greater sensitivity and reduces diagnostic time from 

three days to less than one day compared to culture-based methods. Disease in the field 
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was significantly reduced using cultural control or a reduced-risk product that is based on 

enhancing innate plant defense responses against pathogen attack, with further reduction 

in disease when both methods were combined.  

1.2 Introduction 

Excellent nutritional value and global consumption make carrot one of the most 

important vegetables worldwide. The excellent storage properties of carrots allow their 

year-around availability in many countries. SRC, caused by S. sclerotiorum has become 

one of the most important diseases of carrot, particularly because postharvest disease is 

destructive and difficult to control (Kora et al. 2003). This disease is responsible for 

significant losses of carrot both before and after harvest and is a major obstacle to long-

term storage. Extensive crop damage, lack of host resistance and general difficulty 

managing diseases caused by S. sclerotiorum motivate continued research on this 

pathogen (Bardin and Huang, 2001, Bolton et al., 2006). 

1.3 Carrot production and storage 

Carrot is a biennial plant belonging to the family Apiaceae (Umbelliferae) that is 

cultivated as an annual plant and is valued for its nutritional qualities. Carrot is primarily 

a temperate crop, although several varieties have been developed to grow in subtropical 

regions giving this crop a near world-wide distribution (Rubatzky et al., 1999). In 2009, 

carrots represented 2.2 and 3.0% of the total world vegetable hectarage and production, 

respectively (FAOSTAT, 2010). 

In Canada, carrot is the most valuable field-grown vegetable crop, having a farm 

gate value of $97.1 million in 2010 (Statistics Canada, 2012), up from $62.6 million in 

2006 (Statistics Canada, 2007). In 2010, a total of 8,746 ha were planted to carrot in 
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Canada and the total production was 414,882 metric tonnes (Statistics Canada, 2012), up 

from 8,383 ha and 303,560 metric tonnes in 2006 (Statistics Canada, 2007). 

Approximately 20% of carrots produced in Canada are exported (Statistics Canada, 

2001). 

In Ontario, carrot is an important vegetable crop and had a farm gate value of 

$42.3 million in 2010 (Statistics Canada, 2012), up from $19 million in 2006 (Statistics 

Canada, 2007). In 2010, a total 3401 ha were planted to carrot in Ontario and the total 

production was 225,893 metric tonnes which represented 54% of the national production 

(Statistics Canada, 2012).  

This research focused on carrots grown in the Bradford Marsh, Ontario which is 

characterised by organic soil (50-75% organic matter, pH 5.5 - 6.5) having a history of 

carrot production and SRC in storage. About 57% of Ontario’s carrots are produced in 

the Bradford Marsh and surrounding districts (Anonymous, 2002). Commercial carrot 

growers in Ontario direct seed carrots on beds spaced 72 - 86 cm apart, with three rows of 

carrot per bed in late May and harvest in late October (OMAFRA, 2011b). Carrots are 

primarily sold after harvest or after prolonged storage in controlled environments.  

With carrot harvest being limited to late summer or early- to mid-fall in temperate 

climates, effective storage is important to maintain year round availability of quality 

carrots for fresh and processing markets (Kora et al., 2003), and provide Canadian carrots 

for the market for most of the year. The potential for significant losses during postharvest 

storage is high, considering the high volumes of stored carrot and lengthy storage 

periods. In Ontario, 100 to more than 1000 tonnes of carrot can be stored in a single room 

(Fraser and Chaput, 1998). Monitoring and removing infected carrots from storage is 
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difficult as disease normally develops within humid pockets inside piles of stored carrot, 

therefore, management begins in the field to avoid storing infected roots.  

Carrots can be stored for up to nine months under optimal storage conditions of 0 

to 1°C and 95-100% relative humidity (RH) (Fraser and Chaput, 1998, Van Den Berg 

and Lentz, 1966, Villeneuve et al., 1994). Maintaining a low temperature coupled with 

high RH is essential to maintain carrot quality through minimising moisture loss, 

decreasing respiration rates to slow the onset of early senescence and reduce sprouting 

and microbial decay (Afek and Kays, 2004, Rocha et al., 2005, Van Den Berg and Lentz, 

1966, Van Den Berg and Lentz, 1973, Van Den Berg and Yang, 1969).  

In Ontario, most carrot roots are cold stored in side-slatted wooden boxes stacked 

on top of each other, and some in bulk piles (Fraser and Chaput, 1998). The storage 

method should allow for adequate air circulation around the carrots which is essential to 

remove respiratory heat, maintain uniform temperatures and reduce condensation. While 

problems can occur in storage boxes, bulk piles present a greater risk for storage decay as 

early detection and action is difficult, if not impossible, if a problem should originate 

deep within the pile (Fraser and Chaput, 1998).  

1.4 Sclerotinia rot of carrot 

SRC was first reported in Canada in New Brunswick in 1922 and has since been 

reported in most carrot producing regions throughout the country (Conners, 1967). While 

carrot plants are affected in the field, the majority of losses are incurred in postharvest 

storage, with losses of stored carrot reported from 30 - 50% in Canada (Finlayson et al., 

1989b). Field epidemics are important as SRC can reduce yield by weakening carrot tops, 

rendering mechanical harvesting inefficient resulting in roots remaining in the ground. 
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Field-infected roots serve as the principal source of postharvest inoculum (Kora et al., 

2003).  

1.4.1 Symptoms of Sclerotinia rot of carrot 

In the field, symptoms of SRC first appear as dark olive-green, water-soaked 

lesions associated with white cottony mycelium, the first easily observable sign of 

disease that occurs on older senesced leaves and petioles lodged on the soil (Kora et al., 

2005a). Mycelium developing from initial infection sites can spread and infect the crown 

and adjacent healthy plant tissue (Finlayson et al., 1989b, Kora et al., 2005a). Eventually, 

black sclerotia ranging from 2 to 20 mm appear amidst the mycelium, and are a 

diagnostic feature of the disease (Howard et al., 1994).  

Primary infection in postharvest storage typically begins as softened tissue in the 

crown area followed by eruption of white mycelium through the surface of the crown 

(Snowdon, 1992). Mycelia erupting through the crown infect adjacent roots, with a 

colonised root able to provide sufficient nutrients for the fungus to spread and infect 

nearby healthy carrots on any part of the root (Kora et al., 2003). Rapidly spreading white 

mycelia from a single carrot can spread up to 25 cm to infect adjacent roots (Kora et al., 

2005c). At a more developed stage in storage, white mycelial mats grow in and around 

roots forming nests of infected carrots, and become embedded with black sclerotia 

ranging from 2 to 200 mm (Snowdon, 1992). The presence of sclerotia distinguish SRC 

from other storage rots, in particular crater rot caused by Rhizoctonia spp., which is also 

characterised by white mycelial growth in the absence of sclerotia (Chaput, 1998).  



6 
 

1.4.2 The pathogen: Sclerotinia sclerotiorum 

Sclerotinia sclerotiorum is a necrotrophic, soil-borne and aggressive pathogen 

that is among the most non-specific, global and devastating plant pathogens (Purdy, 

1979). The pathogen is capable of attacking over 400 plant species, from 75 families, 

including many economically important crops such as legumes, oilseeds and vegetables, 

with few reports of the pathogen attacking important cereal crops (Boland and Hall, 

1994). The pathogen is distributed worldwide, but S. sclerotiorum is more prevalent in 

temperate and subtropical regions having a cool, wet season (Purdy, 1979).   

Sclerotinia sclerotiorum is classified in the genus Sclerotinia of the 

Sclerotiniaceae, of the fungal Class Ascomycota. The species was first described in 1837 

as Peziza sclerotiorum (Libert) (Purdy, 1979). The fungus was confirmed as a distinct 

species based on sclerotial formation, apothecial development and lack of a conidial 

dispersal state (Kohn, 1979), followed by acceptance of the official name Sclerotinia 

sclerotiorum (Lib.) de Bary in 1981. A subsequent study based on the DNA sequence of 

the internal transcribed spacers (ITS) of the 18S, 5.8S and 28S ribosomal DNA (rDNA) 

cluster further confirmed S. sclerotiorum as a distinct species (Carbone and Kohn, 1993).  

Sclerotinia sclerotiorum is a homothallic fungus reproducing asexually through 

sclerotia and sexually through self-fertilisation to produce ascospores (Adams and Ayers, 

1979). These forms of reproduction conserve successful genotypes, but seemingly 

provide limited potential for genetic diversity (Kohn et al., 1991). However, mycelial 

compatibility groups (MCG) and DNA fingerprinting have indicated that populations of 

S. sclerotiorum are genetically diverse with numerous genotypes distributed within fields 

and over large geographic distances (Kohn et al., 1991, Li et al., 2009, Sun et al., 2005). 
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Evidence also suggests that each population of S. sclerotiorum exists as clonal lineages 

over a large geographic distance (Kohli et al., 1992), with distinct genotypes being 

preserved by clonal asexual or homothallic sexual reproduction (Kohn et al., 1991). Out-

crossing and recombination have been reported to account for some new genotypes 

(Atallah et al., 2004), however, most inter-clonal variation is speculated to be due to 

mutation (Bolton et al., 2006). There is no conclusive evidence for host specialisation 

among S. sclerotiorum isolates (Hims, 1979, Kull et al., 2004, Sun et al., 2005) and MCG 

have not been associated with pathogen aggressiveness (Atallah et al., 2004, Kull et al., 

2004). High intra-population heterozygosity of two S. sclerotiorum populations in 

Mongolia was speculated to be due to the diversity of host genotypes of sunflower grown 

in the region, suggesting ecological adaptation of each population (Li et al., 2009). 

Establishment and spread of S. sclerotiorum are achieved by several means. Soil 

containing sclerotia can spread through farming practices, irrigation runoff and manure 

fertilisation (Adams and Ayers, 1979). Airborne ascospores carried by wind can disperse 

the pathogen over wider areas (Adams and Ayers, 1979, Venette and Lamppa, 1999, 

Williams and Stelfox, 1979). During harvest, sclerotia formed on host tissue can become 

dislodged onto the soil surface (Abawi and Grogan, 1979, Schwartz and Steadman, 

1978). Seed contaminated with sclerotia is another potential mean for pathogen 

dissemination (Adams and Ayers, 1979, Gomes et al., 2008, Williams and Stelfox, 1980).  

1.4.3 Disease cycle  

About 90% of the life cycle of S. sclerotiorum is spent dormant as sclerotia, the 

pathogen’s primary long-term survival structure that can remain viable in soil for up to 3 

years and possibly longer (Adams and Ayers, 1979, Cook et al., 1975). A sclerotium is a 
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condensed mass of viable mycelium surrounded by an outer hardened black rind 

containing melanin, a compound important in protection against adverse conditions and 

microbial degradation (Henson et al., 1999). Factors influencing sclerotial viability 

include fluctuations in soil moisture (Mila and Yang, 2008), moist or flooded soils having 

temperatures greater than 32°C (Matheron and Porchas, 2005), burial depths greater than 

5 cm (Cook et al., 1975, Wu and Subbarao, 2008) and microbial degradation (Adams and 

Ayers, 1979). Incomplete melanisation or rind damage further contribute to reduced 

longevity by increasing susceptibility to microbial degradation as fully melanised 

sclerotia are rarely parasitised (Huang, 1985). Prior to germinating carpogenically, 

sclerotia may require a conditioning treatment that involves a chilling period followed by 

rising temperatures and moist conditions (Clarkson et al., 2007, Huang and Kozub, 1991, 

Mila and Yang, 2008), however, sclerotia have been reported to germinate carpogenically 

without a pre-conditioning treatment, which can be dependent on the temperature of 

formation (Wu and Subbarao, 2008). Once dormancy requirements have been satisfied, 

the pathogen enters its saprophytic phase, marked by myceliogenic or carpogenic 

germination (Bolton et al., 2006)  

1.4.3.1 Sclerotial germination 

Hyphae emerging from sclerotia resulting from myceliogenic germination are 

able to directly attack plant tissue at the crown or underground (Huang, 1985), however, 

myceliogenic germination is only reported to be of epidemiological significance in 

sunflower wilt (Huang and Dueck, 1980). Sclerotia require an external nutrient source for 

myceliogenic germination (Abawi and Grogan, 1975, Huang, 1985, Purdy, 1958). Injury 

to the melanised rind or incomplete melanisation during sclerotial formation favours 
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myceliogenic germination over carpogenic germination (Huang, 1985, 1991). Depending 

on the conditions of sclerotial formation and geographic origin, non-conditioned sclerotia 

tend to germinate myceliogenically (Matheron and Porchas, 2005).  

Carpogenic germination to produce an apothecium bearing ascospores is the 

predominant mode of germination in S. sclerotiorum (Abawi and Grogan, 1979, Cook et 

al., 1975) and begins with the emergence of an apothecial stipe which expands into the 

apothecial cup (Henson, 1940). Although stipe development can occur in darkness, stipes 

are positively phototrophic and expansion of the apothecial cup requires light (Letham, 

1975, Thaning and Nilsson, 2000). Unlike myceliogenic germination, an exogenous 

nutrient source is not required for carpogenic germination (Abawi and Grogan, 1975). 

Soil moisture is a critical factor for carpogenic germination and apothecial 

production. Although carpogenic germination can occur when soil matric potential ranges 

from 0 to -0.75 MPa1

                                                           
1 Sometimes published in units of bar where 1 bar = 0.1 MPa  

 (Boland and Hall, 1987, 1988a, Morrall, 1977), soil moisture levels 

ranging from -0.01 to -0.1 MPa are favoured (Clarkson et al., 2004, Hao et al., 2003, Teo 

and Morrall, 1985, Wu and Subbarao, 2008), with one report showing optimum 

germination of field-buried sclerotia at 0.004 to 0.01 MPa (Clarkson et al., 2007). A 

drying interval can arrest germination until a rewetting event (Boland and Hall, 1987, 

Clarkson et al., 2007) and, in one report, a 35 day delay in apothecia production resulted 

after a 10 or 20 day drying period (Wu and Subbarao, 2008). Fluctuations in soil matric 

potential suppress apothecial production (Adams, 1975, Mila and Yang, 2008) and can 

reduce sclerotial germination to one tenth of that occurring under conditions of constant 

saturation at 0.001 MPa (Matheron and Porchas, 2005).  
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Temperature has an important effect on sclerotial germination, with optimums 

ranging from 15 to 20°C within a 5 to 25°C limit (Boland and Hall, 1987, Clarkson et al., 

2004, 2007, Hao et al., 2003, Huang et al., 1998, Wu and Subbarao, 2008). Temporary 

increases in temperature (30 to 35 °C) do not affect sclerotial germination (Adams, 1975, 

Wu and Subbarao, 2008). At temperatures below 18°C, soil moisture becomes less of a 

limiting factor for carpogenic germination (Sun and Yang, 2000). Temperature at the 

time of sclerotial formation can affect carpogenic germination, suggesting that S. 

sclerotiorum isolates adapt to environmental conditions prevalent at their source of origin 

(Couper, 2001, Huang and Kozub, 1991). 

Typically, production of apothecia in the field is associated with canopy closure 

buffering against fluctuating RH, soil moisture and soil temperature, thereby, creating the 

conducive moist conditions required for sclerotial germination (Abawi and Grogan, 1979, 

Caesar and Pearson, 1983, McCartney and Lacey, 1992). Apothecia are often observed in 

several crop species only after the canopy has closed (Boland and Hall, 1987, 1988a, 

McCartney and Lacey, 1992, Schwartz and Steadman, 1978). Production of apothecia is 

consistent in carrot crops, and apothecia are associated when canopy closure has occurred 

and soil matric potential and soil temperatures in the field were maintained at -0.01 to -

0.04 MPa and 14 to 23°C for 7-11 days after canopy closure (Couper, 2001, Kora et al., 

2005a).  

1.4.3.2 Ascospores 

Apothecia forcibly eject ascospores up to a distance of 20 cm into the air 

(Sanders, 2010), allowing the ascospores to escape the soil surface boundary layer and 

reach the more turbulent layer of air above the ground for dispersal (Abawi and Grogan, 
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1979). Ascospores are released predominantly during the day, peaking from 9:00 to 13:00 

(Ben-Yephet and Bitton, 1985, Qandah and del Río Mendoza, 2011), however, ascospore 

release can potentially occur during the night as light is not required for apothecial 

puffing (Clarkson et al., 2003, Qandah and del Río Mendoza, 2011). Under controlled 

conditions, ascospores germinated and infected canola (Brassica napus L.) at 

temperatures ranging from 7 to 22°C, with no germination or infection below 7°C or 

above 26°C (Koch et al., 2006). Once deposited on a leaf, an ascospore can survive for up 

to 12 days depending on the position in the canopy and environmental conditions (Caesar 

and Pearson, 1983). At temperatures below 15°C, ascospore survival is not significantly 

affected by RH, whereas increases in temperature and RH above 15°C and 70%, 

respectively, reduce ascospore survival (Clarkson et al., 2003). Generally, temperatures 

above 21°C, high RH and ultraviolet radiation are detrimental to ascospore survival 

(Caesar and Pearson, 1983, Clarkson et al., 2003, Koch et al., 2006).  

Prior to infecting healthy plant tissue, ascospores require a period of saprophytic 

growth with an exogenous nutrient source such as senescent or necrotic tissue to initiate 

infection (Abawi and Grogan, 1979, Lumsden, 1979, Purdy, 1958). After ascospore 

germination and colonisation of senesced plant tissue, the pathogen invades healthy 

tissue. The pathogen has adapted ascospore release to coincide with the susceptible phase 

in host crop phenology, often when senescent flower blossoms are present as in bean 

(Phaseolus vulgaris L.) (Boland and Hall, 1987), canola (Morrall and Dueck, 1982) and 

soybean (Glycine max L.) (Boland and Hall, 1988a). In carrot root production where 

flowers are absent, senescing and senesced leaves and petioles serve as the external 

nutrient source (Kora et al., 2005a). The detection of ascospores coincides with the 
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appearance of lodged senesced leaves and canopy closure, which have been suggested as 

the principal requirements for the development of SRC epidemics (Kora et al., 2005a). 

Both intrinsic and extrinsic sources of ascospores are responsible for initiating S. 

sclerotiorum epidemics. Canopy closure at the time of carpogenic germination and 

ascospore production can impede ascospores from reaching the boundary layer resulting 

in a clustered disease pattern according to the aggregated spatial distribution of apothecia, 

such as in bean, carrot and soybean crops (Boland and Hall, 1987, 1988b, Foster et al., 

2011). The resulting clustered disease pattern in soybean fields correlated with the 

distribution of apothecia, suggesting that intrinsically-produced ascospores were the 

principal source of inoculum (Boland and Hall, 1988b). Intrinsically-produced ascospores 

were also suggested as the principal source of inoculum for SRC (Kora et al., 2005a). 

Conversely, disease was observed in bean (Boland and Hall, 1987), canola (Gugel and 

Morrall, 1986, Morrall and Dueck, 1982), carrot (Foster et al., 2011) and lettuce (Lactuca 

sativa L.) (Patterson and Grogan, 1985) in the absence of apothecia, suggesting that 

ascospores arising from extrinsic sources of apothecia also contribute to disease 

development, provided deposition occurs during the susceptible stage of crop 

development. Ascospores can escape the canopy and have been detected from 1.5 to 7 m 

above the soil surface allowing wind currents to transport them to distant fields (Venette 

and Lamppa, 1999, Williams and Stelfox, 1979). While ascospores can be carried several 

kilometres in air currents (Lievens and Thomma, 2005, Venette and Lamppa, 1999), most 

ascospores are deposited within 150 m from the apothecial source (Wegulo et al., 2000, 

Williams and Stelfox, 1979). When airborne ascospores are deposited, a more uniform 

disease pattern is expected and was observed in soybean (Wegulo et al., 2000). In this 
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study, a known point source of extrinsically-located apothecia produced the ascospores 

causing Sclerotinia stem rot of soybean, with a gradually declining disease gradient from 

the point source.  

Germinating ascospores produce a single, simple appressoria that penetrates host 

tissue through the cuticle (Purdy, 1958), signifying the beginning of the parasitic phase. 

Mycelia penetrate the host cuticle through the formation of multi-cellular appressorial 

masses (Lumsden, 1979, Lumsden and Dow, 1973), unless penetration occurs directly 

through stomata (Lumsden and Dow, 1973). Following penetration of the cuticle, an 

inflated vesicle forms between the cuticle and epidermis and gives rise to infection 

hyphae that colonise plant tissue inter- and intra-cellularly. Ramifying hyphae later re-

emerge through stomata forming mycelial tufts that develop into cottony mats of mycelia 

on the host surface (Lumsden, 1979, Lumsden and Dow, 1973). Following mycelial 

emergence, sclerotia form on diseased plant tissues and are released onto the soil, 

returning the pathogen to its dormant phase (Abawi and Grogan, 1979).  

1.4.4 Pathogenicity 

The genetically and geographically diverse host range of S. sclerotiorum (Boland 

and Hall, 1994) suggest that the pathogenic determinants target highly conserved host 

responses (Bolton et al., 2006). The pathogen produces a full complement of cell wall 

degrading enzymes and oxalic acid which enable it to attack a wide range of cell walls 

with different compositions, (Hegedus and Rimmer, 2005), and hence diverse hosts (Riou 

et al., 1991).  
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1.4.4.1 Cell wall degrading enzymes 

Sclerotinia sclerotiorum secretes a wide spectrum of cell wall degrading enzymes 

to facilitate host penetration, macerate tissue and degrade components of plant cell walls 

(Li et al., 2004, Lumsden, 1976, 1979, Riou et al., 1991). The breakdown of pectin, a 

major constituent of plant cell walls, by pectinases weakens plant cells to facilitate host 

penetration and colonisation and provide nutrients for the invading pathogen (Hegedus 

and Rimmer, 2005). Sclerotinia sclerotiorum produces multiple forms of 

polygalacturonase, an important pectinase, in finely-tuned coordinated succession (Kasza 

et al., 2004, Riou et al., 1991). Early in infection, basic forms of polygalacturonase are 

secreted and have been shown to be more active in planta at pH 5, the pH of healthy 

plant tissue (Favaron et al., 2004). Meanwhile, the pathogenic toxin oxalic acid is 

produced and decreases in planta pH from 6 to 4 (Marciano et al., 1983). As disease 

development progresses, the activity of basic polygalacturonases decrease. 

Simultaneously, the increased expression of acidic polygalacturonases parallel the 

increased secretion of oxalic acid and a declining pH (Favaron et al., 2004). The acidic 

environment created by accumulating oxalic acid may be below optimum for acidic 

polygalacturonase activity but the low pH favours acidic polygalacturonase escape from 

the plant polygalacturonase inhibiting protein, which is less active at low pH (Favaron et 

al., 2004). Transcription of polygalacturonase genes is induced by carbon and/or nitrogen 

sources, such as pectin or galacturonic acid, and subject to catabolic repression by the 

accumulation of end products (Kasza et al., 2004, Li et al., 2004, Lumsden, 1976). 

Lowering pH may further sequentially activate or repress polygalacturonase expression 

(Li et al., 2004). To complement enhanced polygalacturonase activity through reduced 
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pH, oxalic acid chelates Ca2+, further contributing to weakening the cell wall and the 

action of cell wall degrading enzymes (Bateman and Beer, 1965). 

In the acidic and neutral-basic categories, at least eight and six isozymes, 

respectively, of polygalacturonase have been identified and genetically encoded (Bolton 

et al., 2006). The pathogen also secretes proteases and cellulases able to further 

contribute to cell wall degradation by breaking down proteins, hemicellulose and 

cellulose (Bolton et al., 2006, Lumsden, 1979, Riou et al., 1991).  

1.4.4.2 Oxalic acid 

The loss of oxalic acid synthesis in the pathogen results in non-pathogenicity, 

making oxalic acid a key pathogenic determinant. Oxalic acid-deficient mutants are 

unable to infect susceptible hosts despite retaining their full arsenal of cell wall degrading 

enzymes (Godoy et al., 1990). Supplementing a S. sclerotiorum oxalic acid-deficient 

mutant with 20 mM oxalic acid resulted in partial restoration of the disease phenotype in 

tobacco (Kim et al., 2008). Exogenous application of oxalic acid induced disease 

symptoms in the absence of fungal infection in canola (Ji et al., 2006, Toal and Jones, 

1999) and sunflower (Noyes and Hancock, 1981). Expression of an oxalate oxidase gene 

in a susceptible host can enhance a plant’s ability to tolerate S. sclerotiorum (Donaldson 

et al., 2001, Dong et al., 2008, Walz et al., 2008a). 

In addition to being directly toxic, oxalic acid also acts as a signalling molecule 

(Noyes and Hancock, 1981) that elicits programmed cell death (Kim et al., 2008) in the 

absence of an oxidative burst (Cessna et al., 2000). By suppressing oxidative burst, S. 

sclerotiorum escapes toxic reactive oxygen species, such as hydrogen peroxide, that 

accompany programmed cell death in the oxidative burst, while provisioning itself with 
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necrotic tissue required for advancing mycelial growth (Kim et al., 2008). Another report 

indicates that the fungus tolerates high concentrations of reactive oxygen species, rather 

than escaping oxidative stress (Walz et al., 2008b).  

Oxalic acid has been shown to operate in cooperation with PGb that sequesters 

plant Ca2+, thereby blocking the Ca2+ signal process for plant controlled programmed cell 

death. Plant polygalacturonase inhibiting protein inhibits Ca2+ sequestration by basic 

polygalacturonases, reverting programmed cell death back to plant control. In turn, oxalic 

acid inhibits plant polygalacturonase inhibiting protein activity, opening the pathway for 

pathogen basic polygalacturonase regulated programmed cell death signalling (Zuppini et 

al., 2005). Adding another subtle dimension to oxalic acid, the toxin interferes with 

abscisic acid-induced stomatal closure and enhances accumulation of osmotically-active 

molecules in guard cells to induce stomatal opening and elicit wilting symptoms 

(Guimarães and Stotz, 2004). Guo and Stotz (2010) concluded that sensitivity to S. 

sclerotiorum was independent of stomatal regulation and that abscisic acid and oxalic 

acid interact antagonistically to regulate reactive oxygen species signalling leading to 

stomatal closure or programmed cell death (Kim et al., 2008), respectively. Oxalic acid 

can induce reactive oxygen species independently of abscisic acid, while the presence of 

abscisic acid antagonises this induction (Guo and Stotz, 2010). Open stomatal pores 

further ensure an exit for ramifying hyphae, which have been shown to emerge onto the 

plant surface through stomata (Lumsden and Dow, 1973).  
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1.4.5 Epidemiology of Sclerotinia rot of carrot 

1.4.5.1 Preharvest epidemic 

SRC is a bi-cyclic disease that can occur in two distinct but inter-connected 

epidemics during a single cropping season: the epidemic in the field and the postharvest 

epidemic in storage (Kora et al., 2005a). SRC in the field is monocyclic (Abawi and 

Grogan, 1979) and is best described by a Gompertz or monomolecular growth model 

(Foster et al., 2011). The primary inoculum, ascospores, is released by S. sclerotiorum 

during a single cycle, and re-infection due to a new generation of apothecia producing 

ascospores does not occur in a single season (Adams, 1975, Zadoks and Schein, 1979). 

Sclerotinia sclerotiorum does not produce asexual spores and secondary spread occurs 

via mycelial growth originating from germinated ascospores (Adams, 1975). Plant-to-soil 

contacts are important for initiating epidemics of SRC and plant-to-plant contacts are 

important for secondary spread of the pathogen, with high planting densities encouraging 

mycelial spread and contributing significantly to disease development (Kora et al., 

2005b). Conversely, disease development in bean and canola is largely a consequence of 

primary petal infection, the epidemiological contribution of secondary spread is minor 

(Morrall and Dueck, 1982, Steadman, 1983).  

In the field, S. sclerotiorum infects carrot tissue, primarily leaves and petioles, 

through mycelia or ascospores resulting from myceliogenic or carpogenic germination, 

respectively, of sclerotia (Couper, 2001, Finlayson et al., 1989b, Kora et al., 2005a). 

Although direct infection of carrot roots by S. sclerotiorum is rare, roots do become 

infected after petiole infection has spread down to the crown (Finlayson et al., 1989b, 

Foster et al., 2008). Entering the root via the crown permits the pathogen to avoid the 
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periderm which may be a structural barrier to direct penetration from the exterior of the 

root (Foster et al., 2008). 

Finlayson et al. (1989b) suggested that carrot was primarily infected by mycelia 

colonising leaf tissue lodged on the soil surface that is in close proximity to 

myceliogenically germinating sclerotia. This hypothesis was tested under field conditions 

by artificially-inoculating foliage with cultured mycelia or ascospores. Mycelial 

inoculation resulted in greater disease incidence on foliage than inoculation with 

ascospores and, subsequently, in postharvest storage on stored roots. However, the 

mycelia were supplemented with potato dextrose agar (PDA) that provided a nutrient 

source to initiate infection, whereas the ascospores were suspended in water alone despite 

requiring an external nutrient source to initiate infection (Lumsden, 1979, Purdy, 1958). 

The study did not indicate if field-placed sclerotia germinated myceliogenically to infect 

foliage nor specify the effect of disease development in relation to the phenological stage 

of carrot development, particularly if the canopy was closed and senesced foliage was 

present during inoculation with mycelia or ascospores. In other studies, the presence of 

apothecia or ascospores were each consistently associated with the appearance of 

symptoms of SRC in the field (Foster et al., 2011), suggesting that ascospores are the 

primary inoculum source initiating epidemics in carrot, comparable to bean (Boland and 

Hall, 1987), canola (Morrall and Dueck, 1982), lettuce (Clarkson et al., 2004) and 

soybean (Boland and Hall, 1988a).  

Infection has been observed in carrots crops when preceded by 3 to 11 days of 

prolonged periods of leaf wetness under the canopy, mean soil matric potential of -0.01 to 

-0.09 MPa, and mean air temperatures ranging from 9 to 22°C (Couper, 2001, Kora et al., 
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2005a). Shorter periods preceding disease were associated with lower air temperature, 

higher rainfall and greater duration of leaf wetness (Kora et al., 2005a). The first disease 

symptoms were observed on carrot crops between 31 to 37 days after the first detection 

of ascospores. Similarly, in sunflower (Helianthus annuus L.), the first symptoms of 

disease were observed between 25-40 days after the first ascospores were detected and 

the number of plants with new symptoms each week was approximately proportional to 

the ascospore concentration measured 5 weeks previously (McCartney and Lacey, 1992). 

1.4.5.2 Postharvest epidemic 

SRC in storage is a direct consequence of petiole and crown infection from the 

field (Garrod et al., 1982, Howard et al., 1994). Mycelia adhering to the surface of 

storage containers or on foliar debris may present other sources of inoculum contributing 

to postharvest SRC (Kora et al., 2005c). Rapid spread of the fungus in storage is 

facilitated by warm, humid microclimates that exist within large piles of stored carrots or 

in storage boxes (Fraser and Chaput, 1998, Liew and Prange, 1994). 

