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ABSTRACT 

MANAGEMENT OF PLASMODIOPHORA BRASSICAE USING METAM SODIUM 

AND CHLORPICRIN BASED FUMIGANTS AND DEFENSE SIGNALLING OF 

BRASSICA PLANTS IN RESPONSE TO PLASMODIOPHORA BRASSICAE 

Justin Robson                  Advisors 

University of Guelph, 2021                Dr. Mary Ruth McDonald 

           Dr. Bruce D. Gossen 

 

Clubroot (Plasmodiophora brassicae) is a soil-borne disease that attacks Brassica crops, 

including canola (Brassica napus). Management options are limited and the defense response in 

plants is not fully understood. Selected rates of the fumigants metam sodium and chloropicrin, 

along with solarization, were tested in controlled environment and fields studies. Two 

formulations of metam sodium performed similarly. Fumigants required sealing with high-grade 

film to be effective. Chloropicrin was more effective at reducing disease severity but neither 

fumigant eliminated resting spores from soil in trials. Solarization appeared to have promise, but 

requires more study. A split-root system for canola was developed to examine gene expression in 

roots challenged with P. brassicae. The splitting system prevented infection moving between 

root sections. Minimal testing was done with defense genes, but two defence genes, BnOPR2 

and BnCCR, were consistently amplified. Results differed between the studies, which indicated 

that gene expression differed between the root sections. 
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CHAPTER ONE - LITERATURE REVIEW  

1.1 Canola and brassica crops 

Canola, Brassica napus L. or B. rapa L., is an oilseed crop in the family Brassicaceae. 

One of Canada's most important cash crops, canola is responsible for 25% of farm gate receipts 

in Canada (Canola Council of Canada, 2020a). The term canola is a trademarked quality standard 

for seed that contains less than 2% erucic acid in the oil and less than 30 µM of glucosinolates in 

the meal (Canola Council of Canada, 2016b). Canola seed is processed into oil and meal. The oil 

is primarily used in food products and the meal as livestock feed (Canola Council of Canada, 

2016a). The production and processing of canola contributes on average 249,000 jobs and $26.7 

billion dollars each year to the Canadian economy (Canola Council of Canada, 2020a). 

There are several popular vegetable crops within the Brassica genus and the 

Brassicaceae family. Brassica oleraceae L. includes broccoli (var. italica L.), cauliflower (var. 

botrytis L.), kale (var. sabellica L.), Chinese kale (var. alboglabra L.H.Bailey Musil), brussels 

sprouts (var. gemmifera DC.), and red (var. capitata f. rubra L.) and green (var. capitata L.) 

cabbage. Other common vegetable crops in the Brassica genus are B. rapa, including Chinese or 

napa cabbage (subsp. pekinensis Lour. G.Olsson), pak choi (subsp. chinensis L. Makino), and 

turnip (subsp. rapa L.). 

Canola production in Canada occurs primarily in Alberta, Saskatchewan, and Manitoba. 

Harvest generally occurs 90–115 days after seeding (Campbell and Kondra, 1977; Kasa and 

Kondra, 1986; Dewan et al., 1998). Days to maturity depend on several factors, one of which is 

the cultivar itself. Some cultivars of B. rapa are ready for harvest at ~90 days in Saskatchewan 

(Dewan et al., 1998), while most cultivars of B napus require more than 100 days to mature. 
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Most of the crop in Canada is spring canola because winter cultivars do not survive the harsh 

winters of the Prairie region (Canola Council of Canada, 2016b). Winter cultivars, which are 

frequently used in Europe and Asia, tend to have higher yield than spring cultivars (Canola 

Council of Canada, 2016b). 

Pak choi is used primarily as a leafy green vegetable (OMAFRA, 2012). Production 

occurs in areas with lower summer temperatures in Ontario and Quebec (OMAFRA, 2012). High 

temperature and a long photoperiod can cause bolting. Another popular type of Asian brassica is 

Shanghai pak choi. The leaves and stem have a lighter green color than regular pak choi 

(OMAFRA, 2012). Pak choi plants tend to have a shallow root system and grow best at a pH of 

6.0–7.5 and temperatures between 15–18 ºC (OMAFRA, 2012). Maturation of pak choi takes 

only 45–60 days in Ontario (OMAFRA, 2012). 

1.2 Diseases of Brassica species 

Several pathogens can contribute to yield loss in Brassica crops in Canada. Blackleg 

(Leptosphaeria maculans Sowerby P. Karst) is a highly damaging disease that affects both 

vegetable and oilseed crops (Fitt et al., 2006). Sclerotinia stem rot (Sclerotinia sclerotiorum Lib. 

de Bary) and clubroot (Plasmodiophora brassicae Woronin) are also important diseases of 

canola and vegetable brassicas (Schaad and Dianese, 1981). A 2004 survey of canola in Alberta 

found sclerotinia stem rot in 148 of 182 fields (Dmytriw and Lange, 2005). Clubroot has been 

present on vegetable brassicas and canola in central Canada for decades (Hwang et al., 2012). It 

was first identified in canola on the Canadian Prairies in Alberta in 2003 (Tewari et al., 2005), 

where it now represents an important constraint to canola production. Other diseases include 

fusarium wilt (Fusarium oxysporum Schlecht. emend. Snyder & Hansen), root rot (Fusarium 
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spp.; Rhizoctonia solani Kuhn), powdery mildew (Erysiphe cruciferarum Opiz ex L. Junell), and 

alternaria leaf spot (Alternaria spp.) (Dmytriw and Lange, 2005). 

1.3 Plasmodiophora brassicae 

Plasmodiophora brassicae is among one of the most damaging diseases of brassica 

crops. It is an obligate pathogen, which means that is cannot been grown in pure culture (Brian, 

1967). Clubroot may be one of the earliest diseases ever reported, as it was described on turnip 

fields fertilized with manure in Italy in the 4th century AD. The next report was from Spain in 

1539, where club-like symptoms were observed on cabbage. By 1760, clubroot had became 

widespread in Europe and had spread to England (Watson and Baker, 1969). By 1876, the 

disease had become problematic in cabbage production in Russia, where it was identified and 

characterized by Mikhail Woronin (Woronin, 1878). In English, common names include 

clubroot, finger-and-toe, and hernia (Karling, 1968; Dixon, 2009a). The disease has a worldwide 

distribution and is estimated to cause an average yield loss of 10–15% worldwide on brassica 

crops (Dixon 2009a). Infestations can rapidly encompass entire fields and make cultivation of 

clubroot-free crops impossible (Karling, 1968). 

The first recorded instance of clubroot in North America was in 1853 near New York 

City (Watson and Baker, 1969). In Canada, clubroot has been reported on brassica vegetable 

crops throughout Canada (McDonald et al., 2020). The source of the initial inoculum is 

unconfirmed, but is thought to been introduced to Canada through infected turnip brought by 

European colonists (Howard et al., 2010; Sedaghatkish et al., 2019). Clubroot was first identified 

on canola in Alberta in a field outside of Edmonton, Alberta in 2003 (Tewari et al., 2005). The 

number of infected fields has increased rapidly since then. By 2014, the number of infested fields 

was at 1868 (Strelkov et al., 2012; Gossen et al., 2015). In Alberta, the disease tends to be 
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concentrated near entrances to the fields. This indicates that it is spread on farm equipment, 

along with wind. Water and wind are also factors for dispersal (Cao et al., 2009, Gossen et al., 

2015). 

1.4 Taxonomy 

Plasmodiophora brassicae is a eukaryotic organism in the kingdom Rhizaria phylum 

Cercozoa, and subphylum Endomyxa (Cavalier-Smith, 1998, 2002; Hittorf et al., 2020). 

Organisms in the phylum Cercozoa have flagella (Cavalier-Smith, 2013) and those in the 

subphylum Endomyxia are characterized by plasmodial endoparasitism within other eukaryotes 

(Cavalier-Smith, 2002). It has had changes in classification and previously was classified as 

kingdom Fungi, phylum Protozoa, subphylum Protista (Cavalier-Smith, 1998, 2002). This was 

later updated to fall under the kingdom Chromista (Cavalier-Smith, 2013) 

1.5 Life cycle 

The life cycle of P. brassicae consists of three stages: survival stage, primary infection, 

and secondary infection and development. The pathogen survives in the soil as long-lived resting 

spores. Primary infection occurs when resting spores germinate to produce a primary zoospore 

(Kageyama and Asano, 2009). This often happens when resting spores are close to plant roots, 

where they are stimulated to germinate by root exudates. The primary zoospore swims to a root 

hair and infects. Once inside the root hair, it develops into a multi-nucleate plasmodium that 

eventually undergoes nuclear division, forming zoosporangia. The zoosporangia each produce 

between 4–16 secondary zoospores (Kageyama and Asano, 2009). Secondary zoospores are 

released from the root hair, swim to the root and infect the cortical tissue, beginning the second 

stage of infection. Plasmodia in the secondary infection stage undergo mitotic division, 

cytoplasmic cleavage, and develop into resting spores (Ingram and Tommerup, 1972). 
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1.6 Host species 

Plasmodiophora. brassicae can infect both the root hairs and cortical root tissue of many 

species within the Brassicaceae family, including species in the genera Brassica, Arabidopsis, 

and Raphanus (Dixon, 2009a). The pathogen is also capable of infecting root hairs of species of 

many plant families including the Rosaceae, Poaceae, and Papaveraceae (Dixon, 2006). 

1.7 Symptoms and host changes 

Plasmodiophora. brassicae colonization results in hyperplasia and hypertrophy of host 

roots, resulting in discolouration, disruption of vascular tissue and swelling of the roots, which 

produces the characteristic clubbing symptom (Ingram and Tommerup, 1972). The disruption in 

the root tissues also results in above-ground symptoms such as chlorosis, necrosis, and 

abscission of leaves, caused by reduced translocation of water and nutrients (Dixon, 2009a). 

Flower growth can be accelerated, leading to underdeveloped fruit, fewer seeds and lower seed 

quality (Dixon, 2009a). Some plant species have distinctive hypertrophy phenotypes on root 

tissue. Tumble mustard (Sisymbrium altissimum L.) generally only forms clubs on the main root, 

but not on lateral roots. Hedge mustard (Sisymbrium officinale L.) and wormseed mustard 

(Erysimum cheiranthoides L.) develop clubbing on lateral roots but not on the main root. Garden 

cress (Lepidium sativum L.) only produces clubs on the lower portion of roots, and radish roots 

develop tumour-like nodules (Karling, 1968). 

Secondary infection is responsible for several changes in the signalling pathway in the 

host, which causes club development. Most notably, infection by P. brassicae causes changes 

linked to auxins and cytokinins, which are plant growth hormones (Ludwig Müller et al., 2009). 

Indole acetic acid (IAA), an auxin, is found in developing plasmodia and the periphery of clubs 

(Ludwig-Müller et al., 2009). Activation of the ARGAH2 gene, which inhibits auxin-induced 
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root development, limited the development of clubs (Gravot et al., 2012). Turnip plants 

accumulate higher levels of cytokinins when infected with P. brassicae compared to healthy 

turnips (Dekhuijzen and Overeem, 1971). Similarly, receptor genes for cytokinins are up-

regulated in Arabidopsis plants when infected with P. brassicae, which results in increased 

sensitivity to cytokinins (Siemens et al., 2006). 

1.8 Characterization of P. brassicae populations 

At one time, the pathotypes of P. brassicae were referred to as ‘races’. However, race is 

no longer considered an appropriate descriptor because it indicates that the variation in 

population virulence has been characterized based on genes or alleles (Sturhan, 1985). Pathotype 

is a more suitable term because it indicates that differentiation of phenotypes is based on 

virulence on defined hosts or cultivars (Flor, 1971). Several differential host sets have been 

developed to characterize pathotypes of P. brassicae. Williams (1966) developed a system based 

on the clubroot reaction of cabbage cvs. Jersey Queen and Badger Shipper, and rutabaga cvs. 

Laurentain and Wilhelmsburger. Another classification system is the European Clubroot 

Differential (ECD) set (Buczacki et al., 1975). The ECD set utilizes five cultivars of each of 

three species, B. rapa, B. oleraceae, and B. napus. This differs from what was used in Some et 

al.,(1996), which tested using 10 cultivars, only 7 of which showed any differential responses to 

pathotypes. The Canadian Clubroot Differential (CCD) uses 13 cultivars, including the cultivars 

from the European clubroot differentials with the addition of five B. napus cultivars; Brutor, 

Mendel, Westar, 45H29 and several cultivars from Williams (1966) and Somé et al. (1996) 

(Strelkov et al., 2018). The predominant pathotypes of P. brassicae present in British Columbia 

and Ontario have been pathotypes 6, (Xue et al,. 2008; Cao et al,. 2009) and the limited number 

of samples from Manitoba and Saskatchewan have been pathotypes 3 and 5 (Strelkov and 
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Hwang, 2014; McDonald, personal communication). The predominant pathotypes in Quebec are 

2 and 5, while Nova Scotia has pathotypes 3, 1 and 2 (Williams, 1966; Hildebrand and 

Delbridge, 1995; Cao et al., 2009). Alberta has pathotypes 3, 5, and 2 (Cao et al., 2009). The 

pathotypes present across Canada have recently been summarized and updated (McDonald et al. 

2020). A new pathotype in Alberta, designated as 5X, was the first identified as having overcome 

the existing resistance available in commercial canola cultivars (Strelkov et al., 2016), but many 

more new pathotypes have subsequently been identified (Strelkov et al., 2018). 

1.9 Temperature 

Temperature is an important factor affecting infection and colonization by P. brassicae 

and symptom development in the host. An early study reported that a minimum temperature of 

18ºC was necessary for germination of P. brassicae resting spores (Wellman 1930). Symptom 

development is strongly affected by temperature (Gossen et al., 2012). As temperature increases 

to 25ºC, so does the severity of clubbing. Short-season brassica crops grown in Ontario had the 

most severe clubbing when they were harvested in July and August, months where the mean 

temperature was between 20–22ºC. Clubbing severity was very low in October, where the mean 

temperature was ~10ºC (McDonald and Westerveld, 2008). Under field conditions, an air 

temperature of 25ºC was optimum for infection (Gossen et al., 2017a). A similar temperature 

response was found in canola plants grown in a controlled environment and in field trials with 

Shanghai pak choi (Gossen et al., 2012a, 2012b). Similarly, the optimum temperatures for both 

primary and secondary infection was 23–26ºC, based on studies with Shanghai pak choi (Sharma 

et al. 2011a, 2011b). Daily temperature fluctuations of 10ºC or less in the soil had no effect on 

pathogen development (Gludovacz 2013), and a air temperature of above 14ºC appeared to be 

the lower threshold for infection (Gossen et al., 2017a). 
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1.10 Soil pH 

Several studies have shown that clubroot symptoms are more severe at slightly acidic pH, 

~6.3. For example, clubroot severity in controlled environment studies was higher in soil with a 

pH of 5.4–7.1 relative to pH of 7.3–8.0 (Colhoun, 1953; Myers and Campbell, 1985). Similarly, 

clubroot severity was reduced at pH of 7–8 as compared to pH of 5–6.5 (Karling, 1968; Gossen 

et al., 2013). Also, resting spore germination was delayed at a pH of 8 compared to a pH of 5.8 

(Macfarlane, 1952). 

1.11 Soil moisture 

In general, fields that have poor drainage support higher proliferation of P. brassicae 

(Dixon 2009b). Soil moisture affects infection by P. brassica because the motile zoospores 

require free soil moisture to swim toward roots (Colhoun, 1973). More specifically, clubroot 

infection and subsequent severity are often related to assessments of field capacity, which is the 

amount of water held in soil after excess water has drained away (Nachabe, 1998). An early 

report indicated that soil moisture at 70% field capacity was optimal for P. brassicae infection 

(Colhoun, 1953). Clubroot developed when soil moisture was between 60–100% of field 

capacity, but there was no development when field capacity was less than 45% (Dixon, 2009b). 

In a greenhouse study, clubroot incidence was 100% in turnip rape watered to maximum 

capacity daily, but was only 60% when watered only when wilting occurred. The daily irrigation 

treatment had a lower yield (500 kg ha-1) compared to the wilting treatment (1500 kg ha-1) 

(Rastas et al., 2012). Clubroot severity in Chinese cabbage cv. Shin-Riso declined when soil 

moisture was reduced from 80% to 40% (Narisawa et al. 2005). In field trials, rainfall at 2–3 

weeks following the seeding of vegetable crops in muck soil coincided with increases in clubroot 

incidence and severity (Thuma et al., 1983; Gossen et al., 2012a, 2017). 
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1.12 Spore density 

There is a positive correlation between resting spore levels in the soil and root hair 

infection. The interaction has been confirmed with several Brassica spp. including canola, 

cabbage, and cauliflower (Macfarlane, 1952; Hwang et al., 2011b). Although clubroot symptoms 

have been reported on napa cabbage cv. Shin-Azuma at spore levels as low as 10 spores g-1 soil , 

the spore density generally required for consistent infection is about 1000 spores g-1 soil under 

optimum environmental conditions (Donald and Porter, 2009; Faggian and Strelkov, 2009; 

Murakami et al., 2002). 

Altering inoculum concentrations from 1 x 103 to 1 x 107 resting spores g-1 soil resulted 

in a reduction of foliar weight of napa cabbage and an increase in clubroot severity (Hildebrand 

and McRae, 1998). Canola shows a similar trend; increasing inoculum from 1 x 105 to 1 x 108 

resting spores g-1 soil caused an increase in clubroot severity, from 43% to 100% severity, and 

reduced plant height (Hwang et al., 2011c). 

Spore density also had an impact on the growth of clubroot-resistant B. rapa crops. 

Planting resistant napa cabbage at a site with high inoculum (107) versus lower inoculum (106) 

resulted in a reduction in leaf length of over 22% in one year and 31% in another (Gossen et al., 

2017b). Similarly, the biomass and height of clubroot-resistant canola was reduced and 

maturation delayed in some (but not all) growth room studies (Gossen et al., 2017b). 

1.13 Cultural management 

IPM approaches to clubroot management focus on altering aspects of the cropping 

system. Crop rotations with non-host crops reduces clubroot severity (Rastas et al., 2012, Peng et 

al., 2015; Gossen et al., 2019). Certain plant species can act as bait plants for clubroot. For 
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example, oat (Avena sativa L.) or spinach (Spinacia oleracea L.) promote germination and root 

hairs become infected, but these plants are not capable of supporting the full life cycle of 

P. brassicae and do not produce additional resting spores (Macfarlane, 1952). Leafy daikon 

(Raphanus sativus L. var.longipinnatus) reduced resting spore levels from 7.5 x 105 to 4 x 104 

when planted before Chinese cabbage, although the reduction did not reduce clubroot severity in 

a subsequent planting (Murakami et al., 2000). Leaving bait plants in the field to decompose can 

result in an additional reduction in severity (Murakami et al., 2001). 

If it is not possible to use crop rotation to reduce spore loads in soil, careful selection of 

seeding date or altering soil nutrients can reduce clubroot. Planting Shanghai pak choi or Chinese 

flowering cabbage early in May or in late August or September reduced clubroot incidence 

relative to crops planted in June and July (0–15% vs. 64–87%) (McDonald and Westerveld, 

2008). Incorporating nutrients in the soil can also reduce clubroot severity. Boron applied at 4 

and 8 kg ha-1 reduced clubroot. However, higher rates of boron had a phytotoxic effect on canola 

(Deora et al., 2011). Calcium has also been shown to reduce clubroot severity, and there was 

some indication that application of calcitic lime may reduce clubroot severity because of the 

effect of lime on both pH and Ca. Application of hydrated lime, reduced clubroot severity in 

greenhouse conditions and increased soil pH (Manolii et al., 2019). Application of calcium 

cyanamide can also reduce clubroot incidence and severity (Fletcher et al., 1982; Dixon and 

Wilson, 1983; Naiki and Dixon, 1987; Donald et al., 2004). 
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1.14 Solarization 

Solarization involves heating soil by covering it with a tarp or film to drive biological or 

chemical changes in the treated area (Stapleton and DeVay, 1986). This method has been used to 

successfully reduce the incidence of other pathogens such as fusarium wilt (Fusarium oxysporum 

f. sp. lactucae (Matuo & Motohashi)) of lettuce (Lactuca sativa L.) in Arizona, USA (Matheron 

and Porchas, 2010). Similarly, solarization has been used to reduce populations of several soil 

pathogens in Australia (Porter and Merriman, 1985). 

High temperature and soil moisture can have a synergistic effect on P. brassicae resting 

spores in soil. When soil was heated to 45ºC in a dry state, resting spores survived for 28 days 

before spore levels began to decline. When the test was repeated with soil moisture at field 

capacity, it took only 14 days at 40ºC or higher before resting spores began to decline (Porter et 

al., 1991). Also, field tests in two sites in Australia demonstrated the efficacy of solarization 

combined with the fumigant dazomet. Solarization treatments reduced clubroot severity at both 

sites, and a combination of solarization and dazomet was more effective than either treatment 

alone (Porter et al., 1991). The efficacy of solarisation, however, decreased as depth increased. 

Solarization has not been assessed under Canadian conditions, but there is concern that the 

Canadian climate is not warm enough, even at the height of summer, for solarisation to be 

effective. 

1.15 Fumigation 

Soil fumigants are compounds that are toxic to a broad range of soil organisms when 

applied to soil (Health Canada, 2016). Fumigants are generally compounds that transform into a 

gas in soil and provide broad-spectrum reduction of microorganisms and weeds. Fumigants are 

typically applied by flooding, drenching, or by injecting the product directly into the soil. The 
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soil surface may be sealed by rolling or the use of a plastic film. The efficacy of fumigants can 

be affected by the film used to seal the soil after treatment; high-grade films kept gases trapped 

more effectively and so increased the efficacy of fumigants (Luo et al., 2013; Cabrera et al., 

2015; Gao et al., 2016). The most common fumigants for clubroot management are metam 

sodium (metham sodium), chloropicrin, and methyl bromide. 

Metam sodium (trade name Busan 1236, Agrospray Limited, Tillsonburg, ON or Vapam 

HL, AMVAC Corporation, Axis, AL) breaks down in soil to produce methyl isothiocyanate 

(MITC). MITC is affected by the moisture content in the soil, and a high moisture content is 

recommended to keep MITC trapped within the soil (Sullivan et al., 2004). Loss of MITC can be 

further reduced by using a virtually impermeable film as a cover (Ou et al., 2006). The mode of 

action of metam sodium is not completely understood, but studies on mice indicate that it 

interferes with cytokinin production (Pruett et al., 2006). It is important to note that treatment 

with metam sodium does not eliminate all microorganisms in the soil (Macalady et al. 1998). 

Application of metam sodium reduced clubroot incidence in several trials (White and 

Buczacki, 1977). Similarly, treatment with 32 mL m-2 of a 50% metam sodium solution reduced 

subsequent incidence in oilseed rape from 81% to 52% (Wiggell et al., 1961) and a linear 

correlation at reducing disease severity in canola when Vapam was applied between 0—160 mL 

m-2 in heavily infested fields in Alberta (Hwang et al., 2014). Greenhouse studies using rates 

between 0.4–1.6 mL metam sodium L-1 of soil had a reduction of disease severity and gall size 

(Hwang et al., 2017a) 

Chloropicrin (trade name Pic Plus, TriCal Inc., Hollister, CA) is another fumigant that 

has activity against clubroot. Although the mode of action of the product is not known, it may 
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target thiol groups (Sparks et al., 1997). The half-life of chloropicrin is between 0.8 to 5.5 d 

(Zhang et al., 2005). Under controlled conditions, clubroot was eliminated on cauliflower grown 

after an application of 0.2 L m-3 of soil. In subsequent field trials, applications of chloropicrin 

from 173-414 kg ha-1 reduced clubroot incidence in cabbage from 20% to 0%. A subsequent 

cabbage planting in the area treated with chloropicrin had only 4% incidence (White and 

Buczacki, 1977). When applied in tandem with the fumigant 1-3 dichloropropene (Telone), 

chloropicrin emissions were reduced most effectively by covering with a high quality virtually 

impermeable film (VIF) after application (Gao et al., 2007). 

The fumigant methyl bromide can effectively reduce a wide range of microbes and weed 

species in soil. In one large-scale field trial, application of methyl bromide at various rates 

reduced clubroot incidence from 85–90% to no visible disease, and to 1–4% in another trial. The 

most effective rate for reduction of clubroot was ~50 g m-2 (500 kg ha-1)(Winstead and Garris, 

1960). Methyl bromide is no longer available for most uses because of negative effects on the 

ozone layer. 

Dazomet (tetrahydro-3,5-dimethyl-2H-1,3,5-thiadiazine-2-thione), trade name Basamid 

(AMVAC, Los Angeles, California) also has efficacy against P. brassicae. Dazomet reduced 

clubroot severity from 80% to 25% in a liner correlation when treatment was applied from 0 to 

2.4 mg dazomet L-1 soil under greenhouse conditions, and increased seedling emergence and 

plant height (Hwang et al., 2017b). Dazomet at 200, 400, 600, and 800 kg ha-1 reduced clubroot 

severity in field trials from 80 DSI in the control to 20 DSI at the highest rate. These changes 

also had a phytotoxic effect on plants. Dazomet fumigant also reduces seedling blight. The 

effectiveness can be increased by the use of a sealant (Hwang et al, 2017b). 
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1.16 Fungicides 

Many fungicides have been tested for efficacy against clubroot. One fungicide, 

cyazofamid (ISK Biosciences Corporation, Plainsville, OH) is registered in Canada and several 

other countries for management of clubroot on vegetables (Mitani et al., 2003). Cyazofamid and 

another fungicide, fluazinam (ISK Biosciences Corporation, Plainsville, OH), prevent the 

germination of resting spores, which in turn prevents primary infection (Guo et al., 1991; Mitani 

et al., 2003; Donald and Porter, 2009). Fluazinam and cyazofamid suppressed clubroot in growth 

room studies with Shanghai pak choi planted in soil-less mix (Adhikari, 2010), but field studies 

with both products only occasionally reduce severity (Adhikari, 2010; Hwang et al., 2011a; 

Gossen et al., 2012a; Saude et al., 2012). 

Both flusulfamide (Mitsui Chemicals Agro Inc., Nihonbashi, Japan) and quintozene 

(AMVAC Chemical Corporation, Los Angeles, CA) reduced clubroot severity on canola and 

quintozene increased yield in field trials, but not enough to justify the cost of application (Hwang 

et al, 2011a; Kowata-Dresch and May-De Mio, 2012). Neither of these fungicides is registered 

for use in Canada. Quintozene had been registered in Canada, but is no longer available. 

1.17 Biocontrol 

No biocontrol products are currently registered for management of clubroot in Canada, 

but several biocontrol products have been shown to have some efficacy against clubroot. For 

example, Streptomyces griseoviridis (Mycostop, Verdera Oy, Espoo, Finland), S. lydicus De 

Boer et al. 1956 strain WYEC 108 (Actinovate SP, 0.371%; Natural Industries Inc. Houston, 

TX), Trichoderma harzanium (Root Shield, BioWorks Inc. Victor NY USA), Bacillus subtilis 

(Serenade ASO, AgraQuest Inc., Davis, CA, USA), and Gliocladium catenulatum (Prestop, 

Verdera Oy, Espoo, Finland) all supressed clubroot severity in canola up to 73%. However, the 
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efficacy of these biocontrol agents was inconsistent across trials (Peng et al., 2011). In addition 

to the commercially available products, Heteroconium chaetospira (Grove) and S. griseoruber 

(Yamaguchi and Saburi) have also been shown to reduce clubroot severity (Narisawa et al., 

2005; Wang et al., 2012). 

Studies have also been conducted to identify genes that are up- or down-regulated in 

response to biological control agents. Inoculating canola with the commercial biocontrol agent 

Serenade resulted in up-regulation of genes BnOPR2 and BnACO that encode genes involved 

with the jasmonic acid and ethylene pathways (Lahlali et al., 2013). This same up-regulation 

occurred following application of the commercial biocontrol agent Prestop (Lahlali and Peng, 

2014). This provides strong evidence that BnOPR2 and BnACO are involved in induced 

resistance to P. brassicae (Lahlali et al., 2014). 

Biological controls can suppress P. brassicae, but do not completely eliminate the 

pathogen and the effect is often inconsistent. Increasing the inoculum density of P. brassicae can 

dramatically reduce the efficacy of the biocontrol (Peng et al., 2011). 

1.18 Host resistance 

The progress of clubroot development differs in hosts with different sources of clubroot 

resistance. Primary infection of root hairs occurs quickly, but occurs slightly more slowly in 

cultivars with intermediate or strong resistance (Deora et al., 2012). Resistance has a much 

stronger effect on secondary infection and host colonization. Little or no cortical colonization 

developed in resistant canola cultivars, and cortical colonization was reduced in canola with 

intermediate resistance (Deora et al., 2012). Some development of secondary plasmodia occurred 

in cabbage cultivars with intermediate to high resistance, with reduced levels of mature 
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plasmodia in the moderately resistant cultivar and no mature plasmodia or resting spores in the 

resistant cultivar (Peng et al., 2019). 

Changes in the defense response of a host plant occur during infection by primary 

zoospores (McDonald et al., 2014). Infection of root hair was shown to induce either resistance 

or susceptibility. Which response occurred was determined by interaction of the virulence of the 

pathotype and the resistance of the host. Infection by secondary zoospores occurred even if the 

cultivar was resistant to the pathotype. Infection of resistant cultivars by secondary zoospores 

produced only small, bead-like clubs (McDonald et al., 2014). Using secondary spores of a 

virulent pathotype to infect canola after the disease response has been stimulated by inoculation 

with an avirulent pathotype resulted in reductions in clubroot incidence, severity, and the amount 

of cortical root area infected compared to inoculation with primary resting spores of the same 

pathotype (McDonald et al., 2014). 

Resistance to P. brassicae is the most effective, economical and environmentally friendly 

approach to managing clubroot in canola and other crops. Several commercial cultivars of canola 

are available with resistance to pathotype 3, the predominant pathotype in Alberta. Sources of 

clubroot resistance are available in many Brassica species, including B. rapa, B. napus, and 

B. oleracea (Piao et al., 2009; Rahman et al., 2014). A search for genes that provide broad-

spectrum resistance to the new, virulent pathotypes of P. brassicae has been an important factor 

in canola breeding and new cultivar development in recent years. 

At present, there is no standardized naming system for CR genes, Crr and CR are 

generally used for B. rapa, CR2, Pb, and Pb-Bo series are listed with B. oleracea, and Pb-Bn and 

PbBn refer to defense genes in B. napus (Piao et al., 2009). Brassica oleracea was reported to 
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have polygenic resistance traits associated with multiple QTLs, which indicated that multiple 

genes contributed to partial resistance (Grandclément and Thomas, 1996). Brassica rapa 

contains two characterized resistance genes, named Crr1 and Crr2 (Suwabe et al., 2003). 

Synteny analysis of three clubroot resistance genes (Crr1, Crr2, Crr3) found that Crr1 and Crr2 

were similar to regions of chromosome 4 in Arabidopsis (Suwabe et al., 2006). 

The European fodder turnip (B. rapa spp. rapifera) is a source of strong resistance to 

clubroot, and pathotype-specific resistance genes for clubroot have been successfully transferred 

into B. napus, B. rapa, and B. oleracea (Piao et al., 2009; Delourne et al., 2012). Mapping of 

quantitative trait loci (QTL) of the clubroot genes in crosses between the susceptible Chinese 

cabbage and European turnip has been performed. The major QTLs Pb-Br3 and Pb-Br8, along 

with a minor QTL, were associated with resistance to pathotype 4 (Cho et al., 2012). European 

turnip also has a 187 kb region associated with resistance on chromosome A03 (Gao et al., 

2014). 

The gene Rcr1 has been mapped to Chinese cabbage on chromosome A3 (Chu et al., 

2014). This gene corresponds to an increased elevation of defense responses such as callose 

deposition, indole-compound production, and ethylene and jasmonate signalling (Chu et al., 

2014). Four of the genes exhibit variations in a toll-interleukin-1 receptor / nucleotide-binding 

site / leucine-rich-repeat proteins. Analysis of B. rapa subsp. rapifera cultivar ‘Siloga’ revealed 

loci on three chromosomes (A01, A03, and A08) that correspond to loci QS_B1.1, QS_B3.1 and 

QS_B8.1 (Pang et al., 2014). The location of QS_B3.1 corresponded to the location of the Cra 

and Crb genes, while QS_B1.1 and QS_B8.1 appear to have additive effects. 
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Changes in gene regulation are involved in clubroot resistance. Analysis of resistance 

genes can reveal important information on how defensive genes function. Gene RPB1 in 

Arabidopsis produced a hypersensitive response in which necrotic tissue surrounding the 

infection site prevented spread of an avirulent pathotype (Kobelt et al., 2000). Transcription 

analysis comparing resistant and susceptible Chinese cabbage demonstrated that between 1875 

and 2103 genes had changed transcription levels at 96 hours after infection (Chen et al., 2016a). 

The majority of these genes were involved in both metabolism and defense response. 

The salicylic defence system appears to be involved in resistance to clubroot. For 

example, the BIK1 gene in Arabidopsis controlled changes in gene regulation of reactive oxygen 

species and salicylic acid to reduce clubroot infection (Chen et al., 2016b). Also, Arabidopsis 

mutants with constitutive expression of salicylic acid were more resistance to clubroot than the 

wild-type (Lemarié et al., 2015). 

The mode of action for these CR genes involves delaying or halting the development of 

secondary plasmodia following secondary infection (Diederichsen et al., 2009; Piao et al., 2009). 

A clubroot resistance gene CRa from B. rapa encodes a TIR-NBS-LRR protein (Ueno et al., 

2012; Zhang et al., 2016). The Crr1 gene encoded a TIR-NBS-LRR protein expressed in cortical 

cells and stele within the roots and hypocotyl of European fodder turnip (Hatekeyama et al. 

2013). There was no activation of Crr1 in root hairs. NBS-LRR proteins are commonly involved 

in recognition of effectors secreted by pathogens. Effectors work to circumvent plant immune 

responses, but recognition of effectors by the host results in effector-triggered immunity (ETI) 

(Jones and Dangl, 2006). 
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There are numerous clubroot-resistant cultivars of brassica crops available for use in 

Canada. The first clubroot-resistant cultivar of canola introduced in Canada was cultivar 45H29 

(Pioneer Hi-Bred, Caledon, ON). Marketed for resistance to pathotype 3, ‘45H29' also conferred 

resistance to pathotype 6 and was used as a model crop for clubroot resistance studies (Hwang et 

al.2011b; Peng et al. 2011; Deora et al., 2012a). Compared to a susceptible cultivar, ‘45H29’ 

delayed root hair infection and was resistant to cortical infection by pathotypes 3 and 6 (Hwang 

et al. 2011b; Deora et al., 2012a). Other clubroot-resistant cultivars in Canada include cvs. 73-

67RR and 73-77RR (Monsanto, Winnipeg, CA) and Proven 9558C (Viterra, Regina, SK, 

Canada) (Deora et al., 2013). Currently, the canola seed industry is developing and releasing 

cultivars that carry resistance to the new, virulent pathotypes that have come to the forefront in 

Alberta and across Canada in recent years. 

Breakdown of resistance to clubroot in canola was expected, given that resistance was 

overcome after only five successive generations of inoculation under controlled conditions 

(Leboldus et al., 2012). A variant of pathotype 5 in Alberta, known as 5X, has been 

characterized as having increased virulence. Many other virulent pathotypes of P. brassicae that 

can overcome the resistance available in the initial generation of clubroot-resistant cultivars have 

also been described (Strelkov et al., 2016, Strelkov et al., 2018). Recent reports show 17 

pathotypes active in field sampled in Alberta Canada using the new Canadian clubroot 

differential (CCD), which have recently replaced the Williams (1966) and the Somé et al., 

(1996) differential systems that identified only 5 and 2 pathotypes from these populations, 

respectively (Strelkov et al., 2018). 
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Levels of nitrogen in the soil also affected the levels of resistance to P. brassicae 

(Laperche et al., 2017). Higher levels of nitrogen were correlated with increased activation of 

resistance genes. 

1.19 Bioassays 

Detection and quantification of resting spores of P. brassicae in soil has been used to 

assess the efficacy of management techniques. Basic techniques of extraction and quantification 

of spores utilizing microscopy and direct counts was time consuming and difficult. Resting 

spores of P. brassicae are very small and can be difficult to count among soil particles. 

Techniques using plant-based bioassays and molecular analysis have largely replaced direct 

counts for quantification, except for vital staining in combination with microscopic analysis. 

Bioassays using susceptible hosts have been the most common indicators for the presence 

of resting spores in soil. An early initial technique involved cabbage seedlings grown for 1 week 

in a soil sample, then a 2-cm length of seedling root was stained with acetocarmine, and root 

hairs were examined via microscopy to observe zoosporangia (Samuel and Garret, 1945). The 

drawback of this method was variability in the relationship between root hair infection and 

subsequent symptom severity. Amendments were made to the original method, increasing the 

growth time to 5 weeks before root examination, so that symptom development could be 

assessed directly (Colhoun, 1957). Poor growth of these plants, coupled with a potential for 

infection from other pathogens including Rhizoctonia solani Kuhn, prompted further refinement 

of this technique (Melville and Hawken, 1967). Many researchers have used some variant of this 

method to detect resting spores using plants as a bioassay. However, detection of P. brassicae 

only works when inoculum levels are above the infection threshold, which varies based on 

environmental conditions, but is generally considered to be above 1000 spores/g of soil, and 
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below the threshold where 100% of test plants are infected. Also, the assays can require 5 weeks 

or longer (Murakami et al., 2002; Donald and Porter, 2009; Faggian and Strelkov, 2009). 

1.20 Vital stains 

Another approach to quantifying resting spores of P. brassicae in soil involves 

fluorescent stains. A soil suspension can be treated with a single stain and spores counted using a 

fluorescent microscope. However, soil particles also fluoresce, which reduced the accuracy of 

the counts (Takahashi and Yamaguchi, 1987). Use of two fluorochromes, Calcofluor White M2R 

and ethidium bromide, represented an improvement on the technique. Calcofluor White M2R 

binds with the chitin in P. brassicae spores, which appears blue under a fluorescent microscope. 

Ethidium bromide enters non-viable spores and fluoresce red. However, fluorescence proved to 

be inaccurate at predicting clubroot severity (Takahashi and Yamaguchi, 1988). Application of a 

vital stain, Evan's blue, has also been used to identify viable and non-viable resting spores. The 

stain is taken up by non-viable spores, resulting in dark blue cell walls and sometimes a red 

cytoplasm, while viable spores remain clear because they do not take up the stain (Tanaka et al., 

1999). 

Staining and microscopic examination has been used to study primary and secondary 

infection by P. brassicae. Seedling roots were placed in a 1:1 fixative solution of 95% acetic acid 

and 95% ethanol to prevent further host and pathogen development. The fixed roots were rinsed 

in water and stained with a 125 ppm analine blue solution, 50% acetic acid solution and rinsed 

with water after 1 min of exposure. The seedling roots were placed on a slide and observed using 

a compound microscope. The method allowed for assessment of root hair infection, including 

identification of the stages of primary infection (Sharma et al., 2011a) 
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Assessment of secondary (cortical) root infection and colonization is based on a method 

of Kobelt et al. (2000), modified by Sharma et al. (2011b). Roots were placed in a 1:1 acetic acid 

to ethanol solution, 6-µm-thick cross-sections were cut from roots, stained with methylene blue, 

and placed on a glass slide. Methylene blue stained plasmodia of P. brassicae but not plant cells, 

making it possible to identify young plasmodia, mature plasmodia, and resting spores, based on 

morphology. Photomicrograph images were processed using image analysis software (e.g., 

Assess 2.0, American Phytopathological Society) to determine the number of infected host cells 

in the field of view and to calculate the proportion of the cortical tissue infected (Sharma et al. 

(2011b). 

1.21 Serology 

There are several serological tests to detect P. brassicae in soil and plant tissues, 

including immunofluorescence assays, Western blots, and antiserum tests (Wakeham and White, 

1996; Arie et al. 1988; Orihara and Yamamoto, 1998). The techniques were successful at 

detecting P. brassicae, but there were issues with cross-reactivity and in potential reliability of 

the tests. As a result, they have not been widely adopted. 

1.22 PCR 

Polymerase chain reaction (PCR) analysis has been used to amplify genetic material 

quickly and consistently from a wide range of plant, animal and microbial species. The primers 

selected for the initial studies on P. brassicae amplified the pathogen, but also amplified some 

host DNA (Buhariwalla et al., 1995). Subsequent primers selected to prevent plant DNA 

amplification were not accurate for field testing (Ito et al., 1999). Primers utilising rDNA were 

successful at detecting P. brassicae DNA in soil and plant tissue, and could detect as little as 10 

spores per gram of soil (Faggian et al., 1999). More recently, PCR has been largely replaced with 
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quantitative PCR (qPCR), which quantifies resting spores (Deora et al., 2015). Neither technique 

however, distinguishes between viable and non-viable spores. This drawback has been overcome 

by treating spores with propidium monoazide (PMA) and activating the compound with high 

intensity light. PMA acted like a vital stain, in that it entered damaged cells, became bound to the 

DNA, and prevented amplification of the bound DNA in qPCR. Since PMA only penetrates non-

viable cells, qPCR only amplified DNA from viable spores (Al-Daoud et al., 2017). 

1.23 Summary and Hypothesis 

Clubroot is an important disease of Brassica crops worldwide and its continuing spread 

on the Canadian Prairies threatens canola production across an enormous area. Most cultural 

controls do not eliminate the clubroot pathogen from the soil. The most effective management 

method for clubroot is host resistance, but resistance can break down rapidly, especially where 

canola is grown in short rotations. The current understanding of host resistance to P. brassicae is 

incomplete. For example, defence genes are up-regulated, and there can be a metabolic cost to 

resistance (Gossen et al., 2017), but it is not known how localized the up-regulation is or if the 

resistance response is transmitted through root tissue. Improved understanding of the 

physiological basis of resistance might be important in the development of more durable forms 

of resistance. 

Fungicides, biological control agents and even the application of lime can reduce 

clubroot severity in vegetables, but effects are not consistent, and the cost of application is 

generally not economical for canola producers. Fumigation and solarisation, alone or in 

combination, have been used to reduce other soil-borne pathogens and may be effective against 

clubroot. However, fumigation and solarisation have not been widely tested under Canadian 

conditions. 
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The objectives for the current research program were to: 1) assess the effect of rates of 

metam sodium and chloropicrin fumigants on clubroot severity and survival of resting spores of 

P. brassicae in soil, 2) assess the efficacy of solarisation, alone and in combination with 

fumigation, on clubroot severity and survival of P. brassicae in soil, and 3) develop a technique 

that could be used to assess the spread of gene regulation messaging in B. napus roots resulting 

from infection by P. brassicae. 

The following hypotheses were tested: 

1. Application of metam sodium and chloropicrin fumigants would reduce the viability of resting 

spores of P. brassicae and subsequent clubroot severity in a susceptible crop as a rate-dependent 

function.  