Finlayson et al. (1989b) reported SRC on stored carrot despite having only stored 

seemingly healthy roots. The carrots in this study originated from plants with inoculated 

foliage, suggesting that a latent infection in the crown re-emerged in storage (Finlayson et 

al., 1989b). Mycelial remnants remaining in abscised petioles progress internally into the 

root through the stele (Foster et al., 2008) allowing the pathogen to escape visual 

inspection during the grading process. Growth of S. sclerotiorum is slowed in healthy 

roots at the crown, but growth through the stele is rapid in harvested roots, perhaps due to 

weakening of plant defense responses. 
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Postharvest disease incidence does not consistently correlate with disease 

incidence at harvest, and postharvest epidemics can occur when only a low number of 

infected carrots are introduced into storage due to the rapid secondary spread of the 

pathogen (Kora et al., 2003). In a study of three carrot crops, the cumulative disease 

incidence after 6 months in storage at 1-2°C and 85-88% RH was 38% and 8% on carrots 

harvested from two crops having 63% and 25% incidence of foliar disease at harvest, 

respectively, while disease did not develop in storage from carrots harvested from a third 

crop despite having a 37% incidence of foliar disease at harvest (Kora et al., 2005a). The 

carrot roots were asymptomatic at the time of storage. Weather conditions before and at 

harvest have been associated with SRC in storage. When soil matric potential was 

continuously ≥ - 0.02 MPa and leaf wetness duration ≥ 14 h  per day close to harvest, 

decay increased in storage.  

While the postharvest cycle of SRC is economically important, it is 

epidemiologically incomplete. Sclerotia produced on infected stored roots generally are 

not returned to the soil, with the exception of manure fertilisation, thus, do not contribute 

new inoculum to sustain subsequent epidemics (Kora et al., 2003). 

1.5 Management of diseases caused by Sclerotinia sclerotiorum 

Widespread geographic distribution (Adams and Ayers, 1979), sporadic 

occurrence (Gladders et al., 2008), the pathogen’s extensive host range (Boland and Hall, 

1994) and the long-term persistence of sclerotia in soil (Abawi and Grogan, 1979) make 

diseases caused by S. sclerotiorum difficult to manage. Disease management strategies 

focus on cultural controls to reduce the number of viable sclerotia in soil and alter canopy 

architecture to escape disease, chemical and biological controls, breeding resistant 
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cultivars and postharvest management. Predicting Sclerotinia epidemics is important to 

optimise and reduce fungicide use, and limit the potential for the development of 

fungicide resistance (McDonald and Boland, 2004, McLaren et al., 2004).  

Management of SRC relies on the SRC forecast model used to guide the 

application of fungicides and cultural practices. The fungicides Allegro (fluazinam; 2,6-

dinitro-analines group) and Scholar (fludioxionil; phenylpyrrole group) are currently 

registered in Canada as foliar and postharvest dip treatments, respectively, in carrot 

against S. sclerotiorum (Health Canada, 2011a). Benomyl [methyl benzimidazole 

carbamate (MBC) group] was used in the past as a pre-storage treatment to control 

postharvest epidemics of this pathogen, however, it is no longer registered for use in 

Canada. Trimming the foliage covering the furrow between two carrot beds to manage 

canopy microclimate is an effective cultural control (Kora et al., 2005b, McDonald et al., 

2008). 

1.5.1 Cultural control 

Cultural practices that aim at reducing the number of viable sclerotia or 

preventing their germination include no or reduced tillage (Adams, 1975, Gracia-Garza et 

al., 2002), deep burial (15 to 20 cm) of crop residue (Merriman et al., 1979), and flooding 

(Adams and Ayers, 1979, Matheron and Porchas, 2005). When sclerotia remain on the 

soil surface, such as in no tillage systems, they are subject to varying ambient conditions, 

particularly alternating drying and moistening events, which are detrimental to sclerotial 

viability and germination (Adams, 1975, Matheron and Porchas, 2005, Mila and Yang, 

2008). In bean and soybean crops, disease intensity and number of apothecia were lower 

in a no tillage system than in a conventional tillage system. Sclerotial densities in the 
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bean and soybean crops were reduced in no tilled plots by 75 and 50%, respectively, over 

2 to 3 successive growing seasons, resulting in reduced inoculum carried forward and 

reduced disease pressure in the following cropping season (Kurle et al., 2001, Napoleão 

et al., 2005). Conversely, Mueller et al. (2002) observed greater disease incidence, 

sclerotial density and apothecial numbers over three cropping seasons in no tilled plots of 

soybean compared to tilled systems, while other authors reported no effect of tillage on 

incidence of Sclerotinia stem rot of canola (Koch et al., 2007, Kutcher and Malhi, 2010). 

Sclerotia viability is principally affected by microbial activity, which is least active at the 

soil surface (Adams and Ayers, 1979, Duncan et al., 2006). Burying sclerotia > 5 cm in 

the soil adversely affects sclerotial viability, presumably due to increased biological 

activity and preventing stipes from reaching the soil surface and expanding into apothecia 

(Cook et al., 1975, Duncan et al., 2006, Kurle et al., 2001, Wu and Subbarao, 2008). 

Altering canopy architecture to modify canopy microclimate and reduce plant-to-

soil and plant-to-plant contacts has consistently been associated with reducing apothecial 

numbers and incidence of diseases caused by S. sclerotiorum. In two studies, vertical 

trimming of the canopy on each side of a carrot bed to remove leaves overlapping above 

the furrow, and senescing foliage resulted in greater air and soil temperatures and reduced 

RH in the canopy compared to untrimmed canopies (Kora et al., 2005b, McDonald et al., 

2008). Altering canopy microclimate in turn reduced the number of apothecia and 

incidence of SRC. Reducing photosynthetic area did not affect carrot yield. An open, 

plant canopy architecture is also unfavourable for disease development in bean (Maxwell 

et al., 2007, Schwartz et al., 1987, Schwartz and Steadman, 1978, Schwartz et al., 1978), 

lettuce (Chitrampalam et al., 2010) and soybean (Boland and Hall, 1986). Wide row 
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spacing and elevating canopies in bean crops were shown to reduce incidence and 

severity of white mold (Fuller et al., 1984, Peachey et al., 2006, Vieira et al., 2010).  

Crop rotation is often suggested as a management tactic for soilborne diseases as 

periods without a host can reduce pathogen inoculum (Agrios, 2005). However, the 

longevity of sclerotia in soil (Adams and Ayers, 1979, Cook et al., 1975, Schwartz and 

Steadman, 1978) may render crop rotation unreliable to manage S. sclerotiorum diseases. 

Reports on the effect of 2 to 4 year crop rotations with unsuitable hosts, such as corn (Zea 

mays L.) or wheat (Triticum aestivum L.), on apothecia numbers and incidence of 

Sclerotinia stem rot of soybean have had inconsistent results (Gracia-Garza et al., 2002, 

Mueller et al., 2002, Rousseau et al., 2007, Schwartz and Steadman, 1978). In the study 

by Rousseau et al. (2007), a 3 year corn rotation reduced the disease severity index (DSI) 

of Sclerotinia stem rot in the soybean rotation from 44 to 5.2%, while Mueller et al. 

(2002) reported that crop rotation with corn did not affect the number of sclerotia, 

incidence of Sclerotinia stem rot of soybean or yield in both years of the study, but did 

reduce the number of apothecia in one year of the study.  

Kurle et al. (2001) proposed that differences in plant architecture and canopy 

density among the soybean cultivars evaluated in their study played a more significant 

role than sclerotial viability as a cause for reduced apothecial numbers and incidence of 

stem rot. They suggested that management practices aimed at altering canopy 

microclimate would be more effective than practices intended to reduce pathogen 

inoculum. This is in accordance in other studies manipulating canopy architecture 

(Boland and Hall, 1986, Schwartz and Steadman, 1978, Vieira et al., 2010).  
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1.5.2 Chemical and biological control 

Foliar-applied fungicides have provided varying levels of protection against S. 

sclerotiorum in several crops, including boscalid (succinate dehydrogenase inhibitor 

group), fludioxionil, vinclozolin (dicarboximide group) and fluazinam on lettuce 

(Matheron and Porchas, 2004), boscalid on canola (Ma et al., 2009, Wang et al., 2009), 

thiophanate-methyl (MBC group) on soybean (Mueller et al., 2004) and fluazinam on 

bean (Vieira et al., 2010). On carrot, foliar applications with a high dose of vinclozolin 

(Ronilan FL, 500 g litre-1) 10 days before harvest almost completely controlled SRC 

development in storage, while two preharvest applications at half the high dosage rate at 

canopy closure and at mid-season reduced SRC in storage by up to 45%. Both trials were 

evaluated after carrots were stored for 17 weeks at 6°C (Pritchard et al., 1992). Spraying 

carrot tops with benomyl (MBC group), thiophanate-methyl or vinclozolin one day prior 

to harvest reduced or prevented storage decay (Tahvonen, 1985). In Canada, the active 

ingredients cyprodinil (aniline-pyrimidine group), fludioxionil, fluazinam, boscalid, 

pyraclostrobin (quinine outside inhibitor group) and iprodione (dicarboximide group) are 

currently registered for management of S. sclerotiorum diseases on bean, chickpea (Cicer 

arietinum L.), canola, carrot, spinach (Spinacia oleracea L.) and celery (Apium 

graveolens L.) (Health Canada, 2011a). Fungicide resistance is a concern in managing 

diseases and S. sclerotiorum has become insensitive to carbendazim (MBC group) (Pan et 

al., 2000, Pan et al., 1997) and benomyl (Gossen et al., 2001).  

The fungal biological control agent Coniothyrium minitans Campbell is registered 

in Canada under the trade name Contans®WG for the suppression/control of sclerotia of 

S. sclerotiorum (Health Canada, 2011a) by parasitising sclerotia, thus reducing sclerotial 
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viability and apothecial production (Gerlagh et al., 1999, Jones et al., 2004, McLaren et 

al., 1996). Contans represents the first of a new group of disease management products 

that include biological control agents and plant defense boosters. The effectiveness of this 

microbial antagonist in reducing the number of viable sclerotia and apothecia production 

increases with early use and over successive cropping seasons, even in crop rotations that 

include highly susceptible hosts such as bean and carrot (Gerlagh et al., 1999). While 

Contans significantly reduced viability of sclerotia recovered from diseased plants and 

crop debris, these sprays failed to reduce SRC on field grown carrots (McQuilken and 

Chalton, 2009). However, this trial was conducted during a single growing season and 

successive applications over subsequent growing seasons may have increased the 

effectiveness of the biological control agent. Externally-produced ascospores were 

attributed to reduced efficacy of C. minitans against S. sclerotiorum in potato (Solanum 

tuberosum L.) (Hammond et al., 2008), and this could also have compromised the 

effectiveness of C. minitans in the carrot crop. 

1.5.3 Host resistance 

Dominant gene resistance to S. sclerotiorum has been shown in Phaseolus 

coccineus L., commonly known as scarlet runner bean (Schwartz et al., 2006). This 

resistance has been associated with oxalate oxidase activity reducing sensitivity to OA in 

P. coccineus (Chipps et al., 2005). Expressing oxalate oxidase in susceptible canola or 

tomato (Solanum lycopersicum L.) resulted in reduced sensitivity to OA (Dong et al., 

2008) or S. sclerotiorum (Walz et al., 2008a), respectively, and expression rendered 

sunflower and soybean partially resistant to S. sclerotiorum under field conditions (Burke 

and Rieseberg, 2003, Cober et al., 2003).  
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While dominant gene resistance exists, varying levels of reduction in disease 

incidence and severity in most crops is principally a result of genetically controlled traits 

conferring disease escape. Apothecial numbers and disease incidence were reduced in 

lines of P. vulgaris characterised by an upright form and compact canopy, a growth habit 

unfavourable for inoculum production and disease development (Boland and Hall, 1986, 

Maxwell et al., 2007, Schwartz and Steadman, 1978, Schwartz et al., 1978). A line of P. 

vulgaris with a bushy canopy was equally resistant to S. sclerotiorum as compact canopy 

lines suggesting genetic-based resistance against the pathogen (Schwartz et al., 1987), 

which later was shown to be polygenic (Maxwell et al., 2007). Polygenic resistance 

against S. sclerotiorum was also reported in canola (Zhao et al., 2008) and sunflower 

(Mestries et al., 1998, Rönicke et al., 2005). 

There are no reports of resistant carrot genotypes. Inoculating carrot petioles with 

S. sclerotiorum elicits the formation of structural barriers at the base of the petiole, 

demonstrating that genetically regulated defense mechanisms exist in carrot against this 

pathogen (Foster et al., 2008). The authors suggested that the defense barrier was 

comprised of lignin and/or suberin. Peroxidises are active in lignification through alcohol 

polymerisation leading to the formation of lignin, and their expression may be activated 

in response to pathogens (Agrios, 2005). Over-expressing peroxidise from rice in 

transgenic carrots resulted in higher levels of accumulated lignin, levels that were further 

enhanced following inoculation with S. sclerotiorum or Botrytis cinerea (De Bary) 

Whetzel (Wally et al., 2009b, Wally and Punja, 2010). Infection by S. sclerotiorum was 

reduced by 70% in peroxidise over-expressing carrot plants (Wally et al., 2009b). 

Expressing an Arabidopsis NPR1 gene in carrot that regulates induction of defence 
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response genes conferred broad spectrum resistance against necrotrophic and biotrophic 

pathogens, including S. sclerotiorum (Wally et al., 2009a). Stable introduction of defense 

response genes into transgenic carrot lines could confer breeding programs with 

qualitative disease resistant traits known to be effective against S. sclerotiorum (Wally et 

al., 2009a). 

1.5.4 Postharvest disease management of Sclerotinia rot of carrot 

Rapidly cooling roots prior to storage coupled with maintaining temperatures 

between 0 to 2°C and 95-100% RH during storage are the most effective methods to 

ensure storage potential in carrot and manage postharvest SRC (Apeland and Hoftun, 

1974, Geeson et al., 1988, Pritchard et al., 1992, Van Den Berg and Lentz, 1966, 1973). 

Although activity of S. sclerotiorum is greatly reduced below 6°C, postharvest crop 

losses to SRC were reported in carrot stored at 0 to 2°C (Cam et al., 1993, Finlayson et 

al., 1989a, Van Den Berg and Lentz, 1966). 

Storing healthy, fully mature and undamaged roots is important to reduce the 

susceptibility of carrot to SRC during long-term storage (Kora et al., 2003). The 

physiological age at harvest has been reported to influence the susceptibility of carrot to 

SRC in storage, with older roots being less susceptible (Wellinger et al., 2006). Older 

roots have a better developed periderm, which improves the ability of the root to heal 

wounds incurred during harvest and postharvest handling, thus, limiting excessive water 

loss and entry points for microbial infection (Afek and Kays, 2004).  

The fungicides thiabendazole (MBC group), tetramethyl thiuramdisulfide 

(Thiram; dithio-carbamate group), iprodione and benomyl are effective for the control of 

postharvest diseases of carrot, including SRC, when applied as a postharvest treatments 
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(Lockhart and Delbridge, 1972, 1974). Surface steam treatment without internal heating 

to disinfect the carrot root surfaces is also effective in managing postharvest SRC, with 

30 to 80% reductions in disease (Afek et al., 1999, Gan-Mor et al., 2011).  

1.6 Forecasting diseases caused by Sclerotinia sclerotiorum 

Disease epidemics caused by S. sclerotiorum occur sporadically due to the 

requirement for humid conditions and fluctuations in weather (Gladders et al., 2008, Mila 

and Yang, 2008). Disease prediction is important to guide growers with their decision to 

determine the need for, or timing of, fungicide application. Forecasting schemes use 

weather and cropping variables alone or in combination with inoculum detection to 

predict disease risk. A forecasting scheme based on total rainfall, average minimum 

temperature and number of rainy days in the first half of June, July and August, 

respectively, was developed for bean (Harikrishnan and del Río, 2008). In canola, 

forecasting schemes incorporate a variety of combinations of environmental and cropping 

variables with or without petal infestation to predict the risk of Sclerotinia stem rot or the 

presence of inoculum (Bom and Boland, 2000a, Koch et al., 2007, Turkington and 

Morrall, 1993, Twengström et al., 1998). Use of petal infestation accurately predicted 

Sclerotinia stem rot of canola when used as a sole risk factor (Gugel and Morrall, 1986, 

Makowski et al., 2005, Turkington and Morrall, 1993, Turkington et al., 1991) or 

combined with soil moisture (Bom and Boland, 2000a). Petal infestation tests using agar-

based methods limit forecast models due to the three to five day time delay required to 

detect the pathogen (McLaren et al., 2004, Turkington et al., 1991). Using antibody-based 

tests to detect S. sclerotiorum on infested petals can provide qualitative and quantitative 

results without delay, however, level of petal infestation and disease incidence 



29 
 

relationships were inconsistent using this technique (Bom and Boland, 2000b). Including 

environmental variables with field and cropping variables did not improve the 

performance of a Sclerotinia stem rot of canola forecast model in France from a model 

using only field and cropping variables, thereby, eliminating the need to collect weather 

and soil moisture data (Makowski et al., 2005). Petal infestation alone predicted disease 

with improved accuracy compared to two of the models. 

SkleroPro is a two-tiered Sclerotinia forecast model developed for winter canola 

in Germany that calculates cumulative infection hours as a function of rainfall, sunshine 

duration, canopy temperature, RH, growth stage and frequency of canola in crop rotation 

to regionally assess disease risk. The second tier provides field-specific risk based on 

economies of spraying (Koch et al., 2007).  

Forecast models based on risk algorithms calculate the sum of scaled points of 

risk factors that are significant for the epidemiology of disease (Makowski et al., 2005). 

A forecasting algorithm for SRC incorporates field history, canopy growth and soil 

moisture (Foster et al., 2011). A spray regime based on ascospore counts rsulted in the 

lowest number of fungicide applications over 2 years (total 3 sprays) with equivalent 

efficacy against SRC as the algorithm (total 8 sprays) and bi-weekly calendar sprays 

(total 10 sprays). Both algorithms correlated better with ascospore detection than 

apothecia counts, suggesting that quantifying airborne ascospores can accurately guide 

spray decisions.  

1.6.1 Detecting airborne inoculum 

Weather-based forecasting systems rely on the predicted response of an organism 

to the prevailing environmental conditions. The variable response of sclerotial 
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germination of S. sclerotiorum to environmental conditions, coupled with variations in 

microclimates among fields, lead to a wide variation in the timing of ascospore release. 

Using apothecial counts potentially reduces the accuracy of forecast schemes due to their 

aggregated distribution that can reduce the efficiency of detection (Boland and Hall, 

1988b, Foster et al., 2011) and ascospores originating from externally-located apothecia 

(Wegulo et al., 2000). Detecting airborne inoculum of S. sclerotiorum directly can 

improve the accuracy of predicting disease and accounts for intrinsic and extrinsic 

inoculum.  

Spore trapping devices collect bioaerosol by passive or active impaction or using 

a vacuum pump to deposit air particles onto adhesive film or into Eppendorf tubes. Spore 

trapping studies often use a Rotorod Sampler (Carisse et al., 2009, Inch et al., 2005, Lima 

et al., 2009), Burkard spore trap (Freeman et al., 2002, Inch et al., 2005, McCartney and 

Lacey, 1992, Rogers et al., 2009, Williams et al., 2001) or exposing selective media 

(Foster et al., 2011, Schweigkofler et al., 2004, Steadman et al., 1994) to detect and 

quantify pathogens, noting these technologies also apply to pollen and allergen science.  

Bioaerosol are analysed by microscopy or cultural methods to visually identify 

and quantify organisms of interest (Inch et al., 2005, Lima et al., 2009, Qandah and del 

Río Mendoza, 2011, Schweigkofler et al., 2004, West et al., 2009). While useful for 

organisms having distinguishable spores, using microscopy to identify a pathogen based 

on spore morphology is not always reliable as numerous spore types are nondescript and 

easily confused with spores of other fungi (West et al., 2009). Identifying ascospores of 

S. sclerotiorum using microscopy is difficult due to their close resemblance to other 

ascospores commonly occurring in bioaerosol, particularly those of B. cinerea (Rogers et 
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al., 2009). Identifying organisms based on cultural methods requires days to weeks for an 

organism to produce diagnostic structures. Airborne ascospores of S. sclerotiorum can be 

identified in a cropping system using Sclerotinia selective medium (SSM), however, at 

least three days are required to confirm the presence of S. sclerotiorum (Ben-Yephet and 

Bitton, 1985, Foster et al., 2011, Hammond et al., 2008, Steadman et al., 1994). 

Molecular diagnostic tools are becoming widely used to identify and quantify an 

organism of interest from environmental (Carisse et al., 2009, Freeman et al., 2002, 

Lievens et al., 2006, Rogers et al., 2009, Williams et al., 2001) and in planta samples 

(Blanco-Meneses and Ristaino, 2011, Crouch and Szabo, 2011, Yin et al., 2009). 

Extraction of nucleic acids from bioaerosol avoids the need for microscopy or cultural 

methods (Calderon et al., 2002, West et al., 2008). DNA–based detection methods are 

specific, sensitive and rapid, thereby, increasing confidence in correct identification, even 

when the pathogen cannot be isolated (Blanco-Meneses and Ristaino, 2011, West et al., 

2008). Conventional polymerase chain reaction (PCR) provides qualitative data about a 

particular organism, whereas qPCR allows for quantification of inoculum levels (West et 

al., 2008) and is, therefore, compatible with forecasting schemes using inoculum 

thresholds. Primers must be specific for the organism of interest and able to detect low 

concentrations of DNA extracted from low numbers of target spores or cells. Primers also 

need to detect low concentrations of target DNA amongst the pool of DNA extracted 

from the bioaerosol (West et al., 2008).  

Molecular detection of S. sclerotiorum from air and plant samples has been 

performed using PCR (Freeman et al., 2002) and qPCR (Rogers et al., 2009, Yin et al., 

2009), however, data required by the current international standard for qPCR research 
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[Minimum Information for Publication of Quantitative Real-Time PCR Experiments 

(MIQE) guidelines (Bustin et al., 2009)], such as standard curve, melting temperature, 

primer efficiency or cycle threshold (Ct) values, were not provided. The S. sclerotiorum 

specific primer reported by Rogers et al. (2009) was later modified due to inconsistent 

performance (J. West, personal communication). 

1.7 Induced resistance  

All plants possess an extensive array of genetically regulated mechanisms to 

protect themselves against pathogen attack, including pre-existing physical and chemical 

barriers, as well as inducible defense responses that become activated locally or 

systemically after pathogen challenge, such as the production of phytoalexins, 

reinforcement of cell walls and induction of pathogenesis-related proteins (PR proteins) 

(Hammerschmidt, 1999, van Loon et al., 2006). This type of resistance is nonspecific and 

generally referred to as polygenic, multigenic, quantitative, horizontal or basal resistance 

(Ton et al., 2006). Salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) are key 

signaling components in the defense pathways responsible for the accumulation of basal 

resistance gene products in response to the nature of the pathogen (Verhagen et al., 

2006). Plants unable to produce or accumulate SA, JA or ET are more susceptible to 

pathogens (Penninckx et al., 1996, Pieterse et al., 1996, Ward et al., 1991).  

In compatible interactions, pathogens are able to overcome or suppress basal 

resistance defense responses allowing for successful infection and colonisation of tissue 

(Verhagen et al., 2006). The level of basal resistance is determined by the timing of 

pathogen recognition and magnitude of the defence response to halt or slow down 

pathogen growth, (Conrath et al., 2002, Ton et al., 2002a, van Loon et al., 2006) rather 
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than the genetic capacity to express a host-pathogen specific resistance response, 

otherwise known as gene-for-gene or qualitative resistance (Chisholm et al., 2006). 

Therefore, if the genetic potential for basal resistance exists in all plants, a key to disease 

resistance is in a plant’s capacity to express this potential which can be enhanced by 

inducing agents (or elicitors), the foundation of IR (Kuc, 1982, Verhagen et al., 2006).  

IR enhances the expression of defense gene products by acting on the basal 

resistance pathways dependent on SA, JA or ET accumulation (Pieterse et al., 1996, Ton 

et al., 2002b, van Wees et al., 1997). The SA signalling pathway leads to the expression 

of PR proteins (Ward et al., 1991), while JA and ET operate in succession along the 

JA/ET pathway leading to the expression of phytoalexins and other defense gene 

products (Pieterse et al., 1998). IR can be split broadly into systemic acquired resistance 

(SAR) and induced systemic resistance (ISR). SAR is activated by a necrotic, lesion-

causing pathogen and protects against biotrophic pathogens (Durrant and Dong, 2004). In 

contrast, ISR defends against necrotrophic pathogens as a result of induction by root 

colonising plant growth promoting rhizobacteria (van Loon, 2007). SAR enhances the SA 

signalling pathway leading to the expression of PR proteins (Mauch-Mani and Métraux, 

1998, Métraux et al., 1990, Ward et al., 1991), whereas ISR is independent of SA 

involving gene products of the JA/ET pathway and is not associated with activating PR 

genes (Mauch-Mani and Métraux, 1998, Pieterse et al., 1998).  

Induction of resistance can lead to the immediate activation of defense response 

genes or prime cells resulting in a stronger and quicker reaction to subsequent pathogen 

attack (Conrath et al., 2006, Kohler et al., 2002, Tsai et al., 2011). Priming genes to better 

equip plants to react to future attacks, rather than directly inducing the expression of 
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response genes immediately upon an elicitation event, may be a consequence of fitness as 

expressing defense gene products requires plant resources that in the absence of 

subsequent pathogen invasion could be more efficiently utilised for developmental and 

metabolic processes (Iriti et al., 2010, Kohler et al., 2002, van Hulten et al., 2006).   

The systemic nature and persistence of enzymes involved in regulating the 

expression of defense gene products can be enhanced following elicitation by an 

exogenous elicitor. This enhancement has been shown to impart long-term protection 

with carryover from the field into postharvest storage (Bautista-Baños et al., 2006, Terry 

and Joyce, 2004). Pre-harvest field applications of the elicitors benzothiadiazole (BTH) 

and chitosan have delayed development of postharvest diseases on melon (Cucumis melo 

L.) (Bokshi et al., 2006), grape (Vitis vinifera L.) (Meng et al., 2008, Romanazzi et al., 

2002) and strawberry (Fragaria × ananassa Duch.) (Reddy et al., 2000). Activity of β-

1,3-glucanase was systemically detected for up to 45 days postharvest in tubers after 

foliar BTH application to field potatoes (Bokshi et al., 2003).  

IR is an attractive form of plant protection under commercial systems as it has the 

potential to confer simultaneous protection against multiple pathogens by acting on the 

disease resistance mechanisms already existing in the plant (Kuc, 1982, Verhagen et al., 

2006). Commercial products based on IR are emerging on markets. BTH is registered in 

Canada as Actigard™ 50WG for the suppression of tomato and tobacco (Nicotiana 

tabacum L.) diseases through induction of host plant resistance (Health Canada, 2011b). 

An IR elicitor based on a biological control agent, Dutch Trig®, is registered as a 

preventative treatment for Dutch elm disease (Health Canada, 2009). Commercial 



35 
 

formulations have been developed for other known elicitors including phosphorous acid, 

harpin protein, fosetyl-Al, laminarin and potassium phosphate (Agostini et al., 2003). 

1.7.1 Elicitors of induced resistance 

By definition, elicitors of IR are not directly antimicrobial, rather they induce 

defense responses. Spatial separation of elicitor and challenging pathogen along with 

weak/lack of antimicrobial activity in-vitro verify that elicitors activate defense responses 

rather than directly antagonise invading organisms (Amini and Dzhalilov, 2010, Mercier 

and Kuc, 1996, Pratibha and Sain, 2004).  

Elicitors can be endogenous, host-derived molecules or exogenous biotic or 

abiotic nonhost components (Walters and Fountaine, 2009). Endogenous elicitors are 

often plant cell wall polysaccharides that are released by the action of microbial pectic 

enzymes or upon wounding (Ridley et al., 2001). The literature contains numerous 

reports of exogenous elicitors that include virulent or avirulent pathogens (Amini and 

Dzhalilov, 2010, Mercier and Kuc, 1996, Métraux and Boller, 1986), plant growth 

promoting rhizobacteria (Ton et al., 2002a, van Loon, 2007); biological control agents 

(Korolev et al., 2008, Pratibha and Sain, 2004, Yao and Tian, 2005); natural organic 

chemicals such as oxalic acid (Attitalla and Brishammar, 2002, Ji et al., 2006, Toal and 

Jones, 1999), SA (Sudhamoy et al., 2009, Ward et al., 1991) and its synthetic analogues 

2,6-dichloroisonicotinic acid (Bokshi et al., 2005, Ward et al., 1991) and BTH (Bokshi et 

al., 2003, 2006, Liu et al., 2005), also known as acibenzolar-S-methyl, its ISO common 

name; JA (Qi et al., 2002, Shang et al., 2011); chitosan (Chen et al., 2009, Falcón-

Rodríguez et al., 2007, Jayaraj et al., 2009); and the non-protein amino acid β-

aminobutyric acid (Flors et al., 2008, Tsai et al., 2011). 
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1.7.2 SA and JA/ET pathways 

The phenylpropanoid pathway leads to the production of phytoalexins, lignin and 

SA, making markers of this pathway a useful tool for investigating the expression of 

defense responses (Bloksberg, 1992). Phenylalanine ammonia lyase acts early along the 

phenylpropanoid pathway, converting phenylalanine to trans-cinnamic acid, where three 

divergence downstream pathways lead to the expression of phytoalexins, the 

accumulation of SA and the formation of lignin (Bloksberg, 1992). The action of 

isochorismate enzymes along the Shikimate pathway-derived chorismate is another 

regulated source of SA (Catinot et al., 2008, Nugroho et al., 2001). JA is synthesised 

from linolenic acid through the octadecanoid pathway, which is released by phosphor 

lipase C from the plasma membrane in response to wounding (Saniewski et al., 2005). 

Both the SA and JA/ET pathways converge at NPR1, the master protein that 

differentially regulates SA- and JA/ET-mediated defense gene expression through 

nuclear and cytosolic localisation, respectively (Kinkema et al., 2000, Spoel et al., 2003). 

Cross talk between the pathways further provides a plant with the mechanisms to fine 

tune defense responses appropriate to the invader (Pieterse and van Loon, 2004). SA and 

JA/ET signalling pathways can be activated simultaneously, increasing the effectiveness 

of IR (van Wees et al., 2000). Basal resistance against S. sclerotiorum is dependent on 

JA, ET and SA, with each of these signals contributing to defense against S. sclerotiorum 

(Guo and Stotz, 2007). In another study, non-host resistance in wheat was reported to be 

due to enhanced activity of phenylalanine ammonia lyase (Basha and Chatterjee, 2007). 

Resistance response to S. sclerotiorum in B. napus was associated with quantitative and 
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temporal traits, with genes associated with the JA/ET signal induction pathway (Zhao et 

al., 2008). 

1.8 Chitosan 

Chitosan is an abundant biopolymer of β-1,4-glucosamine derived from chitin, an 

N-acetylglucosamine polymer naturally occurring in the shells of crustaceans, 

exoskeletons of insects and cell walls of fungi (Yin et al., 2010). Chitosan is prepared 

from the deacetylation of chitin, which is often commercially sourced from the 

exoskeleton waste of crab and shrimp (Khanafari et al., 2008).  

Chitosan has direct anti-fungal effects which are affected by concentration. In 

vitro growth of S. sclerotiorum (Cheah et al., 1997), B. cinerea (El-Ghaouth et al., 1992, 

Liu et al., 2007) and Sclerospora graminicola (Sacc.) Schroet (Manjunatha et al., 2008) 

was reduced at 0.3% (w/v) chitosan or greater, while in vitro growth of these pathogens 

was not inhibited at concentrations 0.2% (w/v) or less (Manjunatha et al., 2008, Molloy et 

al., 2004, Tiuterev et al., 1996). The direct antifungal properties of chitosan are attributed 

to its ability to affect hyphal morphology and membrane integrity (El-Ghaouth et al., 

1992, Jayaraj et al., 2009, Liu et al., 2007).  

Of agricultural interest is the application of chitosan to enhance host plant 

resistance. Chitosan has been reported to elicit diverse host defense responses including 

the accumulation of chitinase, ß-1,3-glucanase, lignin, peroxidase, lipoxygenase, 

phenylalanine ammonia lyase, phenolic compounds, phytoalexins and PR proteins, 

providing protection against infection in a variety of host plants (Chen et al., 2009, 

Falcón-Rodríguez et al., 2007, Jayaraj et al., 2009, Liu et al., 2007, Nandeeshkumar et al., 

2008, Sudhamoy, 2010, Sun et al., 2008). In a laboratory study conducted by Jarayaj et 
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al. (2009), foliar-applied, commercially-formulated chitosan induced resistance responses 

in leaves and reduced susceptibility to Alternaria radicina (Meier, Drechsler & Eddy) 

and B. cinerea. In the field, rates of 0.1% and 0.6% were effective in protecting table 

grape (Romanazzi et al., 2002) and strawberry (Reddy et al., 2000), respectively, from 

subsequent decay in storage caused by B. cinerea. 

1.8.1 Molecular mechanisms of chitosan induced resistance 

Important genes regulating the JA/ET pathway and JA-mediated response genes 

were induced in B. napus by chitosan, suggesting that chitosan activates basal defense 

response by acting on the JA/ET signalling pathway (Yin et al., 2006). A subsequent 

study indicated that chitosan-mediated resistance in carrot involves the alternative SA 

pathway as shown by enhanced levels of PR-1 and PR-5 transcripts in chitosan-treated 

plants (Jayaraj et al., 2009). Application of chitosan at 0.1% to soybean sprouts increased 

transcript levels of three genes encoding enzymes located at key points along the 

phenylpropanoid pathway (Chen et al., 2009). Iriti et al. (2010) then demonstrated that 

chitosan IR in bean was independent of ET. They also indirectly showed that stomatal 

uptake of chitosan determines its ability to induce defense mechanisms in tobacco against 

Tobacco necrosis virus. Once inside leaf tissue, chitosan mediates IR by chitin cell 

receptor recognition of chitosan (Chen and Xu, 2005, Hamel and Beaudoin, 2010, Iriti et 

al., 2010).  

The diversity of pathways suggested to be involved in chitosan-mediated IR may 

be related to the different forms of chitosan used in the various studies as they may have 

differed biologically, thus, affecting chitosan activity (Yin et al., 2010). These properties 
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can determine the outcome of species-specific chitosan-mediated IR according to the 

nature of the invading organism (Iriti et al., 2010).  

Chitosan has been registered in the United States since 1986 as an active 

ingredient to boost plant defenses. Elexa-4® (SmartScience®, Syracuse, NY) is an 

aqueous commercial formulation containing 4% chitosan registered in the US 

(Environmental Protection Agency, 2003). While commercially formulated products 

based on IR are registered in Canada, there are no registered products containing 

chitosan. 

1.9 Conclusions  

In summary, SRC is an important disease of carrot worldwide, and ascospores of 

S. sclerotiorum are the primary source of inoculum causing epidemics in numerous crops. 

Ascospore counts using the blue plate test (BPT) are significantly correlated with 

different risk levels calculated using the SRC risk algorithm (Foster et al., 2011), 

however, ascospore concentrations have not been directly correlated to SRC. The BPT 

requires three days to detect S. sclerotiorum (Ben-Yephet and Bitton, 1985, Steadman et 

al., 1994), a time lag that may result in missing the optimum opportunity to act against 

SRC (Foster et al., 2011). Moreover, BPT readings are not reliable during heavy rains or 

winds (Steadman et al., 1994). Therefore, ascospore detection could be improved using a 

non-culture-based air sampler to collect bioaerosol followed by qPCR to identify and 

quantify S. sclerotiorum to improve the accuracy of the SRC forecast model. There are no 

reports describing the use of qPCR to detect and quantify S. sclerotiorum from bioaerosol 

that follow MIQE guidelines.  
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The effectiveness of a foliar application of chitosan was tested under controlled 

conditions, and shown to protect carrot against foliar pathogens. Northern blot assay 

confirmed the enhanced expression of several defense genes in leaves (Jayaraj et al., 

2009). Chitosan has not been evaluated in the field for its protective effects against SRC, 

nor has a systemic induction of resistance been reported in carrot roots after foliar 

elicitation. An enhanced defense response is commonly indicated by quantifying defense 

enzyme activity of plants in response to elicitor compounds. There are few reports 

characterising plant response to chitosan using qPCR-based technologies (Chen et al., 

2009), and none describing the systemic response at the level of gene expression.  

The intention of the research in this thesis was to expand on existing knowledge 

of SRC epidemics and to validate management methods to improve IPM of SRC, which 

incorporates the SRC forecast model. It was hypothesised that improved detection of 

ascospores of S. sclerotiorum would lead to improved prediction and management of 

epidemics of SRC. It was further hypothesised that regional level disease risk could be 

predicted when sampling the bioaerosol at a single location. Additionally, it was 

hypothesised that application of a reduced-risk fungicide or the plant defense booster 

chitosan to field-grown carrot crops would effectively manage SRC in the field and 

reduce disease development in long-term storage. Finally, it was hypothesised that foliar 

application of chitosan to carrot would stimulate a systemic IR response in carrot roots to 

infection by S. sclerotiorum. 

1.10 Thesis objectives 

The objectives of this thesis were: 



41 
 

1. To improve prediction of SRC epidemics by improving detection of ascospores of 

S. sclerotiorum by: 

a. evaluating three sampling methods to detect and quantify ascospores to 

determine the most effective method to incorporate into the SRC forecast 

model, 

b. determining if a single sampling site can predict the regional risk of SRC 

in the Bradford Marsh, and 

c. determining if qPCR analysis can improve detection and quantification of 

ascospores of S. sclerotiorum: 

2. To evaluate field application of chitosan in combination with foliar trimming in 

field-grown carrot crops to manage disease in the field and reduce development in 

long-term storage, and  

a. determining if there was a synergistic response by incorporating both 

methods, and 

b. determining if application of chitosan to carrot leaves will elicit a systemic 

IR response in carrot roots grown under controlled environmental 

conditions.  
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2 CHAPTER 2 

DETECTION AND QUANTIFICATION OF AIRBORNE INOCULUM OF 

SCLEROTINIA SCLEROTIORUM USING A QUANTITATIVE POLYMERASE 

CHAIN REACTION ASSAY 

2.1 Abstract 

Sclerotinia sclerotiorum is responsible for yield losses in a broad range of hosts, 

including carrot, for which a disease risk forecasting model has been developed. 

Detecting and quantifying airborne ascospores as a component of the Sclerotinia rot of 

carrot (SRC) forecast model is currently done using a Sclerotinia selective medium 

(SSM) in the blue plate test (BPT), which requires three days to confirm the presence of 

S. sclerotiorum. A quantitative polymerase chain reaction (qPCR) assay was evaluated to 

determine if this could reduce the time required to quantify ascospores of S. sclerotiorum 

from air samples collected using a Burkard Multi-Vial Cyclone Sampler, and determine 

the relationship between the concentration of ascospores and subsequent development of 

SRC. The qPCR assay was highly sensitive, detecting DNA from 0.5 to 5 x 104 

ascospores within a linear range (R2 = 0.99, P < 0.0001). The assay specifically detected 

ascospores of S. sclerotiorum among a pool of foreign DNA from air samples collected 

over three growing seasons using a Burkard Sampler located at a single site. SRC was 

observed from 10 to 35 days following concentrations of 2 to 4 ascospores m-3 of air from 

these samples. In the two years of air sampling when incidence of SRC was high, high 

numbers of ascospores were detected. In another year, a moderate number of ascospores 

were detected, but the incidence of SRC remained low. The qPCR assay shows potential 

to be integrated into the SRC forecast model after further validation on a larger scale. 
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2.2 Introduction 

Sclerotinia sclerotium is a necrotrophic plant pathogen able to infect more than 

400 host plant species (Boland and Hall, 1994) and causes yield losses in a broad range 

of agricultural crops, including oilseeds, vegetables and pulses (Bolton et al., 2006). 

Diseases caused by S. sclerotiorum are often sporadic in occurrence and severity, with 

losses in individual crops ranging from 0-100% (Gladders et al., 2008, McDonald and 

Boland, 2004). Plants infected by S. sclerotiorum commonly develop signs of the 

pathogen, such as white, cottony mycelial growth embedded with black sclerotia that 

develop on plant surfaces or inside pod and stem tissues (Abawi and Grogan, 1979). The 

pathogen overwinters in the soil or on crop debris as sclerotia, which under suitable 

conditions germinate carpogenically to produce apothecia from which ascospores are 

released (Abawi and Grogan, 1979, Mila and Yang, 2008). Epidemics are initiated by 

airborne ascospores, originating from apothecia within the field and from external 

sources (Boland and Hall, 1987, 1988b, Foster et al., 2011, Wegulo et al., 2000).  

SRC is an economically important disease of carrot, particularly in temperate 

climates where roots are cold-stored over long periods (Kora et al., 2003). The disease is 

bicyclic and infects foliage, and occasionally roots, in the field followed by postharvest 

spread on roots in storage (Kora et al., 2005a). Field epidemics of Sclerotinia diseases of 

carrot and other crops are associated with canopy closure creating the constant, moist 

conditions required for carpogenic germination of sclerotia, the production of ascospores 

and the maintenance of leaf wetness for infection (Boland and Hall, 1987, 1988a, 

Clarkson et al., 2004, 2007, Kora et al., 2005a, Mila and Yang, 2008). After airborne 

release and deposition on host tissue, ascospores require a nutrient source to germinate 
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and initiate infection (Lumsden, 1979). Senescent plant tissue serves as a nutrient source 

for germinating ascospores, such as lodged, senesced leaves of carrot plants along a 

furrow (Kora et al., 2005a), or senescent petal blossoms in bean (Boland and Hall, 1987) 

and canola (Turkington et al., 1991). 

Management of Sclerotinia diseases relies on the use of fungicides (Ma et al., 

2009, Vieira et al., 2010) and modifying the plant canopy by the use of upright cultivars 

(Boland and Hall, 1986, Maxwell et al., 2007) or trimming foliage in the case of SRC 

(Kora et al., 2005b, McDonald et al., 2008). Cultural practices such as no or reduced 

tillage (Adams, 1975, Gracia-Garza et al., 2002), deep burial of crop residue (Merriman 

et al., 1979), and flooding (Adams and Ayers, 1979, Matheron and Porchas, 2005) aim to 

reduce the number of viable sclerotia or prevent their germination. The biological control 

agent C. minitans has shown promise in reducing the number of viable sclerotia and 

apothecia production (Gerlagh et al., 1999, McQuilken and Chalton, 2009), and the 

commercial formulation Contans is registered in Canada for suppression of S. 

sclerotiorum (Health Canada, 2011a). 

The sporadic nature of epidemics caused by S. sclerotiorum may result in the 

unnecessary application of fungicides, therefore, forecast models have been developed 

for several crops, including carrot (Foster et al., 2011, Kora et al., 2005a)], canola (Bom 

and Boland, 2000a, Koch et al., 2007), bean (Harikrishnan and del Río, 2008) and lettuce 

(Clarkson et al., 2004, 2007), to optimize the timing of management practices. The SRC 

forecast model predicts the risk of disease developing using crop development and soil 

variables to predict the presence of inoculum or by detecting airborne ascospores directly 

(Foster et al., 2011).   



45 
 

Soil moisture has been used to predict the presence of inoculum of S. sclerotiorum 

(Bom and Boland, 2000a, Clarkson et al., 2007), however, sclerotial germination 

responses to soil matric potential vary considerably and have been reported from 0 to -

0.75 MPa (Boland and Hall, 1987, 1988a, Clarkson et al., 2007, Kora et al., 2005a, Wu 

and Subbarao, 2008). Furthermore, fluctuations in soil moisture are detrimental to 

sclerotial germination (Matheron and Porchas, 2005, Mila and Yang, 2008) and 

interactions between soil matric potential and cropping or climatic variables influence the 

process (Clarkson et al., 2007, Sun and Yang, 2000, Wu and Subbarao, 2008). The wide-

ranging responses of sclerotial germination to climactic and soil variables can result in 

variable timing of ascospore release. Furthermore, predictions based on these variables 

do not indicate the quantity of ascospores present in the environment. Direct detection of 

ascospores is independent of environmental variables and can quantify inoculum, 

thereby, improving the accuracy of predicting epidemics caused by S. sclerotiorum.  

Microscopy is often used to identify and quantify a target organism from air 

samples, however, distinguishing ascospores of S. sclerotiorum is difficult due to similar 

morphology with other spores. The current SRC forecast model uses the SSM in the BPT 

to detect and quantify ascospores with a threshold of five ascospores plate-1 to trigger a 

fungicide application. However, this method requires three days to confirm the presence 

of developing colonies of the pathogen on SSM (Ben-Yephet and Bitton, 1985, Foster et 

al., 2011, Hammond et al., 2008, Steadman et al., 1994).  

Another approach to accurately and rapidly detect and quantify microorganisms 

from air, plant or soil samples is qPCR (Bilodeau et al., 2012, Blanco-Meneses and 

Ristaino, 2011, Carisse et al., 2009, Mbofung et al., 2011, Montes-Borrego et al., 2011, 
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Ward et al., 2005). The advantages of qPCR are its high sensitivity and specificity. Low 

concentrations of a target microorganism can be detected amongst a background of DNA 

from diverse organisms during the early stages of disease development before symptoms 

appear (Lievens and Thomma, 2005). A conventional PCR assay was developed for S. 

sclerotiorum targeting the ITS region of the rDNA cluster for risk management in oilseed 

crops (Freeman et al., 2002). The PCR assay classified S. sclerotiorum as present or 

absent, making this assay incompatible with threshold-based forecasting systems. The 

concentration of airborne ascospores has been used in disease forecast systems because it 

is related to subsequent disease development in carrot, canola, potato and sunflower 

(Foster et al., 2011, Hammond et al., 2008, McCartney and Lacey, 1999, Rogers et al., 

2009). Since this first report of the development of a S. sclerotiorum-specific primer and 

PCR method, qPCR assays have been developed to detect and quantify S. sclerotiorum 

from air and plant samples (Rogers et al., 2009, Yin et al., 2009). However, preliminary 

tests with these primer sets in this current study performed inconsistently and did not 

include an internal control to verify DNA extraction and amplification.  

The main hypothesis of this study was whether a qPCR assay could rapidly detect 

airborne ascospores of S. sclerotiorum to improve the SRC forecast model by reducing 

the time to confirm the presence of inoculum of S. sclerotiorum. The objectives of the 

study were to (i) develop a reliable qPCR assay following the MIQE guidelines (Bustin et 

al., 2009) to detect and quantify ascospores of S. sclerotiorum from air samples; and (ii) 

assess the relationship between ascospore concentration determined using the qPCR 

assay, and subsequent development of SRC, to estimate an action threshold for the SRC 

forecast model.  
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2.3 Materials and methods 

Fungal isolates and DNA extraction 

Forty isolates of S. sclerotiorum and 21 fungal species expected to be in a 

bioaerosol were used in this study (Table 2.1). Isolates of S. sclerotiorum obtained from 

the Bradford Marsh were isolated by plating disinfested sclerotia obtained from infected 

host tissue onto PDA (Difco Laboratories Detroit, MC) to germinate. Mycelia from 

germinated sclerotia were transferred to PDA overlaid with a cellophane sheet (Flexel 

Sales Inc., Covington, IN), followed by DNA extraction using the MoBio Power Soil® 

DNA Isolation Kit (Mo Bio Laboratories Inc., Carlsbad, CA). Samples were stored at -

20°C. 
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Table 2.1. Detection of isolates of Sclerotinia sclerotiorum, fungi expected to be among the bioaerosol of the Bradford Marsh, 
and other Ascomycota species used in the SYBR quantitative polymerase chain reaction (qPCR) assay with the primer set 
Mit(i)_Ss F/R on 10 pg of fungal DNA. 

Fungal isolates Origin Host  Collector Ct valuea 

S. sclerotiorum 
   

B1-B4 Ontario: Bradford Marsh bean Monica Parker 21.5 – 22.1 
C1-C14 Ontario: Bradford Marsh carrot Monica Parker 21.2 – 33.2b 
C63 United Kingdom carrot Dilantha Fernando N/Ad 
DL Nebraska  bean M. G. Boosalis 22.9 
L1-L5, L7-L11 Ontario: Bradford Marsh lettuce Monica Parker 20.9 – 32.8c 
L6  United Kingdom lettuce Dilantha Fernando N/A 
L17 United Kingdom lettuce Dilantha Fernando 23.7 
UF1 Florida unknown Jeff Rollins 23.2 
ZQ 33-3-3 Manitoba unknown Dilantha Fernando 21.3 
ZQ 33-4 Manitoba unknown Dilantha Fernando 23.8 
ZQ 33-5-4 Manitoba  unknown Dilantha Fernando 20.6 
ZQ 33-5-5 Manitoba unknown Dilantha Fernando 21.15 
33 Manitoba unknown Dilantha Fernando 26.5 
310 Ontario: Bradford Marsh lettuce Greg Boland 31.9 
311 Ontario: Bradford Marsh carrot Greg Boland 33.7 
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Fungal isolates  Origin Host  Collector Ct value 

Organisms expected to be among the bioaerosol of the Bradford Marsh  
 

Alternaria alternata Ontario onion Monica Parker N/A 
Alternaria dauci British Columbia carrot Zamir Punja N/A 
Botrtyis allii Ontario onion Michael Tesfaendrias N/A 
Botrytis cinerea British Columbia carrot Zamir Punja N/A 
B. cinerea Ontario marigold Monica Parker N/A 
Botrytis squamosa Ontario onion Mathieu Tremblay N/A 
Stemphylium vesicarium Ontario onion Monica Parker N/A 

Other Ascomycota species    

Monilinia fructicola  Nova Scotia peach Paul Hildebrand,  N/A 
Monilinia vaccinii-corymbosi Nova Scotia blueberry Paul Hildebrand 33.3 – 34.8 
Sclerotinia homeocarpa  Ontario turfgrass Greg Boland N/A 
Sclerotinia minor Ontario lettuce Greg Boland 30.6 – 31.1 
Sclerotium cepivorum Ontario onion Greg Boland N/A 

Unidentified fungi from air samples 
   

Unknowns 1-10 Ontario air sample Monica Parker N/A 
a  Mean cycle threshold (Ct) of two technical replications from a single qPCR reaction. 
b  Ten of 15 isolates were detected at Ct values ranging from 21.2 to 22.0 and three isolates ranged from 31.9 to 33.7. 
c  Eight of ten isolates were detected at Ct values ranging from 20.7 to 22.0 and one isolate was not detected. 
d N/A = no amplification. 
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Alternaria alternata (Fr.) Keissl, B. cinerea from Ontario and Stemphylium 

vesicarium (Wallr.) E.G. Simmons were isolated by placing infected host tissue inside a 

polyethylene bag to sporulate, then transferring portions of the sporulating tissue onto 

acidified PDA. Single colonies were sub-cultured on cellophane-lined PDA plates and 

DNA was extracted as previously described. Fungal identity was confirmed by 

sequencing the product generated by the fungal consensus primers ITS4 and ITS5 that 

amplify the rDNA cluster and ITS regions within (White et al., 1990). PCR was 

performed in 50 μl reaction volume containing 10 μl of 5x Green GoTaq reaction buffer 

(Promega Corp., Madison, WI), 5 μl of 25 mM MgCl2, 1 μl containing 10 mM each 

dNTP, 0.25 μl  of GoTaq Taq DNA polymerase, 5 μl of each primer at 5 pmol/μl, 2 μl of 

DNA at a concentration of 10 to 30 ng/μl and 21.75 μl of sterile distilled water. The PCR 

amplification conditions were initial denaturation at 95°C for 2 min, followed by 40 

cycles of 15 s at 95°C, 1 min at 54°C and 30 s at 72°C for 30 s, with a final at 72°C for 

10 min. Amplified products were purified using Qiaquick spin columns (Qiagen Inc., 

Mississauga, ON). For sequencing, 2 μl of each primer of the fungal consensus primer 

pair at 5 pmoles μl-1 were added to 14 ng of purified DNA adjusted to a final volume of 

12 μl using PCR-grade sterile water. DNA was quantified using a NanoDrop 1000 

spectrophotometer (Thermo Scientific, Wilmington, DE). Amplified products were 

sequenced with the BigDye version 3.1 Ready Reaction Kit (Applied Biosystems, 

Streetsville, ON) on an ABI 3730 DNA Analyzer (Applied BioSystems) at the University 

of Guelph Genomics Facility. Forward and reverse sequences were assembled and 

aligned using Geneious Pro software (v.5.4.3; http://www.geneious.com). The first 

http://www.geneious.com/�
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results of the BLASTN analysis of the assembled sequences were A. alternata, B. cinerea 

and S. vesicarium, showing 97 to 98% identity to each fungal species.  

DNA extraction from air samples  

A single Burkard Multi-Vial Cyclone Sampler (Burkard Manufacturing Co. Ltd., 

Rickmansworth, United Kingdom) was placed at the University of Guelph-Muck Crops 

Research Station (MCRS) in a carrot plot approximately 10 x 15 m. Bioaerosol was 

collected into 1.5 ml tubes at an air movement rate of 16.5 l min-1 from 10:00 to 13:00 

(Figure 2.1). The Burkard Multi-Vial Cyclone Sampler deposits bioaerosol into 

Eppendorf tubes from which DNA can be directly extracted, making this air sampler 

highly compatible with qPCR pathogen detection and quantification methods (Williams 

et al., 2001). There were 13, 17 and 16 air sample dates collected in 2008, 2009 and 

2011, respectively, that corresponded to sampling dates using the BPT, which was used 

as a comparison. Dry air samples were stored at -20°C prior to DNA extraction. 
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Figure 2.1. Burkard Multi-Vial Cyclone Sampler. (A) Bioaerosol is funnelled through 
the opening of the sampler (arrow) by a vacuum and deposited directly into (B) 
Eppendorf tubes (arrow) located within the sampler. 
 

To dislodge the bioaerosol from the inner surface of the tube walls and 

mechanically disrupt the air samples prior to DNA extraction, 100 mg of 500-μm glass 

beads and 100 μL of hexadecyltrimethylammonium bromide (CTAB) extraction buffer 

were added to the collection tubes and vortexed for 10 min using a vortex adapter (Mo 

Bio Laboratories Inc.), followed by three freeze–thaw cycles consisting of 2 min in liquid 

nitrogen followed by 2 min at 70°C, with the final thaw extended to 30 min. Contents of 

the PowerBead tube of the MoBio Power Soil DNA Isolation Kit were transferred to the 

collection tube and  copies (2 x 106) of the internal control plasmid consisting of a 550 bp 

fragment from N. tabacum fucosyltransferase (NTFT) gene inserted into the cloning 

vector pCR 2.1-TOPO (courtesy of Dr. J. C. Hall, University of Guelph, ON, Canada) 

B 

A 
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were added to each air sample, followed by DNA extraction. Samples were kept frozen at 

-20°C.  

Primer design  

To design a primer set for qPCR targeting the group-I intron and ORF1 of the 

mitochondrial small subunit ribosomal RNA (mt SSU rRNA) (Carbone et al., 1995), the 

amplified product generated by the primer set Mit_Ss-F (5`-

GCTTTGTGGTGTAGGATCT-3`) and Mit_Ss-R (5`-CACGGCAATCAGCATCTAT-

3`) spanning the entire submitted sequence of the National Centre of Biotechnology 

Information (NCBI at http://www.ncbi.nlm.nih.gov/) GenBank submission U07553 was 

sequenced for S. sclerotiorum, Monilinia vaccinii-corymbosi (Reade) Honey, Sclerotium 

cepivorum Berk. and Sclerotinia minor Jagger as previously described. The forward and 

reverse sequences were assembled and aligned using Geneious Pro software (v.5.4.3) to 

identify variable regions to design a primer set specific for S. sclerotiorum. The final 

primer sequences used for qPCR, Mit(i)_Ss-F (5`-

CGAAAGGCTATACGTGGCTGAAGT-3`) and Mit(i)_Ss-R (5`-

TCCGCGATAATCCATTTCTCTTTC-3`), were designed so that the amplicon was < 

200 bp to ensure high primer efficiency and avoid hairpins and primer-dimer formations, 

while conforming to the parameters required for primer design including primer length, 

guanine-cytosine content and melting temperatures using AmplifX software (v.1.5.4; 

http://ifrjr.nord.univ-mrs.fr/AmplifX). The primer set was predicted to generate an 

amplicon of 122 bp. Primers were checked for significant sequence similarity with other 

DNA sequences using BLAST analysis (blastn at http://www.ncbi.nlm.nih.gov/Blast.cgi; 

verified 11 October 2011).  Sequences of the amplicon generated by the Mit(i)_Ss F/R 

http://www.ncbi.nlm.nih.gov/�
http://ifrjr.nord.univ-mrs.fr/AmplifX�
http://www.ncbi.nlm.nih.gov/Blast.cgi�
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primer set on ascospores of S. sclerotiorum isolate DL and mycelia from isolate C14 

were used as positive controls to compare to melt temperatures and DNA sequences of 

amplified products generated from air samples. 

Quantitative PCR assay 

Quantitative PCR reactions were performed in a StepOnePlus™ Real-Time PCR 

System (Applied Biosystems) using SYRB Green I fluorescent dye detection at the 

University of Guelph Genomics Facility. All reactions were performed in 0.1 ml 

MicroAmp® Fast 96-Well Reaction Plates (Applied Biosystems) in a reaction volume of 

20 μl containing 5 μl of DNA extract; 10 μl of PerfeCTa® SYBR® FastMix (ROX™; 

Quanta Biosciences, Inc., Gaithersburg, MD), 2 μl of each highly purified salt-free primer 

(300 nM) and 3 μl of PCR-grade sterile water. The amplification and quantification 

conditions were an initial denaturation at 95°C for 2 min, followed by 40 cycles at 95°C 

for 1 s and annealing for 30 s at 60°C. After the final amplification cycle, a melting curve 

profile was obtained by heating to 95°C, cooling to 65°C and incrementally heating to 

95°C at a rate of 0.3°C per second to detect if unspecific products or primer-dimers 

occurred. The threshold line or level of detection was set at a fluorescence (ΔRn, measure 

of the reporter signal) of 0.2. A cycle threshold was scored positive between 17 and 34, 

and negative above 34 (Vaerman et al., 2004). Negative controls were assessed at Ct 

values greater than 34 because they are assessing contamination (Blanco-Meneses and 

Ristaino, 2011). Each qPCR reaction included the samples, positive controls of S. 

sclerotiorum DNA extracted from ascospores of isolate DL and mycelia of isolate C14, 

and a no-template negative control, and was performed in technical duplications.  
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Primer specificity  

The specificity of the Mit_Ss F/R primer set in the qPCR assay was tested against 

DNA isolated from pure cultures of mycelia of 40 isolates of S. sclerotiorum, six non-

target fungi selected because they could potentially be a part of the bioaerosol of the 

Bradford Marsh, and five other Ascomycota species (Table 2.1). An additional 10 

airborne fungi were isolated from air samples by diluting the collection tube with sterile 

water and plating onto PDA. Single colonies were transferred and cultured on 

cellophane-lined PDA plates and DNA was extracted as previously described. Four of 

these fungi were identified using microscopy as belonging to the genera Cladosporium, 

Epicoccum, Penicillium and Ulocladium, common organisms among bioaerosol. 

Mycelial DNA from pure cultures was extracted as previously described. Each qPCR 

reaction contained 10 pg of fungal DNA, quantified using a NanoDrop 1000 

spectrophotometer. Each qPCR run was performed twice on different days. 

Ascospore dilution series to establish a qPCR standard curve  

To produce ascospores, mature sclerotia of S. sclerotiorum isolate DL harvested 

from PDA cultures were kept at 4°C in sterile containers for a minimum of three months. 

These conditions satisfied the conditioning requirements for carpogenic germination and 

ascospore production (Cowan, 2011). Conditioned sclerotia were placed on 1% water 

agar and kept in a controlled environment growth room under sterile conditions at 20-

22°C with a 16 hr photoperiod at 200 μmol m-2 s-1 light intensity. Apothecia developed 

and began to produce ascospores within 30 to 50 days. Ascospores were stored at -20°C. 

Ascospores were dislodged from the lid of the plate using the tip of a pipette and 

suspended in extraction buffer, consisting of 2% CTAB, 100 mM Tris-HCL, pH 8.0, 1.4 
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mM NaCl, and 20 mM ethylenediamine tetraacetic acid (EDTA). Dry ascospores were 

collected onto the inner lid surface of a Petri plate by gently moving the lid vertically 

over sporulating apothecia (courtesy of J. Cowan, University of Guelph, Guelph, ON). 

The concentration of the ascospore suspension was adjusted to 5 x 104 spores in 100 μl 

using a haemocytometer. Ascospore suspensions were mechanically disrupted in three 

freeze–thaw cycles and DNA was extracted as described above. Samples were kept 

frozen at -20°C.  

An ascospore standard curve was established from 10-fold serial dilutions of 

DNA extract from 5 x 104 ascospore suspensions diluted five times to 0.5 ascospores. To 

fine tune the standard curve at low ascospore concentrations, an additional 2-fold dilution 

was made from the 5 ascospore dilution. DNA extracted from four separate ascospore 

suspensions was used to generate the ascospore standard curve and determine the 

minimum number of ascospores that could be detected using qPCR. To ensure that the 

internal control did not interfere with qPCR reaction, each concentration in three separate 

dilution series was spiked with 2 x 106 copies of the internal control plasmid. Regression 

analysis was used to establish the relationship between the Ct value and the logarithm of 

the number of ascospores. The PROC REG procedure of SAS (v. 9.2; SAS Institute, 

Cary, NC) was used to estimate the slope and intercept regression parameters. Primer 

efficiency was calculated according to the equation E = [10(-1/slope)] – 1 (Vaerman et al., 

2004). 

Quantitative PCR of air samples 

Purified DNA from air samples was tested by qPCR in technical triplications to 

quantify S. sclerotiorum ascospores against the standard curve generated through the 10-
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fold serial dilution of known concentrations of ascospores. The BPT quantifies 

ascospores using absolute ascospore counts, therefore, to compare the qPCR assay with 

the BPT, ascospore counts were expressed as the total number of ascospores per 

collection tube. Ascospore counts were expressed as ascospores per cubic meter of air 

(number of ascospores per collection tube x 1,000 l m-3)/(16.5 l min-1 x 60 min h-1 x 3 h) 

to examine the relationship between counts and subsequent disease. 