2. That weather conditions during the summer in Ontario (especially temperature) were suitable 

for effective solarisation to reduce the viability of P. brassicae resting spores. 

3. That defense pathways in B. napus were up-regulated when the root of a resistant plant was 

inoculated with resting spores of P. brassicae, and that the strength of up-regulation would 

decline as distance from the infection site increased. 
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CHAPTER TWO - FUMIGANTS AND SOLARIZATION TO REDUCE CLUBROOT 

2.1 Introduction 

Clubroot management have been studied for decades. Some of the first reports described 

the use of calcium-rich soil in England to protect turnip crops from clubroot, but research into 

additional strategies has continued (Wellman, 1930). Cultural approaches such as crop rotation 

(Peng et al., 2015; Gossen et al., 2019) and early seeding (Hwang et al., 2015; Gossen et al. 

2017) reduce clubroot severity, but do not prevent infection and may not always be practical. 

Chemical and biological options for management of clubroot are needed where cultural 

controls are not effective. Biological controls have also been extensively tested for efficacy 

against clubroot. but are only partially effective (Peng et al., 2011). The biofungicide Serenade 

(Bacillus subtilus QST713) was effective in controlled environment conditions (Lahlali et al., 

2011), but did not perform consistently in the field (Peng et al., 2011). Other products, including 

Mycostop (Streptomyces griseoviridis), Actinovate AG (Streptomyces lydicus), Root shield 

(Trichoderma harzianum), and Prestop (Gliocladium catenulatum), have also been assessed, but 

generally produced only minor reductions in clubroot severity (Peng et al., 2011). Other 

microorganisms such as the endophyte, Heteroconium chaetospira strain B2HB, have been 

evaluated, but only provided a minor reduction of clubroot severity (Lahlali et al., 2014). 

Studies of the efficacy of synthetic fungicides against P. brassicae indicated that they did 

not reduce clubroot enough to be considered economically viable. For example, fluazinam did 

not substantially reduce clubroot severity on susceptible green cabbage plants at the Holland 

Marsh, ON, (Saude et al., 2012). Cyazofamid performed very well in a controlled environment, 

providing 100% inhibition of resting spore germination at 1 mg a.i. kg-1 dry soil (Mitani et al., 

2003). When applied in field trials, cyazofamid reduced the severity of clubroot in some trials, 
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but did not eliminate clubroot symptoms (Gossen et al., 2012a; Peng et al., 2011). Similarly, 

cyazofamid did not consistently reduce clubroot severity or increase canola yield in field trials in 

Alberta (Hwang et al. 2011a). Soil amendments and the fungicides fluazinam and quintozene 

were also evaluated in Alberta and did not reduce clubroot severity (Hwang et al., 2011a). Even 

if fungicides could effectively reduce clubroot severity, the cost may be too high for use in 

canola production (Gossen, personal communication). 

Solarization is a cultural management technique that uses solar energy to cause 

biological, chemical or thermal changes in the soil, especially near the soil surface (Stapleton and 

DeVay, 1986). This technique is effective at managing certain microorganisms and weed 

species, such as the two broomrape species, Orobanche aegyptiaca Pers. and O. crenata Forsk., 

in Mediterranean regions (Sauerborn et al., 1989), and eliminating soil-borne pathogens such as 

Verticillium dahliae Kleb. and Sclerotium cepivorum Berk. in the United Kingdom (Porter and 

Merriman, 1983). Ten weeks of solarization reduced clubroot severity in a trial in California, but 

5 weeks was not effective (Myers et al., 1983). In field studies at several sites in Australia, the 

efficacy of combinations of solarization and fumigant was affected by pathogen population 

density, water content, soil type, and soil temperature (Porter et al., 1991). Combining 

solarization with dazomet fumigant had an additive effect and so was more effective than either 

treatment applied separately (Porter et al., 1991). 

Several fumigants consistently reduced clubroot. In trials in the eastern United States 

since the 1900s, chloropicrin reduced the incidence of clubroot. Application of chloropicrin at 

rates between 192–400 kg ha-1 reduced the incidence of clubroot from 20% to 0% in cauliflower 

(White and Buczaki, 1971). The reduction in clubroot was carried over to subsequent plantings 

of cauliflower. Metam sodium was also effective at reducing clubroot (White and Buczaki 1971). 
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In another study, application of metam sodium lowered clubroot incidence from 81% to 26% 

(Wiggell et al., 1961). One study reported that application of even a small amount of the metam 

sodium (0.1 mL per L of soil) reduced clubroot severity (Hwang et al., 2014). Use of metam 

sodium at 0.4–1.6 mL L-1 of soil improved plant health and reduced clubroot severity, root hair 

infection, and club size under greenhouse conditions (Hwang et al., 2017a). Application of 

dazomet reduced clubroot severity, alone or in combination with other treatments such as 

solarization, in field trials on a range of soil types in Australia (Porter et al., 1991). Application 

of dazomet at 0.4 and 0.8 T a.i. ha-1 reduced clubroot severity, but caused reductions in canola 

yield and seed size if improperly applied (Hwang et al., 2017b). Fumigants and soil solarisation 

have not been evaluated for efficacy against clubroot under Ontario conditions. It is not known if 

the appropriate temperatures can be achieved for effective solarisation, or the time × temperature 

combinations needed to kill resting spores in soil. 

The objectives of the current research were to assess the efficacy of metam sodium and 

chloropicrin fumigants against resting spores of P. brassicae in soil, and to determine if 

solarization could effectively kill resting spores and reduce clubroot under Ontario conditions. 

The hypotheses were 1) that the fumigants metam sodium and chloropicrin reduced the 

viability of resting spores of P. brassicae and so reduce clubroot severity on subsequent 

susceptible crops, 2) that solarization of soil killed resting spores of P. brassicae and reduced 

clubroot severity on subsequent susceptible crops, and 3) that solarization in combination with 

fumigants was more effective than either treatment alone. Objectives that are conducted along 

with the experiments is evaluating whether two metam sodium products Vapam HL and Busan 

1236 have similar levels of effectiveness despite a 0.5% difference in active ingredient 

concentrations. 
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2.2 Materials and Methods 

2.2.1 Controlled environment studies 

Studies to assess the efficacy of fumigants under controlled conditions were performed in 

2014 and 2015. Soil naturally infested with of P. brassicae was obtained from the Muck Crops 

Research Station, King, Ontario in 2014 (pH 5.8, organic matter (OM) ~78%) and 2015 (pH 6.5, 

OM ~76%). Each year, the soil was thoroughly mixed to ensure uniform distribution of 

P. brassicae resting spores and was placed in 25 L plastic containers. 

Aqueous solutions of metam sodium products, Vapam HL (42% sodium 

methyldithiocarbamate, AMVAC Chemicals, Los Angeles, CA) or Busan 1236 (42.5% sodium 

N-methyldithiocarbamate, Buckman Laboratories Inc, Memphis, TN), in 500 mL of water were 

added to prepare concentrations equivalent to 10, 75, 150, or 300 kg of product ha-1 for each 

fumigant (4, 32,64, 128 kg a.i. ha-1 respectively). The concentration of active ingredient in the 

two products is so similar that the final concentration of active ingredient is essentially the same 

within rounding error. Also, even with careful application and mixing, the effective 

concentration always varies slightly throughout the soil. Therefore, the concentration of active 

ingredient applied for both products is presented as being the same (4, 32, 64, 128 kg a.i. ha-1). 

There was also an untreated check (water only). The fumigant mixtures were added to the soil in 

each container outdoors and mixed thoroughly but carefully. Treated soil (3.5 L) was transferred 

into a polyethylene bag, excess air was squeezed out of the bags, and the bags were twisted to 

seal each bag then placed into an 18 L bucket and held in a ventilated room for 21 days at room 

temperature. The bags were then opened in a fume hood and left for several minutes to allow any 
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gaseous residue to dissipate. Small amounts of soil were taken from each experimental unit for 

molecular analysis. The soil samples removed for molecular analysis were placed in a paper bag 

and dried in a drying oven (38ºC) for 48 hrs to remove all moisture from the soil. Each bag of 

treated soil was an experimental unit, and there were four replicates per treatment. 

The treated soil was then placed into tall narrow plastic pots (SC7 conetainers, Stuewe & 

Sons, OR), compacted slightly, and arranged in a randomized complete block design with 12 

pots per experimental unit in 2014 and 10 pots in 2015. Studies were conducted in a growth 

room set at 25ºC/20ºC day/night temperature, with a 16-hr photoperiod and 65% RH in 2014, 

and 24ºC/21ºC day/night, 16-hr photoperiod and 50% RH in 2015. Each pot was planted with 

two seeds of the clubroot-susceptible Shanghai pak choi cv. Mei Qing Choi (Stokes Seeds, St. 

Catharines, ON) and thinned to a single plant per pot by 13 days after seeding. Plants were 

watered daily with water adjusted with dilute acetic acid (1:20 v:v) to produce pH 6.3. Plants 

were grown for 6 weeks and watered with a fertilizer solution of 1 g L-1 N-P-K (20-20-20) and 1 

g L-1 MgSO4 once per week. 

At 6 weeks after planting, 10 plants per experimental unit were removed from the soil 

and washed to remove all of the soil from the roots. Clubroot symptom severity was assessed 

visually using a 0–3 rating scale where: 0 = no clubbing, 1 < 1/3 of root area clubbed, 2 = 1/3 to 

2/3 of the root area clubbed, 3 > 2/3 of the root area clubbed (Créte et al., 1963). Incidence was 

calculated for each treatment by dividing the number of infected plants by the total number of 

plants * 100. Clubroot severity was calculated as a disease severity index (DSI) using the 

following formula (Créte et al., 1963): 

DSI= ∑(class)(plant #) / (total plant #)(number of classes-1) 
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Roots and shoots of each plant were separated and weighed to determine fresh weight. 

Samples were then placed in a drying oven at 70ºC for 48 hr until dry and then weighed to 

determine the dry weight of roots and shoots. 

2.2.2 Field trials 

Field trials were conducted at two sites, a site on mineral soil with pH 7.3 and 2% OM 

near Hamilton, ON (43°17’29.5”N 80°06’55.6”W) in 2014, and a high OM (muck) soil site with 

pH 5.5 and 81% OM near the Holland Marsh (44º02'27.7"N 79º35'43.9"W) in 2014 and 2015. 

Metam sodium treatments were applied with a tractor-pulled fumigator with injectors spaced 17 

cm apart, and chloropicrin was applied with a separate fumigator with injectors spaced 18 cm 

apart. 

In 2014, trials at both locations were arranged in a randomized complete block design, 

with four replicates on mineral soil and three replicates on muck soil. Treatments at the mineral 

soil site consisted of chloropicrin (Pic Plus, 85.5% a.i., Trical Inc., Hollister, CA) at ~140, 190, 

240, and 290 kg a.i. ha-1, metam sodium at 32, 64, and 128 kg a.i. ha-1of Vapam or 64 kg a.i. ha-1 

of Busan, and a control treated with water. Treatments at the muck soil site were chloropicrin at 

110 kg a.i. ha-1, metam sodium at 64 and 128 kg a.i. ha-1 of Vapam, and an untreated control. 

Chloropicrin treatments were sealed with a high quality polyethylene film known as totally 

impermeable film (TIF) provided by a local distributor (Jeff Douglas of Douglas Ag), left for 14 

days and uncovered. The soil surface of the other treatments were sealed with a rolling press. 

Each plot was 2.1 m x 13 m. 

The trial in 2015 was conducted on the muck soil site with pH 6.5 and 76% OM, 

arranged in a randomized complete block design with four replicates and plots of 2.1 m x 12 m. 
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The treatments were chloropicrin at 110,140. 190, 240, 290 kg a.i. ha-1, metam sodium (Vapam) 

at 32, 64, 128 kg a.i. ha-1, and an untreated check. Each treatment was sealed with a rolling press 

and covered with TIF, but eight plots were covered with generic dark green polyethylene tarp 

because the amount of TIF provided was not sufficient to cover all of the plots. These eight plots 

consisted of metam sodium at 32 kg a.i. ha-1 (Vapam) and chloropicrin at 140, 190, and 240 kg 

a.i. ha-1 in replicate 2, and metam sodium at 32 kg a.i. ha-1 (Vapam), chloropicrin at 110 and 140 

kg a.i. ha-1, and a control plot in replicate 4. In addition, the TIF cover blew off several plots in 

strong winds within 72 hours of application. The treatments affected chloropicrin at 110 kg a.i. 

ha-1 in replicate 1, metam sodium at 32 kg a.i. ha-1 (Vapam), chloropicrin at 110 kg a.i. ha-1 and 

the control in replicate 2, metam sodium at 128 kg a.i. ha-1 (Vapam) and chloropicrin at 164 kg 

a.i. ha-1 in replicate 3 and chloropicrin at 290 kg a.i. ha-1 in replicate 4. The film was reapplied as 

soon as possible to maintain sealant integrity. 

When the covers were removed 14 days after fumigation, soil samples were taken from 

each plot to assess spore survival. Soil cores (0–30 cm depth) at five locations (one core per 

location) per plot were collected and bulked. Samples were not collected from a 1 m area on each 

end of the plot due to the potential for contamination between plots. Soil was removed from the 

collection equipment between plots. The soil was dried in a drying oven at 38ºC for 48 hr, and 

then stored at room temperature until assessed using qPCR. In addition, 2 L of soil was taken 

from the top 15 cm of each plot at the mineral soil site for use in subsequent a plant bioassay. 

A field-based bioassay was conducted following each field trial on muck soil. An 

Earthway 1001-B precision garden seeder fitted with a 1002-9 (11.4 cm seed spacing) disc was 

used to seed Shanghai pak choi cv. Mei Qing Choi in four rows per plot, with 37 cm between 

rows. At 6 weeks after seeding, 30 plants per plot were uprooted and assessed for clubroot 
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symptoms using the 0–3 rating scale described previously. The fresh weights of the roots and 

shoots were collected on 10 plants per plot. Dry weight was not taken for this trial, due to trends 

noticed in the 2014 trials, fresh and dry weight had similar correlations when statistically 

significant. 

A lab-based bioassay with one experimental unit for each plot at the mineral soil site was 

set up in a growth chamber with four replicates and 12 plants per experimental unit, and 

evaluated as described above. The chamber was set at 24ºC/21ºC day/night temperature with 16 

hr photoperiod and 50% RH. The plants were assessed using the 0–3 rating scale at 6 weeks after 

seeding. 

2.2.3 Solarization 

Soil naturally infested with P. brassicae was obtained in 2014 from a mineral soil site 

with pH 7.3 and 4% OM, and in 2015 from a muck soil at the Muck Crops Research Station with 

pH 6.5 and 76% OM. The study was arranged in a randomized complete block design with four 

replicates. There were six treatments: 1) untreated control, 2) solarization (described below), 3) 

fumigation with metam sodium (Busan) at 32 kg a.i. ha-1, 4) metam sodium at 64 kg a.i. ha-1, 5) 

solarisation plus fumigation at 32 kg a.i. ha-1, and 6) solarisation plus metam sodium at 64 kg a.i 

kg ha-1. Fumigant application rates were calculated based on the size of the container to be 

comparable to field rates. 

The air-dried soil for the entire experiment was thoroughly mixed using a shovel for ~4 

min to provide a uniform distribution of P. brassicae resting spores, then 3.5 L of soil was placed 

into each plastic tub (38 x 25 x 23 cm, 16 L KIS) and watered to field capacity. Each tub was an 

experimental unit. A HOBO pendant temperature data logger was placed in one solarization tub 
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and set to record temperature every hour to assess the effect of the solarisation treatment on soil 

temperature. However, the soil probe sensor lost power early in the 2014 trial. The tubs allocated 

to the solarization treatments were sealed with TIF by wrapping the TIF over the edge of the 

container and wrapping common duct tape around until sealed tight. and the other tubs were 

sealed with tight-fitting plastic lids. The tubs were then placed outdoors at a site where they 

received full sun all day. On day 21 of solarization treatments, the fumigant treatments were 

applied by mixing the fumigant in 500 mL water and applying the solution as a drench to the soil 

in the tub. Where fumigant was applied to treatments following solarization, the TIF was 

removed, the fumigant was applied, and the container was re-sealed with TIF to continue 

solarization till 42 days. Treatment at 21 days for fumigation was selected arbitrarily since it 

allows ample time for fumigants to work and convert to harmless compounds. At 6 weeks after 

initiation, all TIF and lids were removed and the containers were left open to aerated for 1 week. 

Soil samples were then collected from the top 4 cm and bottom 4 cm of each container, as well 

as a mixed sample of soil, to determine if treatment efficacy was affected by soil depth. Soil used 

for qPCR analysis was dried in an oven at 38ºC for 48 hr before being assessed. 

The mixed sample of soil was used for a plant bioassay with pots arranged in a 

randomized complete block design with four replicates, 12 plants per experimental unit, and one 

experimental unit per tub in the initial study. The assays were conducted in a growth chamber set 

at 24ºC/21ºC day/night temperature with a 16 hr photoperiod and 50% RH. Plants were grown 

and assessed at 6 weeks as described previously. 
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2.2.4 Assessment of viability 

To assess the viability of resting spores in the soil, samples for qPCR were pretreated 

with propidium monoazide (PMA) following the method of Al-Daoud et al. (2017). Briefly, 3 g 

of air-dried soil were added to 100 mL of sterilized deionized water and the solution was allowed 

to sit for 10 min. The solution was homogenized in a blender for 2 min and the resulting solution 

was filtered through eight layers of cheese cloth (replaced for each sample). An aliquot (94 µL) 

of the homogenized solution was removed and transferred to a 2 mL conical tube. Either 6 µL of 

water or 6 µL of 2 mM solution of PMA was added to create a PMA concentration of 0 or 120 

µM. These tubes were placed in a large beaker, covered with aluminum foil and placed on an 

orbit shaker at 300 rpm for 30 min to ensure thorough mixing and uptake of PMA in the spore 

solution. The tubes were then placed on ice with a 500 W light mounted 20 cm away from the 

samples. The samples were exposed to the light for 15 min to activate PMA binding with DNA. 

Treated samples were flash-frozen in liquid nitrogen and stored in at -80ºC until required. DNA 

from each sample was extracted using a Powersoil DNA soil kit (MoBio, Carlsbad, CA) 

according to the manufacturer's instructions and stored at -20ºC until analysis. The samples 

treated with 0 µM PMA represent all of the spores in the sample, and at 120 µM PMA represent 

only viable spores. 

Assessment of spore viability was also conducted using Evan’s blue by filtering soil 

samples as described above, except that 10 µL samples were mixed with an equal amount of 

Evan’s blue at a concentration of 20 mg mL-1 instead of with PMA. The solution was allowed to 

react for 30 min, then agitated to homogenize the spore solution. Droplets were placed on a 

haemocytometer and the spores were counted under a microscope. Non-viable spores took up the 

stain and appeared dark blue, but viable spores were not stained and remained clear (Appendix 
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Fig. 5.5). The counts were replicated, yielding two assessments from each sample. Only limited 

numbers of Busan samples were run and the 32 kg a.i. ha-1 for Vapam 

2.2.5 Quantification of resting spores 

Resting spore concentration was assessed using quantitative polymerase chain reaction 

(qPCR) using a Step One Real Time Systems machine (Applied Biosystems, Foster City, CA, 

supplied by Thermo Fisher Scientific, London, ON). Reaction wells were set to 20 µL. Each well 

consisted of 2 µL of sample, 10 µL of TaqMan mix, 0.5 µL of 10 mM PB and 10 mM GFP 

probes, 1.8 µL of 10 mM DC1mR and 10 mM DC1F primers (Deora et al., 2015), 2 µL of 

internal control, and 1.4 µL water. Analysis was set at 40 cycles using a pre-cycling stage of 

50ºC for 2 min, then 95ºC for 1 min, with cycles held at a 95ºC for 15 sec and 62ºC for 1 min. 

Two sets of standards using five separate concentrations and a water negative control were 

included in each run, with each concentration assessed in duplicate. One set of standards was run 

with an internal control present and one was run with the internal control replaced with water. 

Each sample tested was run in triplicate with internal control present in each sample (Deora et 

al., 2015). Results were adjusted to account for inhibition by multiplying the spore count with an 

adjustment factor calculated using the following formula: 

 (1+ efficiency)^dcq  

where efficiency refers to the efficiency of the standards for the qPCR run and dcq is the 

difference between the CT for the internal control within each sample and the CT of the internal 

control in the negative standard (Deora et al., 2015).  

Not all samples were run in the PMA-qPCR as a method to save time. Only three 

replicates were chosen in any trial. In controlled environment studies, only 4 and 32 kg a.i. ha-1 
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Busan 1236 samples were run to determine results since result for Busan 1236 and Vapam HL 

were not statistically different.  

2.2.6 Statistical analysis 

Statistical analysis was carried out using SAS version 9.2 (Cary, NC) using a type 1 error 

of P = 0.05. Distribution of data was assessed using the Shapiro-Wilks test and data were log 

transformed where required to more closely approximate a normal distribution. Resting spore 

counts that were below detection limits were listed as missing values for analysis. Each of the 

data sets for spore concentration required log transformation, except the 2014 solarization trial. 

Data for the controlled environment, field trials, and solarization experiments were 

analyzed using a mixed model analysis of variance using the PROC MIXED procedure. 