To confirm that S. sclerotiorum was specifically detected in air samples, the melt 

curve of each sample was verified and ten randomly chosen amplification reactions were 

purified and sequenced as described above. Forward and reverse sequences were 

assembled, then aligned with the S. sclerotiorum mt SSU rRNA intron (GenBank 

submission U07553) and positive controls generated by the Mit(i)_Ss F/R primer set on 

ascospores of S. sclerotiorum isolate DL and mycelia from isolate C14 using Geneious 

Pro software (v.5.4.3).  

Internal control 

The internal control was included as an internal reference with each air sample to 

identify any possible inhibitors during DNA extraction and amplification. Primers for the 

internal control, NTFT-F (5’-CGCTTCAGTGCTTCCACTTT-3`) and NTFT-R (5`-

TAGCAGCCGCTTTCATTTCT-3`), were tested for plasmid specificity against the 12 

fungal species listed in Table 2.1 and the 10 unknown fungi isolated from air samples 

using 10 pg of fungal DNA. The internal control was amplified and detected in a separate 

qPCR reaction than the air samples as previously described. The amplification conditions 

were 35 cycles at 95°C for 1 s and annealing for 30 s at 59°C, followed by heating to 

95°C, cooling to 65°C and incrementally heating to 95°C at a rate of 0.3°C per second to 
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generate a melt curve profile. Each qPCR reaction included the samples, a positive 

control of 2 x 106 copies of the plasmid extracted alone using the MoBio Power Soil 

DNA Isolation Kit and a no-template negative control. A variation of more than 2 Ct 

values from the positive control was used as criterion to reject an air sample. 

Evaluation of the qPCR assay 

Results from air samples were compared with the quantity of ascospores detected 

using the BPT (Figure 2.2). The BPT consists of exposing 90-mm diameter Petri plates 

containing SSM to passively intercept bioaerosol (Ben-Yephet and Bitton, 1985, 

Steadman et al., 1994). The plates were placed in the same carrot plot as the Burkard 

Sampler at 1 m above the soil surface on a covered stand located at approximately 45 

degrees facing the prevailing winds from 10:00 to 13:00. There were six replicate plates 

placed 2 to 5 m apart. Exposed plates were incubated in the dark at 21-23C° for 72 h, at 

which time colony-forming-units (CFU) of S. sclerotiorum ascospores were counted and 

marked. Each individual CFU was considered to represent a single germinated ascospore. 

CFU were indicated by the presence of yellow halos surrounding the developing 

colonies. Single colonies were regularly sub-cultured onto individual plates containing 

SSM to confirm the presence of S. sclerotiorum. The presence of sclerotia 10 to 12 days 

after exposure was also used to confirm the presence of S. sclerotiorum directly from the 

BPT and sub-cultured colonies. Other fungal species in bioaerosol able to germinate and 

produce acid resulting in the diagnostic yellow halos included Aspergillus spp., Botrytis 

spp. and Penicillium spp., potentially leading to false-positive identifications. After 

counting and confirming the CFU for each plate, the mean number of CFU was used to 

estimate the number of airborne ascospores for each sampling date. 
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Figure 2.2. The Blue Plate Test (BPT). (A) Spore traps were located in carrot fields in 
the Bradford Marsh, Ontario. (B) Petri plate containing Sclerotinia semi-selective 
medium (SSM) exposed to the air for three hours within the period 9:30 to 13:30. (C) 
Distinctive colony morphology of Sclerotinia sclerotiorum as seen from top of plate 
(indicated by arrow) developing from airborne ascospores on SSM three days following 
exposure to the air. (D) Yellow halos on SSM as a result of oxalic acid (OA) secreted by 
S. sclerotiorum, as seen from the back of the plate.  
 

 
Disease assessment 

The incidence of SRC was evaluated weekly throughout the air sampling period 

in a 1 m section of row in a carrot bed in each of the six assessment plots, each one 

containing a BPT. Plants within each assessment area were evaluated for percent SRC 

A B 

C D 
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indicated as the percentage of plants in the assessment area that had at least one diseased 

leaf or petiole, including tissues lodged in the furrow. A plant was considered infected by 

the presence of dense, white mycelium growing on plant tissue.  

Data analysis 

Correlation analyses were used to determine the relationship between the number 

of ascospores detected using the qPCR assay and the mean number of ascospores 

detected using BPT. Data were analysed, presented and discussed only for the period 

when both air sampling methods operated simultaneously. Statistical analyses were 

performed using the PROC CORR procedure of SAS (v.9.1) with a type I error of 0.05. 

Visual analysis was used to determine the relationship between the number of 

ascospores detected using the qPCR assay and disease incidence to estimate a preliminary 

disease risk threshold for the SRC forecast model. 

2.4 Results 

A qPCR assay using SYBR Green I fluorescent dye was developed for S. 

sclerotiorum that detects and quantifies ascospores from air samples. An amplicon of 121 

bp was generated by the S. sclerotiorum-specific primer set Mit(i)_Ss F/R on ascospores 

of isolate DL and mycelia from isolate C14. Sequences of amplified products generated 

by the Mit(i)_Ss F/R primer set aligned 100% with the S. sclerotiorum intron of the mt 

SSU rRNA (GenBank submission U07553) and the mitochondrial sequence of strain 

1980 that was completely sequenced by the Broad Institute (Harvard University, 

Cambridge, MA).  

A linear response was observed at a range of 5 x 104 to 0.5 ascospores of S. 

sclerotiorum, with Ct values ranging from 17.2 to 33.7 along the 10-fold ascospore 
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dilution series. The highly reproducible Ct values had low standard deviations (0 to 0.3 of 

a Ct value), with approximately 3.5 cycle differences in Ct values among each 10-fold 

dilution. Although DNA from each technical replication of 0.5 ascospores of S. 

sclerotiorum was not detected, at least one technical replication was detected in each 

reaction. At DNA equivalent to 2.5 ascospores and greater, all technical replications in 

each reaction were detected. The regression equation for the ascospore standard curve 

based on pooled data of the four replicate dilution series was y = -3.378 log (x) + 33.17, 

with an R2 of 0.99, P < 0.0001 and efficiency of 98% (Figure 2.3). The detection limit of 

the target amplicon was at a Ct value of 33.7 ± 0.2, n = 6), therefore, samples detected 

above a Ct value of 34 were assessed as negative. The internal control plasmid affected 

the Ct value near the limit of the linear range of the dilution series, at 0.5 ascospores, but 

quantities of five ascospores and greater along the dilution curve were not affected by the 

presence of the plasmid. 
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Figure 2.3. Quantitative polymerase chain reaction (qPCR) with SYBR Green and the 
primer set Mit(i)_Ss F/R for detection and quantification of Sclerotinia  sclerotiorum 
ascospores. (A) Fluorescence signal relative to the amount of template with fluorescence 
(ΔRn) plotted against cycle threshold (Ct) derived from a 10-fold ascospore dilution 
series of DNA extracted from 5 x 104 ascospores diluted to 0.5 ascospores. The lowest 
DNA concentration detected was at 0.5 ascospores at a Ct of 33.74 ± 0.21 using primers 
at a concentration of 300 nM. (B) Standard curve derived from pooled data of four 
biological replicate dilution series, each concentration tested in technical triplications, 
with the Ct value plotted against the log of the number of ascospores. All dilution series 
had amplification plots similar to A. Ct values were assessed at ΔRn of 0.2. 
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The Mit(i)_Ss F/R primer set detected 37 of 40 isolates of S. sclerotiorum, 

including detection of 29 of 30 isolates from the Bradford Marsh. The Ct values from the 

37 detected isolates at 10 pg of DNA ranged from 20 to 33, of which 26 of the 36 isolates 

were detected between Ct values of 20 to 23 (Table 2.1). The melt temperature of the 

amplified product from each positively identified isolate was within the range of the melt 

temperatures of the positive controls (e.g. 74.8 to 75.3°C). Specificity tests with 19 of 21 

of the fungi expected to be among the bioaerosol of the Bradford Marsh and other 

Ascomycota species produced no signals, but the primer set did detect S. minor and M. 

vaccinii-corymbosi (Table 2.1). Monilinia fructicola (Wint.) Honey was detected at Ct 

values > 36, above the Ct detection threshold of 34 for positive detection. The melt 

temperatures of the amplified product from S. minor and M. vaccinii-corymbosi differed 

by 0.9 to 1.5°C from the positive S. sclerotiorum controls. No amplification signals were 

detected in negative no-template controls.  

The NTFT F/R primer set for the internal control was specific for NTFT, and no 

amplification signals were detected in any of the reactions with the 22 fungi tested in this 

study (Figure 2.4). Among the 46 air samples, six were rejected because the internal 

control was either not detected (five dates) or the Ct value varied > 2 Ct values relative to 

the positive control of the plasmid extracted alone (one date; Table 2.2). NTFT was not 

detected for September 15, 2009, and the Ct value for October 8, 2009 differed by more 

than 2 Ct values from the positive control, however, these samples were accepted because 

despite possible inhibition, ascospore detection was strong for both of these dates, Ct 

values were below the preliminary, estimated disease risk threshold of 30.6 (described 

below). No amplification signals were detected in negative no-template controls. 
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Figure 2.4. Fluorescence signal relative to the amount of template with fluorescence 
(ΔRn) plotted against cycle threshold (Ct) derived from the quantitative polymerase chain 
reaction (qPCR) with SYBR Green and the primer set NTFT F/R for specific detection of 
the internal control targeting the Nicotiana tabacum fucosyltransferase (NTFT) gene 
inserted into the cloning vector pCR 2.1-TOPO and against 10 pg of DNA from 22 other 
fungal species potentially among the bioaerosol and other Ascomycota (unamplified 
template). Each fungal species was tested in two separate reactions using technical 
duplications in each reaction. 

 

Ascospores of S. sclerotiorum were specifically detected in air samples using the 

Mit(i)_Ss F/R primer set. Of the total 40 accepted air samples, the number of ascospores 

from 27 samples were detected within the linear range of the regression equation 

generated by the ascospore standard curve and ranged from 1 to 48. On one date 

(September 24, 2008) during the three year sampling period, 178 ascospores were 

detected. Ascospores were detected below the linear range of detection in eleven 

accepted air samples and ascospores were not detected in two air samples (Table 2.2). 

The standard deviation of three technical replications was < 1 for samples within the 

linear range of the ascospore standard curve, except for six dates, when the standard 

deviation ranged from 1.12 to 1.51. Outside of the linear range (Ct value greater than 34), 

Other fungi 

NTFT plasmid  
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standard deviations increased, ranging from 0.1 to 2.7 (Table 2.2). The melt temperature 

of each positively-identified isolate was within the range of the technical replications of 

the positive controls (Figure 2.5). An amplicon of 121 bp was generated by Mit(i)_Ss F/R 

on ten air samples that were selected for sequencing to confirm identity. Sequences of 

amplified products aligned 100% with sequences generated by the Mit(i)_Ss F/R primer 

set on ascospores of isolate DL, mycelia from isolate C14, S. sclerotiorum intron of the 

mt SSU rRNA (GenBank submission U07553), and the complete mitochondrial sequence 

of strain 1980 (Figure A.1). 
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Table 2.2. Assays of air samples for Sclerotinia sclerotiorum using a SYBR quantitative 
polymerase chain reaction (qPCR) assay and the blue plate test (BPT) in relation to 
incidence of Sclerotinia rot of carrot (SRC) at the University of Guelph-Muck Crops 
Research Station (MCRS), Bradford Marsh, Ontario in 2008, 2009 and 2011. 

Air sample 
date 

S. sclerotiorum 
ascospore mean Cta 

SDb Number of 
ascosporesc 

BPTd Incidence 
SRC (%)e 

2008      

Aug 26 30.8 0.2 5 0 1 
Aug 29 34.6f 2.2 < 1 1 -g 
Sep 2 30.8 1.2 5 1 0 
Sep 5 N/Af,h … 0 0 - 
Sep 10 32.2 0.8 2 < 1 0 
Sep 12 31.9 1.5 2 4 - 
Sep 16 28.6 0.1 23 < 1 0 
Sep 19 28.8 0.3 20 < 1 0 
Sep 23 28.6 0.1 22 < 1 - 
Sep 24 25.6 0.1 178 2 0 
Oct 1 32.2 1.0 2 < 1 - 
Oct 3 35.2f 1.3 < 1 < 1 0 
Oct 8 31.2 1.1 4 < 1 - 

2009 
     

Jul 30 28.3 0.2 29 7 0 
Aug 5 28.2 0.3 30 8 0 
Aug 7 33.1 0.3 1 22 1 
Aug 13 34.9 0.3 < 1 5 11 
Aug 17 28.6 0.3 23 14 12 
Aug 20 27.5 0.2 48 8 12 
Aug 25 28.5 0.2 25 0 - 
Aug 27 28.2 0.2 30 6 8 
Sep 1 28.5 0.1 24 < 1 - 
Sep 4 32.7i 0.8 < 1 1 6 
Sep 8 36.2 1.9 < 1 < 1 - 
Sep 11 34.7 1.6 < 1 0 5 
Sep 15 30.0f 1.5 9 0 - 
Sep 18 N/Af … 0.0 0 2   
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Air sample 
date 

S. sclerotiorum 
ascospore mean Ct 

SD Number of 
ascospores 

BPT Incidence 
SRC (%) 

Sep 22 28.0 0.2 35 0 - 
Sep 25 36.6f 0.1 < 1 0 11 
Oct 8 30.6i 0.2 6 0 9 

2011 
     

Jul 20 30.5 0.2 6 0 0 
Jul 27 32.8 0.6 1 0 0 
Aug 2 37.3j 2.7 < 1 0 0 
Aug 9 33.7j 1.2 < 1 0 0 
Aug 11 33.9j 1.2 < 1 0 - 
Aug 15 N/A … 0.0 < 1 0 
Aug 18 N/A … 0.0 0 - 
Aug 23 33.0j 0.8 1 0 1 
Aug 26 34.4j 1.7 < 1 0 - 
Aug 30 30.6 0.6 6 0 1 
Sep 2 36.3j 1.2 < 1 0 - 
Sep 6 35.2j 2.3 < 1 0 14 
Sep 9 34.8 1.0 < 1 3 - 
Sep 13 31.2 0.2 4 0 14 
Sep 16 35.9j 2.4 < 1 0 - 
Sep 20 34.6 0.8 < 1 0 14 

a  Mean cycle threshold (Ct) of three technical replications. 
b  SD = standard deviation. 
c  Total number of ascospores detected in the air sampling collection tube. 
d The BPT, n = 6. 
e  SRC = Sclerotinia rot of carrot. 
f Internal control was not detected. The air sample from September 15, 2009 was accepted 

because the pathogen was detected above the threshold in this sample. 
g Data not available. 
h  N/A = no amplification. 
i Internal control differed by > 2 Ct values relative to the positive control. The air sample from 

October 8, 2009 was accepted because the pathogen was detected above the threshold in this 
sample. 

j Only two Ct values were included in this air sample, there was no amplification in the third 
replication.   
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Figure 2.5. Melt curve analysis with the derivative of fluorescence reporter plotted as a 
function of temperature generated during a SYBR quantitative polymerase chain reaction 
(qPCR) using Mit(i)_Ss F/R primer set for the specific detection of Sclerotinia 
sclerotiorum ascospores from air samples (amplified product 74.8C°). 
 

A Burkard Multi-Vial Cyclone Sampler coupled with the qPCR assay detected 

ascospores on each date that they were also detected using the BPT, except for 15 August 

2011. However, an average of less than one ascospore was detected using the BPT on this 

date with five blue plates not detecting any ascospores, and one plate detecting two 

ascospores. A Burkard Sampler coupled with the qPCR assay detected ascospores on 

twelve sampling dates when the Ct value was < 34, the limit of the linear range of 

ascospore detection, when the BPT failed to detect any ascospores (Table 2.2). Of these 

twelve sampling dates, four and two dates in 2009 and 2011, respectively, had Ct values 

below the estimated disease risk threshold of 30.6 (described below). Correlation values 

between the number of ascospores detected using the qPCR assay and the BPT were 

insignificant for the three sampling years. 

Positive S. sclerotiorum controls 

Detection from air samples 
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In 2008, ascospores were first detected using a Burkard Sampler coupled with the 

qPCR assay on the first air sampling date in late August to early September (26 August 

and 2 September), and steadily increased throughout September, until a peak of 178 

ascospores was detected on 24 September. Although ascospores were detected in 2008, 

disease incidence was 0% for the majority of the cropping season, with a temporary peak 

at 2% in mid-September, one week following the initial detection of ascospores. The low 

observed disease incidence in 2008 did not permit the determination of a relationship 

between ascospore counts and disease (Figure 2.6 and Table 2.2).  

In 2009, ascospores were detected using a Burkard Sampler coupled with the 

qPCR assay on the first sampling date of 30 July, followed by the first observation of 

disease one week later and peaked at 12% two weeks following the first detection of 

ascospores. The qPCR assay detected a second peak in ascospores on 15 September, 

followed ten days later by a second peak of SRC at 11% (Figure 2.6 and Table 2.2).   

In 2011, ascospores were detected using a Burkard Sampler coupled with the 

qPCR assay on the first sampling date of 20 July. Following this date, the number of 

detected ascospores did not surpass one until 30 August. Disease incidence remained 

approximately 0% in July and August until 6 September when SRC was first observed at 

2%, one week following the detection of ascospores on 30 August. On 13 September, 

disease incidence increased to 14% and remained at this level for the remainder of the air 

sampling period (Figure 2.6 and Table 2.2). In general, in the two years that SRC 

developed, disease was initially observed seven to ten days following a peak in ascospore 

detection (Figure 2.6). 
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Figure 2.6. Relationship between the number of ascospores of Sclerotinia sclerotiorum 
collected over a three hour period using a Burkard Multi-Vial Cyclone Sampler and 
detected using a SYBR quantitative polymerase chain reaction (qPCR) assay (columns) 
and incidence of Sclerotinia rot of carrot (SRC;        ). Horizontal lines represent the 
preliminary ascospore threshold range of 6 to 12 ascospores for the SRC forecast model. 
Arrows indicate canopy closure.  
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Based on a visual analysis of the relationships between ascospore counts using the 

qPCR assay, results from the BPT and disease incidence, a preliminary threshold for SRC 

was proposed at 2 to 4 ascospores m-3 of air, which in this current study corresponded to 

a Ct value from 29.5 to 30.6 and 6 to 12 ascospores per collection tube (Figure 2.6). 

When ascospores were detected at this level, disease was observed 10 to 35 days later, 

with the longer periods between detection and observation of disease occurring in 

August. At this estimated threshold, sixteen air samples, (4, 10 and 2 in 2008, 2009 and 

2011, respectively) indicated ascospores in quantities at potential disease risk levels.  

2.5 Discussion 

This study developed a qPCR assay to rapidly and specifically identify airborne 

ascospores of S. sclerotiorum against a background of bioaerosol collected using a 

Burkard Multi-Vial Cyclone Sampler. The assay showed that DNA from S. sclerotiorum 

ascospores could be efficiently extracted directly from air sample collection tubes using a 

commercial DNA extraction kit. Sensitivity was high, detecting DNA from the equivalent 

of less than one ascospore. The qPCR assay detected 93% of S. sclerotiorum isolates 

tested in this study. It was shown to be generally specific when tested against selected 

closely-related species of Ascomycota and a range of other fungi expected to be among 

the bioaerosol of the Bradford Marsh. Although the assay detected M. vaccinii-corymbosi 

and S. minor, the latter species is not known to produce spores and only reproduces by 

myceliogenic germination of sclerotia (Hao et al., 2003, Patterson and Grogan, 1985) 

and, therefore, is not expected to be airborne. M. vaccinii-corymbosi is a pathogen of 

blueberry (Ramsdell et al., 1975), a crop which has specific and narrow optimal 

production requirements (OMAFRA, 2011a), therefore, blueberry is generally not 
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expected to be found in commercial crops susceptible to S. sclerotiorum. Furthermore, 

sequencing of air samples confirmed that S. sclerotiorum was specifically detected. 

Differences in melt curve temperatures between S. minor and M. vaccinii-corymbosi, and 

S. sclerotiorum could also indicate false positive identifications. The BPT is the current 

detection method of the SRC forecast model, which requires three days to confirm the 

presence of S. sclerotiorum. The described qPCR assay can potentially provide a 

diagnosis within five hours of air sampling, further improving the efficacy of the current 

SRC forecast model.  

A repeatable and reliable assay based on qPCR to detect DNA from a specific 

microorganism amongst a pool of DNA depends on the quality of the primer set as this 

influences the specificity, efficiency and accuracy of the assay, and compatibility with 

MIQE guidelines (Bustin et al., 2009, Reiter and Pfaffl, 2011). This study initially 

intended to detect and quantify S. sclerotiorum ascospores in air samples using the primer 

set reported by Rogers et al. (2009) that targets the group-I intron and ORF of the mt SSU 

rRNA, however, this primer set and a subsequent primer sequence provided by one of the 

authors (J. West, personal communication) performed inconsistently. Therefore, to detect 

airborne ascospores of S. sclerotiorum, several primer sets, targeting the same genetic 

region, were evaluated. The primer set Mit(i)_Ss F/R was selected because it consistently 

detected low quantities of DNA with minimal variation among dilution series and qPCR 

reactions. Primer sets reported in numerous studies using qPCR to detect fungi target the 

ITS of the rDNA cluster (Bilodeau et al., 2012, Blanco-Meneses and Ristaino, 2011, 

Crouch and Szabo, 2011, Kaczmarek et al., 2009, Montes-Borrego et al., 2011, 

Schweigkofler et al., 2004, Ward et al., 2005). The ITS are group I introns that separate 
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the three nuclear ribosomal RNA subunit genes 5.8s, 18s and 28s that are of particular 

importance in fungal phylogeny and diagnostics as they contain highly variable and 

conserved regions (Sogin and Edman, 1989, White et al., 1990). The rDNA cluster, 

including the ITS, is also present in high copy number, a characteristic important to 

enhance primer sensitivity and the limit of detection (Bilodeau et al., 2012). For specific 

detection of S. sclerotiorum, it was not possible to design a primer set targeting the ITS 

region as there are few variable base pairs between S. sclerotiorum and other closely 

related fungi prevalent in bioaerosol, particularly B. cinerea.  

The Mit(i)_Ss F/R primer set detected 93% of S. sclerotiorum isolates from 

diverse hosts and geographic areas, but detected almost all of the isolates from a single 

region, the Bradford Marsh. This primer pair failed to detect one of thirty isolates 

originating from bean, carrot and lettuce collected in the Bradford Marsh. The target 

sequence of the primer set is a mitochondrial group one intron of the mitochondrial SSU 

rDNA. The presence of nuclear and mitochondrial group one introns are not conserved 

among isolates in a species, and their absence from isolates within a population has been 

reported for M. fructicola (Côté et al., 2004) and S. sclerotiorum (Kohn et al., 1991), 

respectively. It is possible that S. sclerotiorum ascospores lacking the intron were present 

in air samples, however, the low prevalence of isolates lacking the intron shouldn’t 

significantly affect ascospore numbers detected in air samples. 

Accurate determination of the quantity of DNA from unknown samples depends 

entirely on the accuracy of the dilution series, with a tendency for greater variation 

among Ct values at low DNA copy numbers (less than 100 copies) (Vaerman et al., 

2004). In this study, high primer amplification efficiency allowed for sensitive detection, 
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and DNA equivalent to 0.5 ascospores was detected with low standard deviation in Ct 

values (33.7 ± 0.2) among reactions. The preliminary disease risk threshold estimated in 

the study is from 6 to 12 ascospores per sampling tube, standardised to 2 to 4 ascospores 

m-3 air, which is above the lower limit of the linear range of detection of 0.5 ascospores 

and within a range of ascospore numbers consistently detected by the qPCR assay among 

technical replications within and among reactions, thereby, avoiding false negative 

results.  

Airborne soil particles containing DNA inhibitors can also be deposited into 

collection tubes with the bioaerosol, as was observed in some collection tubes throughout 

the study. Internal controls are essential to include when using DNA-based technology to 

analyse environmental or in planta samples to prevent false negative results from the 

potential inhibition of DNA extraction and/or amplification despite the presence of the 

targeted organism (Bilodeau et al., 2012, Bustin et al., 2009). Increasingly, studies using 

qPCR to detect and quantify microorganisms amongst a background pool of variable 

DNA include an internal control in the assay, whose validation is equally as robust as the 

qPCR assay. While specificity to the internal control is mandatory, a high level of 

sensitivity is not required as the concentration of the internal control is controlled and can 

be optimised for the assay. Exogenous plasmids containing a target gene from an 

organism unlikely to be present in a sample were used in assays quantifying Botrytis 

squamosa Walker from air samples (Carisse et al., 2009), Verticillium dahlia Kleb. in soil 

(Bilodeau et al., 2012) and the pathogens responsible for Fusarium crown rot from plant 

debris (Hogg et al., 2010). The fucosyltransferase gene from N. tabacum was chosen as 

the target for the internal control because tobacco DNA is not expected to be among the 
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bioaerosol due to the adhesive nature of pollen to the stigma and absence of crops in the 

air sampling region (Dabholkar, 2006). 

Overall during the three years of air sampling, the Burkhard Multi-Vial Cyclone 

Sampler coupled with the qPCR assay detected ascospores as consistently as the BPT. 

Although correlations between the two assays were not significant, each method would 

have correctly predicted disease in 2 of the 3 air sampling years.  

In 2008 from mid- to late-September, there were four sampling dates when the 

estimated disease risk threshold was surpassed using the qPCR assay, while the BPT 

nearly reached the threshold on a single air sampling date. While ascospores were 

detected using the qPCR assay in 2008, disease incidence was relatively low throughout 

the growing season, remaining at 0% for the majority of the season. Rainfall and air 

temperatures during the peak months for disease development, August and September, 

were comparable to the 10-year average, suggesting that disease could have developed in 

2008. The ascospore counts from mid- to late-September using the qPCR assay may have 

incorrectly signaled disease risk requiring action when disease risk was low, while the 

low ascospore counts from the BPT accurately reflected the low disease incidence 

observed throughout the 2008 season. The potential false positive result may have been 

due to high severity of carrot leaf blight in the air sampling plot, resulting in an open 

canopy and conditions unsuitable for disease.  

In 2009, the qPCR assay and BPT each reached their respective disease risk 

threshold on seven air sampling dates from the end of July to mid-September. SRC was 

first observed approximately two weeks following the first detection of ascospores using 

both methods. The qPCR assay detected another peak of ascospores from mid-September 
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to early-October, reaching the estimated qPCR threshold on three air sampling dates, 

while the BPT did not detect a single ascospore during this period. A secondary peak in 

SRC followed in late-September. In July and August, ascospore counts from the qPCR 

assay and the BPT reflected the observed disease that followed, whereas it is not possible 

to determine if the secondary increase in SRC was a result of the secondary peak in 

ascospores or resurgence from the primary infection.   

In 2011, ascospores counts determined using the qPCR assay reached the 

estimated disease risk threshold on two air sampling dates, while the threshold was not 

reached using the BPT. Ascospores were first detected early in the season on 20 July, 

followed by first observation of SRC approximately five weeks later, consistent with 

previous observations of SRC (Kora et al., 2005a) and Sclerotinia rot of sunflower 

(McCartney and Lacey, 1992). Disease incidence remained high for the remainder of the 

growing season. In 2011, ascospore counts determined by the qPCR assay were more 

consistent with observed disease than counts using the BPT, therefore, the qPCR would 

have predicted disease risk more accurately than the BPT in this year. 

This study was conducted using a single air sampling device, whereas, results 

from the BPT were obtained from a mean of six plates. On several sampling dates when 

the disease risk threshold was reached using the BPT, ascospore counts on the six plates 

varied from below to above the five ascospore threshold, and conversely, on sampling 

dates when the threshold was not reached, counts on some individual plates surpassed the 

threshold. Increasing the number of air samplers could improve the accuracy and 

confidence of the qPCR assay. Alternatively, analysing air samples preceding regularly-

scheduled sampling simultaneously with those from regularly-scheduled dates would 



77 
 

provide more decision-making data, with minimal extra labour. Knowing trends of 

ascospore counts preceding the count from the scheduled air sampling date can better 

guide decision makers in forecasting disease risk.  

For diseases where the concentration of inoculum is associated with subsequent 

disease development, precise quantification of pathogen inoculum is not always 

necessary to accurately assess disease risk, rather knowing if inoculum levels are above 

or below a certain threshold can be sufficient (Carisse et al., 2009). Threshold-based 

decision making has been validated for SRC using the BPT, which resulted in reduced 

fungicide applications and equivalent management of SRC compared to a calendar-based 

spray program (Foster et al., 2011). Avoiding fungicide application below the BPT 

threshold did not result in increased incidence of SRC. In this current study, SRC was 

observed after ascospore counts reached 2 to 4 ascospores m-3 air using the Burkard 

Multi-Vial Cyclone Sampler coupled with the qPCR assay. This is consistent with a study 

conducted in England by Rogers et al. (2009). Over two growing seasons when ascospore 

concentrations remained below 1 ascospore m-3 air for the majority of the air sampling 

periods, levels of Sclerotinia stem rot of canola remained low (0.1%). In 2007, the third 

air sampling season, a Sclerotinia stem rot of canola epidemic (5.5%) occurred (Gladders 

et al., 2008), which was associated with concentrations of airborne ascospores of S. 

sclerotiorum fluctuating from 2 to 12 ascospores m-3 air, of which 15 of 29 air sampling 

dates concentrations were greater than 4 ascospores m-3 air (Rogers et al., 2009). No 

precise threshold was suggested in the study.  

It is important to know the reliability of an inoculum-based forecasting model to 

avoid falsely advising growers, particularly if disease risk is high but inoculum levels 
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indicate a low disease risk resulting in a missed fungicide application when needed to 

avoid potential yield losses. The qPCR assay developed in this study has the potential to 

be a rapid and reliable method to detect airborne ascospores of S. sclerotiorum and 

indicate the subsequent risk of SRC developing. While there are numerous studies 

describing qPCR to detect and quantify microorganisms from environmental samples 

(Bilodeau et al., 2012, Blanco-Meneses and Ristaino, 2011, Ha et al., 2012, Lievens et 

al., 2006, Montes-Borrego et al., 2011), only a few studies relate the quantity of inoculum 

detected using qPCR with subsequent disease to determine a disease risk threshold 

(Bithell et al., 2012, Carisse et al., 2009). The results from this assay indicate that 

ascospore counts determined using the qPCR assay are related to subsequent disease. A 

disease risk threshold was estimated in this study, however, it is difficult to suggest a 

definitive ascospore count-disease relationship based on 3 years of air sampling at a 

single site. Further validation of the relationship between ascospore counts and disease, 

and the threshold are necessary before confident integration of this qPCR assay into the 

SRC forecast model.  
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3 CHAPTER 3 

EVALUATION OF AIR SAMPLING METHODS TO DETECT ASCOSPORES 

OF SCLEROTINIA SCLEROTIORUM AND REGIONAL FORECASTING FOR 

SCLEROTINIA ROT OF CARROT 

3.1 Abstract 

Air sampling methods to detect airborne ascospores of Sclerotinia sclerotiorum 

were evaluated to determine the most effective method to incorporate into the sclerotinia 

rot of carrot (SRC) forecast model. The blue plate test (BPT) and a Burkard Sampler 

coupled with a quantitative polymerase chain reaction (qPCR) assay were equally 

effective in detecting and quantifying ascospores of S. sclerotiorum and consistently 

detected greater numbers of ascospores than an Andersen Sampler. Three days were 

required for diagnosis using the BPT, while results from a Burkard Sampler coupled with 

a qPCR assay could potentially provide results within five hours of air sampling. 

Resources, costs and benefits of each method were compared, and the best decision 

depended on the available resources and need for a rapid result. To improve the 

efficiency of the SRC forecast model, data from nine years of air sampling using the BPT 

were analysed to determine if a single air sampling site could represent the quantity of 

ascospores of S. sclerotiorum on a regional level. Correlation analyses showed that trends 

in ascospore counts among the sites using the BPT varied among the nine years. In six of 

the years, ascospore counts followed similar trends in 20 to 100% of the possible 

combinations among air sampling sites, while in three years, ascospore counts did not 

correlate among any of the sites. Analysing air sampling dates of first ascospore detection 

and the number of days that ascospores were detected at threshold levels on the same day 
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and during the same period among sites, indicates that one air sampling site is sufficient 

to detect ascospores when counts are low, increasing to two sites during periods when 

ascospores are detected near threshold levels and cropping and environmental conditions 

are conducive to disease. 

3.2 Introduction 

Sclerotinia sclerotiorum is a ubiquitous pathogen found in temperate regions 

world-wide. The pathogen is able to infect over 400 plant species and causes yield losses 

from 0-100% in a broad range of agriculturally-important crops (Boland and Hall, 1994, 

McDonald and Boland, 2004). SRC, caused by S. sclerotiorum, is an economically 

important disease of carrot, epidemics are sporadic, but infection can be severe, 

particularly in postharvest storage (Fraser and Chaput, 1998, Kora et al., 2003). The 

disease is bicyclic with foliar infection occurring in the field and root infection in storage. 

Foliar and postharvest root infections are characterised by the growth of white, cottony 

mycelium embedded with black sclerotia (Kora et al., 2003). Primary infection in the 

field begins on lodged, senesced leaves in the furrow between rows of carrot and 

advances down the petiole to infect the crown (Kora et al., 2005a). Field-infected crowns 

are the primary source of inoculum for stored carrots.  

The pathogen overwinters in the soil or on crop debris as sclerotia, which under 

suitable conditions germinate carpogenically to produce apothecia from which ascospores 

are released (Abawi and Grogan, 1979, Mila and Yang, 2008, Wu and Subbarao, 2008). 

Airborne ascospores are the primary source of inoculum initiating the majority of 

epidemics caused by S. sclerotiorum (Boland and Hall, 1987, 1988b, Wegulo et al., 

2000), and the concentration of airborne ascospores has been associated with epidemics 
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of SRC (Foster et al., 2011). Ascospores require an exogenous nutrient source to 

germinate and initiate infection, such as the lodged, senesced leaves of carrot plants 

found along a furrow (Kora et al., 2005a). Consequently, carrots are particularly 

susceptible to SRC after the canopy has closed and leaves have begun to lodge and 

senesce on the soil surface (Kora et al., 2003). Management practices against SRC 

include fungicides (Ma et al., 2009, Vieira et al., 2010) and modifying the plant canopy 

through foliar trimming (Kora et al., 2005b, McDonald et al., 2008). Ascospore release 

coincides with canopy closure (Foster et al., 2011), which provides favourable conditions 

for sclerotial germination and ascospore infection. Maintaining an open canopy interferes 

in these processes, thereby, reducing infection.  

SRC epidemics occur sporadically due to the requirement for humid conditions 

and fluctuations in weather (Gladders et al., 2008, Mila and Yang, 2008). The SRC 

forecast model is essential to limit fungicide application when disease risk is low and 

optimise the timing of management practices as disease risk increases. The SRC forecast 

model predicts the risk of disease developing by using crop and soil variables to predict 

inoculum or the detection of airborne ascospores directly using the BPT (Foster et al., 

2011, Kora et al., 2005a), which relies on passive deposition of bioaerosol onto exposed 

plates containing SSM (Ben-Yephet and Bitton, 1985, Steadman et al., 1994). The BPT 

detects S. sclerotiorum based on yellow halos that form around developing colonies as a 

result of oxalic acid secreted by the pathogen, which changes the pH indicator in the SSM 

from blue to yellow. Colonies of S. sclerotiorum are often confirmed by the development 

of sclerotia. 
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Several air sampling devices are available to actively collect bioaerosol, which 

can be used as an alternative to exposing selective medium to passively intercept airborne 

microorganisms for identification and quantification. Andersen Samplers use a vacuum to 

draw air into the sampler passing it through a perforated disc and depositing bioaerosol 

onto media contained in Petri plates placed immediately underneath the disk (Andersen, 

1958). Andersen Samplers can consist of up to six stacked discs, known as stages, to 

separate air particles based on size, with larger particles deposited on the upper stages 

and the smallest particles, such as bacteria, on the lowest stage. Burkard Samplers use a 

vacuum pump to deposit bioaerosol onto wax-coated tape or into Eppendorf tubes (Frenz, 

1999, Hirst, 1952, Williams et al., 2001). Depositing bioaerosol directly into tubes 

improves compatibility with DNA-based detection methods because DNA can be 

extracted directly from collection tubes, eliminating any transfer steps (Williams et al., 

2001). Burkard Samplers have high collection efficiencies, particularly for small particles 

< 10 μm (Frenz, 1999), making this sampler appropriate for collecting ascospores of S. 

sclerotiorum which range in dimension from 8-16 by 5-8 μm (Keay, 1939).  

PCR-based methods to detect and quantify microorganisms from air and soil 

samples have been extensively studied (reviewed by West et al., 2008) and continue to 

appear in recent scientific publications (Bilodeau et al., 2012, Bithell et al., 2012, Ito et 

al., 2012). Chapter two of this thesis developed and validated a qPCR assay to detect and 

quantify ascospores of S. sclerotiorum from air samples collected using a Burkard 

Sampler. 

An IPM program in the Bradford Marsh advises growers on the risk of 

development of several diseases and insect pest outbreaks using forecast models based on 
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direct detection of a target pest or on weather and field data, such as soil temperature or 

soil moisture, to predict the presence of a target pest. Ascospores of S. sclerotiorum are 

currently monitored at three sites in the marsh using the BPT. Limitations of the BPT 

include a 3 day delay from air sampling to a diagnosis and inaccurate readings after a rain 

event (Foster et al., 2011, Steadman et al., 1994). This study was conducted to test the 

hypothesis that sampling for ascospores at a single site with an effective detection and 

quantification method can predict regional risk of SRC developing. The objectives of this 

study were: to i) evaluate air sampling methods to determine the most effective method to 

incorporate into the SRC forecast model, and ii) determine if a single air sampling site 

can predict the regional risk of SRC. 

3.3 Materials and methods 

Experimental sites 

Experimental sites were located in the Bradford Marsh, Ontario, which is 

characterised by organic (muck) soil (50-75% organic matter, pH 5.5-6.5), naturally 

infested with S. sclerotiorum and having a history of SRC. Data were collected in 2008, 

2009 and 2011 at the MCRS (MCRS 1; 44°15’N, 79°35’W), a central area of the 

Bradford Marsh, and two commercial carrot fields, commercial 1 and commercial 2 

representing the west and east regions of the marsh, respectively (Appendix C). The 

prevailing winds in this region are from the west. In 2009 and 2011, an additional site of 

the MCRS (MCRS 2), located approximately 1 km from the main experimental site, was 

included for air sampling. 

Carrot, cvs. Achieve, Cellobunch or Envy, were direct-seeded in late-May at the 

experimental sites at 80 seeds m-1 of row using a precision seeder on raised beds spaced 
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86 cm apart centre-to-centre having a 40-cm wide growing area containing three rows of 

carrot. The plots were maintained following Ontario standard management practices 

(OMAFRA, 2011b). Carrots were sprayed with mancozeb (Dithane DG; Dow Sciences, 

Calgary, AB) to manage leaf blight caused by A. dauci and C. carotae. Fungicides that 

are active against S. sclerotiorum were not applied. Pre-emergence (Gesegard at 6 l ha-1; 

Novartis Crop Protection Canada Inc, Guelph, ON) or post-emergence (Lorax at 500 ml 

ha-1; Dupont Canada Inc., Mississauga, ON) broad-leaf herbicides were used in 

combination with hand weeding for weed control.  

Commercial sites were direct-seeded by the growers in late May with the cultivars 

Cellobunch or Fontana using a precision seeder at 45 to 48 seeds m-1 of row on raised 

beds 72 cm apart centre-to-centre. There were three rows of carrot in each bed. Sites were 

maintained by the growers following Ontario standard management practices (OMAFRA, 

2011b). 

Air sampling 

Airborne concentrations of S. sclerotiorum ascospores were measured within the 

carrot sites using three air sampling methods: i) the BPT, ii) an Andersen N6 Single Stage 

Sampler (Andersen Instruments Inc., Smyrna, GA), and iii) a Burkard Multi-Vial 

Cyclone Sampler. For all sampling methods, ascospore collection began at 75% canopy 

closure.  

Air sampling procedures for the BPT are as described in Section 2.3. There were 

six plates per site at each of the four air sampling sites. After counting and confirming the 

CFU for each plate, the mean number of CFU for each site was used as an estimate of the 

number of airborne ascospores for each sampling date.  
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An Andersen Sampler was positioned 1 m above the soil surface on a tripod in a 

carrot field. A vacuum pump operated by a 12 volt marine battery was used to actively 

deposit bioaerosol onto plates containing SSM placed inside the sampler (Figure 3.1). 

Three plates were each exposed for 10 min at one sampling location per site at the MCRS 

1 and the two commercial sites. Colonies arising from ascospores of S. sclerotiorum were 

identified as described above. The total number of ascospores collected on three plates 

per site, representing 30 min total sampling time, was used to estimate the number of 

airborne ascospores for each sampling date.   

Air sampling procedures for a Burkard Multi-Vial Cyclone Sampler coupled with 

qPCR to detect and quantify ascospores are as described in Section 2.3. 

 

 

    

Figure 3.1. Anderson N-6 Single Stage Sampler. (A) Air is drawn through an opening on 
the top of the air sampler and is deposited onto a Petri plate containing Sclerotinia semi-
selective medium (SSM) placed inside the chamber (indicated by the arrow). (B) Fungal 
colonies developing on site of impact on SSM after passing through a perforated disc 
inside an Andersen Sampler.   

A B 
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Disease assessments 

Plants at the commercial and experimental sites were evaluated for incidence of 

SRC as the percentage of plants in the 1 m-long-section of the carrot bed that was the 

assessment area, that had at least one diseased leaf or petiole, including tissues lodged on 

the furrow. There were six replicate assessment areas per site, and each contained a blue 

plate. Mean disease incidence was used to analyse the relationship between ascospore 

count and SRC at each site. Disease was assessed weekly from the initial BPT exposure 

until harvest.  

Data analysis 

To evaluate air sampling methods, mean ascospore counts were compared among 

the sampling methods and sites to analyse consistency among sites in periods of no 

detection, date of first detection, and dates and periods that the BPT ascospore threshold 

was reached to determine which method was most sensitive and consistent, and best 

related to the development of subsequent disease. 

To determine if a single air sampling site could be used to predict regional risk of 

SRC, correlation analyses were used to determine the relationship between the BPT and 

the quantity of detected ascospores among the sites using data obtained from this study, 

from the theses of Kora (2003) and Foster (2006), and from the MCRS IPM program. 

Kora (2003) and the MCRS IPM program quantified the concentration of airborne 

ascospores of S. sclerotiorum in 1999 and 2000, and 2006 and 2007, respectively, using 

the BPT at MCRS-1 and a single commercial site (Tables D.1 and D.2). Foster (2006) 

obtained ascospore count data using the BPT from the MCRS-1 and five commercial 

sites in 2004 and 2005 (Table D.3). Disease was assessed by Kora (2003) and Foster 
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(2006) as described above. Disease was not assessed by the MCRS IPM program. A 

Burkard Sampler was evaluated at a single site, therefore, correlation analyses among 

sites could not be conducted for this method. 

Correlation analyses can reveal if trends in ascospore counts among the sites are 

similar, but do not reveal if the absolute quantity of detected ascospores is equal or at 

threshold levels among the sites. Knowing the quantity of ascospores is important for 

predicting Sclerotinia diseases because the risk of disease is related to the concentration 

of airborne ascospores, not just the presence/absence of inoculum. Analyses of variance 

were performed on the cumulative number of ascospores detected at each site for the BPT 

and means were separated using Tukey’s adjustment for 2006 to 2009 and 2011, years for 

which replicate ascospore counts were available. Only mean ascospore count data were 

available for 1999, 2000, 2004 and 2005, therefore, only cumulative mean ascospore 

counts are presented and these were not subjected to variance analysis. There was a 

single replicate air sample count for each air sampling date using an Andersen or a 

Burkard Sampler, therefore, analysis of variance could not be conducted for these 

sampling methods. Statistical analyses were performed using the PROC CORR and 

PROC MIXED procedures of SAS (v.9.1) with a type I error of 0.05. 

The sites and years where air sampling methods were used and incidence of SRC 

was assessed are summarised in Table 3.1, along with the representative authors. 
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Table 3.1. Years and sites where air sampling methods for detecting ascospores of 
Sclerotinia sclerotiorum were used and incidence of Sclerotinia rot of carrot (SRC) was 
assessed (represented authors are listed). 

 BPTa N-6b Burkard 
Sampler 

Disease 
assessment 

1999 and 2000     
MCRS 1c Korad -e - Kora 
Commercial 1f Kora - - Kora 

2004 and 2005     
MCRS 1 Fosterg - - Foster 
Commercial 1 Foster - - Foster 
Commercial 2 Foster - - Foster 
Commercial 3 Foster - - Foster 
Commercial 4 Foster - - Foster 
Commercial 5 Foster - - Foster 

2006 and 2007     
MCRS 1 MCRSh - - - 
Commercial 1 MCRS - - - 

2008     
MCRS 1 Parkeri Parker  Parker  Parker  
Commercial 1 Parker  Parker  - Parker  
Commercial 2 Parker  Parker  - Parker  

2009 and 2011     
MCRS 1 Parker Parker Parker Parker 
MCRS 2 Parker - - Parker 
Commercial 1 Parker Parker - Parker 
Commercial 2 Parker Parker - Parker 

a BPT = blue plate test.   
b  N-6 = Andersen N-6 Single Stage Sampler.  
c MCRS = Muck Crops Research Station. 
d Kora, C. 2003. Etiology, Epidemiology and Management of Sclerotinia Rot of Carrot Caused 

by Sclerotinia sclerotiorum (Lib.) be Bary. PhD. Thesis. University of Guelph, Guelph, ON, 
Canada. 

e Data not available.  
f Commercial sites varied each year. 
g Foster, A. J. 2006. Forecasting Sclerotinia Rot of Carrot. M.Sc. Thesis. University of Guelph, 

Guelph, ON, Canada.  
h MCRS Integrated Pest management (IPM) Program. 
i Parker,  M. PhD. Thesis, current document.  
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3.4 Results 

Evaluation of air sampling methods 

Air sampling methods using passive and active deposition of bioaerosol onto 

SSM, and deposition of bioaerosol into dry Eppendorf tubes followed by DNA-based 

analysis, were evaluated for detection and quantification of airborne ascospores of S. 

sclerotiorum. The BPT and Burkard Sampler coupled with qPCR consistently detected 

greater numbers of ascospores than an Andersen Sampler in all three years of the study.  

In 2008, the number of S. sclerotiorum ascospores detected using the BPT, an 

Andersen Sampler and a Burkard Sampler ranged from 0 to 29, 0 to 4 and 0 to 178, 

respectively. At the MCRS 1 site, ascospores were detected on the first air sampling day 

(29 July) using the BPT (Table 3.2). Disease was first observed on 12 August and varied 

between 8 to 14% until 22 August. Disease was reduced to 1% by late-August and was 

not observed in September until the end of the air sampling season on 8 October (Figure 

3.2). At the commercial 1 and 2 sites, ascospores were first detected on 29 July and 5 

August, respectively, using the BPT (Table 3.2) and disease incidence varied from 0 to 3 

and 4%, respectively, throughout the growing season (Figure 3.2). Greater cumulative 

numbers of ascospores were detected at all three air sampling sites using the BPT 

compared to an Andersen Sampler (Tables 3.3 and 3.4). 
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Table 3.2. Number of ascospores of Sclerotinia sclerotiorum detected using the blue 
plate test (BPT), an Andersen N-6 Single Stage Sampler and a Burkard Multi-Vial 
Cyclone Sampler coupled with a qPCR at three air sampling sites in the Bradford Marsh, 
Ontario in 2008. 

 MCRS 1a  Commercial 1  Commercial 2 
 BPTb N-6c Burkardd  BPT N-6  BPT N-6 
Jul 29 3 0 -e  2 -  0 - 
Aug 5 12 2 -  2 0  1 0 
Aug 8 3 2 -  29 -  2 - 
Aug 12 2 2 -  4 0  2 1 
Aug 15 3 0 -  1 -  3 - 
Aug 19 < 1 2 -  1 0  < 1 1 
Aug 22 3 0 -  1 0  < 1 0 
Aug 26 0 0 5  < 1 0  0 0 
Aug 29 < 1 0 < 1  < 1 0  0 0 
Sep 2 < 1 0 5  < 1 0  < 1 0 
Sep 5 < 1 0 0  0 0  0 0 
Sep 10   < 1 1 2  < 1 0  0 2 
Sep 12 4 - 2  < 1 -  - - 
Sep 16 < 1 - 23  0 -  0 - 
Sep 19 < 1 1 20  < 1 2  0 0 
Sep 23 < 1 - 22  < 1 -  < 1 . 
Sep 24 2 1 178  2 2  2 0 
Oct 1 < 1 - 2  0 -  0 - 
Oct 3 < 1 1 < 1  < 1 4  1 0 
Oct 8 < 1 - 4  < 1 -  1 - 
a  MCRS = Muck Crops Research Station. 
b Data are a mean of six plates, each exposed for three hours during 09:30 and 13:30. 
c N-6 = Andersen N-6 Single Stage Sampler. Data are total ascospore counts from three plates 

containing Sclerotinia semi-selective media (SSM), each exposed for 10 min at an air flow rate 
of 30 l min-1. 

d  Data are total number of ascospores in an Eppendorf tube collected using a Burkard Sampler 
that operated from 10:00 to 13:00 that were detected and quantified using a quantitative 
polymerase chain reaction (qPCR) assay. 

e Data not available. 
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Figure 3.2. Relationship between the mean number of colony forming units (CFU) of 
ascospores of Sclerotinia sclerotiorum detected using the blue plate test (BPT, solid 
column) and an Andersen N-6 Single Stage Sampler (open column), and incidence of 
Sclerotinia rot of carrot (SRC;        ) at three air sampling sites in the Bradford Marsh, 
Ontario in 2008. Arrows indicates canopy closure. 
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Table 3.3. Mean cumulative number of Sclerotinia sclerotiorum ascospores detected using the blue plate test (BPT) and the 
number of the days the Sclerotinia rot of carrot (SRC) forecast model threshold was reached in the Bradford Marsh, Ontario in 
2006 to 2009 and 2011. 

Air sampling 
site 

2006a 2007 2008 2009 2011 
Ascospore 

countb 
Threshold 

daysc 
Ascospore 

count 
Threshold 

days 
Ascospore 

count 
Threshold 

days 
Ascospore 

count 
Threshold 

days 
Ascospore 

count 
Threshold 

days 
MCRS 1d 27 nse  0 230 a 16 36 a 1 71 a 7 3 b 0 
MCRS 2 -f - - - - - 94 a 4 43 a 2 
Commercial 1g 16 0 149 b 12 44 a 1 18 b 1 6 b 1 
Commercial 2 - - - - 14 b 0 17 b 0 9 b  0 
seh 4  7  4  12  3  
a  Numbers in a column followed by the same letter are not significantly different at P = 0.05, Tukey’s Test. Refer to Tables B1 – B.5 in 

Appendix B for the ANOVA tables. 
b Mean count from 6 replicate BPT. 
c Number of air sampling dates that SRC forecast model threshold of 5 ascospores plate-1 was reached. 
d MCRS = Muck Crops Research Station. 
e  ns = Not significantly different, P = 0.05. 
f  No data available . 
g Commercial sites varied each year. 
h  se = standard error. 



93 
 

Table 3.4. Cumulative number of Sclerotinia sclerotiorum ascospores detected using an 
Andersen N-6 Single Stage Sampler and a Burkard Multi-Vial Cyclone Sampler coupled 
with a qPCR assay at three air sampling sites in the Bradford Marsh, Ontario in 2008, 
2009 and 2011. 

Air sampling site 2008  2009  2011 
N-6 Burkard  N-6 Burkard  N-6 Burkard 

MCRS-1 12 264  34 261  4 22 
Commercial 1b 8 -a  7 -  1 - 
Commercial 2 4 -  6 -  0 - 
a  No data available . 
b  Commercial sites varied each year. 
 

In 2009, the number of ascospores detected daily using the BPT, an Andersen 

Sampler and a Burkard Sampler ranged from 0 to 32, 0 to 13 and 0 to 48, respectively.  

Air sampling began on 8 July at MCRS 1 and ascospores were first detected using the 

BPT on 24 July (Table 3.5). SRC was first observed two weeks following the initial 

detection of ascospores at MCRS 1 on 7 August, peaked at 12% on 17 August and varied 

from 5 to 12% for the majority of the remainder of the season (Figure 3.3). At MCRS-2, 

ascospores were detected on the first air sampling day at this site (13 August; Table 3.5). 

SRC at MCRS 2 was moderate throughout August until 1 September, peaking at 6%, and 

then dropped to low levels ranging from 0 to 1% for the majority of the remainder of the 

season. At the commercial 1 and 2 sites, the first peak in ascospore detection occurred on 

30 July (Table 3.5), and incidence varied from 0 to 2% and 0 to 4%, respectively (Figure 

3.3). Greater cumulative numbers of ascospores were detected at all three air sampling 

sites using the BPT compared to an Andersen Sampler (Tables 3.3 and 3.4). 
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Table 3.5. Detection of ascospores of Sclerotinia sclerotiorum using the blue plate test 
(BPT), an Andersen N-6 Single Stage Sampler and a Burkard Multi-vial Cyclone 
Sampler at four air sampling sites in the Bradford Marsh, Ontario in 2009. 

 MCRS 1a  MCRS 2  Commercial 1  Commercial 2 
 BPTb N-6c Burkardd  BPT  BPT N-6  BPT N-6 

Jul 8 0 -e -  -  - -  - - 
Jul 15 0 - -  -  < 1 -  - - 
Jul 24 2 - -  -  0 -  - - 
Jul 30 7 - 29  -  9 -  4 - 
Aug 5 8 - 30  -  < 1 -  0 - 
Aug 7 22 13 1  -  < 1 1  < 1 0 
Aug 13 5 - < 1  32  < 1 -  - - 
Aug 17 14 6 23  16  2 0  2 0 
Aug 20 7 3 48  30  2 2  2 6 
Aug 25 0 6 25  < 1  < 1 1  1 0 
Aug 27 6 2 30  7  3 3  3 - 
Sep 1 < 1 3 24  2  < 1 0  < 1 0 
Sep 4 1 0 2  4  < 1 0  3 0 
Sep 8 < 1 1 < 1  3  0 0  1 0 
Sep 11 0 0 < 1  2  0 0  < 1 0 
Sep 15 0 0 9  0  0 0  0 0 
Sep 18 0 0 0  0  0 0  0 0 
Sep 22 0 0 35  0  0 0  0 0 
Sep 25 0 0 < 1  0  0 0  0 0 
Sep 29 0 0 -  0  0 0  < 1 0 
Oct 8 0 0 6  0  0 0  0 0 
Oct 15 0 0 -  0  0 0  0 0 

a  MCRS = Muck Crops Research Station. 
b Data are a mean of six plates, each exposed for three hours during 09:30 and 13:30. 
c N-6 = Andersen N-6 Single Stage Sampler. Data are total ascospore counts from three plates 

containing Sclerotinia semi-selective media (SSM), each exposed for 10 min at an air flow rate 
of 30 l min-1. 

d  Data are total number of ascospores in an Eppendorf tube collected using a Burkard Sampler 
that operated from 10:00 to 13:00 that were detected and quantified using a quantitative 
polymerase chain reaction (qPCR) assay. 

e Data not available. 
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Figure 3.3. Relationship between the mean number of colony forming units (CFU) of 
ascospores of Sclerotinia sclerotiorum detected using the blue plate test (BPT, solid 
column) and an Andersen N-6 Single Stage Sampler (open column), and incidence of 
Sclerotinia rot of carrot (SRC;         ) at four air sampling sites in the Bradford Marsh, 
Ontario in 2009. Arrows indicate canopy closure.  
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In 2011, lower numbers of ascospores were detected at the three sampling sites 

compared to 2008 and 2009. The number of ascospores detected using an Andersen 

Sampler, BPT and Burkard Sampler ranged from 0 to 3, 0 to 29 and 0 to 6, respectively 

(Table 3.6). SRC was first observed on 23 August at both the MCRS 1 and MCRS 2 sites, 

and increased to 14% by 9 September at MCRS 1, remaining at this level for the 

remainder of the air sampling season. At MCRS 2, disease varied from 5 to 7% from late-

August until the end of the air sampling season. SRC was not observed at the commercial 

1 site, and remained at 0% at the commercial 2 site for most of the air sampling season, 

peaking at 0.5% on 9 and 13 September (Figure 3.4). Greater cumulative numbers of 

ascospores were detected at the two commercial sites using the BPT compared to an 

Andersen Sampler, while similar numbers were detected at MCRS 1(Tables 3.3 and 3.4). 

Relationships between the numbers of detected ascospores using a Burkard 

Sampler coupled with qPCR and SRC are presented in Section 2.4 and Figure 2.6. 
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Table 3.6. Detection of ascospores of Sclerotinia sclerotiorum using the blue plate test 
(BPT), an Andersen N-6 Single Stage Sampler and a Burkard Multi-vial Cyclone 
Sampler at four air sampling sites in the Bradford Marsh, Ontario in 2011.  

 MCRS-1a  MCRS-2  Commercial-1  Commercial-2 
 BPTb N-6c Burkardd  BPT  BPT N-6  BPT N-6 

Jul 6 0 -e -  -  - -  - - 
Jul 13 0 - -  -  0 -  - - 
Jul 20 0 - 6  0  0 -  0 - 
Jul 27 0 - 1  0  0 -  0 - 
Aug 2 0 0 < 1  0  0 0  0 0 
Aug 9 0 0 < 1  0  < 1 0  0 0 
Aug 11 0 0 < 1  0  0 0  0 0 
Aug 15 < 1 0 0  0  < 1 1  < 1 0 
Aug 18 0 0 0  0  0 0  0 0 
Aug 23 0 0 1  0  0 0  0 0 
Aug 26 0 - < 1  < 1  < 1 -  0 - 
Aug 30 0 - 6  -  0 -  0 - 
Sep 2 0 0 < 1  0  0 0  0 0 

Sep 6 0 3 < 1  3  0 0  0 0 
Sep 9 3 1 < 1  29  8 0  4 0 
Sep 13 0 0 4  0  0 0  0 0 
Sep 16 0 0 < 1  0  0 0  0 0 
Sep 20 0 0 < 1  0  0 0  < 1 0 
Sep 28 0 0 -  11  - 0  1 0 

a  MCRS = Muck Crops Research Station. 
b Data are a mean of six plates, each exposed for three hours during 09:30 and 13:30. 
c N-6 = Andersen N-6 Single Stage Sampler. Data are total ascospore counts from three plates 

containing Sclerotinia semi-selective media (SSM), each exposed for 10 min at an air flow rate 
of 30 l min-1. 

d  Data are total number of ascospores in an Eppendorf tube collected using a Burkard Sampler 
that operated from 10:00 to 13:00 that were detected and quantified using a quantitative 
polymerase chain reaction (qPCR) assay. 

e Data not available. 
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Figure 3.4. Relationship between the mean number of colony forming units (CFU) of 
ascospores of Sclerotinia sclerotiorum detected using the blue plate test (BPT, solid 
column) and an Andersen N-6 Single Stage Sampler (open column), and incidence of 
Sclerotinia rot of carrot (SRC;          ) at four air sampling sites in the Bradford Marsh, 
Ontario in 2011. Arrows indicate canopy closure. 
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Determining relationships between air samples and sites 

Correlation analyses showed that trends in ascospore counts among the sites using 

the BPT varied among the years. In 2000, 2004, 2005, 2007, 2009 and 2011, ascospore 

counts followed similar trends in 20 to 100% of the possible combinations among air 

sampling sites, while in 1999, 2006 and 2008, there was no correlation in ascospore 

counts among any of the sites (Table 3.7). The mean cumulative number of ascospores 

detected using the BPT varied among air sampling sites in all years except 2006 (Table 

3.3).  

 

Table 3.7. Correlation analyses among detected ascospores of Sclerotinia sclerotiorum 
using the Blue Plate Test (BPT) and sampling sites in the Bradford Marsh in various 
years from 1999 to 2011. 

 Number of air 
sampling sites 

Coefficient of 
correlationa  

P valuea Number of correlations/ 
number of analyses  

1999 2 nsb ns 0 of 1 
2000 2 0.96 < 0.0001 1 of 1 
2004 6 0.70 – 0.99 < 0.0001 – 0.0451 11 of 15 
2005 6 0.77 – 0.92 0.0005 – 0.0143 3 of 15 
2006 2 ns ns 0 of 1 
2007 2 0.66 0.0008 1 of 1 
2008 3 ns ns 0 of 3 
2009 4 0.56 – 0.80 < 0.0001 – 0.0223 3 of 6 
2011 4 0.93 – 0.99 < 0.0001 6 of 6 
a  Range of values. 
b Not significantly different, P = 0.05. 

 

 Ascospore counts consistently correlated among the majority of air sampling sites 

in four of the nine years: 2000, 2004, 2007 and 2011. Although the cumulative number of 

ascospores and number of air sampling dates that the ascospore BPT threshold of a mean 

of > 5 ascospores was reached varied among the sites, the threshold was reached, or a 

peak in ascospore numbers was detected during the same period in these four years. In 
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2000, ascospore counts surpassed the threshold at the commercial and MCRS 1 sites 

beginning on the first air sampling date of 26 July until 16 and 30 August, respectively, 

reaching the threshold at both sites on three of the same air sampling dates (Tables 3.8 

and D.1). In 2004, the ascospore threshold was reached on the same air sampling date of 

10 August at the six air sampling sites. The ascospore threshold was also reached during 

the same period in mid-August at five of the six sites (Tables 3.8 and D.3). In 2007, the 

ascospore threshold was reached on twelve of the same air sampling dates at both sites, 

including the same initial and final dates when the threshold was reached on 21 August 

and 19 October, respectively (Tables 3.3 and D.2). In 2011, a peak in ascospore counts 

was detected using the BPT on 9 September at all four air sampling sites, while less than 

one ascospore was detected throughout the season preceding 9 September and dropped to 

zero or less than one ascospore at all sites on the following three air sampling dates 

(Table 3.6). The cumulative number of ascospores did not differ among three of the four 

air sampling sites (Table 3.3). While, the cumulative number of ascospores was 

significantly higher at the fourth site (MCRS 2), this was due to a high number of 

detected ascospores on 9 September. The trend in ascospore counts at MCRS 2 was 

similar to the other three air sampling sites for the majority of the air sampling season 

until a second peak in counts surpassing the threshold on 28 September (Tables 3.3 and 

3.6). While the BPT accurately predicted the low level of disease at the commercial sites, 

disease was observed at the two experimental sites prior to the first detection of 

ascospores above a mean of one ascospore (Figure 3.4). Incidence of SRC was also 

generally consistent among sites in 2000 and 2004. In 2011, low and moderate incidence  
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Table 3.8. Cumulative number of Sclerotinia sclerotiorum ascospores detected using the blue plate test (BPT) and the number 
of the days the Sclerotinia rot of carrot (SRC) forecast model threshold was reached in the Bradford Marsh, Ontario in various 
years from 1999 to 2005. 