Contrasts were used to determine whether linear or non-linear relationships were present among 

rates of fumigants and clubroot level, weight of roots and shoots, and resting spore quantification 

of P. brassicae spores at 0 and 120 µM PMA concentrations. When significant relationships 

between rates of fumigants and the other variables were identified, PROC REG was used to 

examine the linear relationship and PROC NLIN was used for non-linear relationships. Models 

for the non-linear relationship were either inverse or quadratic. The viability data from Evan’s 

blue staining were analyzed using a one-way analysis of variance using Statistix V.10 

(Tallahassee, FL). Means separation were performed using Fisher’s LSD at P = 0.05. 
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2.3 Results 

2.3.1 Controlled environment studies 

Clubroot incidence and severity decreased with increasing rate of metam sodium (Vapam 

or Busan) in both years (Figs. 2.1–2.4). Clubroot incidence and severity were substantially lower 

in 2015 than in 2014, so the results were analyzed and presented separately. Clubroot incidence 

and severity were reduced when as little as 4 kg a.i. ha-1 (calculated based on surface area of the 

tub) of either product was applied and was close to zero when the rate of either fumigant was 32 

kg a.i. ha-1 or higher. 

The fresh and dry weight of shoots of Shanghai pak choi in the bioassay following the 

fumigant treatment increased with increasing rates of metam sodium (Vapam or Busan) applied 

in the treatment. In 2014, the increase in shoot weight (fresh or dry) was linear (Fig. 2.5 and 

Appendix 1.1). In 2015, shoot weight changed in a quadratic relationship with the rate of either 

fumigant from 64 to 128 kg a.i. ha-1 (Fig. 2.6 and Appendix 1.2). There was no relationship 

between root weight (fresh or dry) and metam sodium rate in either year. 

There was no correlation between estimates of the concentration of resting spores of 

P. brassicae at 0 or 120 µM of PMA with rates of Vapam or Busan in either year (Table 2.1). 

Use of Evan’s blue for the initial assessments of resting spore viability was eventually replaced 

by PMA-PCR because of the difficulty of assessment with Evan’s blue. This decision was made 

several years prior to publication of a report on an improved protocol for assessment with Evan’s 

blue (Harding et al. 2019). Rates of product above 4 kg a.i. ha-1 lowered the proportion of viable 

resting spores, which did not change further as the rate of product increased (Table 2.2). Vapam 

at 32 kg a.i. ha-1 was statistically similar to the same rate of Busan. 
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Figure 2.1. Bioassay of clubroot incidence on Shanghai pak choi in a growth room study grown 

in soil treated with selected rates of metam sodium fumigants (V = Vapam, B = Busan) 

fumigants under controlled conditions in 2014 (n = 4). 
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Figure 2.2. Bioassay of clubroot incidence on Shanghai pak choi grown in naturally-infested soil 

treated with selected concentrations of metam sodium (V = Vapam, B = Busan) fumigants under 

controlled conditions in 2015 (n = 4). 
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Figure 2.3. Bioassay of clubroot severity (DSI) on Shanghai pak choi grown in naturally infested 

soil treated with selected concentrations of metam sodium (B = Busan, V = Vapam) fumigants 

under controlled conditions in 2014 (n = 4). 
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Figure 2.4. Bioassay of clubroot severity (DSI) on Shanghai pak choi grown in naturally infested 

soil treated with selected concentrations of metam sodium (B = Busan, V = Vapam) fumigants 

under controlled conditions in 2015 (n = 4). 
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Figure 2.5. Dry shoot weight of Shanghai pak choi grown in naturally infested soil treated with 

selected concentrations of metam sodium (B = Busan, V = Vapam) fumigants under controlled 

conditions in 2014 (n = 4). 
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Figure 2.6. Bioassay of dry shoot weight of Shanghai pak choi grown in naturally infested soil 

treated with selected concentrations of metam sodium (B = Busan, V = Vapam) fumigants under 

controlled conditions in 2015 (n = 4). 
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Table 2.1. Effect of the rate and formulation (Vapam and Busan) of the fumigant metam sodium 

on estimates of the concentration (x 105) of resting spores of Plasmodiophora brassicae in a 

controlled environment study; 0 PMA (propidium monoazide) estimates the concentration of 

total spores, 120 PMA estimates viable spores. 

Product 
Rate  

(kg a.i. ha-1) 

PMA  

(µmol mL-1) 

Spore counts (x105) 

2014 2015 

Busan 4 0 250 ns 65 ns 

120 125 49 

32 0 294 32 

120 217 37 

Vapam 4 0 331 553 

120 85 25 

32 0 43 1130 

120 5 283 

64 0 48 143 

120 87 40 

128 0 52 51 

120 24 98 

Control -- 0 1,095 315 

120 359 174 

1 ns = not significant based on ANOVA with a type 1 error of P = 0.05. 
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Table 2.2. Clubroot spore viability following application of two formulations of metam sodium 

fumigant in a controlled environment, based on assessment using Evan’s Blue, 2014. 

Product 
Rate  

(kg a.i. ha-1) 

Viable spores  

(%) 

Busan 4 94 a1 

 32 79 b 

 64 77 b 

 128 75 b 

Vapam  32 85 ab 

Control -- 95 a 
1 Means in a column followed by the same letter do not differ based on Fisher’s LSD at P = 0.05. 

2.3.2 Field trials 

Disease pressure was low in the field of mineral soil outside Hamilton, Ontario in 2014. 

Susceptible plants of shanghai pak choi ‘Mei Qing Choi’ grown in untreated soil had only 8% 

clubroot incidence and 3 DSI. No visible clubroot symptoms developed in any fumigant 

treatment. Fresh and dry shoot weight increased with increasing rates of chloropicrin (Fig. 2.7 

and Appendix 1.3), but metam sodium had no measurable effect. Neither fumigant affected 

estimates of resting spore concentration at either 0 µM or 120 µM PMA. 

In the trial on muck soil in 2014, chloropicrin applied at 110 kg a.i. ha-1 reduced clubroot 

incidence from 90% to 63% and severity from 89% to 46% (Fig. 2.8). The other treatments did 

not reduce clubroot incidence or severity. Also, there were no differences among the fresh 

weights of roots or shoots and no relationship between metam sodium rate and clubroot level, 

root or shoot weight (Fig 2.9), or spore concentration at 0 µM PMA or 120 µM (Table 2.3). 
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In 2015, the entire first replicate of the field trial was located in an area of low disease 

pressure; little or no clubroot developed in this area, and the entire replicate was dropped from 

subsequent analysis. Also, clubroot severity in the plots covered with dark green polyethylene 

tarp (Vapam at 32kg a.i. ha-1 and chloropicrin at 140, 190, and 240 kg a.i. ha-1 in replicate 2 and 

Vapam at 32 kg a.i. ha-1 and chloropicrin at 110 and 140 kg a.i. ha-1 in replicate 4) was extremely 

high, similar to the control treatment. We concluded that the tarping had not been effective, so 

these treatments were re-assigned as controls. Due to the lower amount of repetitions for 

treatments, re-assigning the treatments as controls was designed to maximiaze the amount of 

samples. Several rates of chloropicrin reduced clubroot incidence and severity (Figs. 2.10 and 

2.11), but metam sodium had no consistent effect on clubroot incidence or severity. All 

treatments except metam sodium (Vapam) at 32 kg a.i. ha-1showed numerically lower incidence 

than the control (46%), but the differences were not significant. Neither fumigant affected the 

fresh weight of shoots or roots (Fig. 2.12) or resting spore concentration at 0 µM PMA or 120 

µM PMA (Table 2.3). 

  



47 

 

 

Figure 2.7. Mean dry shoot weight of Shanghai pak choi grown under controlled conditions in 

mineral soil from a field trial near Hamilton ON treated with selected rates of chloropicrin and 

metam sodium (B = Busan, V = Vapam) in 2014 (n = 4). 
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Figure 2.8. Clubroot incidence (%) and severity (disease severity index, DSI) of Shanghai pak 

choi grown following treatment with selected rates of chloropicrin and metam sodium (Vapam) 

on muck soil in 2014 (n = 3). Columns with the same letter and case do not differ based on 

Tukey’s test at P = 0.05. 

 

 

Figure. 2.9. Fresh weight of shoots and roots of Shanghai pak choi grown following treatment 

with selected rates of chloropicrin and metam sodium (Vapam) fumigants in muck soil in 2014 

(n = 3). ns= not significant at P = 0.05. 
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Figure 2.10. Bioassay of clubroot incidence on Shanghai pak choi grown following treatment 

with selected rates of chloropicrin and metam sodium fumigants in naturally infested muck soil 

at the Muck Crops Research Station in 2015 (n = 4). 
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Figure 2.11. Bioassay of clubroot severity (disease severity index, DSI) on Shanghai pak choi 

grown following treatment with selected rates of chloropicrin and metam sodium fumigants in 

naturally infested muck soil at the Muck Crops Research Station in 2015 (n = 4). 
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Figure 2.12. Fresh weight of shoots and roots of Shanghai pak choi grown following treatment 

with various rates of chloropicrin (Chlor) and metam sodium (Vapam) fumigants at the Muck 

Crops Research Station in 2015 (n = 3). ns = not significant. 
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Table 2.3. Effect of the rate and formulation of two fumigants, chloropicrin and metam sodium 

(Vapam and Busan), on estimates of the concentration (x 105) of resting spore of 

Plasmodiophora brassicae (total spores, 0 propidium monoazide (PMA); viable spores, 120 

PMA) in field trials at the Muck Crop Research Station in 2014 and 2015. 

Fumigant 
Rate  

(kg a.i. ha-1) 

Spore concentration (x105) 

2014 2015 

0 PMA 120 PMA 0 PMA 120 PMA 

Chloropicrin 110 230 ns 5,300 ns 1,900 ns 620 ns 

140 - - 110 240 

190 - - 110,000 100,000 

240 - - 1,100 920 

290 - - 1,400 1,400 

Vapam 32 - - - - 

64 7,100 4,800 2,200 1,900 

128 2,400 2,600 45,000 18,000 

Busan 64 - - - - 

Control -- 3,600 14,000 18,000 23,000 

ns = not significant, based on ANOVA at P = 0.05. 

2.3.3 Solarization 

In 2014, clubroot symptoms only developed in the solarization treatment (15 DSI). In 

2015, symptoms only developed in the control (14 DSI). There was no relationship between 

plant weight (fresh or dry) or estimates of resting spore concentration at 0 µM PMA with 

treatment in either year or with 120 µM PMA in 2015. In 2014, viable resting spores of 

P. brassicae (120 µM PMA) appeared to increase in response to higher rates of Vapam (Fig. 

2.13), but this is clearly a spurious relationship because the pathogen cannot increase in the 

absence of the host. The spore count estimate from PMA treatment showed no differences 
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relative to the 0 µM control in 2014 or 2015 (Table 2.4).

 

Figure. 2.13. Estimates of the concentration of resting spores of Plasmodiophora brassicae in 

soil after treatment with metam sodium (Busan) fumigant in combination with solarization and 

assessed using PMA-PCR at 0 and 120 µM PMA concentrations in a study conducted in outdoor 

tubs in 2014. 
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Table 2.4. Resting spore counts of Plasmodiophora brassicae treated with propidium monoazide 

extracted from soil treated with metam sodium (Busan) and / or solarization in a controlled 

environment. 

Product 
Rate (kg a.i. 

ha-1) 
PMA (µmol mL-1) 

Spore counts (x 105) 

2014 2015 

Solarization + 

metam sodium 

-- 0 0.7 ns 47 ns 

120 0.55 220 

75 0 0.8 50 

120 1.4 0.8 

150 0 0.8 7.8 

120 2.7 39 

Metam sodium 75 0 0.7 21 

120 0.2 2.8 

150 0 0.9 45 

120 0.9 9.2 

Control -- 0 0.5 29 

120 1.2 18 

ns = not significant, based on an ANOVA with a type 1 error P = 0.05 

 

2.4 Discussion 

The initial assessments of two sources of metam sodium fumigant (Vapam and Busan) in 

the studies conducted in the controlled environment confirmed previous reports (White and 

Buczacki, 1977; Wiggell et al., 1961; Hwang et al., 2014) that this active ingredient could be 

highly effective against resting spores of P. brassicae in soil. In subsequent studies, clubroot 

severity in the bioassays was generally low. 
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Chloropicrin was more effective than metam sodium in the field trials in both 2014 and 

2015. It was the only product that showed a consistent relationship between rate of application 

and clubroot incidence or severity. Incidence and severity showed very similar trends, but 

severity was considered to be a better indicator of treatment efficacy because it incorporated 

incidence. 

The study demonstrated that the efficacy of fumigants to reduce clubroot was, in large 

part, dependent on the treatment used to seal the soil after the fumigant application. For example, 

symptoms were almost completely eliminated with low rates of metam sodium under controlled 

conditions in closed polyethylene bags. In contrast, much higher rates were not effective at 

reducing clubroot severity in the field trials in 2014, where the soil surface was sealed using 

compaction. In the field trial in 2015, where all of the fumigant treatments were sealed with TIF, 

both metam sodium products reduced clubroot severity at rates that were ineffective in 2014. The 

polyethylene bags were clearly more effective at retaining the fumigant than compaction of the 

soil surface. 

When the field trials were initiated, surface compaction was widely used in application of 

metam sodium. However, subsequent changes in the regulations governing use of fumigants in 

Canada banned this practice. Application of chloropicrin, which always included TIF covering 

because of its high volatility, substantially reduced clubroot in the field trials in both years. 

The quality of the cover used in field trials also affected efficacy. Plots sealed with a 

standard plastic tarp developed severe clubroot, similar to levels in the control. In contrast, 

clubroot levels were substantially reduced in plots where the TIF cover blew off shortly after 

application. Clearly, maintaining the contact between the fumigant and pathogen in the soil in the 
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first few hours / days after treatment was critically important for treatment efficacy, and TIF did 

a much better job of holding the fumigant in the soil than conventional plastic sheeting. 

Treatment with fumigants generally increased the shoot size (based on fresh and dry 

weight) of Shanghai pak choi grown in treated soil. In controlled environment studies, shoot 

weight increased as the rate of metam sodium increased from 0 to 150 kg ha-1. In 2014, there was 

a slight decline in shoot weight as the rate of metam sodium increased from 150 to 300 kg ha-1, 

but there was a slight increase in shoot weight as the rate increased from 150 to 300 kg ha-1 in 

2015. The decline observed in 2014 indicated that there is potential for phytotoxicity with metam 

sodium at high rates, possibly because of residue remaining in the soil despite the manufacturers 

label indicating that the product should dissipate within 48–72 hours. It is important to note, 

however, that the increase in shoot weight may not be associated solely with reduction of resting 

spores of P. brassicae. Fumigants affect a wide range of soil microorganisms, some of which 

could negatively affect plant growth. These fumigants can target weeds, fungal and bacterial 

microorganisms all of which could impact the growth of crops. It also explains why shoot weight 

continued to increase as the rate of metam sodium increased despite clubroot pressure stopping 

after 4 kg a.i. ha-1.  

Evaluation of resting spore viability in the soil from controlled environment and field 

trials with Evan’s blue was abandoned after a considerable investment of time and resources 

because of difficulties with assessments and the development of a more consistent and reliable 

alternative, PMA-assisted qPCR. The procedure to prepare the resting spores for analysis did not 

completely remove soil particles from the aqueous solution. When treated with Evan’s blue 

solution, the soil particles still present took on a dark blue hue that mimicked the appearance of 

non-viable resting spores. This made it difficult to separate soil particles from non-viable resting 
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spores. Also, resting spores of P. brassicae often clumped together, making it difficult to 

differentiate between viable and non-viable spores. Switching to PMA-assisted qPCR removed 

the subjective nature of assessments of the viability of resting spores of P. brassicae. It should 

also improve the consistency of estimates among individuals assessing the viability of resting 

spores. However, a recent study revised the protocol and reported improved results (Harding et 

al. 2019). 

Both metam sodium products had similar levels of effectiveness and a similar pattern of 

clubroot suppression in response to application rate when compared in controlled environmental 

conditions. This result was as expected, because Vapam and Busan contain similar 

concentrations of active ingredient. The formulations of these fumigants are proprietary, but 

formulation did not appear to affect the efficacy of clubroot management. In controlled 

environment studies, applying 10 kg ha-1 reduced both clubroot incidence and severity. At rates 

of 75 kg ha-1 or higher, little or no clubroot developed. Low levels of infection observed at high 

rates of fumigant were likely the result of small pockets of soil that were not in contact with the 

fumigants. 

The concentration of resting spores of P. brassicae in air-dried soil samples from the 

field trials, estimated using PMA-PCR, ranged from 4,890 to 1,040,000,000 spores g-1, but there 

were no consistent pattern among treatments. Also, there were no consistent relationship between 

estimates of resting spore concentrations and rates of fumigant applied when estimated with 0 or 

120 µM PMA. Soil sampling was done shortly after the plot covers were removed to minimize 

the potential for DNA loss or degradation. No relationship with fumigant treatment was detected 

for the assessments with 0 µM PMA, it was not unexpected since this assessment quantified 

DNA from both viable and dead resting spores.  
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Previous studies using PMA-PCR with 120 µM of PMA had demonstrated a reduction in 

viable resting spores when a spore suspension was exposed to heat (Al-Daoud et al. 2017). 

Thermal inactivation of P. brassicae resting spores occurred if a temperature threshold was met, 

based on interaction of temperature and duration of exposure (Myers et al., 1983). The fumigant 

treatments were expected to substantially reduce the concentration of viable resting spores in 

soil. However, there was no relationship between resting spore concentration and fumigant 

treatment from the 120 µM PMA treatment in any trial. The only exception was from the 

solarisation trial with mineral soil in 2014, where the number of viable resting spores increased 

as the application rate of the fumigant increased. This was clearly a spurious result, because 

resting spore numbers cannot increase with fumigant treatment. 

The 120 µM qPCR estimates of spore numbers indicated that the soil in most of the trials 

contained far more than the 1000 resting spores g-1 that is generally considered sufficient to 

cause uniform infection under ideal conditions (Murakami et al., 2002; Donald and Porter, 2009; 

Faggian and Strelkov, 2009). However, few or no symptoms generally developed in the 

bioassays. The discrepancy between reduced clubroot severity in the plant bioassay and highly 

variable resting spore concentration plus no affect of treatment on concentration may indicate 

that the spore estimates from qPCR following fumigation on muck soil were not reliable. One 

problem with analysis of spore viability in muck soil was the high organic matter content 

compared to a mineral soil (78–81% vs 2–8% OM). It is possible that OM in a muck soil 

interfered with light penetration or PMA binding to the DNA of dead resting spores. An alternate 

hypothesis was that fumigation affected cell membrane permeability of the resting spores (Porter 

et al., 1991), which would have changed the efficacy of the PMA pre-treatment. Mineral soil 

samples infested with clubroot were not readily available, so it was not possible to conclusively 
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determine if PMA assisted qPCR is effective to evaluate the viability of P. brassicae resting 

spores in mineral soil. Further testing should be conducted with PMA qPCR making changes 

focused on altering leftover soil content in samples. PMA is activated by light and the liquid 

solution is still dark after being filtered through cheese cloth and could potentially inhibit the 

light activation of PMA. Adding additional filtration paper to fully remove soil from the liquid 

solution would allow the light to properly activate the liquid solution may allow the PMA to 

function correctly.   

Large differences in estimates of resting spore concentrations in field trials among 

replicates of a treatment were likely associated with variability in the distribution of resting 

spores among containers or plots, despite efforts to provide thorough mixing of the soil prior to 

treatment in the controlled environment studies and selection of a uniformly affect plot area for 

each field trial. 

Previous studies have demonstrated that solarization can reduce clubroot severity (Myers 

et al., 1983; Porter et al., 1991), but solarization reduced clubroot levels in the current studies in 

only 1 of 2 years. In the controlled environment studies, the soil used in both years had spore 

counts well above 1000 spores g-1 of soil. In 2014, only the solarization treatment exhibited any 

clubroot symptoms (8 DSI), with no clubroot symptoms in the control, which was opposite to 

what had been expected. The site of soil sample collection for the controlled environment studies 

in 2014 was based on the grower’s recollection of where clubroot had been severe in a previous 

crop. Also, the mineral soil had a pH of 7.3, which likely inhibited clubroot development in all of 

the treatments (Karling, 1968; Gossen et al., 2013). In 2015, symptoms developed in the control 

(20 DSI) but not in any of the treatments. The soil was pH 6.0, which should have been 

conducive for clubroot, taken from an area at the Muck Crops Research Station known to 
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consistently produce clubroot symptoms in susceptible crops. This indicated that the low disease 

severity in 2015 was due to treatments. 

It is possible that the temperature in summer in Ontario was not high enough for 

solarisation to be consistently effective. Temperature > 30ºC with high soil moisture are ideal for 

reducing viable resting spores (Porter et al., 1991), but these conditions are only present for a 

short time frame during the growing season in Ontario. Soil probes verified that soil 

temperatures > 30ºC occurred under the tarps in some cases reading as high as 40˚C, but often 

dropped below 30ºC at night typically having the temperature drop 10˚C. Intervals with suitable 

temperature typically occur only in July and August, a peak growing time for crop production. 

This makes solarisation a less attractive option for growers, because almost the entire growing 

season must be sacrificed to utilize this approach. Furthermore, with the temperature dropping 

every night may impact results. The rapid temperature drop at night could be do to the small 

container size, field conditions may see more controlled and regulated increase and decrease in 

soil temperatures.  

The mineral soil used in the 2014 field and solarisation studies had a pH of 7.3, while the 

soil used in the other studies in 2014 and 2015 had a pH range of 5.5 to 6.5. Soil pH of 7.3 or 

higher reduces clubroot incidence and severity (Colhoun, 1953; Myers and Campbell, 1985; 

Rastas et al., 2012; Gossen et al., 2013). This may explain why severity in the 2014 mineral soil 

and solarisation trials was low relative to clubroot levels in the 2015 trials. The grower may have 

issues with growing despite the higher pH due to other factors such as spore load, temperature 

and soil moisture. A bioassay in growth room conditions using soil from the field did 

demonstrate disease pressure Also, boron levels were slightly higher for muck soil (4.7–7.6 ppm) 

relative to mineral soil (1.8–2.5 ppm). Although addition of boron can reduce clubroot severity 
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(Deora et al., 2014), these differences are likely too small to have a substantial effect on clubroot 

severity. 

In the current study, all of the experiments where fumigants effectively reduced clubroot 

severity had one thing in common; they were sealed tight to ensured prolonged contact between 

resting spores in the soil and the volatile fumigant. In the field trials, treatments were sealed with 

a TIF cover; in the controlled environment studies were sealed in plastic bags. The TIF film may 

not cause soil temperatures to rise to a level that is immediately fatal for P. brassicae resting 

spores, but increased temperature under TIF may cause a thermal inactivation (Porter et al., 

1991) or increase the efficacy of the fumigant. However, the increased temperature present from 

the sealing process may reduce the efficacy of certain fumigants, label instructions for Busan 

1236 suggest application less than 32°C 

Another factor that may have affected these assessments was the vertical distribution of 

resting spore in soil. Previous studies shows that resting spores of P. brassicae can be present at 

least 1 m deep in the soil profile, and that levels of resting spores occasionally accumulate above 

relatively impermeable soil layers deep in the soil profile (Gossen et al., 2019). Both metam 

sodium and chloropicrin were applied at about 20 cm depth. Therefore, it is likely that viable 

resting spores were present below the treatment zone. The soil collected for analysis was also 

taken from the 0–30 cm soil depth, based on the assumption that the fumigant might have 

penetrated an additional 2.5–5 cm depth beyond its placement depth. Resting spores deep in the 

soil profile would likely not contribute substantially to disease symptoms as the roots would take 

some time to reach the depth and soil temperatures at depth would not be conducive for 

infection, so symptoms may not develop in bioassays. However, infection might affect spore 



62 

 

carry-over to subsequent years. The depth of fumigation to provide effective reduction of 

clubroot should be investigated in future research. 

The PMA-PCR assessment protocol is a recent development, so modification may be 

necessary to optimize efficacy and performance, especially in muck soil. A wide range of 

compounds in the soil can inhibit the amplification of DNA. The concentration of inhibitors can 

be reduced by dilution of the sample to improve amplification, but also lowers the concentration 

of DNA, which makes it more difficult to quantify (Deora et al., 2015). It may be possible to 

extract and concentrate the resting spores, to allow for dilution of the aqueous solution without 

compromising the amplification of the resting spores. Use of a competitive control, which 

identified the presence of inhibitors (Deora et al., 2015), is an important component of the 

analysis. 

The use of fumigation or solarisation to reduce resting spores of P. brassicae in the soil 

might be useful in slowing the spread of P. brassicae. In Alberta, the number of fields infested 

with P. brassicae is increasing rapidly (Gossen et al., 2015). Strategic application of fumigation 

to new infestations could help slow the rate of spread. Also, the oil and gas industry (and other 

industries that involve movement of soil, such as highway construction) occasionally need access 

to fields that are infested with P. brassicae. Extensive sanitation of vehicles is required if they 

have been in an infested field, which is time consuming and expensive (Cao et al., 2009, Gossen 

et al., 2015). Dramatically reducing resting spore populations by pre-treatment with fumigants or 

solarisation in portions of fields where equipment has to be moved in and out could potentially 

provide substantial savings. 
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The objective of this portion of the research project was to evaluate the efficacy of 

fumigants and solarisation to reduce the concentration of viable resting spores of P. brassicae in 

soil. The range of rates of metam sodium and chloropicrin that appear to be most effective under 

Canadian conditions were identified. Chloropicrin was consistently effective at 110 kg a.i. ha-1 

and efficacy did not increase at higher rates even up to 290 kg a.i. ha-1. The study also 

demonstrated the importance of using TIF covers following application of fumigants. For 

example, the reduction in clubroot severity from application of metam sodium dramatically 

increased when application was followed with TIF rather than compaction or plastic tarping. 

The hypothesis that fumigation reduced the viability of resting spores could not be tested 

because of the weak relationship between the results of the plant bioassay and PMA-PCR. The 

concentration of viable resting spores after treatment, as estimated by PMA-PCR, was 

consistently much higher than the concentration generally considered to be sufficient to produce 

high levels of disease, but little or no clubroot developed in the bioassays. We conclude that 

modification may be necessary to optimize the efficacy and performance of PMA-PCR, 

especially in muck soil. 
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CHAPTER THREE - LONG DISTANCE SIGNALLING IN RESPONSE TO INFECTION 

BY PLASMODIOPHORA BRASSICAE 

3.1 Introduction 

Commercial canola cultivars with resistance to several pathotypes of P. brassicae are 

available (Cao et al., 2009; Hwang et al. 2011b; Deora et al., 2012a). For example, canola cv. 

45H21 is resistant to pathotype 6 but susceptible to pathotype 3 (Hwang et al., 2011b; Deora et 

al., 2012a). There are indications that the initial suite of commercial canola cultivars with 

resistance to pathotype 3 in Canada all carried resistance genes derived from the same or similar 

sources (Deora et al., 2013; Peng et al., 2014). The first clubroot resistant canola cultivars were 

released in 2009. By 2013, resistance had been overcome in many fields in Alberta (Strelkov et 

al., 2016). The most likely explanation for this rapid breakdown was short rotations with canola 

(often one year in two), which increased inoculum levels in soil and also placed strong selection 

pressure on populations of P. brassicae for phenotypes that could overcome the resistance 

(LeBoldus et al., 2012, Sedaghatkish et al., 2019). 

Studies of the timing and mechanism of the defense response to infection by P. brassicae 

are quite limited, but the response appears to be initiated during root hair infection (McDonald et 

al., 2014). When the root hair infection stage was bypassed by inoculating with secondary 

zoospores, even an avirulent pathotype was able to infect a resistant cultivar and produce small 

galls  (McDonald et al., 2014). Studies of the mode of action of the commercial biocontrol agent 

Serenade (Bacillus subtilus) against P. brassicae indicated that clubroot severity was reduced via 

induced systemic resistance (Lahlali et al., 2014). Genes in the phenylpropanoid (BnOPL2, 

BnCCR), ethylene (BnACO) and jasmonic acid (BnOPR2) pathways were up-regulated (Lahlali 

et al., 2013) and clubroot severity was reduced. Genes involved in the ethylene pathway were 
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also up-regulated in leaf tissue (Lahlali et al., 2013). Inoculation with P. brassicae alone (no 

biocontrol agent) resulted in down-regulation of genes in the ethylene (BnSAM3, BnACO) and 

PR-2 (BnPR-2) defense pathways (Lahlali et al., 2014). 

Inoculating plants with another commercial biocontrol agent, Prestop (Gliocladium 

catenulatum), prior to infection up-regulated two phenylpropanoid genes (BnOPL2, BnCCR), 

and the ethylene (BnACO) and the jasmonic acid (BnOPR2) pathways (Lahlali and Peng, 2014). 

Many of these genes are involved in inducing host resistance and some are involved in 

transmitting the defense response within a plant (Lahlali et al., 2013; Lahlali and Peng 2014; 

Lahlali et al., 2014). The phenylpropanoid pathway was also up-regulated in leaves, which 

demonstrated transmission of induced systemic resistance upwards in the plant, from roots to 

foliage (Lahlali and Peng, 2014). 

In most studies of root diseases using standard plant production systems, disease pressure 

is present on all of the root tissue in a pot. As a result, it is not possible to assess regulation 

changes in genes relative to a control in a single genotype (individual plant), as one might do by 

inoculating individual leaves of a single plant with a foliar pathogen. Studies of the expression of 

resistance in individual plants to activation of specific resistance genes could provide precise 

information on the development of resistance. Therefore, a split-root system for canola could be 

useful in studies of gene expression in roots. 

The initial objective of this portion of the project was to develop a split-root system for 

canola. If a split-root system could be developed, the subsequent objective was to examine long-

distance signalling in the roots of canola plants in response to infection by P. brassicae, based on 

regulation of one or more defense-related genes, as a proof of concept. The hypothesis was that 
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inoculation with P. brassicae on one side of the split root would stimulate a host defence 

reaction and that the signal would travel through the plant to the other side of the split root. 

 

3.2 Materials and Methods 

3.2.1 Pot preparation 

Two small sandwich bags per pot were modified by trimming each bag to 7 cm height to 

fit the height of a standard 10-cm-square plant pot. Each bag was folded in half, vertically, to 

form two pockets or sections. Both bags were placed inside a plastic plant pot, with the open 

ends up. The outer section of each bag (Fig. 3.1) was filled with LA4 sunshine soil-less mix (Sun 

Gro Horticulture Canada, Seba Beach, AB), while the inner side functioned as a barrier to 

movement of water and inoculum. Three holes were placed in the bottom of each bag, 

corresponding to the location of drainage holes in the pots. The pots were placed in a shallow 

plastic tray and watered from below to saturate the soil-less mix. After 24 hours, the mix was 

compressed and additional mix was added as required to fill the mix to the top of the bag. 
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Figure 3.1. A photo showing the modified bags for split-root production, which had been 

shortened and folded to fit snugly in the pot. Arrows indicate the half of each bag that was filled 

with soil. 

 

3.2.2 Plant preparation 

Canola seed was placed in germination pouches (Mega International, Newport MN) and 

watered to initiate germination. Once germination occurred and roots were between 0.5–4.0 cm 

in length, a razor blade was used to remove the root tip. The treated seedlings were transplanted 

into 10-cm-square plastic pots filled with LA4 sunshine mix and allowed to grow for 18 days in 

a growth chamber set at 25°/21° C day/night temperature, 16-hr photoperiod, and 50% relative 

humidity. In the first study, canola cvs. 73-67 (Monsanto) (resistant to pathotype 6 of 

P. brassicae) and 46A76 (Pioneer Hi-Bred) (susceptible) were used. The second study used only 

canola cv. 45H21 (Pioneer Hi-Bred), which is resistant to pathotype 6 but susceptible to 

pathotype 3 (Deora et al., 2012). 
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3.2.3 Root splitting 

Canola plants were uprooted at 18 days after the root tips were trimmed. The roots were 

carefully washed to remove soil and each taproot was trimmed to 6-cm length using a feather 

scalpel. The bifurcating root system produced by the initial trimming was then separated, with 

one half of each root planted in each of the two separated portions of soil-less mix in a 10-cm 

pot. A plastic pipette tip was inserted in one section of soil to mark the top of the root. The stem 

of each plant was held upright by tying it to a bamboo skewer (Fig. 3.2) that had been carefully 

inserted in the center of the pot between the two plastic bags of soil to avoid puncturing either 

section. The pot was then filled to the brim with sand to cover the exposed sections of root. Each 

pot was placed in a plastic tray and watered continuously from below using water amended to pH 

6.0 with commercial white vinegar. This maintained the potting mix at near field capacity at all 

times, with a slightly acidic pH conducive for clubroot infection. Once per week, a fertilizer 

solution of 1 g L-1 N-P-K (20-20-20) and 1 g L-1 MgSO4 was added into each tray. Due to poor 

seed germination, only three replicates were available for each treatment. 
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Figure 3.2. A schematic representation of the pot setup for the split-root procedure. 

3.2.4 Inoculation 

Inoculum was prepared following the protocol of Sharma et al. (2011). Briefly, small 

pieces of frozen clubbed roots infested with either pathotype 3 or 6 were added to 200 mL of 

deionized water. After sitting in the water for 10 min, the solution was placed in a commercial 

blender and homogenized for 2 min, then filtered through eight layers of cheesecloth to remove 

plant material. The resting spore concentration was quantified using a haemocytometer and 
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adjusted to produce the desired concentration of 1 × 106 resting spores mL-1 in Study 1. The 

inoculum concentration was increased to 1 × 107 spores mL-1 in Study 2 to ensure consistent, 

high levels of infection. Inoculum was applied to the section of potting mix marked by the 

pipette tip in each pot at 7 days after the roots were split. About 1 hr prior to inoculation, the 

sand covering the top of the pot was moistened using a misting nozzle to facilitate removal of the 

pipette tip without disturbance. 

The treatments in each study consisted of a susceptible interaction, a resistant interaction, 

and a control inoculated with water only. In Study 1, canola cv. ‘46A76’ inoculated with 

pathotype 6 was the susceptible interaction, ‘73-67’ inoculated with pathotype 6 was the resistant 

interaction, and there was a mock inoculated control. In Study 2, canola cv. ‘45H21’ had the 

inoculated root section treated either with pathotype 6 (resistant), pathotype 3 (susceptible), or 

water (mock-inoculated control). After inoculation, pots were organized in a randomized 

complete block design with four plants per experimental unit and three replicates. Due to poor 

seed germination, there were only two replicates of the control treatments of both cultivars in 

Study 1. 

In Study 1, 7 mL of a spore suspension containing 1 × 106 resting spore mL-1 of 

pathotype 6 was applied starting at the hole where the pipette tip was located and then around 

that spot to ensure that the inoculum contacted the roots. The pipette tip was replaced to identify 

the section that had been inoculated. Mock inoculation consisted of applying 7 mL of sterile 

water. Clubroot severity in the susceptible treatment was low, so the inoculum applied was 

increased to 10 mL of a suspension containing 1 × 107 resting spores mL-1 in Study 2. Also, 

inoculum was applied to each section in each pot in Study 2, with one side receiving pathotype 3 

and the other side receiving pathotype 6. 
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3.2.5 Sampling 

Two split-root plants from each experimental unit were uprooted and washed at 14 days 

after inoculation. The choice to use 14 days after inoculation was chosen to allow for adequate 

time for Plasmodiophora brassicae to infect the roots. The two root balls were cut from the stem 

at the site of root splitting using a scalpel. Each section of root was surface sterilized by dipping 

samples in a sequence of five liquid solutions (water, 10% bleach, and three rinses in sterile 

water), immersing the sample in each solution and then removing the excess liquid using sterile 

paper towels. On both the inoculated and nontreated sides of each root, 1-cm-long sections of 

root tissue were excised at 0.5–1.5 cm below where the root had been split. Scalpel tips were 

changed for each section to eliminate the possibility of cross-contamination from this source. 

Small aliquots from each section were removed and the samples from two plants were combined 

and sealed in a 2-mL screw cap tube. Each tube was then flash frozen in liquid nitrogen and 

stored at -80º C. 

At 6 weeks after inoculation, the remaining plants from each treatment were uprooted, 

rinsed, and the roots were evaluated for clubroot severity. Visual assessment was conducted 

using the 0–3 rating scale described previously and a disease severity index (DSI) of clubroot 

severity was calculated for each treatment as described previously (Créte et al. 1963). 

3.2.6 DNA and RNA analysis 

DNA and RNA were extracted from the root samples using the Norgen RNA/DNA 

purification kit (Norgen Biotek, Thoren, ON) according to the manufacturer’s instructions. 

Extracted RNA was further purified to remove any remaining DNA using a DNase I (Invitrogen 

Canada, Burlington, ON). The RNA was then converted into cDNA using Superscript RT III 
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(Invitrogen Canada, Burlington, ON) according to the manufacturer's instructions. Twelve 

samples were lost due to processing errors. 

qPCR analysis was conducted using a Step One Real Time PCR systems unit (Applied 

Biosystems, California). The reaction wells were set at 20 µL, with 2 µL of sample per well. The 

remaining 18 µL consisted of 10 µL SYBR green master mix, 1 µL each of forward and reverse 

primers and 6 µL of sterile molecular-grade water. The genes selected for evaluation were 

BnOPR2 (jasmonic acid pathway), BnPR-1 (PR-1 protein), BnCCR (phenylpropanoid pathway), 

and BnActin (actin, a housekeeping gene). These genes were previously used in separate studies 

which had significant differences involving treatments involving defense with P. brassicae 

(Lahlali et al., 2013,2014; Lahlali and Peng, 2014). The first three genes represent different 

defense pathways and were selected to provide the broadest screening with the fewest genes; 

actin is a constitutive gene that has commonly been used as a constitutive control (housekeeping 

gene). Each reaction plate included a set of five concentration standards run in duplicate, and 

each sample was run in triplicate. The assessment protocol consisted of a pre-cycling stage of 

95ºC for 15 min, followed by 35 cycles of 94º C for 10 sec, 60º C for 30 sec, and 72ºC for 30 

sec. Changes in gene regulation were standardized based on expression relative to the 

housekeeping gene which normalizes results in case some plants had differing expression due to 

different growth levels. The standardized expression used the following formula: 

R=CT(Housekeeping gene)/CT(Target) 

where the housekeeping gene is a constitutively expressed gene that is continuously and 

consistently expressed by the host plant (in this case, the actin gene BnActin) and CT is the cycle 

time from the qPCR analysis. Values above 1 indicated that the genes were up-regulated relative 
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to the housekeeping gene and values between 0 and 1 indicated down-regulation of gene 

expression. 

When interpreting the results from qPCR analysis, CT and require interpretation instead 

of looking at the basic values. The CT values from a qPCR readout refer to the cycle count when 

the sample has reached the maximum amplification. With this result, the lower the CT value, 

corresponds to a higher amount of targeted DNA or RNA in the sample, and the opposite with a 

higher CT. Individual plants also have differences in plant vigor and can grow at different rates 

respectively which can show up as different CT values. Using the housekeeping gene and 

expressing results relative to the housekeeping gene with the formula listed above, standardizes 

the values to the growth rate of the specific plant and provides values which no longer vary 

based on plant vigor. With the exception of comparing inoculated root tissue with root tissue 

from clean (non-inoculated) sections, comparisons evaluated the control (mock inoculation) 

versus inoculated roots. Results were shown as a fold change relative to the control values since 

the majority of comparisons involved control samples. It makes easier to show differences in this 

manner. The control values are omitted since the value will appear as 1 in the tables. 

 

3.2.7 Statistical analysis 

Statistical analyses were carried out using SAS v9.2 (Cary, NC) using a type 1 error of 

P = 0.05. The distribution pattern of data was assessed using the Kolmogorov-Smirnov test. 

Differences among means within each study were assessed using a t-test for data sets that 

approximated a normal distribution, and a Wilcoxon-Mann-Whitney test was used on data that 

did not fit a normal distribution. 
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3.3 Results 

The split-root technique resulted in normal plant growth, except that some of the older 

leaves became chlorotic and abscised, likely in response to higher-than-normal levels of plant 

stress. Across both experiments, there was no indication of pathogen movement from the section 

of inoculated root to the non-inoculated side. 

In Study 1, no visible symptoms developed on the non-inoculated (clean) root sections or 

on the resistant cv. 73-67 inoculated with pathotype 6. Low levels of clubroot (17 DSI) 

developed on sections of root inoculated with pathotype 6 in the susceptible cv. 46A76. In Study 

2, inoculation with pathotype 6 was expected to result in a resistant reaction (no clubroot) on cv. 

45H21, but low levels of symptoms (22 DSI) developed in one replicate. No symptoms 

developed on the non-inoculated root section. Pathotype 3 was expected to be virulent on 

‘45H21’ and inoculation produced a highly susceptible reaction (100 DSI). 

Mock inoculation was not associated with differences in gene expression (based on ΔCT) 

for BnCCR (phenylpropanoid pathway) or BnOPR2 (jasmonic pathway) between the inoculated 

and non-treated sections for the susceptible plants in either Study 1 (Table 3.1) or Study 2 (Table 

3.2). 

Inoculation with P. brassicae resulted in a change in expression of BnCCR and BnOPR2 

relative to the control in Study 1 (Table 3.1). Expression of the gene BnCCR increased relative to 

the control in both the susceptible (‘46A76’) and resistant (‘73-63’) interactions in the inoculated 

section of the roots. Also, the ‘clean’ root section of inoculated plants had lower expression  

compared to the inoculated section of the roots, and similar to the mock inoculated control 

(~1.0). Similarly, BnOPR2 was significantly upregulated in the inoculated root section of the 

susceptible plants compared to the control.  There was a similar trend for the resistant reaction 
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but this was not statistically significant. The ‘clean’ section of susceptible plants was also 

upregulated compared to the control samples, which indicates that the signal travelled from the 

inoculated side to the ‘clean’side. The resistant interaction showed significantly higher gene 

expression in the inoculated side compared to the ‘clean’ root sections. 

There were no significant differences in expression of either BnCCR or BnOPR2 in Study 

2, when inoculated root samples were compared with the control (Table 3.2), although the 

expression was numerically lower than 1.0 in all cases. The ‘clean’ section inoculated with 

pathotype 6 (resistant interaction) showed an upregulation in the gene expression of BnCCR 

compared to the control. The gene expression in BnOPR2 in ‘clean’ sections of susceptible and 

resistant interactions was higher compared to the inoculated root sections.  The gene BnPR-1 did 

not amplify in either study. 
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Table 3.1. Effect of inoculation with pathotype 6 of Plasmodiophora brassicae on gene 

expression of BnCCR and BnOPR2 in split-root plants of canola cvs. 46A76 (susceptible) and 

73-63 (resistant) adjacent to the inoculation site (treated) and in the non-inoculated section of 

root (non-treated) in Study 1. 

Root section 

Expression level (relative to the mock-inoculated  

control )1 

BnCCR  BnOPR2  

Susceptible 

(46A76) 

Resistant 

(73-67) 

Susceptible 

(46A76) 

Resistant 

(73-67) 

Treated 1.07* 1.09* 1.13* 1.05 

Non-treated 1.00¥ 0.96¥ 1.06* 

 

0.99¥ 

1Gene expression values were standardized based on the gene BnActin (housekeeping gene) and 

then shown relative to the control values.  

*Means differed from the mock-inoculated control for that gene at P ≤ 0.05 based on t-tests or 

Wilcoxon-Mann-Whitney tests.  