Air sampling 
site 

1999 2000 2004 2005 
Ascospore 

counta 
Threshold 

daysb 
Ascospore 

count 
Threshold 

days 
Ascospore 

count 
Threshold 

days 
Ascospore 

count 
Threshold 

days 
MCRS-1 98 4 98 4 26 1 27 1 
Commercial-1c 95 6 73 4 379 3 7 0 
Commercial-2 -d - - - 139 3 13 0 
Commercial-3 - - - - 14 2 8 0 
Commercial-4 - - - - 44 1 84 3 
Commercial-5 - - - - 301 3 13 0 
a Mean count from 6 BPT. 
b Number of air sampling dates that SRC forecast model threshold of 5 ascospores plate-1 was reached. 
c Commercial sites were not consistent each year. 
d No data available . 
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of SRC corresponded within the commercial and experimental sites, but not between the 

commercial and experimental sites (Figure 3.4). SRC was not assessed in 2007.  

Trends in ascospore counts, the cumulative number of ascospores and number of 

dates that the ascospore threshold was reached, generally varied among the sites in five of 

the nine years: 1999, 2005, 2006, 2008 and 2009. However, there were similarities 

among many of the sites. Although the correlation in ascospore counts was not significant 

between the MCRS 1 and the commercial site in 1999, the threshold was reached on three 

of the same dates, during the peak of ascospore release, from 24 August to 21 September 

(Tables 3.8 and D.1). SRC was not observed at MCRS 1 and increased from 8 to 62% by 

the end of the growing season at the commercial site (Table D.1). In 2005, the air 

sampling dates did not correspond at the two sites that the threshold was reached (Tables 

3.8 and D.3). Incidence of SRC was moderate among the five commercial sites with 

peaks in disease incidence ranging from 5 to 36%, and was low at the experimental site, 

peaking at 3% (Table D.3). In 2006, trends in ascospore counts did not correlate. 

However, the cumulative number of detected ascospores was equivalent and the threshold 

was not reached at either air sampling site, indicating a strong relationship between the 

two sites (Tables 3.3 and D.2). Disease data were not available for 2006. In 2008, the 

threshold was reached once, three days apart, on 5 and 8 August, at two sites, while it 

was not reached at the third site (Tables 3.2 and 3.3). Incidence of SRC was generally 

low at the three sites, peaking once in the growing season to 14% in mid-August at 

MCRS 1 (Figure 3.2). In 2009, the threshold was reached during the same period at the 

two experimental sites (13, 17, 20 and 27 August), with both sites detecting the abrupt 

decline to 0 ascospores on 25 August. Air sampling began on 13 August at MCRS 2, 
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when the threshold had already been reached on three air sampling dates (from 30 July to 

7 August) at MCRS 1. The threshold level was reached on the same air sampling date at 

the commercial 1 site, that peaked to threshold at MCRS 1 (30 July), along with a peak in 

ascospore counts below the threshold at the commercial 2 site (Tables 3.3 and 3.5). Low 

and moderate incidence of SRC corresponded within the two commercial and two 

experimental sites, respectively, but not between the commercial and experimental sites 

(Figure 3.3). 

Ascospore counts using an Andersen Sampler were correlated in 2009 between 

the commercial 1 and commercial 2 sites, there were no other significant correlations 

between ascospore counts and sites in 2008, 2009 or 2011 (Table 3.9). The cumulative 

number of detected ascospores using an Andersen Sampler was less than that for the BPT 

at all air sampling sites during the three years of the study, with the exception of 

approximately equal numbers of ascospores at MCRS 1 in 2011 (Tables 3.3 and 3.4). 

 

Table 3.9. Correlation analyses among detected ascospores of Sclerotinia sclerotiorum 
using an Andersen N-6 Single Stage Sampler and air sampling sites in the Bradford 
Marsh in 2008, 2009 and 2011. 

 Number of air 
sampling sites 

Coefficient of 
correlation  

P value Number of correlations/ 
number of analyses  

2008 3 nsa ns 0 of 3 
2009 3 0.81 0.0003 1 of 3 
2011 3 ns ns 0 of 3 
a  Not significantly different, P = 0.05. 
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3.5 Discussion 

This study was conducted to improve the SRC forecast model developed and 

validated in previous studies (Foster et al., 2011, Kora et al., 2005a) by evaluating 

methods based on the traditional use of exposing plates containing selective culture 

medium to the air and the use of DNA-based technologies to detect and quantify S. 

sclerotiorum ascospores. Detecting ascospores using the BPT containing SSM is 

effective, although requires three days for detection and quantification of ascospores. A 

Burkard Sampler coupled with the qPCR assay was also effective in detecting and 

quantifying ascospores, potentially providing a diagnostic within five hours of air 

sampling. An Andersen Sampler consistently detected fewer ascospores than either the 

BPT or a Burkard Sampler coupled with a qPCR assay.  

Forecasting diseases caused by S. sclerotiorum are based on two methods. In 

some systems, disease risk is determined by indirectly predicting the presence of 

inoculum using history of disease, and crop and environmental variables such as crop 

susceptibility, growth stage, soil moisture, rainfall, RH and soil matric potential (Bom 

and Boland, 2000a, Clarkson et al., 2007, Koch et al., 2007, Twengström et al., 1998). 

Other systems use direct detection of airborne ascospores using the BPT (Foster et al., 

2011) or culturing infected but symptomless tissue on SSM (Gugel and Morrall, 1986, 

Makowski et al., 2005, Turkington et al., 1991). To predict the risk of SRC, detecting 

ascospores using the BPT was equally as effective as measuring soil matric potential and 

soil temperature and applying these data in a risk algorithm (Foster et al., 2011).  The 

authors concluded that substituting the BPT with the risk algorithm was more practical to 

predict SRC due to the labour-intense nature of the BPT and the three day delay in 
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detection, which could result in missing the optimum time for fungicide application. 

Validation of the SRC forecast model based on the BPT resulted in equally effective 

management of SRC with two fungicide applications, as compared to five applications 

following a biweekly, calendar-based spray regime. This suggests that the three day delay 

may not have significantly reduced the usefulness of the forecast model or the efficacy of 

the fungicide application. Chapter 4 of this thesis evaluated fungicide application in 

response to ascospore counts from the BPT to manage SRC and, consistent with the 

previous study, the three day time lag still resulted in a significant reduction of SRC with 

timed fungicide application compared to the untreated control.  

Predicting the presence of ascospores using crop and environmental variables 

does not indicate the quantity of airborne ascospores present in the bioaerosol. There are 

some diseases where the presence of inoculum alone is a sufficient risk factor for 

subsequent disease development, such as downy mildew of onion caused by Peronospora 

destructor (Berk.) Casp. In Berk. (M. R. McDonald, personal communication). These 

diseases can be well managed with forecasting systems that use crop and environmental 

variables to predict the presence of inoculum. The concentration of airborne ascospores 

of S. sclerotiorum has been related to subsequent disease development in carrot, canola, 

potato and sunflower (Foster et al., 2011, Hammond et al., 2008, McCartney and Lacey, 

1999, Rogers et al., 2009), therefore, knowing the concentration of ascospores can be 

important to accurately forecast a low or high risk level of subsequent disease. Incidence 

of SRC has been associated with the number of ascospores detected using the BPT 

resulting in the determination of a BPT ascospore threshold (Foster et al., 2011, Kora et 

al., 2005a). A risk algorithm incorporating canopy growth, soil matric potential and soil 
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temperature was also shown to indirectly predict a low, medium or high level of risk of 

SRC developing by correlating cumulative risk points with ascospore counts obtained 

using the BPT. Thresholds predicting low, medium or high risk of SRC were also 

determined for the risk algorithm (Foster et al., 2011). 

The BPT passively intercepts ascospores. The volume of air impacting a plate is 

dependent on the wind speed and, therefore, potentially inconsistent among sampling 

periods. The current SRC model considers the mean total count of ascospores because the 

volume of air passing by the BPT is unknown. The Andersen Sampler is a modification 

of the BPT that actively deposits bioaerosol onto SSM using a vacuum pump, thereby, 

maintaining a consistent volume of air impacting a plate within and among sampling 

periods. Knowing the volume of air allows for a standardised ascospore threshold to be 

established, improving the accuracy of the SRC forecast model and its application in 

different regions.  

Despite the advantages of the Andersen Sampler, this study indicates that it is not 

appropriate to integrate this air sampling method into the SRC forecast model because it 

consistently detected fewer ascospores than the BPT and Burkard Sampler coupled with a 

qPCR assay. To complete sampling for ascospores at three sites within the peak period of 

ascospore release, an Andersen Sampler was operated for 30 minutes at each air sampling 

site, one-sixth the exposure time of the BPT. A longer operational time would increase 

the volume of air, and potentially number of ascospores, deposited onto plates containing 

SSM, thereby, improving assessment of the concentration of airborne ascospores. 

Increasing the operational time would require the sampler to be operated simultaneously 

at the air sampling sites requiring more than one sampling unit. Alternatively, multiplying 
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ascospore counts to represent three hours of sampling would increase counts to better 

match the numbers determined using the BPT and qPCR assay. Studies are required to 

ensure that a shorter exposure time and a multiplication factor accurately represent the 

actual counts from a longer exposure time. The Andersen Sampler requires an external 

power source, which in this study was provided by a cumbersome and unreliable car 

battery. Finally, the Andersen Samper is based on SSM, and therefore, does not 

overcome the three day delay in detecting and quantifying ascospores. 

Deciding among the BPT, Burkard Sampler or the risk algorithm to incorporate 

into the SRC forecast model depends on the resources available and the necessity for a 

quick result. The risk algorithm requires some resources, such as soil moisture and soil 

temperature sensors that can be connected to a datalogger to automate summing the risk 

points, and provides an immediate prediction based on the sum of the risk points from the 

previous seven days (Foster et al., 2011). Additionally, minimal human resources and 

skills are required for monitoring the risk algorithm. Although soil variables can predict 

when carpogenic germination occurs (Boland and Hall, 1987, Clarkson et al., 2004, Hao 

et al., 2003, Wu and Subbarao, 2008), they do not indicate the actual quantity of airborne 

ascospores. The BPT quantifies airborne ascospores but is laborious, requiring the 

preparation of media, and a scout to place, retrieve and evaluate the plates. Resources 

required for the BPT include access to sterilisation equipment and costs include the 

media components, a vehicle and a trained part-time scout, making this a more costly 

method than the risk algorithm.  

A Burkard Sampler coupled with a qPCR assay is the most resource-intensive of 

the detection methods. Major capital costs include a Burkard Sampler (~$6000 CDN) 



108 
 

and, a qPCR system with supporting equipment, such as a centrifuge (~$15,000 CDN). 

Consumable costs include DNA extraction kits and qPCR reagents. Alternatively, 

samples can be extracted and analysed by a commercial lab, which could potentially 

reduce costs and eliminate the requirement for personnel trained in DNA extraction and 

qPCR. The advantage of the Burkard Sampler coupled with qPCR is quick sample 

turnover. Additionally, the Burkard Sampler operates continuously for up to one week, 

therefore, samples need only be retrieved on the days of analysis and samples from more 

than one air sampling date can be analysed simultaneously providing additional data with 

minimal extra labour. The Burkard Sampler operates at a known air flow rate, permitting 

ascospore concentrations to be standardised, resulting in consistent determination of the 

quantity of ascospores between air sampling dates. 

While, trends in ascospore counts detected using the BPT did not consistently 

correlate among the air sampling sites in the Bradford Marsh, further analysis of the 

ascospore and disease data suggested that the sampling sites could be reduced to one or 

two in a region. In general, variability was insignificant among air sampling sites when 

ascospores were low and below the threshold. This is consistent with a two-year study 

where ascospores of S. sclerotiorum were sampled using the BPT in four potato fields. 

During periods of low numbers of airborne ascospores in the bioaerosol, ascospore 

counts were not significantly different among sites having low cumulative ascospore 

counts (Hammond et al., 2008). 

Ascospore counts were consistently correlated among the majority of air sampling 

sites in four of the nine years (2000, 2004, 2007 and 2011) of the combined studies. 

However, correlation analysis only indicated if the numbers of ascospores increased or 
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decreased following similar trends among sites, and did not indicate the magnitude of 

levels of airborne S. sclerotiorum ascospores. This is important in Sclerotinia diseases 

where the concentration of ascospores has been related to subsequent disease 

development (Foster et al., 2011, Hammond et al., 2008, McCartney and Lacey, 1999). A 

peak in ascospore numbers did not indicate if the ascospore threshold had been reached 

as a peak could be below the threshold, resulting in falsely advising growers on disease 

risk.  

Determining associations in air sampling dates and periods among air sampling 

sites when the ascospore threshold was reached better revealed if regional ascospore 

activity could be accurately predicted using ascospore counts from one or two sampling 

sites. Consistent patterns in air sampling dates and periods when ascospore counts 

reached the threshold were observed in the four years where there were strong 

correlations among sites. In addition to these four years, consistent patterns in reaching 

the threshold were observed among the majority of sites in a further three years (1999, 

2006 and 2008). In the remaining years, 2005 and 2009, the air sampling dates did not 

correspond at the two sites when the threshold was reached. The ascospore counts and 

number of air sampling dates when the threshold was consistently reached were strongly 

correlated within the commercial and the experimental sites, but not between commercial 

and experimental sites. 

Forecasting models cannot be solely based on inoculum detection, as cropping 

and environmental variables must also be considered when predicting subsequent risk of 

disease (Carisse et al., 2009). Conducive cropping and environmental conditions can 

change from the time of carpogenic germination to ascospore germination, particularly if 
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extrinsic sources of ascospores are detected in fields that originated from apothecia 

produced under different cropping stages and environmental conditions. Extrinsic sources 

of ascospores have been suggested as a contributing source of inoculum in bean (Boland 

and Hall, 1987), canola (Gugel and Morrall, 1986, Morrall and Dueck, 1982), lettuce 

(Patterson and Grogan, 1985) and potato, where the extrinsic source was uncropped land 

(Hammond et al., 2008). Even though in-field sources of ascospores were suggested as 

the principal source of inoculum in SRC (Foster et al., 2011, Kora et al., 2005a), extrinsic 

sources cannot be excluded as contributing to disease. Although relationships between 

the BPT or Burkard Sampler coupled with a qPCR assay and disease incidence indicated 

that these sampling methods detected ascospores with equal accuracy, ascospore counts 

did not correspond to subsequent disease observed at some sites in some years, indicating 

that it is important not to use inoculum detection as the sole indicator in predicting 

subsequent disease risk.   

Of the three air sampling methods evaluated in this study, the BPT and Burkard 

Sampler were comparable indicators of subsequent incidence of SRC, although, an up-

scaled evaluation of the Burkard Sampler coupled with a qPCR assay is required to 

conclude the accuracy of this method to quantify airborne ascospores. Available 

resources and the need for a quick result are the deciding factors that will influence the 

decision on which method to use. At the beginning of the ascospore sampling season, 

while ascospore counts are low and cropping conditions are not conducive to disease 

development, one site is sufficient to sample for airborne ascospores. As numbers of 

ascospores increases, a second sampling site may be necessary to improve the accuracy 

of estimating the quantity of airborne inoculum, particularly if the environmental 
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conditions are conducive to disease. As the season progresses and ascospore counts 

decline below threshold levels, the number of sampling sites could be reduced to one.   
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4 CHAPTER 4 

EFFICACY OF CHITOSAN-INDUCED RESISTANCE IN CARROT AGAINST 

SCLEROTINIA SCLEROTIORUM IN FIELD AND CONTROLLED 

ENVIRONMENT CONDITIONS  

4.1 Abstract 

A commercial formulation of chitosan was applied to carrot crops to evaluate 

efficacy of chitosan against Sclerotinia rot of carrot (SRC) caused by Sclerotinia 

sclerotiorum. This treatment was combined with canopy trimming and compared to a 

standard fungicide treatment, boscalid. The expression of defense-related genes β-1,3-

glucanase (PR2) and chitinase (PR4) in carrot crowns in response to foliar chitosan 

application and inoculation with S. sclerotiorum in controlled environment conditions 

was determined to confirm the possible role of induced resistance in suppressing disease. 

SRC developed in two years of the four year study, years when significant effects of 

treatment were observed. Chitosan reduced the area under the disease progress curve 

(AUDPC) by 55 and 42% in 2009 and 2011, respectively, which was comparable to 

boscalid. Trimming enhanced chitosan efficacy, reducing AUDPC by 88 and 82% in 

2009 and 2011, respectively. Trimming as a stand-alone treatment reduced AUDPC by 

66% in 2011. Response to S. sclerotiorum was primarily responsible for elevated 

transcript levels of PR2 and PR4, with chitosan inconsistently enhancing these defense 

response genes. The results show that chitosan has potential to be integrated into SRC 

management systems, particularly in years with moderate to high disease risk when 

combined with foliar trimming. 
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4.2 Introduction 

The use of elicitors to induce plant disease resistance is becoming a promising 

option for crop protection. Elicitors can provide long lasting protection against a broad 

spectrum of pathogens by enhancing the disease defense mechanisms already present in a 

plant (Kuc, 1982, Verhagen et al., 2006). The induced state is characterised by increased 

levels of plant defense products such as PR proteins, phytoalexins and signalling 

molecules (van Loon et al., 2006). Exogenous application of chemical elicitors such as 

chitosan, β-aminobutyric acid, BTH and SA have enhanced defense responses in plants 

such as carrot, lettuce, potato, sunflower, tomato and Arabidopsis, conferring protection 

against fungi, oomycetes, bacteria and viruses  (Bokshi et al., 2003, Cohen et al., 2011, 

Jayaraj et al., 2009, Körösi et al., 2011, Kuc´, 2001, Tsai et al., 2011). Crop protection 

products based on IR are available on commercial markets (Iriti et al., 2011, 

Sharathchandra et al., 2004). Elexa-4 is an aqueous commercial formulation containing 

chitosan, and BTH has been registered under the trade names Actigard and BION 

(Walters and Fountaine, 2009).  

SRC, caused by S. sclerotiorum, is an important disease of carrot. Eepidemics are 

sporadic, but infection can be extensive, particularly in postharvest storage (Fraser and 

Chaput, 1998, Kora et al., 2003). The disease is bicyclic beginning with foliar infection in 

the field followed by spread from root to root in storage (Kora et al., 2003). Disease 

development in the field is characterised by the initial growth of white mycelia on 

lodged, senesced leaves followed by petiole infection, with the formation of black 

sclerotia embedded in the mycelia. Postharvest infection originates from mycelia erupting 
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through the crown of carrot roots, with advanced infection characterised by nests of white 

mycelium embedded with sclerotia growing around the roots (Lewis and Garrod, 1983). 

Airborne ascospores released from apothecia arising from the carpogenic 

germination of over-wintered sclerotia are the primary source of inoculum initiating SRC 

epidemics (Foster et al., 2011, Kora et al., 2005a). Ascospores require an exogenous 

nutrient source to germinate and initiate infection, such as the lodged, senesced leaves of 

carrot plants found along a furrow (Kora et al., 2005a). Consequently, carrots are 

particularly susceptible to SRC after the canopy has closed and leaves have begun to 

lodge and senesce on the soil surface (Kora et al., 2003). Forecast systems to predict SRC 

use a risk algorithm based on canopy growth and soil moisture or the use of ascospore 

detection using the BPT to optimise the timing of management practices (Ben-Yephet 

and Bitton, 1985, Foster et al., 2011, Steadman et al., 1994). 

Recommendations for managing SRC include modifying the carrot canopy 

through the use of upright cultivars, wider row spacing and trimming the foliage covering 

the furrow between two carrot beds, the application of foliar fungicides, and the use of 

the biological control agent C. minitans (Gerlagh et al., 1999, Jones et al., 2004, Kora et 

al., 2005b, McDonald et al., 2008, McLaren et al., 1996, OMAFRA, 2011b). After 

benomyl was withdrawn from the market, there were no registered fungicides for SRC in 

Canada until 2011 when Allegro was registered as a foliar treatment (Health Canada, 

2011a). Scholar is also registered in Canada as a postharvest treatment. SRC is 

widespread in the Bradford Marsh and surrounding districts, where approximately 60% 

of carrots in Ontario are grown (Anonymous, 2002). These carrots can be stored for up to 

eight months (Fraser and Chaput, 1998). Growers in the Bradford Marsh rely principally 
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on crop rotation with onion and non-target effects of fungicides targeting other foliar 

diseases to manage SRC (M. R. McDonald, personal communication). 

Chitosan is an abundant biopolymer of β-1,4-glucosamine that is becoming a 

promising alternative to fungicides to manage plant pathogens (Yin et al., 2010). 

Extensive research evaluating chitosan has shown that it protects various crop plants from 

diverse plant pathogens when used as a plant protection product or seed treatment. When 

used as a plant protection product, chitosan has direct anti-fungal activity, inhibiting or 

reducing fungal growth (El-Ghaouth et al., 1992, Liu et al., 2007, Manjunatha et al., 

2008) and also has elicitor activity inducing host plant resistance (Verhagen et al., 2006). 

Chitosan can elicit diverse host defense responses including the accumulation of 

chitinase, ß-1,3-glucanase, lignin, peroxidase, lipoxygenase, phenylalanine ammonia 

lyase, phenolic compounds, phytoalexins and PR proteins. These responses provide 

protection against disease in a variety of host plants (Chen et al., 2009, Falcón-Rodríguez 

et al., 2007, Nandeeshkumar et al., 2008, Sudhamoy, 2010, Sun et al., 2008), including 

carrot (Jayaraj et al., 2009). Pre-harvest sprays with chitosan can have a carry-over effect, 

protecting stored strawberry fruit and grape against postharvest diseases (Meng et al., 

2008, Reddy et al., 2000, Romanazzi et al., 2002). 

Foliar infection of SRC progresses down the petiole to infect the carrot crown, 

which becomes the primary source of inoculum initiating postharvest infection. Halting 

progression of the pathogen into the crown could reduce postharvest disease. The 

hypothesis tested in this study was that application of chitosan to field-grown carrot crops 

would effectively reduce SRC in the field with a carry-over effect in the roots that 

contributes to reduced disease development in long-term storage. It was further 
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hypothesised that following foliar application of chitosan, a systemic IR response would 

be detected in carrot crowns inoculated with S. sclerotiorum. The objectives of this study 

were: i) to evaluate field efficacy of Elexa-4 against SRC by comparing efficacy with a 

standard fungicide and combining each plant protection product with canopy trimming, 

and ii) to determine if relative transcript levels of the defense responses β-1,3-glucanase 

(PR2) and chitinase (PR4) are enhanced in carrot crowns following foliar application 

with Elexa-4 and inoculation with S. sclerotiorum.  

4.3 Materials and Methods 

Field evaluation of Elexa-4 

All experiments were conducted at the MCRS in the Bradford Marsh, Ontario. 

Plots were seeded in late-May with carrot cvs. Envy, Nevada or Enterprise from 2008 to 

2011 (Table 4.1). Cultivars Envy and Nevada were chosen for this study as they had the 

most and least, respectively, percent roots infected with Sclerotinia rot in storage in a 

2006 study where the carrots were grown in naturally infested soil (Sanderson, personal 

communication), and Enterprise is a standard cultivar grown in the Bradford Marsh. 

Plants were established by seeding at a rate of 80 seeds m-1 of row using a precision 

seeder on raised beds 86 cm apart centre-to-centre having a 40 cm wide growing area 

containing three rows of carrot. The plots were maintained following Ontario standard 

management practices (OMAFRA, 2011b). Carrots were sprayed with mancozeb 

(Dithane DG at 2 kg ha-1, dithio-carbamate group) once or twice during the cropping 

season to manage leaf blight caused by Alternaria dauci (Kühn) Groves & Skolko and 

Cercospora carotae (Pass.) Kazn. & Siemaszko. Pre-emergence (Gesegard at 6 l ha-1) or 

post-emergence (Lorox at 500 ml ha-1) broad-leaf herbicides were used in combination 
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with hand weeding for weed control. These are the crop management methods 

recommended by the Ontario Ministry of Agriculture, Food and Rural Affairs 

(OMAFRA, 2011b). Carrots were harvested mid- to late-October (Table 4.1). Weather 

conditions at the MCRS are summarised in Table 4.2.  

 

Table 4.1. Specific cropping and treatment dates for each experimental year evaluating 
chitosan and trimming to protect carrot from Sclerotinia sclerotiorum at the Muck Crops 
Research Station (MCRS), Ontario. 

 2008 2009 2010 2011 
Cultivar Envy Envy, Nevada Enterprise Envy, Nevada 
Seeding  22 May 26 May 1 June 31 May  
Canopy closure 5 Aug 11 Aug unknown 16 Aug 
Trimming - 12 Aug 26 Aug 26 Aug 
Fungicide: 
Lance 

13 Aug 
17 Sept 

5, 12, 26 Aug 20 Aug  
10, 24 Sept 

13 Sept 
5 Oct 

application 
frequency 

according to 
SRCa model 

according to 
SRC model 

bi-weekly according to 
SRC model 

Chitosan: 
Elexa-4 

13 Aug 
 17 Sept 

31 July 
12, 26 Aug  
9, 23 Sept 

20 Aug  
10, 24 Sept 

9, 26 Aug 
7, 21 Sept 
5 Oct 

application 
frequency 

according to 
SRC model 

bi-weekly bi-weekly bi-weekly 

Harvest 17 Oct 8 Oct 27 Oct 21 Oct 
Experimental 
design 

RCBDb Split-plot RCBD Split-plot 

a SRC = Sclerotinia rot of carrot 
b RCBD = randomised complete block design 
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Table 4.2. Monthly mean air temperature and rainfall at the University of Guelph-Muck 
Crops Research Station (MCRS), Bradford Marsh, Ontario from 2008 to 2011. 

 Mean air temperature (°C)  Rainfall (mm) 

Month 2008 2009 2010 2011 10 year 
averagea 

2008 2009 2010 2011 10 year 
average 

May 10.7 12.6 15.1 14.1 13.3 48 117 52 92 76 

June 19.2 16.5 18.4 18.4 18.5 68 49 170 67 74 

July 20.4 17.9 22.3 22.8 20.4 137 135 146 56 82 

August 17.9 19.4 21.1 20.2 19.6 63 89 74 113 59 

September 14.7 14.9 15.5 16.6 15.7 82 51 95 67 72 

October 7.6 7.3 9.4 10.1 8.9 54 62 60 83 62 
a Average data from 2002 to 2011. 

 

The experiments were established as randomised complete block and split-plot 

designs in 2008 and 2010, and 2009 and 2011, respectively, with four replications per 

treatment. In 2009 and 2011, the factorial design had three factors: (i) cultivar as the main 

factor, and (ii) plant protection product (chitosan, fungicide or control) and (iii) trimming 

(trimmed or untrimmed) as sub-plot factors.  

Elexa-4 (Courtesy of Richard Kampas, SafeScience Inc, Syracuse, NY) is a 

commercial liquid formulation containing 4% chitosan. Elexa-4 was applied at 0.2% 

chitosan in 2008, 2009 and 2011, and at 0.56% in 2010. The standard fungicide Lance® 

(70% boscalid; BASF, Mississauga, ON) was applied at 441 g of a.i. ha-1 in 2008, 2009 

and 2011 and at 309 g of a.i. ha-1 in 2010. Chitosan and boscalid were amended with 

Superflow™ (0.1% v/v; Raingrow, Oliver, BC) as an adjuvant. Chitosan was applied bi-

weekly beginning at canopy closure. Boscalid was applied when the number of detected 

ascospores surpassed the threshold of a mean of five ascospores using the BPT (Foster et 

al., 2011, Steadman et al., 1994). In 2008, 2009 and 2011, chitosan and boscalid were 
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prepared by adding 100 ml of Elexa-4 and 3.1 g of Lance in a total volume of 2 l. In 

2010, 140 ml of Elexa-4 and 2.2 g of Lance was added to a total volume of 2 l. They 

were both applied using a CO2 backpack sprayer (R & D Sprayers, Opelousas, LA) 

equipped with four TeeJet 11002 fan nozzles spaced 40 cm apart and calibrated to deliver 

500 ml per experimental unit at 240 kPa, equivalent to 400 l ha-1. Table 4.1 summarises 

specific cropping and treatment dates for each experimental year. 

Trimming the carrot canopy to modify the microclimate, making it unfavourable 

for inoculum production and disease development (Kora et al., 2005b), was evaluated as 

a stand-alone treatment in 2011 and combined with chitosan or boscalid. Vertical 

trimming to remove 30 cm of canopy above the furrow was performed using a hand-held 

hedge trimmer (Stihl, Model HS45, 27 cc. Engine with a 60 cm double-edge cutting 

blade). The trimmer was held vertically, touching the base of the bed, and was moved 

along the carrot row to cut off overlapping leaves above the furrow and lodged senesced 

leaves on both sides of the row. Trimmed plant debris remained in the furrow. A furrow 

was defined as the non-cropped area between two adjacent raised carrot beds. Carrots 

were trimmed when the canopy was > 95% closed and after ascospores counts reached 

the threshold of five ascospores using the BPT.  

The incidence of Sclerotinia rot on carrot foliage was evaluated bi-weekly from 

29 July to 17 October 2008, 30 July to 5 October 2009, 21 September to 27 October 2010 

and 9 August to 21 October 2011 in a 1 m section of row in the centre of a carrot bed for 

each experimental unit. Plants within the assessment area were evaluated for percent SRC 

indicated as the percentage of plants in the assessment area that had at least one diseased 

leaf or petiole, including tissues lodged in the furrow. The incidence of Sclerotinia rot on 



120 
 

carrot foliage over the cropping season was expressed as the area under the disease 

progress curve (AUDPC), calculated as: 

AUDPC = � �
𝑦𝑗 + 𝑦𝑗+1

2
�

𝑁𝑗−1

𝑗=1

�𝑡𝑗+1 −  𝑡𝑗� 

where y is the percent disease at the jth observation, t is the time since the previous 

percent disease at the jth observation and n is the total number of observations (Madden 

et al., 2007). Mean AUDPC values were used for statistical analysis. 

Carrot roots for yield assessment and storage were harvested in a 1 m2 plot 

immediately adjacent to the disease assessment plots to analyse roots that were not 

disturbed throughout the growing season by the bi-weekly disease assessments. Yield 

assessment was completed on the day of harvest. Mean root weights of harvested carrots 

were used for statistical analysis.  