¥ Means differ from inoculated section of root tissue.   
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Table 3.2. Gene expression of BnCCR and BnOPR2 in Study 2, where one section of each split 

root of canola cv. 45H21 was inoculated with Plasmodiophora brassicae (pathotype 3 – 

susceptible, pathotype 6 – resistant) or sterile water (mock inoculation). 

Root 

section 

Expression level (relative to the mock-inoculated  

control)1 

BnCCR  BnOPR2  

Susceptible 

(P3) 

Resistant 

(P6) 

Susceptible 

(P3) 

Resistant 

(P6) 

Treated 0.94 0.98 0.85   0.86 

Non-treated 0.99 1.06* ¥ 0.96¥ 1.02¥ 

1Gene expression values were standardized based on the gene BnActin (housekeeping gene) and 

then shown relative to the control values.  

* Means differed from the mock-inoculated control for that gene at P ≤ 0.05 based on t-tests or 

Wilcoxon-Mann-Whitney tests.  

¥ Means differed from inoculated section of root tissue. 

 

3.4 Discussion 

An important result from the current study was the development of a split-root procedure 

for canola. There was no mortality and only moderate plant stress associated with the root 

splitting procedure. Also, root splitting was effective for all three cultivars assessed, which 

indicated that it should be applicable to most / all canola cultivars. The lack of visible clubroot 

symptoms in non-treated root sections demonstrated that the split-root procedure was effective at 

limiting clubroot development in the split-root plant to one section of soil. This was observed not 

only within the same pot, but also for pots in the same watering tray. This demonstrated that the 

pathogen did not spread through healthy root tissue to the non-treated side of the split-root plant 
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and that quantities of spores sufficient to cause symptom development were not transferred to 

adjacent pots. 

The results from the current study support the hypothesis that regulation of defence genes 

is affected by the distance from the treated root area. In both studies, there were differences in 

gene expression between treated and non-treated sections, although the result was not always 

consistent. Expression of defence genes was generally up-regulated in the inoculated sections 

relative to non-treated sections in Study 1 and generally down-regulated in Study 2. In Study 1, 

there was an upregulation of gene BnOPR2 in the susceptible reaction with 46A76on both the 

inoculated and ‘clean’ sides. Since there was no evidence of movement of P. brassicae from one 

side of the split root to the other side, this result demonstrated that there was transmission of a 

defence response signal from the inoculated side of the split root to the non-treated side.  

In Study 2, only one gene was upregulated, and that was BnCCR in the resistant reaction 

where the roots were inoculated with avirulent pathotype 6.  In all other cases, the non-treated 

roots did not show a change in gene expression in comparison to the mock-inoculated check.  

However, in three of four cases, gene expression on the treated side was lower than on the non-

treated side, even though these levels were not different from the mock- inoculated check.  

The same two defense genes were assessed in both studies, one in the jasmonic acid 

defence pathway (BnOPR2) and the other in the phenylpropanoid pathway (BnCCR). BnOPR2 

showed significant changes in amplification in the resistant interactions. However, the results 

differed dramatically between Study 1 and 2. In Study 1, the gene expression in the inoculated 

root tissue sections were up-regulated compared to the control, but they were down-regulated in 

Study 2. Since the difference between studies was cultivar selection, the different response in 
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gene expression may be cultivar specific.  Also, in Study 2, one cultivar was challenged with 

both a virulent and avirulent pathotype to look at differential gene expression in a single cultivar.   

BnPR-1 did not amplify in either study. However, other studies have also had problems 

with BnPR-1, where it did not amplify in one study and had levels elevated above the control in 

another (Lahlali et al., 2013; 2014; Lahlali and Peng, 2014). 

The observation that results were not consistent between the two studies could possibly 

be associated with differences in the cultivars being assessed. The reactions of two canola 

cultivars were assessed in Study 1, one clubroot-resistant cultivar, 73-67, that was specifically 

bred for resistance and the other cultivar was susceptible to clubroot (46A76). Study 2 assessed 

cv. 45H21, which was resistant to pathotype 6 and susceptible to pathotype 3. This cultivar was 

not bred for resistance to clubroot; resistance to pathotype 6 appears to be natural and 

widespread in canola cultivars (Deora et al., 2012). These cultivars are not genetically identical, 

so there may be some variation in the genes involved in pathogen recognition, signalling, or even 

the defense pathways themselves. Such differences could affect the level of expression of all the 

genes in a defence pathway. However, one would normally expect that important systems such 

as these defence pathways to be highly conserved. 

Also, differences between the control and inoculated sections of root tissue were not 

consistent. Defence genes in root tissue inoculated with P. brassicae s would be expected to have 

some response in both the resistant and susceptible interactions. Both interactions in Study 1 

showed an effect of treatment, with the exception of BnOPR2 in the resistant interactions. 

However, there was no differences between the inoculated root tissue compared to the control in 

Study 2. It is interesting that the non-treated side showed an upregulation of BnCCR in this 

study, when challenged with the avirulent pathotype (6). Even though results were only 
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significant in that instance, susceptible and resistant interaction with both BnCCR and BnOPR2 

in Study 2 were down-regulated in the inoculated root tissue compared to the control in three of 

four interactions. There was a an opposite trend in Study 1, where the genes in the inoculated 

root tissue were up-regulated compared to the control. The sample size for both studies was low, 

with only three replicates per treatment. Repetition of the studies with a larger sample size and 

increased replication may provide more consistent differences, which in turn would help verify 

that inoculation does have an effect on gene expression. 

Another explanation for the variability in gene expression in Study 2 could be variability 

in the inoculum of pathotype 6. The clubs were obtained from the Muck Crops Research Station, 

where pathotype 6 had been predominant for many years. However, erosion of resistance to 

pathotype 6 at that site was identified in the year following collection of this inoculum (Al-

Daoud et al., 2018). This erosion may have resulted in low levels of infection in ’73-63’ in Study 

1 and in ‘45H21’ in Study 2, which had previously been resistant. The pathotype change might 

explain why the trends are similar between the susceptible and resistant interactions. Future 

studies should use single spore isolates, if possible. 

In previous studies, up-regulation of phenylpropanoid genes was transmitted all the way 

to the leaf tissue (Lahlali et al., 2013; Lahlali and Peng, 2014; Lahlali et al., 2014). Activation of 

phenylpropanoid genes has also been correlated with disease resistance in plants (Dixon et al., 

2002) and is up-regulated in canola plants in response to clubroot infection (Irani et al, 2019). 

The phenylpropanoid pathway was also up-regulated in B. napus plants resistant to Verticillium 

longisporum (Obermeier et al., 2013). This was consistent with Study 1 where the gene was 

upregulated in both resistant and susceptible interactions, but opposite of what was observed in 
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Study 2, where the phenylpropanoid gene showed no change in the treated side but was was 

down-regulated compared to the non-treated side following infection. 

In both studies, expression of both BnCCR and BnOPR2 was lower than that of the 

housekeeping gene. The actin gene is very commonly used due to actin being a common 

component in cellular structure and BnActin has been used in previous studies with success 

(Lahlai et al., 2013,2014; Lahlai and Peng, 2014). This did not indicate that the housekeeping 

gene was ineffective, but rather that a different housekeeping gene with a lower constitutive 

expression (higher CT) might be useful in future studies. Another option would be to use two or 

more constitutively-expressed genes with different expression levels to provide a more consistent 

basis for standardizing gene expression. 

Inoculation with 7 mL of 1 × 106 spores mL-1 in Study 1 resulted in relatively low 

clubroot pressure, while the higher inoculum concentration in Study 2 (10 mL of 1 × 107 spore 

mL-1) produced 100% incidence and severity. Application of a high rate of inoculum appears to 

be important in minimizing the variability in RNA levels by reducing disease escape or delayed 

symptom expression. 

In conclusion, a split-root technique was developed for canola, and used to assess long-

distance transmission of gene expression. Gene expression differed between the treated and non-

treated sections. Performing the studies with different genes could be used to assess signalling 

across distance within the root.  



82 

 

CHAPTER FOUR - DISCUSSION 

4.1 General Discussion 

The current research project examined two aspects of clubroot management. The main 

focus was a study to assess the potential of fumigation as one component of clubroot 

management in the Prairie region. Fumigation might be an approach to manage the first small 

patches of the disease in a field, or for management of clubroot in Brassica vegetables. These 

laboratory and field studies demonstrated that strategic application of fumigants might be used to 

slow the spread of clubroot by reducing spore loads in new infestations in clean fields or patches 

of new pathotypes in infested fields. 

The main objective of the studies on fumigation was to identify rate(s) of fumigant that 

would dramatically reduce P. brassicae resting spores in soil. None of the rates tested killed all 

of the resting spores at any site. Previous field studies indicated that metam sodium effectively 

reduced clubroot severity (e.g., Buckzacki et al., 1975), but chloropicrin reduced severity more 

than similar levels of metam sodium in the current study. Chloropicrin was the only compound 

that reduced the proportion of viable resting spores, based on estimates from PCR; metam 

sodium did not reduce the concentration of viable resting spores. Also, chloropicrin has a 

comparatively low mammalian toxicity, despite a noxious effect on the eyes even at low 

concentration. Controlled environment studies and field trials confirmed that the two 

formulations of metam sodium, Busan 1236 and Vapam HL, had a similar effect on clubroot, 

despite coming from different suppliers and containing slightly different concentrations of active 

ingredient. The rates of both fumigants reduced clubroot levels more than in a recent assessment 

of low rates of metam sodium in Alberta (Hwang et al., 2014). Application of chloropicrin 

(without appropriate sealing procedures) appears to be a better option than metam sodium 
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application and sealant procedures for reduction of resting spores in soil. Combined with the 

reduced toxicity of chloropicrin, it is a safer and more effective option than metam sodium 

application for reduction of resting spores in the soil. 

The efficacy of a totally impermeable film (TIF) cover used to seal the soil surface and 

hold the fumigant within the soil profile had an important effect on the effectiveness of both 

metam sodium and chloropicrin against P. brassicae. Both active ingredients were only effective 

when TIF was applied to seal the soil surface immediately after application. When the soil 

surface was sealed using surface compaction or covered with construction-grade plastic sheets, 

the results did not differ from the non-treated control. Use of ineffective sealing protocols may 

have reduced the efficacy of the fumigants in previous assessments in Canada (Hwang et al., 

2014). However, it is important to note that sealing a muck soil using compaction is more 

difficult than sealing a mineral soil because muck soil does not compact readily. Also, muck soil 

is much lighter than mineral soil, so it was difficult to keep the edges of the cover film weighed 

down effectively. In studies conducted after the year when covers blew off several treatment, 

sandbags were used to supplement soil applied along the edges of each cover to keep the cover 

securely in place. (McDonald, personal communication). The use of TIF in fumigation may also 

add a solarization effect on top of fumigants effect. 

Variability in the estimates of the concentration of P. brassicae resting spore before and 

after treatment was an important issue in the assessment of fumigant efficacy under field 

conditions. The variability in estimates of spore concentration made it less likely that effective 

treatments could be identified based solely on spore concentration, so a bioassay was required. 

Another impediment to the fumigant trials in the field was that trials could not be 

repeated on the same plot area for several years after a fumigant trial because of lack of 
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uniformity of inoculum. As a result, identifying sites with suitable levels and uniformity of 

P. brassicae resting spores to repeat a trial proved to be problematic. Field trials in 2015 had 

issues with the number of replicates, not only due to issues with the TIF cover, but also because 

inoculum pressure was substantially lower in some areas of the study than others. As a result, an 

entire replicate block in one trial had to be omitted from the analysis because little or no clubroot 

developed in any treatment. Variability in inoculum pressure has been reported even in mini-

plots (Hwang et al, 2013). Loss of replicates can reduces the ability to detect real differences. 

Grid testing of potential plot areas for resting spore concentration, although expensive and time 

consuming, could be used to reduce these issues in future testing, but may not always work 

correctly and effectiveness could depend on plot sizes and how sampling is conducted in each 

plot. 

For several of the field experiments, clubroot severity was unexpectedly low, which 

indicated that there were issues associated with inoculum concentration and variability. Inoculum 

pressure was extremely low (close to the minimal level for quantification of P. brassicae resting 

spores using qPCR) at the mineral soil site in 2014, even though the grower had identified the 

area as having had severe clubroot on a previous susceptible crop. It appears likely that the trial 

was situated near the edge of the clubroot patch, where spore concentration was low, rather than 

in the centre, where spore concentration would normally be higher. This should not have been 

completely unexpected, since no notes or pictures of the previous infestation were available. At 

such low levels, estimates of spore concentration and results of bioassays were highly variable. 

Also, the soil pH at this site was high (pH 7.3), which would have had an inhibitory effect on 

infection by P. brassicae. (Gossen et al., 2013). The growers staggered planting also happened 

later in the season when temperature were lower, providing less favourable conditions for 
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infection. Low spore concentration, high pH, and lower temperatures at this site made it unlikely 

that clubroot would develop at high levels, and dramatically reduced our ability to identify 

efficacious treatments. 

In the solarization studies, the results were not consistent between the two experiments. 

In the study in 2014, low levels of clubroot symptoms developed, but only in the solarization 

treatments. The soil used for this study was collected from a mineral soil site based on the 

grower’s recollection that clubroot was severe at the site. In 2015, low levels of clubroot 

symptoms developed, but only in the control. The soil used for this study was collected from a 

site at the Muck Crops Research Station where severe clubroot had developed recently. 

The solarisation treatments raised the soil temperature to above 30 ºC, although the soil 

probe sensors lost power early in the 2014 trial, so that data was incomplete. The data showed 

temperatures dropped heavily at night, in some cases up to 10˚C. Daily temperatures achieve the 

required temperatures described in work by Porter et al., (1991). Preliminary results following 

these experiments also tested TIF directly on field trials showed a reduction in disease severity, 

but not resting spore viability (McDonald et al., 2020). At the end of each study, the soil was still 

saturated with water, so drying out of the soil was not responsible for the differences in results 

between years. Examination of the resting spores in the soil showed no differences in either 

study. 

Studies of solarization should be modified to determine if the technique has potential as a 

viable management option in Canada. The tub method used in the current study did not 

incorporate a drainage system, so the system was saturated for the duration of the study, unlike a 

natural field soil. Drainage may have been important because a previous study found that a 

solarization treatment was much more effective under high moisture than under dry conditions 
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(Porter et al. 1991). However, saturated conditions for an extended period of time are unlikely in 

field soil in the absence of irrigation unless application follows immediately after a rain event. 

Solarization is likely to be effective under Canadian conditions only in mid-summer, 

when temperatures are potentially high enough to be effective against P. brassicae. This means 

that there is little or no potential for production of an annual crop in the treated area. No research 

is available on the efficacy of lower temperatures over long periods of time. However, studies of 

a soil-borne fungal pathogen, Verticillium dahliae, demonstrated that elimination of 90% of 

inoculum required temperatures above 30ºC maintained for at least 2 weeks (Pullman et al. 

1981). 

Low symptom severity in the solarization study conducted outdoors in plastic tubs made 

it difficult to assess the efficacy of the fumigant and solarization treatments. The soil used for 

testing the efficacy of solarization was collected adjacent to the mineral soil study site in 2014, 

and resulted in the same problems identified previously; low inoculum density, high soil pH, and 

low clubroot severity. This work also needs to be conducted in field trials at a site with higher 

and more uniform inoculum density. Testing by taking the soil samples from the soil within the 

top 15 cm of soil as opposed to going as deep as 30 cm may also improve the uniformity of the 

samples for qPCR testing. 

Quantification of resting spore concentration in soil has shifted in recent years from 

direct counts of extracted spores to the use of molecular approaches to more accurately assess the 

number of resting spores in soil. The molecular techniques are quick and are becoming less 

expensive and more accurate (Gossen et al., 2019). Moreover, using a haemocytometer to count 

resting spores required specialized knowledge because it was easy to misidentify other spores or 

even soil particles as resting spores of P. brassicae. Quantification of spores of P. brassicae in 
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soil using qPCR was highly variable in the current study, and qPCR may fail to amplify spores 

present at low concentration. Fortunately, digital drop PCR has potential to provide reliable 

estimates at low spore concentration and at a lower cost (Gossen et al., 2019). 

One issue with molecular assessments in general is the small size of the samples used for 

assessment. Any lack of uniformity within the soil sample (which is likely to be very common, 

irrespective of the sampling protocol) would increase the potential variability and could result in 

very substantial variation among technical replicates. Also, PMA-assisted qPCR can have issues 

with a failure of amplification associated with excessive dilution. For example, when PMA-

assisted qPCR is applied to 100 mg of soil, only a tiny amount of the total DNA in the sample is 

available for amplification. Dilution of the extract makes it even more likely to end up with DNA 

amounts below the amplification threshold. Assessing a larger initial aliquot of soil would 

increase the total amount of DNA in the sample and increase the likelihood that the amount of 

DNA in the sample was sufficient to reach the amplification threshold. This could reduce both 

the variability of individual assessments and the likelihood of a false negative (pathogen not 

detected, even though present in the sample). 

Results from qPCR, especially from soil, can be extremely variable and datasets from 

qPCR are generally not normally distributed (Mestdagh et al., 2009, De Neve et al., 2013). To 

analyze datasets from qPCR, data transformation or use of non-parametric procedures are often 

required. For spore quantification estimates, log transformations often bring the distribution 

pattern of the data closer to a normal distribution. Also, many experiments using qPCR have a 

low number of replicates. Therefore, many qPCR studies use non-parametric approaches to 

analyze and summarize results. This may reduce the ability of the studies to detect differences in 

spore counts and allow small differences in spore viability to go undetected.  
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The study to develop a technique for producing split-root plants of B. napus demonstrated 

that consistent production of split-root plants was possible and served as a proof of concept. Split 

roots provided a novel analytical approach for studies of defence response in canola. The study 

demonstrated that the split-root technique has potential for use in studies of regulation of defense 

genes in response to infection by P. brassicae and other root-pathogens. It could also be used to 

increase our understanding of the plant’s defense response to infection by P. brassicae, which in 

turn could be used to enhance clubroot resistance. 

A system that prevented contamination between soil compartments and allowed for 

collection and analysis of samples from the roots without contamination was designed and tested. 

The studies demonstrated that the technique for splitting a canola root could be used successfully 

on multiple cultivars. Also, there was no contamination between the soil containers; symptoms 

appearing on the inoculated section of root, but not the control section. One drawback of the 

study was that only a very few defense genes were assessed. Although the results were not 

totally consistent across studies, variability might be reduced by expanding the number of 

housekeeping genes assessed. Also, many more defense genes need to be assessed in subsequent 

studies. The procedure could provide a useful foundation for future studies. 

Variability in the inoculum source may have been a problem in the split-root study. The 

clubbed roots used for inoculum were collected at the Muck Crops Research Station, where the 

predominant pathotype present was pathotype 6, based on the reaction of the Williams’ 

differential set (McDonald et al., 2020). However, clubbing symptoms developed on host lines 

that should have been resistant to pathotype 6 in both the controlled environment and field trials. 

Switching to inoculum harvested several years earlier resulted in no visible clubbing on plant 

lines that were expected to be resistant to pathotype 6. This indicated that a shift in the dominant 
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pathotypes at this site was occurring, and subsequent analysis confirmed that hypothesis 

(Sedaghatkish et al. 2019; McDonald et al., 2020). 

The split-root study demonstrated that this technique is a viable option for assessment of 

infection and subsequent development by P. brassicae. There were significant differences in 

gene expression between the separated sections of root. Although gene BnPR-1 did not amplify 

in any test, BnCCR and BnOPR2 were amplified in both studies. Selecting genes for testing will 

become more straight-forward as additional defence genes are identified in Brassica spp. 

(Lahlali et al., 2014, Yang et al., 2010). This was the first study performed using split-root with 

canola. Further studies will involve refining the technique and procedure for and increasing the 

testing and genes assessed. 

  There are several conclusions that can be drawn from this research.. Chloropicrin was 

the more effective fumigant in field conditions compared to metam sodium. Both metam sodium 

products, Vapam HL and Busan 1236, had similar levels of effectiveness in reducing disease 

incidence and severity. Sealing the soil with high quality film is necessary for fumigants to 

function effectively against P. brassicae. Solarization did provide a reduction in disease pressure 

from P. brassicae. Assessments of spore viability with PMA were not consistent with the 

reduction in disease incidence and severity. Fumigation with both metam sodium and 

chloropicrin reduced disease severity but did not reduce the concentration of viable resting 

spores based on the PMA assessment. Solarization was similar; treatment reduced disease 

severity, but viable spore analysis showed no reduction in spore viability. The results don’t fully 

support the hypothesis, but with the difficulties associated with PMA-qPCR, rejecting the 

hypothesis doesn’t appear valid until additional testing can prove results are valid.       
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This study is the first to use the split-root procedure on canola and the first to use it to 

study gene expression in response to infection by P. brassicae.  It was an effective research 

method and there was no contamination between the sections of soil. The study provided some 

evidence of long-distance signalling in root tissue as a result of infection, which is what was 

hypothesized.  

 

4.2 Future Research 

In the fumigation studies, getting a similar effect from lower-cost materials might make 

fumigation more feasible for many situations. A grade of cover as high quality as TIF may not be 

required to provide good efficacy. Virtually impermeable film (VIF) also reduces fumigant 

leakage (Austerweil et al., 2006), but is less expensive that TIF. It would be useful to compare 

TIF, VIF and other covers to determine if less expensive covers could be used without loss of 

efficacy. 

Repeating the fumigation trials in fields with different inoculum concentrations might be 

used to fine-tune optimum rates for clubroot reduction. Adding adjuvants to the fumigant 

formulation could alter the release of the active ingredient and increase efficacy, but this 

approach is normally left to the companies producing and marketing the fumigant, who have 

access to proprietary information about the existing formulation. Fumigants themselves might 

not be responsible for the reduction in disease severity.  TIF alone raised the soil temperature 

following application, even when used to seal the fumigant application. Preliminary results 

performed after these experiments show that TIF itself reduced disease severity to a similar level 

as fumigants sealed with TIF (McDonald et al., 2020). Additional testing and modifying timing 

applications,  along with testing only with TIF, can confirm if results are consistent.  
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One important constraint to the bioassays and split-root studies was the long interval 

between inoculation and development of symptoms. Developing effective alternatives to the 

plant bioassay could greatly reduce the length of time required to complete a trial. The plant 

bioassay required 6 weeks from inoculation to development of symptoms. Similarly, infection in 

the split-root technique was confirmed at 42 days after inoculation before RNA samples could be 

processed. It is fiscally prudent to wait to confirm that clubroot symptoms developed in the split-

root plants, to ensure that there was no cross-contamination before processing samples. An 

alternative would be to sample each plant at 14 days after inoculation and confirm the presence / 

absence of P. brassicae using PCR, instead of waiting for confirmation based on symptom 

development. The split-root technique used a large amount of growth space to create a small 

number of samples, so reducing the length of time would make it possible to run more replicates 

or samples. Also, if root growth is slow, splitting the root tip longitudinally as opposed to 

horizontally just at the tip of the root might be successful. This approach was effective on canola, 

albeit with a higher mortality rate than tip clipping (data not shown). 

With the success of the split-root technique on canola plants, additional Brassica spp. 

could be tested using the split-root technique to examine if signalling systems are highly 

conserved among Brassica species. Many resistance genes are currently being transferred from 

one species to another in Brassica crops. For example, European fodder turnip has been a source 

of resistance genes for canola, but individual species may have developed modifications to the 

signalling protocols. However, defense response tends to be conserved in many plants. 

The split-root technique has applicability for many avenues of research in the future, in 

addition to defence signalling. Only a small number of defense-related genes have been assessed 

thus far. Future applications could also involve testing of synthetic or biological compounds for 
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management of P. brassicae. Determining if the biological or chemical agent may affect areas of 

the roots without direct contact from the compound, might allow for improvements in disease 

management. If the entire root system can be protected by the application of compound to a 

small section of root tissue, then it would enable an effective treatment with minimal synthetic or 

biological product needed for application. Also, these approaches are not limited to research with 

P. brassicae; any root pathogen could be assessed with little or no modification to the technique. 
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APPENDIX 1: SUPPLEMENTARY FIGURES AND TABLES FOR CHAPTER TWO 

 

Appendix 1.1 Fresh shoot weight of Shanghai pak choi grown in naturally infested soil treated 

with selected concentrations of metam sodium (B = Busan, V = Vapam) fumigants under 

controlled conditions in 2014 (n = 4). 
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Appendix 1.2 Fresh shoot weight of Shanghai pak choi grown in naturally infested soil treated 

with selected concentrations of metam sodium (B = Busan, V = Vapam) fumigants under 

controlled conditions in 2015 (n = 4). 
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Appendix 1.3 Mean fresh shoot weight of Shanghai pak choi grown under controlled conditions 

in mineral soil from a field trial near Hamilton ON treated with selected rates of chloropicrin and 

metam sodium (B = Busan, V = Vapam) in 2014 (n = 4). 
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Appendix 1.4 Raw data from Shanghai pak choi plants grown in a controlled environment in 

2014 using soil naturally infested with Plasmodiophora brassicae and treated with metam 

sodium products Busan 1236 and Vapam HL at various rates.  

Product 

Rate 

(kg 

ha-1) 

Incidence 

(%) 
DSI (%) 

Weight (g) 

Fresh Dry 

Shoot Root Shoot Root 

Busan 10 80 76.7 0.21 0.14 0.02 0.11 

 10 30 26.7 0.28 0.13 0.02 0.12 

 10 30 30 0.45 0.07 0.02 0.05 

 10 20 20 0.3 0.1 0.02 0.09 

 75 0 0 0.68 0.08 0.04 0.06 

 75 0 0 0.52 0.07 0.03 0.04 

 75 0 0 0.35 0.11 0.02 0.08 

 75 0 0 0.7 0.1 0.02 0.07 

 150 0 0 0.84 0.17 0.04 0.12 

 150 0 0 0.77 0.17 0.03 0.11 

 150 0 0 1.41 0.11 0.05 0.08 

 150 0 0 0.96 0.2 0.05 0.16 

 300 0 0 0.82 0.16 0.04 0.13 

 300 0 0 1.39 0.15 0.04 0.11 

 300 20 13.3 0.61 0.14 0.03 0.09 

 300 0 0 0.51 0.12 0.03 0.07 

Vapam 10 60 43.3 0.27 0.11 0.02 0.08 

 10 40 40 0.18 0.16 0.01 0.13 

 10 30 26.7 0.27 0.14 0.02 0.1 

 10 80 70 0.21 0.16 0.01 0.11 

 75 10 3.3 0.59 0.09 0.03 0.06 

 75 10 3.3 0.73 0.11 0.04 0.08 

 75 0 0 0.61 0.16 0.03 0.13 

 75 0 0 0.72 0.19 0.03 0.13 

 150 0 0 1.2 0.12 0.04 0.09 

 150 0 0 1.08 0.28 0.05 0.19 

 150 0 0 0.74 0.13 0.03 0.07 

 150 0 0 1.04 0.21 0.05 0.15 

  300 0 0 1.46 0.18 0.05 0.14 

 300 10 3.3 0.66 0.13 0.04 0.09 

 300 0 0 0.6 0.11 0.03 0.08 

 300 0 0 1.22 0.24 0.04 0.14 

Check -- 60 53.3 0.23 0.22 0.02 0.18 

 -- 100 96.7 0.21 0.14 0.01 0.1 

 -- 90 83.3 0.2 0.15 0.01 0.11 

 -- 50 46.7 0.34 0.16 0.02 0.12 
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Appendix 1.5 Raw data of resting spore counts used in a controlled environment in 2014 using 

soil naturally infested with Plasmodiophora brassicae taken from outside the Muck Crops 

Research Station, King, ON and treated metam sodium at selected rates. 

Product 

Rate 

(kg ha-

1) rep 

PMA 

(µmol 

mL-1) 

Resting spores  

(g-1 of dry soil) 

metam 

sodium b 
10 2 0 5.5E7 

metam 

sodium b 
10 1 0 2.2E7 

metam 

sodium b 
10 3 0 3.7E6 

metam 

sodium b 
10 1 120 2.4E7 

metam 

sodium b 
10 3 120 5.7E6 

metam 

sodium b 
10 2 120 8.1E6 

metam 

sodium b 
75 4 0 6.4E7 

metam 

sodium b 
75 3 0 1.8E7 

metam 

sodium b 
75 2 0 6.9E6 

metam 

sodium b 
75 4 120 4.5E7 

metam 

sodium b 
75 2 120 1.3E7 

metam 

sodium b 
75 3 120 7E6 

check 0 1 0 2.9E8 

check 0 4 0 3.9E7 

check 0 3 0 2.2E7 

check 0 1 120 7E7 

check 0 4 120 na1 

check 0 3 120 3.8E7 

metam 

sodium v 
10 1 0 8.4E6 



119 

 

metam 

sodium v 
10 1 0 5.3E6 

metam 

sodium v 
10 3 0 2.6E6 

metam 

sodium v 
10 3 120 1.1E7 

metam 

sodium v 
10 2 120 na 

metam 

sodium v 
10 1 120 1.4E7 

metam 

sodium v 
10 2 120 9.1E7 

metam 

sodium v 
75 1 0 8.6E6 

metam 

sodium v 
75 2 0 na 

metam 

sodium v 
75 2 120 na 

metam 

sodium v 
75 3 120 4.8E7 

metam 

sodium v 
150 2 0 na 

metam 

sodium v 
150 1 0 9.4E6 

metam 

sodium v 
150 3 0 4.9E6 

metam 

sodium v 
150 2 120 na 

metam 

sodium v 
150 1 120 1.7E7 

metam 

sodium v 
300 4 0 3.2E6 

metam 

sodium v 
300 1 0 9.8E5 

metam 

sodium v 
300 1 120 4.8E6 

metam 

sodium v 
300 4 120 na 

1 Did not amplify 
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Appendix 1.6 Raw data from Shanghai pak choi plants grown in a controlled environment in 

2015 using soil naturally infested with Plasmodiophora brassicae and treated with metam 

sodium products Busan 1236 and Vapam HL at various rates.  

Product 
Rate (kg 

ha-1) 

Incidence 

(%) 
DSI (%) 

Weight (g) 

Fresh Dry 

Shoot Root Shoot Root 

Busan 10 10 3.3 2.74 0.57 0.21 0.05 

 10 20 6.6 2.67 0.74 0.26 0.04 

 10 22.2 11.1 4.13 0.97 0.4 0.06 

 10 0 0 2.83 1.1 0.28 0.09 

 75 0 0 3.80 1.33 0.33 0.04 

 75 0 0 3.76 1.32 0.33 0.09 

 75 0 0 3.86 1.06 0.31 0.06 

 75 0 0 3.18 0.73 0.3 0.05 

 150 0 0 3.74 1.17 0.32 0.07 

 150 0 0 4.56 1 0.39 0.04 

 150 0 0 5.75 2.2 0.67 0.11 

 150 0 0 4.23 1.26 0.41 0.06 

 300 0 0 5.23 1.91 0.46 0.09 

 300 0 0 4.96 1.67 0.47 0.07 

 300 0 0 4.24 1.69 0.42 0.08 

 300 0 0 4.20 1.87 0.43 0.09 

Vapam 10 30 10 2.83 0.36 0.24 0.02 

 10 20 10 3.21 0.43 0.25 0.03 

 10 10 3.3 2.36 0.46 0.26 0.04 

 10 20 6.6 2.86 0.79 0.29 0.05 

 75 0 0 3.56 0.62 0.26 0.03 

 75 0 0 3.22 0.68 0.26 0.09 

 75 0 0 3.15 0.7 0.28 0.06 

 75 0 0 3.33 0.78 0.31 0.05 

 150 0 0 6.16 1.17 0.41 0.09 

 150 0 0 4.37 1.1 0.21 0.08 

 150 0 0 5.11 0.82 0.46 0.06 

 150 10 6.6 3.45 1.17 0.39 0.05 

  300 0 0 6.97 1.83 0.62 0.15 

 300 0 0 6.91 1.52 0.63 0.11 

 300 0 0 6.81 2.21 0.74 0.09 

 300 0 0 6.88 2.5 0.76 0.15 

Check -- 50 16.6 2.11 0.43 0.23 0.03 

 -- 50 16.6 2.12 0.77 0.24 0.06 
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 -- 44.4 29.6 3.14 0.87 0.27 0.07 

 -- 55.6 18.5 3.86 0.7 0.34 0.04 

 

 

Appendix 1.7 Raw data of resting spore counts used in a controlled environment in 2015 using 

soil naturally infested with Plasmodiophora brassicae taken from outside the Muck Crops 

Research Station, King, ON and treated metam sodium at selected rates. 

Product 

Rate 

(kg ha-

1) rep 

PMA 

(µmol 

mL-1) 

Resting spores  

(g-1 of dry soil) 

metam 

sodium b 10 4 0 1E7 

metam 

sodium b 10 1 0 4.5E6 

metam 

sodium b 10 2 0 4.7E6 

metam 

sodium b 75 4 0 2.6E6 

metam 

sodium b 75 3 0 1.3E6 

metam 

sodium b 75 2 0 5.6E6 

metam 

sodium b 150 4 0 Na1 

metam 

sodium b 150 1 0 na 

metam 

sodium b 150 3 0 4.2E6 

metam 

sodium b 300 2 0 2.5E7 

metam 

sodium b 300 1 0 na 

metam 

sodium b 300 3 0 na 

Check 0 3 0 8.3E6 

Check 0 2 0 2.1E7 

Check 0 4 0 5.6E7 

metam 

sodium v 10 2 0 2E7 



122 

 

metam 

sodium v 10 3 0 1.5E8 

metam 

sodium v 10 1 0 Na 

metam 

sodium v 75 4 0 3.33E+08 

metam 

sodium v 75 2 0 13726287 

metam 

sodium v 75 1 0 21218220 

metam 

sodium v 150 4 0 0 

metam 

sodium v 150 2 0 0 

metam 

sodium v 150 3 0 16115705 

metam 

sodium v 300 1 0 0 

metam 

sodium v 300 2 0 13689909 

metam 

sodium v 300 4 0 1518418 

metam 

sodium b 10 1 120 7189086 

metam 

sodium b 10 4 120 2618888 

metam 

sodium b 75 3 120 6338585 

metam 

sodium b 75 4 120 4426809 

metam 

sodium b 150 1 120 17334665 

metam 

sodium b 150 2 120 13377075 

metam 

sodium b 150 4 120 8987235 

metam 

sodium b 300 2 120 11186360 

metam 

sodium b 300 1 120 0 

metam 

sodium b 300 3 120 0 

Check 0 2 120 17375582 

Check 0 3 120 0 

Check 0 4 120 37927500 
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metam 

sodium v 10 2 120 5174623 

metam 

sodium v 10 1 120 1182999 

metam 

sodium v 75 1 120 1930776 

metam 

sodium v 75 4 120 1.04E+08 

metam 

sodium v 75 2 120 0 

metam 

sodium v 150 3 120 9714011 

metam 

sodium v 150 2 120 0 

metam 

sodium v 150 4 120 6184219 

metam 

sodium v 300 1 120 24141498 

metam 

sodium v 300 4 120 4117257 

metam 

sodium v 300 2 120 998526 
1 Did not amplify 
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Appendix 1.8 Raw data from Shanghai pak choi plants grown in a controlled environment in 

2014 using soil naturally infested with Plasmodiophora brassicae taken from outside Hamilton, 

ON and treated with metam sodium products Busan 1236 and Vapam HL at various rates. 

Product 
Rate (kg 

ha-1) 

Incidence 

(%) 
DSI (%) 

Weight (g) 

Fresh Dry 

Shoot Root Shoot Root 

Chloropicrin 168 0 0 0.38 0.05 0.08 0.05 

 168 0 0 0.33 0.11 0.07 0.08 

 168 0 0 0.28 0.02 0.06 0.05 

 168 0 0 0.34 0.03 0.06 0.03 

 224 0 0 0.73 0.12 0.13 0.1 

 224 0 0 0.37 0.04 0.09 0.04 

 224 0 0 0.42 0.07 0.09 0.05 

 224 0 0 0.37 0.04 0.06 0.06 

 280 0 0 0.57 0.06 0.1 0.07 

 280 0 0 0.38 0.07 0.1 0.07 

 280 0 0 0.28 0.03 0.06 0.06 

 280 0 0 0.35 0.09 0.06 0.07 

 336 0 0 0.54 0.11 0.11 0.08 

 336 0 0 0.3 0.025 0.08 0.05 

 336 0 0 0.91 0.34 0.18 0.23 

Metam 

sodium b 
150 0 0 0.28 0.04 0.07 0.05 

 150 0 0 0.22 0.05 0.04 0.07 

 150 0 0 0.31 0.03 0.07 0.05 

 150 0 0 0.2 0.04 0.03 0.05 

Metam 

sodium v 
75 0 0 0.18 0.02 0.04 0.01 

 75 0 0 0.42 0.07 0.06 0.08 

 75 0 0 0.09 0.01 0.02 0.04 

 75 0 0 0.11 0.04 0.03 0.05 

 150 0 0 0.27 0.03 0.05 0.03 

 150 0 0 0.14 0.02 0.02 0.05 

 150 0 0 0.56 0.09 0.1 0.08 

 300 0 0 0.47 0.08 0.07 0.08 

 300 0 0 0.3 0.05 0.05 0.05 

 300 0 0 0.18 0.02 0.03 0.07 

 300 0 0 0.46 0.09 0.1 0.07 

Check -- 10 3.3 0.27 0.02 0.06 0.04 

 -- 0 0 0.23 0.03 0.04 0.02 

 -- 10 3.3 0.06 0.01 0.02 0.04 

 -- 10 3.3 0.23 0.03 0.04 0.05 
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Appendix 1.9 Raw data of clubroot incidence and severity as well as the fresh weight of roots 

and shoots of Shanghai pak choi cv. Mei Qing Choi plants grown in soil treated with various 

rates of metam sodium and chloropicrin from the 2014 field trials in muck soil. 

Fumigant 

Rate 

(kg 

ha-1) 

Incidence 

(%) 

DSI  

(%) 

Fresh Weight (g) 

Shoot Root 

metam sodium v 150 97 91 248.8 20.0 

metam sodium v 150 100 97 209.8 38.1 

metam sodium v 150 73 64 224.3 15.4 

metam sodium v 300 87 81 190.7 30.9 

metam sodium v 300 80 77 247.0 25.4 

metam sodium v 300 80 76 187.1 18.2 

chloropicrin 128 57 37 365.9 15.5 

chloropicrin 128 73 53 392.3 31.8 

chloropicrin 128 60 49 186.1 10.9 

check 0 83 82 205.2 16.3 

check 0 90 90 169.8 23.7 

check 0 97 94 206.1 27.2 
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Appendix 1.10 Raw data of resting spore counts used in a muck field trials in 2014 using soil 

naturally infested with Plasmodiophora brassicae taken from outside the Muck Crops Research 

Station, King, ON and treated metam sodium and chloropicrin at selected rates. 

Product rep 

Rate 

(kg ha-

1) 

PMA 

(µmol 

mL-1) 

Resting 

spores  

(g-1 of dry 

soil) 

metam 

sodium b 1 150 0 124195695.1 

metam 

sodium b 1 150 120 85301654.29 

metam 

sodium b 2 150 0 17651661.85 

metam 

sodium b 2 150 120 10404263.43 

metam 

sodium b 1 300 0 761436.1907 

metam 

sodium b 1 300 120 3322640.16 

metam 

sodium b 2 300 0 26758642.94 

metam 

sodium b 2 300 120 30416458.3 

metam 

sodium b 3 300 0 42432081.23 

metam 

sodium b 3 300 120 44585051.83 

check 1 0 0 4540973.909 

check 1 0 120 9397621.072 

check 2 0 0 85342391.5 

check 2 0 120 21549089.79 

check 3 0 0 2460585.948 

check 3 0 120 455438278.9 

chloropicrin 1 128 0 2967905.578 

chloropicrin 1 128 120 4546999.329 

chloropicrin 2 128 0 866255.9116 

chloropicrin 2 128 120 6959061.178 

chloropicrin 3 128 0 3001237.099 

chloropicrin 3 128 120 4462677.636 
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Appendix 1.11 Raw data of resting spore counts used in a muck field trials in 2015 using soil 

naturally infested with Plasmodiophora brassicae taken from outside the Muck Crops Research 

Station, King, ON and treated metam sodium and chloropicrin at selected rates.  

column row Product 

Rate (kg 

ha-1) 

Incidence 

(%) DSI (%) 

Weight (g) 

Root Shoot 

2 1 Check 0 10.0 3.3 0.16 2.28 

4 2 Check -- 96.7 60.0 0.07 0.93 

3 5 Check 0 96.7 67.8 0.15 3.22 

5 6 Check 0 93.3 66.7 0.13 3.43 

1 1 Chloropicrin 164 0.0 0.0 0.13 1.3 

4 1 Chloropicrin 128 10.0 3.3 0.31 2.55 

5 1 Chloropicrin 224 10.0 3.3 0.29 3.01 

1 2 Chloropicrin 336 3.3 3.3 0.15 1.57 

2 2 Chloropicrin 280 20.0 7.8 0.16 2.11 

6 2 Chloropicrin 164 86.7 56.7 0.1 1.64 

2 3 Chloropicrin 128 66.7 26.7 0.21 3.89 

5 3 Chloropicrin 224 70.0 35.6 0.11 2.19 

6 3 Chloropicrin 280 73.3 48.9 0.29 3.01 

1 4 Chloropicrin 164 3.3 3.3 0.14 3.89 

3 4 Chloropicrin 280 26.7 10.0 0.07 2.32 

4 4 Chloropicrin 224 46.7 15.6 0.1 2.12 

6 4 Chloropicrin 336 60.0 28.9 0.1 3.37 

1 5 Chloropicrin 128 40.0 15.6 0.13 4.29 

4 5 Chloropicrin 280 56.7 20.0 0.12 2.81 

5 5 Chloropicrin 164 100.0 64.4 0.09 3.19 

2 6 Chloropicrin 336 60.0 25.6 0.11 3.31 

3 6 Chloropicrin 224 46.7 20.0 0.06 1.51 

6 6 Chloropicrin 128 90.0 48.9 0.11 2.26 

4 3 Chloropicrin  336 26.7 10.0 0.12 4.25 

3 1 

Metam Sodium 

V 75 3.3 1.1 0.22 3.25 

6 1 

Metam Sodium 

V 150 26.7 11.1 0.25 3.06 

1 3 

Metam Sodium 

V 300 50.0 21.1 0.33 5.3 

3 3 

Metam sodium 

V 150 60.0 31.1 0.2 3.18 

2 4 

Metam Sodium 

V 150 26.7 12.2 0.07 2.06 

5 4 

Metam Sodium 

V 300 86.7 71.1 0.04 2.09 
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2 5 

Metam Sodium 

V 75 86.7 45.6 0.12 3.23 

6 5 

Metam Sodium 

V 75 96.7 74.4 0.17 3.87 

1 6 

Metam Sodium 

V 150 80.0 36.7 0.09 2.97 

4 6 

Metam sodium 

V 300 50.0 18.9 0.25 6.24 

5 2 

Metam sodium 

V 75 76.7 48.9 0.14 1.84 

3 2 

Metam Sodium 

V 300 20.0 7.8 0.14 1.86 
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Appendix 1.12 Raw data of resting spore counts used in a muck field trials in 2015 using soil 

naturally infested with Plasmodiophora brassicae taken from outside the Muck Crops Research 

Station, King, ON and treated metam sodium and chloropicrin at selected rates. 