Carrot roots were stored within one week of the final disease and yield 

assessments. In 2008 and 2009, 25 roots per experimental unit were each stored in a 5 x 

25 cm Deepot ™ D60LW plastic tree seedling cell (Steuwe & Sons Inc., Corvaillis, OR). 

The use of Deepots allowed determination of percent infected carrots originating from the 

field, thereby, distinguishing from carrots infected through secondary spread of the 

pathogen. Disease did not develop in the Deepot seedling cells, therefore, in 2010 and 

2011, all roots harvested from the experimental unit were bulk-stored in plastic bins. All 

roots were stored at 1 ± 1°C and 95 ± 2% RH in the research Filacell-type cold storage 

facility (Humi Fresh, Indio, CA) of the MCRS for four months, when disease was 

assessed as the percentage of infected roots. 
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Controlled environment assessment of chitosan induced resistance 

Carrot cv. Envy was sown in 5 x 25 cm Deepot D60LW plastic tree seedling cells 

containing Sunshine planting medium (Premier Horticulture Ltée., Rivière-du-Loup, 

QC). The plants were grown in a controlled environment growth chamber at 17-20°C and 

70% RH with a 16 hr photoperiod at 400 μmol m-2 s-1 light intensity. To differentiate 

between the effect of chitosan (sprayed treatments) and S. sclerotiorum (inoculated 

treatments) on gene expression, there were four treatments: (i) sprayed and inoculated, 

(ii) sprayed and non-inoculated, (iii) non-sprayed and inoculated, and (iv) non-sprayed 

and non-inoculated. Foliar chitosan spray was prepared by adding 18 ml of Elexa-4 in a 

total volume of 350 ml to make a solution of 0.2% chitosan. Plants were treated 9 weeks 

after seeding using a hand sprayer until run-off. Non-sprayed plants were sprayed with 

water. Twenty-four hours following chitosan spray, petioles of inoculated plants were 

inoculated with S. sclerotiorum isolate C14 cultured on PDA using the straw inoculation 

method (Petzoldt and Dickson, 1996). Inoculation involved boring a plastic straw, 5 mm 

diameter x 2 cm long into the leading edge of a S. sclerotiorum isolate C14 culture 

without disturbing the growing mycelial tips, and then placing the straw on the tip of an 

outer petiole excised 3 cm from the crown. The exposed end of the straw had been heat-

sealed prior to the experiment. Non-inoculated plants were inoculated with PDA alone.  

Plants were harvested at the time of chitosan treatment (0 h) and 24, 48, 72 and 96 

h after chitosan treatment (Table 4.3). Plants were assessed at each harvest time for 

disease by measuring the length of macerated tissue from the tip of the excised petiole. 

The lower leaflet of an outer petiole and root tissue from the crown were sectioned, 

placed into pre-labelled tubes and immediately frozen in liquid nitrogen, and then stored 
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at -80°C prior to RNA extraction for reverse transcriptase qPCR (RT-qPCR) analysis. 

There were four replications per treatment at each harvest time and the experiment was 

conducted twice. All plants were maintained in a single growth chamber that was used 

for both experiments.  

 

Table 4.3. Experimental procedure and harvest times of the controlled environment 
assessment of chitosan-induced (sprayed) systemic resistance on carrot against 
Sclerotinia sclerotiorum (inoculated).  

 Sprayed  Non-sprayed 

Time course Inoculated Non-inoculated  Inoculated Non-inoculated 

Hour 0     harvest 

spray plantsa      

Hour 24   harvest   harvest 

inoculate plants      

Hour 48 harvest harvest  harvest harvest 

Hour 72 harvest harvest  harvest harvest 

Hour 96 harvest harvest  harvest harvest 
a Plants were treated with Elexa-4, at 0.2% chitosan. 

 

RNA extraction and reverse transcription 

Root and petiole tissue were ground in liquid nitrogen followed by total RNA 

extraction using the RNeasy Plant Mini Kit (Qiagen, Toronto, ON) according to the 

manufacturer’s recommendations. The concentration of RNA was determined with a 

NanoDrop ND-1000 spectrophotometer. Residual DNA was removed from 1 μg of total 

RNA using DNase I Amplification Grade (Invitrogen, Burlington, ON) following the 

manufacturer’s protocol. A total of 500 and 200 ng of RNA from root and petiole tissue, 

respectively, were reverse transcribed with the High Capacity cDNA Reverse 
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Transcription Kit (Applied Biosystems) according to the manufacturer’s instructions. All 

cDNA samples were diluted three fold. 

High quality RNA is critical for accurate gene expression analysis (Fleige and 

Pfaffl, 2006). Handling of tissue has to be carefully controlled to preserve the quality and 

integrity of the RNA material as RNA is sensitive to degradation by inadequate handling 

and storage of tissue samples (Perez-Novo et al., 2005). The RNA Integrity Number 

(RIN) is a new tool for assessing RNA quality on a 1-10 scale, with one being the most 

degraded (Fleige and Pfaffl, 2006). Standards indicate a RIN higher than five as good 

quality total RNA and higher than eight as perfect total RNA for downstream 

applications. RNA integrity and quality control were measured via automated capillary 

electrophoresis using the Eukaryote Total RNA Nano assay on the 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA).  

Primer design 

Primers for target gene 1 (PR2), target gene 2 (PR4) and the reference gene 

(actin) to normalise gene expression were designed using Primer Express software (v. 3) 

based on NCBI GenBank RNA sequences for PR2, PR4 and actin (Table 4.4). AmplifX 

software (v.1.5.4) was used to confirm conformation to the parameters required for 

primer design including primer length, amplicon length, primer guanine-cytosine content 

and melting temperatures while avoiding hairpins and primer-dimer formations. Primers 

were checked for significant sequence similarity with other sequences using BLAST 

analysis (Blastn; verified 14 Jan. 2011).  
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Table 4.4. Primers evaluated for quantifying defense response genes β-1,3-glucanase 
(PR2) and chitinase (PR4) in carrot using quantitative polymerase chain reaction (qPCR). 

a  Forward and reverse primers. 

 

Quantitative polymerase chain reaction 

Quantitative PCR reactions were performed in MicroAmp® Fast 96-Well 

Reaction Plates (0.1 ml; Applied Biosystems) using SYRB Green I fluorescent dye 

detection in a StepOnePlus Real-Time PCR System (Applied Biosystems). Reactions 

were performed in 20 μl containing 5 μl of cDNA (3X dilution of reverse transcribed 

total RNA), 10 μl of PerfeCTa® SYBR® FastMix (ROX™, Quanta Biosciences Inc., 

Gaithersburg, MD), 0.4 μl (100 nM) of each PR2, PR4 and actin highly-purified salt-free 

primer sets, and 4.2 μl of PCR-grade sterile water. The thermal cycling conditions were 

95°C for 30 s, followed by 40 cycles at 95°C for 3 s and 60°C for 30 s. Following 

amplification, a melting curve program was added at 60-95°C with a heating rate of 

0.3°C per second and a final cooling step to 40°C. The threshold line or level of detection 

was set at a fluorescence (ΔRn) of 0.2. Each reaction included a no-template control and 

was performed using two to three technical replications.  

 

 

Target 
gene 

Primer sequence (5´ to 3´)a Annealing 
Tm (°C) 

Amplicon size and primer 
location 

PR 2 
 

TGGAACCATCAAGCACATCAC  
CCTTGTCCAGGGCATCAGTT 

60 80 bp AB127960 position 
239 to 318 

PR 4  AAGCTGGTCCCTGCACAAATA 
GGTGACAATATCAGCAACCGAAA 

60 71 bp, U52848 position 146 
to 216  

Actin CCACACGGTGCCAATTTATG 
AGATCACGGCCAGCAAGGT 

60 75 bp, X17525 position 531 
to 605 
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Mathematical and statistical analysis 

AUDPC, percent disease at harvest and yield data were assessed for normality 

using the Shapiro-Wilk test of residuals. Analysis of variance was performed on the 

combined data over the four years. If an interaction between year and treatment was 

found, years were analysed separately. Block was a fixed variable and plant protection 

product and trimming were random variables. If no effect of cultivar or interactions 

between plant protection product and trimming were found, these factors were analysed 

as main effects for means separation. Orthogonal contrast analysis was used to compare 

plant protection treatments with untreated plants, and trimmed and untrimmed treatments. 

Treatment means were separated using Tukey’s adjustment. Statistical analyses were 

performed using the PROC MIXED and PROC UNIVARIATE procedures of SAS 

(v.9.2). A type I error rate of 0.05 was used for all statistical tests.  

Primer efficiencies were determined from five points along a five times dilution 

series of reverse-transcribed total RNA. Primer efficiencies and relative transcript 

expression ratios for the target genes were calculated using REST-384 software 

(http://www.gene-quantification.de/rest.html) (Pfaffl et al., 2002). REST applies a Pair 

Wise Fixed Reallocation Randomization Test© that avoids assumptions of normal 

distribution, which is required for analysis of variance. Ct values are derived from ratios 

and variances can be high, affecting normality of distributions, therefore, Ct values 

should not be used in t-tests or analyses of variance where a normal distribution is 

required. Expression of the target genes was normalised against the expression of actin. 

Pairwise comparisons were made between hour zero and each treatment at each harvest 

time, and between chitosan sprayed, inoculated plants and non-sprayed, inoculated plants 

http://www.gene-quantification.de/rest.html�
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at each harvest time. Analysis of variance was performed on the transcript levels of actin 

for each experiment and on the combined data over the two experiments on length of 

macerated tissue from the tip of the excised petiole using the PROC GLM procedure of 

SAS (v.9.2) with a type I error rate of 0.05.  

4.4 Results 

Field evaluation of Elexa-4 

Sclerotinia rot developed in carrot crops in each year of the four year study, 

however, significant effects of treatment were only observed in two years, 2009 and 

2011. In 2009 and 2011, disease incidence peaked at 14 and 21%, respectively, in late 

September in the untrimmed, untreated control and remained high for the remainder of 

the growing season in both years (Figure 4.1). In 2008 and 2010, disease incidence 

ranged from 7 to 15% and 0 to 2% for a two week period in August and September, 

respectively, in the untreated control and remained less than 1% for the remainder of the 

season in both years (Figure 4.1).  
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Figure 4.1. Incidence of sclerotinia rot in carrot crops treated with 0.2% chitosan (     ), 0.2% chitosan combined with 
trimming the canopy (          ) boscalid (         ), boscalid combined with trimming the canopy (           ), trimming alone (          ) 
and the untreated/untrimmed control (         ) at the University of Guelph-Muck Crops Research Station (MCRS), Bradford 
Marsh, Ontario. Data points are means of four replications.  
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Analysis of variance for the combined 4 year data identified a year by treatment 

interaction, therefore, AUDPC, percent disease at harvest and yield data were analysed 

separately for each year. In 2009 and 2011, there was no effect of cultivar on AUDPC 

and data were pooled for the two cultivars. There were no plant protection product by 

trimming interactions on AUDPC or percent disease at harvest in any year.  

The low levels of disease in the untreated control resulted in no effect of plant 

protection product or trimming on SRC in 2008 and 2010 (Table 4.5). There were no 

treatment combinations in 2008, therefore, contrast statements were not performed.  
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Table 4.5. Mean area under the disease progress curve (AUDPC) and incidence of 
sclerotinia rot of carrot at harvest on carrots treated with a plant protection product with 
or without a canopy trimming treatment at the University of Guelph-Muck Crops 
Research Station (MCRS), Bradford Marsh, Ontario in 2008 and 2010. 

 2008  2010 

 AUDPC Disease at 
harvest (%) 

 AUDPC Disease at 
harvest (%) 

Boscalid with trim - -  0 ns 0 ns 
Chitosan with trim - -  6  0  
Boscalid 91 nsb 0 ns  0  0  
Chitosan 79  0   51  1  
Trima - -  0  0  
Control 104  0  25  0  
se 28 0  16 0.4 
Contrasts       
 Boscalid -c -c  0 ns 0    ns 
 Chitosan  - -  29  0.5  
 Control - -  12  0  
 se - -  12 0.3 
 Trimmed - -  2 ns 0    ns 
 Untrimmed - -  25 0.3 
 sed - -  11 0.2 

a  A single trimming of the canopy was conducted at canopy closure.  
b ns = no significant differences (P = 0.05, Tukey’s Test) were found among the treatments. 

Refer to Tables E.1, E.2, E.6, E.7 and E.8 in Appendix E for the ANOVA tables. 
c There were no combined treatments in 2008, therefore, contrast statements were not performed. 
d e = standard error. 
 

In 2009, the use of chitosan or boscalid reduced AUDPC as compared to the 

untreated and untrimmed control, and combining trimming with chitosan or boscalid 

further reduced AUDPC (Table 4.6). Percent disease at harvest was reduced by each 

plant protection product when used alone and trimming did not enhance the effect of 

either plant protection product (Table 4.6). Treatments were not balanced in 2009, 

therefore, contrast statements were used to determine the effect of trimming versus 
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untrimmed treatments and plants treated with a plant protection product versus untreated 

on AUDPC and percent disease at harvest. The untrimmed, untreated control had an 

AUDPC of 564 and there was 14 percent disease at harvest (Table 4.6). The application 

of chitosan or boscalid to untrimmed carrots reduced the AUDPC and percent disease at 

harvest. Combining trimming with either plant protection product further reduced 

AUDPC. Chitosan was as effective as boscalid on both trimmed and untrimmed carrots 

(Table 4.6). Trimming and treatment with a plant protection product reduced AUDPC by 

297 and 423, respectively, and percent disease at harvest by 5.2 and 10.8%, respectively.  
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Table 4.6. Mean area under the disease progress curve (AUDPC) and incidence of 
sclerotinia rot of carrot at harvest and 3 months postharvest on carrots treated with a plant 
protection product with or without a canopy trimming treatment at the University of 
Guelph-Muck Crops Research Station (MCRS), Bradford Marsh, Ontario in 2009 and 
2011. 

 2009  2011 

 AUDPCa Disease at 
harvest 
(%) 

 AUDPC Disease at 
harvest 
(%) 

Postharvest 
disease (%) 

Boscalid with trim 23 a 1 a  145 a 5 a 2 nsb 
Chitosan with trim 70 ab 4 a  167 a 8 ab 4 
Boscalid e 215 bc 2 a  418 ab 4 a 3 
Chitosan 252 c 6 a  519 b 11 ab 7 
Trimc - -  307 ab 8 ab 6 
Control 564 d 14 b  899 c 14 b 6 
se 57 2  102 2 2 
Contrasts        
 Boscalid -d - d  281 a 5 a 2 ns 
 Chitosan  - -  343 a 9 ab 5 
 Control - -  603 b 11 b 6 
 se - -  89 2 1 
 Trimmed - -  206 a 7 ns3 4 ns 
 Untrimmed - -  612 b 10  5 
 see - -  84 1 1 

a  Numbers within a group in a column followed by the same letter are not significantly different 
at P = 0.05, Tukey’s Test. Refer to Tables E.3, E.4, E.5, E.9, E.10 and E.12 in Appendix E for 
the ANOVA tables. 

b ns = no significant differences (P = 0.05, Tukey’s Test) were found among the treatments. 
c  A single trimming of the canopy was conducted at canopy closure. 
d  Treatments were not balanced in 2009, therefore, factorial contrast statements were not 

performed.   
e se = standard error. 
 

 

In 2011, all treatments reduced AUDPC compared to the untreated and 

untrimmed control, and combining trimming with chitosan further reduced AUDPC 

(Table 4.6). There was no further reduction in AUDPC when the fungicide was combined 
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with trimming. Examination of the simple effects showed that trimming alone reduced 

AUDPC as effectively as chitosan or boscalid applied alone. As in 2009, the chitosan 

treatment was as effective as boscalid in reducing AUDPC. Only boscalid reduced 

percent disease at harvest compared to the untreated and untrimmed control. Trimming 

did not further reduce percent disease at harvest when combined with either plant 

protection product (Table 4.6). Trimming did not affect carrot root yield at harvest in any 

of the years (Tables E.5, E.8 and E.11). 

Disease in storage occurred in one of the four experimental years. In 2011, 

disease was observed after 3 months in storage, but at low levels, and there was no effect 

of plant protection product or trimming on postharvest disease incidence (Table 4.6). 

Disease incidence at harvest in 2011 ranged from 4 to 14% (Table 4.6). In 2009, disease 

was not observed in storage while disease incidence at harvest ranged from 1 to 14% 

(Table 4.6). In 2008 and 2010, the remaining two years when disease was not observed in 

storage, disease incidence at harvest was 0% and ranged from 0 to 1%, respectively 

(Table 4.5).  

Controlled environment assessment of chitosan-induced systemic resistance 

Primer efficiencies for PR2, PR4 and actin were 94%, 93% and 91%, 

respectively. The three primers each amplified a single product as determined by melt 

curve analysis. RIN values ranged from 6.7 to 10, and 78% of the total samples had RIN 

≥ 8. Actin expression was constant among the treatments (P > 0.05).  

Relative transcript levels of PR2 and PR4 were enhanced in plants that were 

inoculated with S. sclerotiorum, in both chitosan-sprayed and non-sprayed plants. In the 

first experiment, elevated relative transcript levels of PR2 were first detected at 72 h, with 
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a further increase 96 h after chitosan treatment in inoculated plants (Table 4.7). 

Expression of PR4 was upregulated to a greater extent and quicker than PR2. Elevated 

transcripts were detected in chitosan-sprayed and inoculated plants 48 h after chitosan 

treatment and continued to increase until 96 h after chitosan treatment. In non-sprayed 

and inoculated plants, there was no significant enhancement in relative transcript levels 

of PR2 and PR4 until 96 h after the start of the experiment (Table 4.7), indicating that 

chitosan treatment resulted in a quicker defense response after inoculation with S. 

sclerotiorum compared to non-sprayed and inoculated plants. However, there were a few 

anomalies in this experiment. In chitosan sprayed but non-inoculated carrots, PR2 was 

upregulated 48 h after treatment, but this was not followed by further increases. In non- 

sprayed and inoculated plants, an upregulation of PR2 was found having a similar pattern 

as non-sprayed, non-inoculated carrots. 
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Table 4.7. Relative transcript levels of defense response genes, PR2 and PR4, and P 
value, in carrot crowns, in response to foliar application with chitosan and challenge with 
Sclerotinia sclerotiorum, experiment one.  

 Chitosan sprayed 

Timelinea PR2b,c P value PR4 P value  PR2 P value PR4 P value 

Hour 24      ↑ 1.5d 0.51 ↑ 1.2 0.76 
          

 Inoculated  Non-inoculated 

Hour 48 ↑ 4.8 0.08 ↑ 11.2 0.04  ↑ 28.3 0.03 ↑ 17.7 0.19 

Hour 72 ↑ 6.6 0.05 ↑ 31.8 0.01  ↑ 3.7 0.95 ↑ 12.9 0.43 

Hour 96 ↑ 39.5 0.01 ↑ 224.2 0.01  ↑ 5.3 0.21 ↑ 3.6 0.44 
 

 Non-sprayed 

Timeline PR2 P value PR4 P value  PR2 P value PR4 P value 

Hour 24      ↑ 3.1 0.50 ↑ 2.207 0.66 
          
 Inoculated  Non-inoculated 

Hour 48 ↑ 7.1 0.16 ↑ 17.6 0.11  ↑ 15.1 0.32 ↑ 12.9 0.44 

Hour 72 ↑ 2.0 0.66 ↑ 10.4 0.15  ↑ 9.2 0.67 ↑ 13.7 0.49 

Hour 96 ↑ 34.9 0.02 ↑ 64.5 0.03  ↑ 25.6 0.05 ↑ 12.6 0.27 
a  Hours post-chitosan treatment. 
b  Arrow indicates up regulation (↑) or down regulation (↓). 
c  Transcript levels of target gene copies are relative to actin. 
d Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) data were analysed 

using REST software v.384. 
 
 

In the second experiment, relative transcript levels of PR2 were upregulated in 

chitosan sprayed and inoculated plants by 48 h, and peaked at 72 h, after chitosan 

treatment, with no enhancement in PR2 at 96 h following chitosan treatment. In non-

sprayed and inoculated plants, elevated relative transcript levels of PR2 were detected at 

72 h, and further increased at 96 h, after the start of the experiment (Table 4.8). Relative 
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transcript levels of PR4 were upregulated at 72 h following chitosan treatment in both 

chitosan sprayed and non-sprayed plants that were inoculated with S. sclerotiorum (Table 

4.8).  

In both experiments, relative transcript levels of PR2 and PR4 were generally not 

upregulated in non-inoculated plants, whether chitosan sprayed or non-sprayed (Tables 

4.7 and 4.8). This indicates that the presence of the pathogen was necessary to induce a 

defense response. The magnitude in elevated relative transcripts levels of PR2 and PR4 

did not differ between chitosan sprayed and non-sprayed, inoculated plants at each 

harvest time.  
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Table 4.8. Relative transcript levels of defense response genes, PR2 and PR4, and P 
value, in carrot crowns, in response to foliar application with chitosan and challenge with 
Sclerotinia sclerotiorum, experiment two.  

 Chitosan sprayed 

Timelinea PR2b,c P value PR4 P value  PR2 P value PR4 P value 

Hour 24      ↑ 5.6d 0.05 ↑ 1.3 0.90 
          
 Inoculated  Non-inoculated 

Hour 48 ↑ 8.2 0.01 ↑ 1.6 0.61  ↑ 2.9 0.13 ↓ 1.1 0.92 

Hour 72 ↑11.3 0.04 ↑ 13.3 0.03  ↑ 1.9 0.28 ↓ 1.705 0.44 

Hour 96 ↑ 6.2 0.20 ↑ 4.3 0.36  ↑1.9 0.50 ↓ 1.335 0.78 
 

 Non-sprayed 

Timeline PR2 P value PR4 P value  PR2 P value PR4 P value 

Hour 24      ↑1.8 0.37 ↓ 1.9 0.39 
          
 Inoculated  Non-inoculated 

Hour 48 ↑ 2.7 0.10 ↑ 2.1 0.38  ↑ 2.8 0.14 ↓ 2.2 0.39 

Hour 72 ↑ 5.9 0.01 ↑ 6.4 0.03  ↑ 1.7 0.66 ↑ 1.6 0.71 

Hour 96 ↑ 4.6 0.04 ↑ 2.2 0.47  ↑ 3.2 0.32 ↑ 1.4 0.82 
a  Hours post-chitosan treatment. 
b  Arrow indicates up regulation (↑) or down regulation (↓). 
c  Transcript levels of target gene copies are relative to actin. 
d Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) data were analysed 

using REST software v.384. 
 

 

There was no experiment by mean lesion length interaction, therefore, data from 

both experiments were pooled. Foliar chitosan treatment reduced the length of the lesion 

caused by S. sclerotiorum at 48 and 72 hours post-inoculation (Table 4.9). No effect was 

observed at 24 h post-inoculation. Petioles of non-inoculated plants remained firm 

throughout the experiment. 
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Table 4.9. Lesion length on petioles of carrot plants treated with chitosan, or untreated 
and inoculated with Sclerotinia sclerotiorum.   

Timeline Treatment Lesion length (cm)a 

24 hoursb chitosan 0.0 nsc 
 non-sprayed 0.1  
48 hours chitosan 1.0 a 
 non-sprayed 1.9 b 

72 hours chitosan 1.7 a 
 non-sprayed 2.9 b 

 sed 0.2 
a  Numbers within a timeline in a column followed by a different letter are significantly different 

at P = 0.05, Tukey’s Test. Refer to Table E.13 in Appendix E for the ANOVA table. 
b  Hours post-inoculation. 
c  ns = not significant.  
d se = standard error. 
 

4.5 Discussion 

This is the first work to study the effects of chitosan on carrots infected by S. 

sclerotiorum. In this study, chitosan application reduced development of SRC throughout 

the cropping season compared to the untreated control and it was as effective as the 

standard fungicide, boscalid, in both years when disease was observed for several weeks 

and significant treatment effects were detected. In the few reports evaluating commercial 

chitosan formulations under field conditions, Elexa-4 applied at a concentration of 0.25% 

chitosan reduced incidence of downy mildew by 32% in 14-day-old pearl millet 

(Pennisetum glaucum (L.) R. Br.) seedlings (Sharathchandra et al., 2004). Also Kendal 

Cops® (Valagro, Atessa, Italy), a new commercialised 4% chitosan formulation, applied 

at 0.1%, reduced downy mildew between 54 to 95% in leaves and bunches of 12-year-old 

grapevines (Iriti et al., 2011). In the current work, combining chitosan with canopy 

trimming further enhanced the efficacy of chitosan in both years with treatment effects. 
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This enhanced effect suggests that trimming facilitated the penetration of the plant 

protection products deep into the canopy, increasing the surface area of exposed plant 

tissues receiving treatment. Although, chitosan alone and combined with trimming only 

reduced disease incidence at harvest in one of the experimental years that had treatment 

effects, this study demonstrates that chitosan alone or in combination with trimming can 

reduce incidence of SRC in the field. 

Trimming alone reduced incidence of SRC as effectively as either plant protection 

product used alone or in combination with trimming in 2011. Trimming alone reduced 

the number of apothecia of S. sclerotiorum in all years of a three year trial (McDonald et 

al., 2008) and in both years of a two year trial (Kora et al., 2005b). In the two year study, 

trimming also reduced disease incidence in the field in the year that SRC developed 

during the growing season (Kora et al., 2005b). Management practices aimed at altering 

canopy microclimate have also been effective in managing diseases caused by S. 

sclerotiorum in bean (Schwartz et al., 1978, Vieira et al., 2010) and soybean (Boland and 

Hall, 1986, Kurle et al., 2001). Combined trimming of the carrot canopy and application 

of the fungicide Lance did not further reduce the number of apothecia of S. sclerotiorum 

compared to trimming alone in the three year study (McDonald et al., 2008), even though 

the active ingredient, boscalid, is effective against S. sclerotiorum (Ma et al., 2009, Wang 

et al., 2009).  

Trimming provided equivalent control when used alone as when combined with a 

plant protection product, suggesting that the altering canopy microclimate is sufficient to 

manage SRC by reducing inoculum production and disease development, provided the 

canopy microclimate remains unfavourable during these processes. The trimmed canopy 
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closed approximately three weeks following trimming, extending the effective period of 

this management technique compared to the plant protection products, which require re-

application every one to two weeks when disease pressure is high. Carrot crops harvested 

in late October are still at risk of developing SRC during the 6 to 8 week period after 

canopy re-closure until harvest, as inoculum can be produced and infection can occur 

during this period (Foster et al., 2011, Kora et al., 2005a). In 2009 and 2011, ascospores 

were detected and the incidence of SRC increased between canopy re-closure and 

harvest. Opening the canopy late in the growing season may not be effective when the 

ambient weather conditions may be unfavourable for apothecial development and 

infection, which occur optimally around 15 to 20°C (Hao et al., 2003, Kora et al., 2005a, 

Wu and Subbarao, 2008). A second trim at canopy re-closure, and combining a fungicide 

application with a second trim, did not further reduce the number of apothecia of S. 

sclerotiorum compared to the single trim treatment (McDonald et al., 2008). Therefore, a 

plant protection product may be required against SRC between canopy re-closure and 

harvest, particularly when environmental conditions are conducive for disease. 

Foliar debris left in the furrow after trimming did not become colonised by S. 

sclerotiorum, consistent with the results of Kora et al. (2005b). Commercial growers may 

be concerned that trimming the foliage may decrease yields, however, a single trim 

during the growing season did not affect root yield in this study, consistent with the 

results of two other studies (Kora et al., 2005b, McDonald et al., 2008). Carrot canopy 

trimming is currently practiced by commercial carrot growers in Nova Scotia, Prince 

Edward Island and Washington State, and a current project is evaluating a commercial 
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trimmer for shared use among carrot growers in the Bradford Marsh (M. R. McDonald, 

personal communication).  

Disease developed in storage in only one of the four years of this study. In 2008 

and 2010, disease did not develop during the growing season and, subsequently, disease 

did not develop after four months in storage. In 2009, despite disease incidence at harvest 

reaching 14% in the untreated, untrimmed control plants, disease did not develop after 

four months in storage. In 2011, all treatments were diseased at harvest and, 

subsequently, postharvest SRC occurred in all treatments, but there were no differences 

in disease incidence among the treatments. Postharvest SRC did not develop in any of the 

experimental units that had zero incidence of SRC at harvest but were diseased at some 

period during the growing season, supporting the importance of low levels of SRC at 

harvest in preventing potential inoculum sources from entering storage (Kora et al., 

2005a).  

Opening the carrot canopy to increase the quantity of plant tissue in contact with 

chitosan enhanced its efficacy, suggesting that activity is localised at the site of contact. 

Chitosan has been shown to induce resistance locally at the site of contact in carrot 

foliage (Jayaraj et al., 2009), therefore, increasing the proportion of exposed plant tissues 

to spray coverage can increase the quantity of tissue with induced resistance. Chitosan 

activity has been reported to be directly antifungal at concentrations of 0.3% and greater 

(Cheah et al., 1997, El-Ghaouth et al., 1992, Liu et al., 2007, Manjunatha et al., 2008), 

while at concentrations of 0.2% and less, chitosan does not inhibit fungal growth 

(Manjunatha et al., 2008, Molloy et al., 2004, Tiuterev et al., 1996). In this present study, 

chitosan was applied at 0.2% suggesting that protective effects in the field were due to IR  
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To investigate the IR response, the systemic expression of defense responses in 

carrot crowns in response to foliar applied chitosan and petiole inoculation with S. 

sclerotiorum under controlled environment conditions was evaluated. There was no 

significant difference in the magnitude of the defense responses between inoculated 

plants that were chitosan-sprayed or non-sprayed, suggesting that inoculation with the 

pathogen was primarily responsible for triggering the systemic defense responses. While 

the two- and three-fold range difference in PR2 and PR4 relative transcript levels 

detected in chitosan-sprayed plants compared to non-sprayed plants were not significly 

different, the consistency in observed elevated levels of relative transcripts of PR2 and 

PR4 in both experiments suggests that chitosan may have enhanced systemic defense 

responses, however, more conclusive data is required. Slower disease progress in the 

chitosan-sprayed plants compared to non-sprayed plants deonstrates that chitosan 

conferred some protection against S. sclerotiorum. Relative transcript levels of PR2 and 

PR4 were not enhanced in chitosan-sprayed plants in the absence of the pathogen, 

indicating that chitosan did not directly induce the expression of defense responses.  

The magnitude of the expression of PR2 and PR4 at each time measure between 

inoculated plants that were chitosan-sprayed or sprayed was not significantly different. 

This indicates that chitosan did not significantly enhance the defense response. The 

interaction between the plant and S. sclerotiorum was primarily responsible for inducing 

the expression of these two genes. While chitosan did not significantly enhance relative 

transcript levels of PR2 and PR4, they were generally elevated 24 h earlier in chitosan-

treated plants compared to untreated plants. This quicker response suggests that chitosan 

may have primed the plants to respond more quickly to S. sclerotiorum. Priming results 
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in a stronger and more rapid response to subsequent pathogen challenge, rather than 

directly activating defense responses regardless of their requirement (Conrath et al., 

2006). Expressing defense responses incurs allocation costs, whether in a basal or 

induced state, as plant resources are diverted from plant development and metabolic 

processes to produce defense products (van Hulten et al., 2006). Priming minimises the 

diversion of plant resources as the enhanced defense state is only expressed under 

necessary conditions. In the field trial, chitosan treatment did not affect carrot yield in 

crops treated biweekly, suggesting that any enhanced state of defense did not reduce plant 

productivity. Comparably, yield losses were not incurred in P. vulgaris treated every 10 

days with chitosan from seeding to mid-pod fill in field conditions, bringing the authors 

to conclude that allocation costs were minimal (Iriti et al., 2010).  

Although chitosan did not conclusively enhance a systemic IR response in carrot 

in this study, Jarayaj et al. (2009) detected elevated levels of several defense transcripts, 

including PR2 and PR4, and enzymes in carrot leaves in response to foliar chitosan 

application and inoculation with A. radicina and B. cinerea. Chitosan has also been found 

to directly upregulate transcript levels of defense-related genes in grape cell suspensions, 

soybean and tobacco in the absence of pathogen challenge (Chen et al., 2009, Ferri et al., 

2009, Zhang et al., 2007). These three studies contradict the results from the present 

study. In the present study, enhanced levels of relative transcript levels of defense 

response genes were only detected in plants that were chitosan-treated and challenged 

with the pathogen. Differential responses to chitosan may be related to the different forms 

of chitosan that affect biological activity (Iriti et al., 2010). Chitosan exists in several 

degrees of deactylation (75 to 90%) (Durango et al., 2006, Falcón-Rodríguez et al., 2008, 
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Liu et al., 2007, Molloy et al., 2004) and sizes, with molecular weights varying from 5 to 

1671 kDa (Chien et al., 2007, Choi, 2007, Falcón-Rodríguez et al., 2008, 

Ozeretskovskaya et al., 2009) and from 1 to 22 kDa in chitosan fragments, oligomers 

(Choi, 2007, No et al., 2002, Vargas et al., 2006). These properties can determine the 

outcome of species-specific chitosan-mediated IR according to the nature of the host, and 

when present, the invading organism (Iriti et al., 2010). 

Chitosan shows strong potential as a plant protection product, effective against 

diverse plant-pathogen interactions (Yin et al., 2010). In this study, chitosan reduced SRC 

as effectively as a standard fungicide throughout the span of the cropping season, with 

trimming enhancing the effect of chitosan. Chitosan was applied five times on a biweekly 

program to carrot crops in 2009 and 2011, while three and two applications, respectively, 

of the fungicide were made based on the SRC forecast model. The current forecast model 

requires three days to confirm the presence of S. sclerotiorum, a time lag incompatible 

with IR which is ineffective after infection, therefore, chitosan was applied on a calendar 

basis for this study. Chitosan could be integrated into the forecast-based, disease 

management systems once diagnostic times are reduced to a minimum. Reducing the 

number of applications needs to be evaluated to confirm that there is no reduction in 

chitosan efficacy. 
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CHAPTER 5 

GENERAL DISCUSSION AND CONCLUSION 

The sporadic nature of diseases caused by S. sclerotiorum makes an accurate 

forecast model essential to economically manage this pathogen. The key indicators of the 

SRC forecast model to estimate the risk of disease development are environmental 

conditions, canopy growth and the presence of inoculum (Foster et al., 2011, Kora et al., 

2005a). This study provided an alternative tool to detect inoculum of S. sclerotiorum, 

which is principally airborne ascospores (Boland and Hall, 1987, 1988a, Foster et al., 

2011, Wegulo et al., 2000), and identified an effective method to manage SRC in the 

field. Analysis of multi-year data from this and previous studies (Foster, 2006, Kora, 

2003), M. R. McDonald, personal communication) indicated that a single site in a carrot 

growing region is sufficient to sample for ascospores of S. sclerotiorum when ascospore 

numbers are low, increasing to two sites as ascospore numbers increase and 

environmental conditions become conducive to disease development. 

A qPCR assay to detect and quantify airborne ascospores collected using a 

Burkard Sampler was tested over three field seasons and compared to the BPT, the 

current method to detect inoculum of S. sclerotiorum as a component of the SRC forecast 

model (Foster et al., 2011). The qPCR assay specifically detected ascospores of S. 

sclerotiorum amongst a pool of bioaerosol. The quantity of ascospores collected using a 

Burkard Sampler and detected using a qPCR assay were comparable to the BPT and 

numbers were related to the subsequent observation of SRC in the field in two of the 

three years of the trials. In the third year, ascospores were detected, but incidence of SRC 

was  low. The potential false positive result may have been due to high severity of carrot 
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leaf blight in the air sampling plot, resulting in an open canopy and conditions unsuitable 

for SRC, despite the presence of inoculum. In general, SRC was observed following 

detection of ascospores ranging in concentration from of 2 to 4 ascospores m-3 air 

(equivalent to 6 to 12 ascospores in a collection tube after three hours of air sampling) 

using the Burkard Sampler coupled with qPCR, which was suggested as the preliminary 

ascospore threshold for this method. This was consistent with a study in the UK where 

epidemic levels of Sclerotinia stem rot of canola were reached following ascospore 

concentrations ranging from 2 to 12 ascospores m-3 air on 15 of 29 air sampling dates 

(Rogers et al., 2009). 

Disease risk thresholds based on the quantity of DNA near the limit of detection 

may be inherently at higher risk of providing inaccurate results as variation among 

replications commonly increases near the lower limit of detection (Bilodeau et al., 2012, 

Carisse et al., 2009). The quantity of DNA derived from Ct values of the same sample 

among technical replications within a qPCR reaction, or the same sample in separate 

qPCR reactions, can potentially vary above and below a threshold, particularly if the 

threshold is near the limit of the linear range. In this study, the estimated disease risk 

threshold was the equivalent to 6 to 12 ascospores in a collection tube after three hours of 

air sampling, and the lower limit of detection was 0.5 ascospores. In some air samples, Ct 

values among technical replications varied by 1 Ct value within a qPCR reaction, with 

some technical replications within or above and others below the estimated disease risk 

threshold of 2 to 4 ascospores m-3 air. If the threshold was based on the detection of a 

higher number of ascospores, variation among technical replications is expected to 

decrease, thereby, allowing more confident assessment of the number of ascospores. The 



146 
 

Burkard Sampler in this study operated for three hours to directly compare ascospore 

counts determined by the qPCR assay with those from the BPT, which was also exposed 

for three hours. Further research should be conducted to determine if continuous 

operation of the Burkard Sampler collects a greater number of ascospores, thereby, 

reducing variability among replications in a qPCR reaction and improving the accuracy in 

determining the quantity of ascospores. This study was conducted over three field 

seasons. More comprehensive data is required to confirm the effectiveness and 

practicality of this method. The Burkard Sampler collects bioaerosol, which would most 

likely contain other pathogens. Developing a multiplex qPCR assay could potentially 

detect more than one organism in the same qPCR reaction (Li et al., 2011, Liu et al., 

2012, Qu et al., 2011). 

The BPT and Burkard Sampler coupled with the qPCR assay each effectively 

detected inoculum of S. sclerotiorum. A third air sampling method that was evaluated, the 

Andersen Sampler, consistently collected fewer ascospores than either the BPT or 

Burkard Sampler, therefore, this method was not recommended to detect S. sclerotiorum.  

The qPCR assay can provide results within five hours of air sampling, compared 

to the three day interval required to confirm the presence of S. sclerotiorum using the 

BPT (Foster et al., 2008, Hammond et al., 2008, Steadman et al., 1994). A Burkard 

Sampler actively collects bioaerosol facing the prevailing wind, providing a standardised 

count that is independent of the wind speed and direction. Burkard Samplers are 

automated, therefore, air samples do not need to be retrieved at a specific time and 

numerous sampling dates can be collected and analysed simultaneously. The principal 

disadvantage of the Burkard Sampler coupled with the qPCR assay is the capital cost of 
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the sampler and qPCR equipment. The disadvantages of the BPT include the three day 

delay for results, inaccurate results when plates are exposed to rain and the laborious 

nature of the test regarding SSM preparation, frequent sampling for accurate results and 

the need to place and collect plates at a specific time. Despite these disadvantages, the 

BPT was effective in detecting S. sclerotiorum in the current and previous studies. The 

choice of ascospore detection method to use in the SRC forecast model depends on the 

importance of a quick confirmation of the presence of S. sclerotiorum, whether funds are 

available to purchase a Burkard Sampler and qPCR equipment, and the expertise to run 

the qPCR or prepare the plates and interpret the results. 

This study investigated the potential to reduce the number of air sampling sites to 

a single location to improve air sampling efficiency. Analysis of ascospore counts 

collected using the BPT in a carrot growing region over nine years indicated that 

ascospore counts correspond among air sampling sites. The first detection of ascospores 

and the number of days that ascospores were detected at BPT threshold levels on the 

same day and during the same period corresponded among sites in seven of the nine air 

sampling years. Variability was insignificant among air sampling sites when ascospore 

counts were low, consistent with a two year study sampling for ascospores of S. 

sclerotiorum in four potato fields (Hammond et al., 2008). Analysis of this data 

concluded that one air sampling site is sufficient to detect ascospores while counts are 

low, increasing to two sites during periods when ascospores counts reach threshold 

levels, foliar lodging and senescence begins in carrot crops, and environmental conditions 

are suitable to initiate disease.  
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Results from the BPT were used to guide the timing of trimming the carrot 

canopy and application of the fungicide boscalid. When SRC developed in two of four 

years of the study, trimming the canopy and boscalid application alone reduced the 

incidence of disease, with an enhanced effect of boscalid when applied in combination 

with trimming. This confirms results from similar studies evaluating the effect of canopy 

trimming and fungicide application on disease development and sclerotial numbers 

(Foster et al., 2011, McDonald et al., 2008). The MCRS is supporting the use of a 

mechanised canopy trimmer among commercial growers in the Bradford Marsh. 

This was the first study evaluating the effectiveness of chitosan against S. 

sclerotiorum under field conditions. Field application of chitosan consistently reduced 

SRC in the two years that disease developed, with canopy trimming enhancing chitosan 

activity. Chitosan was applied biweekly because the current forecast model requires three 

days to confirm the presence of S. sclerotiorum, a time lag incompatible with IR which is 

ineffective after infection. This study is being continued at the MCRS to confirm 

consistency in chitosan activity and trimming in the field to make sound 

recommendations to growers. The qPCR assay developed in this study could enable the 

integration of chitosan into IPM management systems due to the reduced time required to 

assess disease risk. Applying chitosan following a forecast model based decision could 

result in reduced applications compared to a biweekly schedule. Reducing the number of 

applications needs to be evaluated to confirm that there is no reduction in chitosan 

efficacy.  

Controlled environment studies demonstrated a consistent enhanced state of 

defense in response to chitosan and other elicitors of IR, coupled with reductions in 
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disease incidence (Flors et al., 2008, Herman et al., 2008, Jayaraj et al., 2009, Potlakayala 

et al., 2007). However, inconsistent field performance, including under the same plant 

pathosystem that were effective in controlled environment studies, (Dinh et al., 2007, 

Pasquer et al., 2005, Walters et al., 2011), remains a major obstacle to integrate IR into 

pest management systems (Vallad and Goodman, 2004, Walters and Fountaine, 2009). 

The effectiveness of IR can be influenced by several factors, including host genotype and 

the state of induction under ambient conditions (Dinh et al., 2007, Herman et al., 2007, 

Pasquer et al., 2005, Resende et al., 2002, Walters, 2009, Walters et al., 2011). In the 

field, plants will be exposed to a multitude of biotic and abiotic inducing agents, which 

suggests that a basal state of induction perpetually exists in plants. If this is the case, the 

important question is whether this already elevated defense state can be further enhanced 

(Walters, 2009). Only further repeated studies evaluating IR in the field can determine if 

IR is consistent under field conditions and if further enhancing IR will improve disease 

management. 

 In summary, this work developed a qPCR assay that rapidly and specifically 

identified ascospores of S. sclerotiorum from air samples collected using a Burkard 

Sampler. This work further determined that the BPT and qPCR assay are equally 

effective in detecting and quantifying airborne ascospores of S. sclerotiorum. Analysis of 

multi-year data from this and previous studies indicated that a single site in a carrot 

growing region is sufficient to sample for ascospores of S. sclerotiorum when ascospore 

numbers are low, increasing to two sites as ascospore numbers increase and 

environmental conditions become conducive to disease development. This work 

confirmed that application of fungicide and trimming the carrot canopy in response to 
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predicted disease risk effectively managed SRC in the field. This was the first study to 

show that chitosan reduced SRC in the field and was effective as boscalid. Controlled 

environment studies revealed that exposure to S. sclerotiorum was necessary to induce a 

systemic IR response in carrot, which was inconsistently enhanced by application of 

chitosan. 

 Future research to build upon the work of this thesis should: 

• determine if continuous operation of the Burkard Sampler collects a greater 

number of ascospores; thereby, reducing variability among replications in a qPCR 

reaction and improving the accuracy in determining the quantity of ascospores; 

• confirm the effectiveness and practicality of a Burkard Sampler and the qPCR 

assay to detect and quantify ascospores of S. sclerotiorum; 

• develop a multiplex qPCR assay that could potentially detect more than one 

organism in the same qPCR reaction; 

• confirm that a single air sampling site is sufficient to detect ascospores while 

counts are low, increasing to two sites during periods when ascospores counts 

reach threshold levels, foliar lodging and senescence begins in carrot crops, and 

the environmental conditions are suitable to initiate disease; 

• evaluate application of chitosan following a forecast model based decision and 

verify that reduced applications do not affect chitosan efficacy. 
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APPENDIX A – CHAPTER 2 FIGURE 
 

 

Figure A.1. Sequence alignment between the 122 bp amplicon generated by the primer 
set Mit(i)_Ss F/R using quantitative polymerase chain reaction (qPCR) on ascospores of 
an air sample (August 11, 2011) collected using a Burkard Multi-Vial Cyclone Sampler 
and the positive control (Sclerotinia sclerotiorum isolate DL). Sequence in the middle 
represents consensus nucleotides. 
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APPENDIX B – CHAPTER 3 ANOVA TABLES 

Table B.1. Analysis of variance for cumulative number of detected ascospores using the 
blue plate test (BPT) at the Muck Crops Research Station (MCRS) in 2006. Analysis 
applies to Table 3.3. 

 DF Type I SS Mean square F value Pr  > F 

Replicate 5 304 61 0.59 0.7105 

Air sampling site 1 363 363 3.54 0.1187 

 

 

Table B.2. Analysis of variance for cumulative number of detected ascospores using the 
blue plate test (BPT) at the Muck Crops Research Station (MCRS) in 2007. Analysis 
applies to Table 3.3. 

 DF Type I SS Mean square F value Pr  > F 

Replicate 5 4291 858 2.59 0.1600 

Air sampling site 1 20,008 20,008 60.35 0.0006 

 

 

Table B.3. Analysis of variance for cumulative number of detected ascospores using the 
blue plate test (BPT) at the Muck Crops Research Station (MCRS) in 2008. Analysis 
applies to Table 3.3. 

 DF Type I SS Mean square F value Pr  > F 

Replicate 5 445 89 0.83 0.5541 

Air sampling site 2 2865 1433 13.44 0.0015 
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Table B.4. Analysis of variance for cumulative number of detected ascospores using the 
blue plate test (BPT) at the Muck Crops Research Station (MCRS) in 2009. Analysis 
applies to Table 3.3. 

 DF Type I SS Mean square F value Pr  > F 

Replicate 5 2465 493 0.59 0.7082 

Air sampling site 3 26958 8986 10.75 0.0005 

 

 

Table B.5. Analysis of variance for cumulative number of detected ascospores using the 
blue plate test (BPT) at the Muck Crops Research Station (MCRS) in 2011. Analysis 
applies to Table 3.3. 

 DF Type I SS Mean square F value Pr  > F 

Replicate 5 248 50 1.09 0.4096 

Air sampling site 3 5527 1842 40.41 < .0001 
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APPENDIX C – CHAPTER 3 AIR SAMPLING SITES 

 

Figure C.1. Air sampling sites were located at the Muck Crops Research Station (MCRS) sites 1 and 2, and the commercial sites 
located in the west (commercial 1) and east (commercial 2) regions of the Bradford Marsh. 

 

MCRS 1 

MCRS 2 

Commercial 1 

Commercial 2 
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APPENDIX D – CHAPTER 3 ARCHIVE DATA TABLES 

Table D.1. Ascospore count determined using the blue plate test (BPT) and incidence of 
Sclerotinia rot of carrot (SRC) data obtained from Kora, C. 2003. Etiology, Epidemiology 
and Management of Sclerotinia Rot of Carrot Caused by Sclerotinia sclerotiorum (Lib.) 
be Bary. PhD. Thesis. University of Guelph, Guelph, ON, Canada. Values used in 
Chapter 3. 

  MCRS 1  Commercial 1a 
 BPT SRC (%)  BPT SRC (%) 

1999      

Jul 27 0 0  0 0 
Aug 3 0 0  0 0 
Aug 10 0 0  5 0 
Aug 17 < 1 0  12 0 
Aug 24 5 0  39 0 
Aug 31 0 0  9 0 
Sep 7 < 1 0  1 0 
Sep 14 15 0  16 8 
Sep 21 25 0  10 14 
Sep 28 -b 0  - 41 
Oct 5 49 0  2 50 
Oct 12 4 0  0 62 

2000      

Jul 26 22 0  11 0 
Aug 2 28 0  17 0 
Aug 9 52 0  30 0 
Aug 16 4 < 1  9 0 
Aug 23 8 2  2 0 
Aug 30 8 10  2 0 
Sep 6 2 21  1 9 
Sep 13 0 25  2 10 
Sep 20 < 1 28  0 17 
Sep 27 < 1 -  0 20 
Oct 4 0 -  0 21 
Oct 11 0 38  0 25 

a Commercial site was located on Woodchoppers Lane in the Bradford Marsh. 
b Data not available.  
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Table D.2. Ascospore count determined using the blue plate test (BPT) and incidence of 
Sclerotinia rot of carrot (SRC) data obtained from the Muck Crops Research Station 
(MCRS) Integrated Pest Management (IPM) Program. Values used in Chapter 3. 

 MCRS 1  Commercial 1 
 BPT SRC (%)  BPT SRC (%) 

2006      
Jul 28 1 -a  - - 
Jul 31 1 -  - - 
Aug 1 < 1 -  - - 
Aug 4 3 -  - - 
Aug 8 2 -  - - 
Aug 11 1 -  1 - 
Aug 14 2 -  2 - 
Aug 15 1 -  5 - 
Aug 18 0 -  < 1 - 
Aug 21 < 1 -  2 - 
Aug 22 1 -  < 1 - 
Aug 25 < 1 -  0 - 
Aug 28 3 -  < 1 - 
Aug 29 4 -  0 - 
Sep 1 2 -  1 - 
Sep 5 < 1 -  2 - 
Sep 8 10   2  
Sep 11 2 -  2 - 
Sep 18 0 -  0 - 
Sep 26 2 -  0 - 

2007      

Jul 27  0 -  - - 
Jul 31 0 -  - - 
Aug 3 0 -  0 - 
Aug 7 0 -  0 - 
Aug 10 0 -  0 - 
Aug 14 2 -  0 - 
Aug 17 < 1 -  < 1 - 
Aug 21 14 -  17 - 
Aug 24 7 -  4 - 
Aug 28 22 -  8 - 
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 MCRS 1  Commercial 1 
 BPT SRC (%)  BPT SRC (%) 

Aug 31 19 -  10 - 
Sep 4 17 -  6 - 
Sep 7 14 -  - - 
Sep 11 20 -  11 - 
Sep 14 10 -  16 - 
Sep 18 15 -  12 - 
Sep 21 15 -  11 - 
Sep 25 11 -  8 - 
Sep 28 5 -  11 - 
Oct 2 11 -  7 - 
Oct 5 7 -  4 - 
Oct 9 3 -  1 - 
Oct 12 19 -  4 - 
Oct 16 3 -  1 - 
Oct 19 17 -  17 - 

a Data not available. 
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Table D.3. Ascospore count determined using the blue plate test (BPT) and incidence of Sclerotinia rot of carrot (SRC) data obtained 
from Foster, A. J. 2006. Forecasting Sclerotinia Rot of Carrot. M.Sc. Thesis. University of Guelph, Guelph, ON, Canada. Values used 
in Chapter 3. 

 MCRS 1 Commercial 1 Commercial 2 Commercial 3 Commercial 4 Commercial 5 
 BPT SRC (%) BPT SRC (%) BPT SRC (%) BPT SRC (%) BPT SRC (%) BPT SRC (%) 

2004             
 Jul 19 < 1 0 -a - - - - - - - - - 
 Jul 25 4 - - - - - - - - - - - 
 Jul 28 8 0 - - - - - - - - - - 
 Aug 4 2 - - - - - - - - - - - 
 Aug 6 4 2 - - - - - - - - - - 
 Aug 10 10 - 161 5 19 < 1 6 0 35 0 247 0 
 Aug 12 3 5 11 8 75 < 1 - - - - - - 
 Aug 17 5 9 204 13 43 1 5 4 3 0 4 4 
 Aug 24 3 15 3 30 2 1 1 4 1 0 0 3 
 Sep 3 3 53 - - - - 1 15 2 20 41 10 
 Sep 8 2 60 0 65 0 4 1 38 1 35 6 20 
 Sep 14 < 1 68 < 1 75 < 1 4 < 1 40 1 55 2 30 
 Sep 23 0 70 - - - - 0 70 0 65 0 35 
 Sep 27 0 73 0 90 0 4 0 77 0 85 0 55 
 Oct 7 0 0 0 0 0 0 0 0 0 0 0 0 
 Oct 11 - - 0 - 0 - - - - - - - 
 Oct 18 0 0 0 0 0 0 - - - - - - 
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 MCRS 1 Commercial 1 Commercial 2 Commercial 3 Commercial 4 Commercial 5 
 BPT SRC (%) BPT SRC (%) BPT SRC (%) BPT SRC (%) BPT SRC (%) BPT SRC (%) 

2005             
 Jul 25 0 0 0 0 0 0 0 0 0 0 0 0 
 Aug 3 0 < 1 < 1 0 < 1 0 0 0 0 0 0 0 
 Aug 9 - 1 < 1 0 0 0 0 0 0 0 0 0 
 Aug 16 1 2 0 0 3 0 1 0 2 0 4 0 
 Aug 18 - - < 1 1 2 1 1 0 3 0 0 0 
 Aug 24 6 2 0 5 2 5 1 0 3 0 1 0 
 Aug 30 2 0 2 9 2 10 < 1 1 16 2 < 1 < 1 
 Sep 1 - - 1 - - - < 1 - 5 - 4 < 1 
 Sep 8 5 0 < 1 20 1 18 1 1 49 11 0 1 
 Sep 21 1 0 < 1 35 < 1 33 < 1 5 1 10 1 10 
 Sep 28 2 0 - - - 34 1 4 3 10 - - 
 Sep 29 - - 1 36 - - - - - - 1 9 
 Oct 4 2 1 - - - - - - - - - - 
 Oct 12 1 2 1 36 2 34 1 5 2 13 2 11 
 Oct 19 4 3 - - - - - - - - - - 

a Data not available. 
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APPENDIX E – CHAPTER 4 ANOVA TABLES 

Table E.1. Analysis of variance for area under the disease progress curve (AUDPC) for 
Sclerotinia rot of carrot (SRC) at the Muck Crops Research Station (MCRS) in 2008. 
Applies to Table 4.5. 

 Estimate  SE Z value Pr Z 

Replicate 1972 1924 1.02 0.1527 

Residual 1110 641 1.73 0.0416 

Effect Num df Den df F value Pr > F 

PPPa 2 6 0.59 0.5857 
a PPP = plant protection product. 

 

 

Table E.2. Analysis of variance for incidence of Sclerotinia rot of carrot (SRC) at the 
time of harvest at the Muck Crops Research Station (MCRS) in 2008. Applies to Table 
4.5. 

 Estimate  SE Z value Pr Z 

Replicate 0 - - - 

Residual 0 - - - 

Effect Num df Den df F value Pr > F 

PPPa - - - - 
a PPP = plant protection product 
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Table E.3. Analysis of variance for area under the disease progress curve (AUDPC) for 
Sclerotinia rot of carrot (SRC) in response to plant protection product (PPP) at the Muck 
Crops Research Station (MCRS) in 2009. Applies to Table 4.6. 

 Estimate  SE Z value Pr Z 

Replicate 5750 5856 0.98 0.1631 

Residual 14067 3828 3.94 0.0001 

Effect Num df Den df F value Pr > F 

Cultivar 1 27 0.21 0.6395 

PPPa 2 27 21.14 <.0001 

Trim  1 27 19.98 0.0001 

PPP*trim 1 27 0.02 0.8978 

Cult*PPP*trim 4 27 0.37 0.8307 
a PPP = plant protection product. 

 

 

Table E.4. Analysis of variance for incidence of Sclerotinia rot of carrot (SRC) at time of 
harvest in response to plant protection product (PPP) at the Muck Crops Research Station 
(MCRS) in 2009. Applies to Table 4.6. 

 Estimate  SE Z value Pr Z 

Replicate 5.5743 5.92 0.94 0.1731 

Residual 16.5085 4.49 3.67 0.0001 

Effect Num df Den df F value Pr > F 

Cultivar 1 27 0.21 0.6498 

PPPa 2 27 18.21 <.0001 

Trim  1 27 1.78 0.1928 

PPP *trim 1 27 0.01 0.9074 

Cult* PPP*trim 4 27 0.05 0.9940 
a PPP = plant protection product. 
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Table E.5. Analysis of variance for carrot harvest yield in response to plant protection 
product (PPP) at the Muck Crops Research Station (MCRS) in 2009. Applies to Chapter 
4. 

 Estimate  SE Z value Pr Z 

Replicate 0.9775 0.84 1.16 0.1234 

Residual 0.5589 0.15 3.67 0.0001 

Effect Num df Den df F value Pr > F 

Cultivar 1 27 37.25 <.0001 

PPPa 2 27 9.68 0.0007 

Trim  1 27 0.99 0.3295 

PP *trim 1 27 0.92 0.3456 

Cult* PP *trim 4 27 0.74 0.5721 
a PPP = plant protection product. 

 

 

Table E.6. Analysis of variance for area under the disease progress curve (AUDPC) for 
Sclerotinia rot of carrot (SRC) in response to plant protection product (PPP) at the Muck 
Crops Research Station (MCRS) in 2010. Applies to Table 4.5. 

 Estimate  SE Z value Pr Z 

Replicate 200 280 0.72 0.2372 

Residual 822 300 2.74 0.0031 

Effect Num df Den df F value Pr > F 

PPPa 2 15 2.01 0.1691 

Trim  1 15 3.97 0.0647 

PPP*trim 2 15 1.25 0.3150 
a PPP = plant protection product. 
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Table E.7. Analysis of variance for incidence of Sclerotinia rot of carrot (SRC) at time of 
harvest in response to plant protection product (PPP) at the Muck Crops Research Station 
(MCRS) in 2010. Applies to Table 4.5. 

 Estimate  SE Z value Pr Z 

Replicate 0 0.1034 0.00 0.5000 

Residual 0.6936 0.2533 2.74 0.0031 

Effect Num df Den df F value Pr > F 

PPPa 2 15 1.00 0.3911 

Trim  1 15 1.00 0.3332 

PPP*trim 2 15 1.00 0.3911 
a PPP = plant protection product. 

 

 

Table E.8. Analysis of variance for carrot harvest yield in response to plant protection 
product (PPP) in at the Muck Crops Research Station (MCRS) 2010. Applies to Chapter 
4. 

 Estimate  SE Z value Pr Z 

Replicate 0.3820 0.41 0.93 0.1760 

Residual 0.7071 0.26 2.74 0.0031 

Effect Num df Den df F value Pr > F 

PPPa 2 15 1.45 0.2655 

Trim  1 15 0.31 0.5881 

PPP*trim 2 15 0.73 0.4967 
a PPP = plant protection product. 
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Table E.9. Analysis of variance for area under the disease progress curve (AUDPC) for 
Sclerotinia rot of carrot (SRC) in response to plant protection product (PPP) at the Muck 
Crops Research Station (MCRS) in 2011. Applies to Table 4.6. 

 Estimate  SE Z value Pr Z 

Replicate 21419 20300 1.06 0.1457 

Residual 41058 10108 4.06 <.0001 

Effect Num df Den df F value Pr > F 

Cultivar 1 33 2.87 0.0997 

PPPa 2 33 11.37 0.0002 

Trim  1 33 48.06 <.0001 

PPP*trim 2 33 2.71 0.0815 

Cult*PPP*trim 5 33 0.35 0.8804 
a PPP = plant protection product. 

 

 

Table E.10. Analysis of variance for incidence of Sclerotinia rot of carrot (SRC) at time 
of harvest in response to plant protection product (PPP) at the Muck Crops Research 
Station (MCRS) in 2011. Applies to Table 4.6. 

 Estimate  SE Z value Pr Z 

Replicate 2.1376 4.0963 0.52 0.3009 

Residual 33.6897 8.2938 4.06 <.0001 

Effect Num df Den df F value Pr > F 

Cultivar 1 33 3.87 0.0755 

PPPa 2 33 5.43 0.0092 

Trim  1 33 3.08 0.0884 

PPP*trim 2 33 1.41 0.2576 

Cult*PPP*trim 5 33 0.03 0.9994 
a PPP = plant protection product. 
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Table E.11. Analysis of variance for carrot harvest yield in response to plant protection 
product (PPP) at the Muck Crops Research Station (MCRS) in 2011. Applies to Chapter 
4.  

 Estimate  SE Z value Pr Z 

Replicate 0.0842 0.09 0.95 0.1711 

Residual 0.2892 0.07 4.06 <.0001 

Effect Num df Den df F value Pr > F 

Cultivar 1 33 314.7 <0.0001 

PPPa 2 33 3.49 0.0421 

Trim  1 33 0.45 0.5069 

PPP*trim 2 33 0.13 0.8820 

Cult*PPP*trim 5 33 1.83 0.1338 
a PPP = plant protection product. 

 

 

Table E.12. Analysis of variance for incidence of postharvest SRC 120 days after harvest 
at the Muck Crops Research Station (MCRS) in 2011. Applies to Table 4.6. 

 Estimate  SE Z value Pr Z 

Replicate 0 . . . 

Residual 33.2408 7.8349 4.24 <.0001 

Effect Num df Den df F value Pr > F 

Cultivar 1 33 1.10 0.3018 

PPPa 2 33 1.80 0.1809 

Trim  1 33 0.66 0.4217 

PPP*trim 2 33 0.35 0.7052 

Cult*PPP*trim 5 33 0.80 0.5590 
a PPP = plant protection product. 
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Table E.13. Analysis of variance for disease progression down the petiole from the point 
of inoculation on carrot plants treated with chitosan and inoculated with Sclerotinia 
sclerotiorum. Applies to Table 4.9. 

 DF Type I SS Mean square F value Pr  > F 

Experiment 1 0.00 0.00 0.00 0.9756 

Experiment*chitosan treatment 1 0.05 0.05 0.21 0.6465 

Replicate 3 1.27 0.42 1.93 0.1409 

Day 2 41.80 20.90 95.32 < .0001 

Chitosan treatment 1 6.24 6.24 28.44 < .0001 

Day*chitosan treatment 2 2.51 1.25 5.72 0.0068 
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