Product 

Rate 

(kg ha-

1) 

PMA 

(µmol 

mL-1) 

Resting spores  

(g-1 of dry soil) 

check 0 0 1.3E7 

check 0 0 1.0E7 

check 0 120 5.3E7 

check 0 120 2.1E7 

check 0 120 3.0E7 

check 0 0 1576047 

chloropicrin 336 120 na1 

chloropicrin 164 0 3.1E6 

chloropicrin 224 120 3.2E6 

chloropicrin 336 0 na 

chloropicrin 128 0 4.9E6 

chloropicrin 280 0 2.6E6 

chloropicrin 224 0 1.3E8 

chloropicrin 164 120 na 

chloropicrin 164 120 2.7E6 

chloropicrin 280 120 2.0E6 

chloropicrin 336 0 na 

chloropicrin 128 0 1.3E8 

chloropicrin 336 0 9.9E6 

chloropicrin 280 120 5.5E6 

chloropicrin 164 0 na 

chloropicrin 224 120 2.2E8 

chloropicrin 280 0 1.9E8 

chloropicrin 128 120 4.1E7 

chloropicrin 128 120 3.3E6 

chloropicrin 224 0 8.1E6 

chloropicrin 164 0 na 

chloropicrin 224 0 2.4E7 

chloropicrin 224 120 na 

chloropicrin 336 120 6.6E6 

chloropicrin 336 120 4.3E6 

chloropicrin 336 120 na 

chloropicrin 336 0 na 

chloropicrin 164 120 1.1E6 
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chloropicrin 280 0 1.5E6 

chloropicrin 128 0 7.5E6 

chloropicrin 128 120 9E5 

chloropicrin 224 120 na 

metam 

sodium v 
300 0 na 

metam 

sodium v 
300 120 na 

metam 

sodium v 
150 0 5.0E6 

metam 

sodium v 
300 120 1.2E8 

metam 

sodium v 
300 120 na 

metam 

sodium v 
300 0 na 

metam 

sodium v 
75 120 1.5E7 

metam 

sodium v 
150 120 2.0E7 

metam 

sodium v 
75 0 3.9E7 

metam 

sodium v 
300 0 2.4E8 

metam 

sodium v 
300 120 na 

metam 

sodium v 
300 0 na 

metam 

sodium v 
300 120 6.4E4 

metam 

sodium v 
75 0 3.3E6 

metam 

sodium v 
150 0 1.4E7 

metam 

sodium v 
75 120 na 

metam 

sodium v 
150 0 1.5E7 

metam 

sodium v 
150 120 1.8E7 

metam 

sodium v 
150 120 7.5E6 

metam 

sodium v 
75 120 1.0E5 

1 Did not amplify 
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Appendix 1.13 Raw data from Shanghai pak choi plants grown in a controlled environment in 

2014 using soil naturally infested with Plasmodiophora brassicae taken from outside Hamilton, 

ON and treated with solarization and metam sodium at various rates. 

Product Rate 

(kg ha-

1) 

Incidence 

(%) 

DSI (%) Weight (g) 

Fresh Dry 

Shoot Root Shoot Root 

sol -- 40 36.7 0.24 0.14 0.1 0.07 

sol -- 0 0 0.28 0.09 0.07 0.04 

sol -- 10 10 0.46 0.06 0.1 0.02 

sol -- 10 10 0.55 0.09 0.11 0.04 

sol+1/2 

fum 
75 0 0 0.53 0.06 0.13 0.02 

 75 0 0 0.36 0.04 0.11 0.03 

 75 0 0 0.66 0.09 0.15 0.04 

 75 0 0 0.98 0.14 0.24 0.06 

sol+1 fum 150 0 0 0.58 0.07 0.16 0.04 

 150 0 0 0.85 0.13 0.23 0.06 

 150 0 0 0.63 0.1 0.17 0.04 

 150 0 0 0.34 0.04 0.06 0.03 

1/2 fum 75 0 0 0.28 0.05 0.09 0.03 

 75 0 0 1.1 0.18 0.28 0.09 

 75 0 0 0.33 0.05 0.08 0.02 

 75 0 0 0.67 0.14 0.16 0.09 

1 fum 150 0 0 0.47 0.06 0.14 0.02 

 150 0 0 1.11 0.13 0.3 0.06 

 150 0 0 0.73 0.09 0.22 0.05 

 150 0 0 1.1 0.16 0.27 0.06 

check -- 0 0 0.41 0.08 0.14 0.03 

 -- 0 0 0.79 0.14 0.19 0.06 

 -- 0 0 0.55 0.1 0.15 0.05 

 -- 0 0 1.26 0.18 0.36 0.09 
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Appendix 1.14 Raw data from Shanghai pak choi plants grown in a controlled environment in 

2015 using soil naturally infested with Plasmodiophora brassicae taken from outside the Muck 

Crops Research Station, King, ON and treated with solarization and metam sodium at various 

rates. 

Solarization 

(Y/N)1 
Product rep 

Rate 

(kg ha-

1) 

Incidence 

(%) 

DSI 

(%) 

Weight (g) 

Fresh Dry 

Shoot Root Shoot Root 

N 

Metam 

Sodium 

B 

4 150 0 0 2.03 0.43 0.86 0.32 

N 

Metam 

Sodium 

B 

3 150 0 0 3.41 0.62 1.21 0.47 

N 

Metam 

Sodium 

B 

2 150 0 0 2.41 0.52 0.83 0.29 

N 

Metam 

Sodium 

B 

1 150 0 0 3.11 0.48 0.52 0.28 

N 

Metam 

Sodium 

B 

4 75 0 0 1.82 0.39 0.71 0.21 

N 

Metam 

Sodium 

B 

3 75 0 0 2.8 0.56 1.05 0.38 

N 

Metam 

Sodium 

B 

2 75 0 0 2.98 0.55 1.08 0.36 

N 

Metam 

Sodium 

B 

1 75 0 0 3.35 0.64 0.99 0.6 

Y 

Metam 

Sodium 

B 

4 150 0 0 1.42 0.47 0 0.34 

Y 

Metam 

Sodium 

B 

3 150 0 0 2.52 0.52 0.98 0.36 

Y 

Metam 

Sodium 

B 

2 150 0 0 4.87 0.59 1.55 0.38 
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Y 

Metam 

Sodium 

B 

1 150 0 0 3.41 0.52 1.2 0.4 

Y 

Metam 

Sodium 

B 

4 75 0 0 3.38 0.6 1.2 0.39 

Y 

Metam 

Sodium 

B 

3 75 0 0 1.05 0.44 0.46 0.3 

Y 

Metam 

Sodium 

B 

2 75 0 0 2.52 0.52 0.86 0.38 

Y 

Metam 

Sodium 

B 

1 75 0 0 3.57 0.41 1.07 0.33 

Y None 4 -- 0 0 0.89 0.38 0.32 0.22 

Y None 3 -- 0 0 5.07 0.65 1.6 0.46 

Y None 2 -- 0 0 2.8 0.45 1 0.32 

Y None 1 -- 0 0 3.04 0.46 0.99 0.31 

N None 4 -- 10 3.3 na2 na 1.52 0.53 

N None 3 -- 33.3 33.3 na na 0.86 0.32 

N None 2 -- 20 20 na na 1.03 0.42 

N None 1 -- 0 0 na na 0.99 0.31 
1 Reps were either sealed with TIF and treated with solarization (Y) or were not covered with a 

standard lid (N) 

2 Samples lost due to an error in processing. 
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Appendix 1.15 Raw data of resting spore counts used in a muck field trials in 2015 using soil 

naturally infested with Plasmodiophora brassicae taken from outside the Muck Crops Research 

Station, King, ON and treated metam sodium and chloropicrin at selected rates. 

Product 

Rate 

(kg ha-

1) 

PMA 

(µmol 

mL-1) 

Resting spores  

(g-1 of dry soil) 

check 0 0 1.3E7 

check 0 0 1.0E7 

check 0 120 5.3E7 

check 0 120 2.1E7 

check 0 120 3.0E7 

check 0 0 1576047 

chloropicrin 336 120 na1 

chloropicrin 164 0 3.1E6 

chloropicrin 224 120 3.2E6 

chloropicrin 336 0 na 

chloropicrin 128 0 4.9E6 

chloropicrin 280 0 2.6E6 

chloropicrin 224 0 1.3E8 

chloropicrin 164 120 na 

chloropicrin 164 120 2.7E6 

chloropicrin 280 120 2.0E6 

chloropicrin 336 0 na 

chloropicrin 128 0 1.3E8 

chloropicrin 336 0 9.9E6 

chloropicrin 280 120 5.5E6 

chloropicrin 164 0 na 

chloropicrin 224 120 2.2E8 

chloropicrin 280 0 1.9E8 

chloropicrin 128 120 4.1E7 

chloropicrin 128 120 3.3E6 

chloropicrin 224 0 8.1E6 

chloropicrin 164 0 na 

chloropicrin 224 0 2.4E7 

chloropicrin 224 120 na 

chloropicrin 336 120 6.6E6 

chloropicrin 336 120 4.3E6 

chloropicrin 336 120 na 

chloropicrin 336 0 na 

chloropicrin 164 120 1.1E6 
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chloropicrin 280 0 1.5E6 

chloropicrin 128 0 7.5E6 

chloropicrin 128 120 9E5 

chloropicrin 224 120 na 

metam 

sodium v 
300 0 na 

metam 

sodium v 
300 120 na 

metam 

sodium v 
150 0 5.0E6 

metam 

sodium v 
300 120 1.2E8 

metam 

sodium v 
300 120 na 

metam 

sodium v 
300 0 na 

metam 

sodium v 
75 120 1.5E7 

metam 

sodium v 
150 120 2.0E7 

metam 

sodium v 
75 0 3.9E7 

metam 

sodium v 
300 0 2.4E8 

metam 

sodium v 
300 120 na 

metam 

sodium v 
300 0 na 

metam 

sodium v 
300 120 6.4E4 

metam 

sodium v 
75 0 3.3E6 

metam 

sodium v 
150 0 1.4E7 

metam 

sodium v 
75 120 na 

metam 

sodium v 
150 0 1.5E7 

metam 

sodium v 
150 120 1.8E7 

metam 

sodium v 
150 120 7.5E6 

metam 

sodium v 
75 120 1.0E5 

1 Did not amplify 
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Appendix 1.16 SAS output controlled environment 2014 – Orthogonal contrast results between 

Metam Sodium V rate and incidence. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 21.35 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 48.08 <.0001 

rate*rate 1 15 30.99 <.0001 
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Appendix 1.17 SAS output controlled environment 2014 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium V rate and incidence. 

Fit Statistics 

-2 Log Likelihood 3401.5 

AIC (smaller is better) 3407.5 

AICC (smaller is better) 3409.0 

BIC (smaller is better) 3410.5 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 1.1359 0.3300 20 3.44 0.0026 0.05 0.4475 1.8242 -1.19E-8 

b 73.9450 0.5428 20 136.24 <.0001 0.05 72.8128 75.0771 -1.19E-8 

c 0.09171 0.002685 20 34.16 <.0001 0.05 0.08611 0.09732 -3.1E-6 

 

 

Appendix 1.18 SAS output controlled environment 2014 – Orthogonal contrast results between 

Metam Sodium B rate and incidence. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 15.61 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 28.04 <.0001 

rate*rate 1 15 24.62 0.0002 
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Appendix 1.19 SAS output controlled environment 2014 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium B rate and incidence. 

Fit Statistics 

-2 Log Likelihood 4309.3 

AIC (smaller is better) 4315.3 

AICC (smaller is better) 4316.8 

BIC (smaller is better) 4318.3 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 1.5634 0.2930 20 5.34 <.0001 0.05 0.9523 2.1745 -0.00007 

b 73.5113 0.5735 20 128.19 <.0001 0.05 72.3151 74.7076 -0.00002 

c 0.1632 0.003753 20 43.48 <.0001 0.05 0.1553 0.1710 0.001595 

 

Appendix 1.20 SAS output controlled environment 2014 – Orthogonal contrast results between 

Metam Sodium V rate and DSI. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 22.99 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 49.93 <.0001 

rate*rate 1 15 32.51 <.0001 
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Appendix 1.21 SAS output controlled environment 2014 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium V rate and DSI. 

-2 Log Likelihood 2759.1 

AIC (smaller is better) 2765.1 

AICC (smaller is better) 2766.6 

BIC (smaller is better) 2768.1 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.1949 0.3098 20 0.63 0.5364 0.05 -0.4513 0.8411 -5.84E-7 

b 69.8976 0.5574 20 125.41 <.0001 0.05 68.7350 71.0602 5.964E-7 

c 0.1121 0.003276 20 34.22 <.0001 0.05 0.1053 0.1189 -0.00003 

 

Appendix 1.22 SAS output controlled environment 2014 – Orthogonal contrast results between 

Metam Sodium B rate and DSI. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 15.12 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 28.48 <.0001 

rate*rate 1 15 22.98 0.0002 
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Appendix 1.23 SAS output controlled environment 2014 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium B rate and DSI. 

Fit Statistics 

-2 Log Likelihood 3927.1 

AIC (smaller is better) 3933.1 

AICC (smaller is better) 3934.6 

BIC (smaller is better) 3936.1 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.9746 0.2942 20 3.31 0.0035 0.05 0.3609 1.5883 0.000071 

b 69.0985 0.5723 20 120.74 <.0001 0.05 67.9047 70.2922 0.000043 

c 0.1548 0.003885 20 39.84 <.0001 0.05 0.1467 0.1629  

 

 

Appendix 1.24 SAS output controlled environment 2014 – Orthogonal contrast results between 

Metam Sodium V rate and fresh shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 12.76 0.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 38.60 <.0001 

rate*rate 1 15 11.93 0.0035 
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Appendix 1.25 SAS output controlled environment 2014 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium V rate and fresh shoot weight. 

Fit Statistics 

-2 Log Likelihood 38.0 

AIC (smaller is better) 42.0 

AICC (smaller is better) 42.7 

BIC (smaller is better) 44.0 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.3411 0.3110 20 1.10 0.2858 0.05 -0.3077 0.9899 -515E-14 

b 0.006292 0.004741 20 1.33 0.1994 0.05 -0.00360 0.01618 -703E- 

 

 

 

Appendix 1.26 SAS output controlled environment 2014 – Orthogonal contrast results between 

Metam Sodium V rate and dry shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 15.47 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 42.27 <.0001 

rate*rate 1 15 18.79 0.0006 
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Appendix 1.27 SAS output controlled environment 2014 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium V rate and dry shoot weight. 

Fit Statistics 

-2 Log Likelihood 36.8 

AIC (smaller is better) 40.8 

AICC (smaller is better) 41.5 

BIC (smaller is better) 42.8 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.02078 0.3110 20 0.07 0.9474 0.05 -0.6280 0.6696 -929E-13 

b 0.000199 0.004741 20 0.04 0.9670 0.05 -0.00969 0.01009 -861E-14 

 

 

 

Appendix 1.28 SAS output controlled environment 2014 – Orthogonal contrast results between 

Metam Sodium B rate and fresh shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 7.56 0.0015 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 19.65 0.0005 

rate*rate 1 15 9.32 0.0081 
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Appendix 1.29 SAS output controlled environment 2014 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium B rate and fresh shoot weight. 

Fit Statistics 

-2 Log Likelihood 38.2 

AIC (smaller is better) 42.2 

AICC (smaller is better) 42.9 

BIC (smaller is better) 44.2 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.3628 0.3110 20 1.17 0.2572 0.05 -0.2860 1.0115 -258E-14 

b 0.004962 0.004741 20 1.05 0.3078 0.05 -0.00493 0.01485 -433E-12 

 

 

 

Appendix 1.30 SAS output controlled environment 2014 – Orthogonal contrast results between 

Metam Sodium B rate and dry shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 14.10 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 33.34 <.0001 

rate*rate 1 15 21.53 0.0003 
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Appendix 1.31 SAS output controlled environment 2014 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium B rate and dry shoot weight. 

Fit Statistics 

-2 Log Likelihood 36.8 

AIC (smaller is better) 40.8 

AICC (smaller is better) 41.5 

BIC (smaller is better) 42.8 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.02065 0.3110 20 0.07 0.9477 0.05 -0.6281 0.6694 2.79E-13 

b 0.000157 0.004741 20 0.03 0.9740 0.05 -0.00973 0.01005 -881E-13 

 

 

Appendix 1.32 SAS output controlled environment 2015 – Orthogonal contrast results between 

Metam Sodium V rate and incidence. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 82.63 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 150.74 <.0001 

rate*rate 1 15 93.55 <.0001 

rate*rate*rate 1 15 49.71 <.0001 
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Appendix 1.33 SAS output controlled environment 2015 – Orthogonal contrast results between 

Metam Sodium B rate and incidence. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 75.26 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 115.24 <.0001 

rate*rate 1 15 83.54 <.0001 

rate*rate*rate 1 15 39.21 <.0001 

 

 

 

Appendix 1.34 SAS output controlled environment 2015 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium V rate and incidence. 

Fit Statistics 

-2 Log Likelihood 390.3 

AIC (smaller is better) 396.3 

AICC (smaller is better) 397.8 

BIC (smaller is better) 399.3 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.8267 0.2893 20 2.86 0.0097 0.05 0.2232 1.4302 0.000041 

b 49.1765 0.5771 20 85.21 <.0001 0.05 47.9726 50.3804 -4.07E-6 

c 0.2356 0.007368 20 31.97 <.0001 0.05 0.2202 0.2510 0.00371 
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Appendix 1.35 SAS output controlled environment 2015 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium B rate and incidence. 

Fit Statistics 

-2 Log Likelihood 921.9 

AIC (smaller is better) 927.9 

AICC (smaller is better) 929.4 

BIC (smaller is better) 930.9 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 3.2639 0.2500 20 13.06 <.0001 0.05 2.7424 3.7854 0.000139 

b 46.7361 0.5590 20 83.60 <.0001 0.05 45.5700 47.9022 -0.00007 

c 3.8474 . 20 . . 0.05 . . 0.001517 

 

 

Appendix 1.36 SAS output controlled environment 2015 – Orthogonal contrast results between 

Metam Sodium V rate and DSI. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 24.89 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 43.83 <.0001 

rate*rate 1 15 25.40 0.0001 

rate*rate*rate 1 15 17.26 0.0008 



147 

 

Appendix 1.37 SAS output controlled environment 2015 – Orthogonal contrast results between 

Metam Sodium B rate and DSI. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 25.35 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 38.70 <.0001 

rate*rate 1 15 28.07 <.0001 

rate*rate*rate 1 15 13.22 0.0024 

 

 

 

Appendix 1.38 SAS output controlled environment 2015 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium V rate and DSI. 

Fit Statistics 

-2 Log Likelihood 224.7 

AIC (smaller is better) 230.7 

AICC (smaller is better) 232.2 

BIC (smaller is better) 233.7 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.5547 0.2890 20 1.92 0.0693 0.05 -0.04804 1.1575 1.81E-7 

b 19.8165 0.5773 20 34.33 <.0001 0.05 18.6123 21.0207 1.37E-8 

c 0.2622 0.02022 20 12.97 <.0001 0.05 0.2200 0.3044 -1.7E-6 
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Appendix 1.39 SAS output controlled environment 2015 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium B rate and DSI. 

Fit Statistics 

-2 Log Likelihood 220.9 

AIC (smaller is better) 226.9 

AICC (smaller is better) 228.4 

BIC (smaller is better) 229.9 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a -0.00014 0.2887 20 -0.00 0.9996 0.05 -0.6024 0.6021 -8.17E-9 

b 20.3705 0.5774 20 35.28 <.0001 0.05 19.1662 21.5748 -3.33E-8 

c 0.3376 0.02649 20 12.75 <.0001 0.05 0.2824 0.3929 -2.06E-7 

 

Appendix 1.40 SAS output controlled environment 2015 – Orthogonal contrast results between 

Metam Sodium V rate and fresh shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 12.76 0.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 38.60 <.0001 

rate*rate 1 15 11.93 0.0035 
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Appendix 1.41 SAS output controlled environment 2015 – Orthogonal contrast results between 

Metam Sodium B rate and fresh shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 7.56 0.0015 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 19.65 0.0005 

rate*rate 1 15 9.32 0.0081 

rate*rate*rate 1 15 1.20 0.2913 

 

Appendix 1.42 SAS output controlled environment 2015 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium V rate and fresh shoot weight. 

Fit Statistics 

-2 Log Likelihood 37.5 

AIC (smaller is better) 43.5 

AICC (smaller is better) 45.0 

BIC (smaller is better) 46.4 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.1988 0.3660 20 0.54 0.5931 0.05 -0.5647 0.9623 -555E-18 

b 0.01849 0.01721 20 1.07 0.2954 0.05 -0.01741 0.05438 -639E-16 

c -0.00010 0.000130 20 -0.74 0.4695 0.05 -0.00037 0.000176 -728E-14 
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Appendix 1.43 SAS output controlled environment 2015 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium B rate and fresh shoot weight. 

Fit Statistics 

-2 Log Likelihood 37.7 

AIC (smaller is better) 43.7 

AICC (smaller is better) 45.2 

BIC (smaller is better) 46.7 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.2239 0.3660 20 0.61 0.5476 0.05 -0.5396 0.9875 -25E-16 

b 0.01686 0.01721 20 0.98 0.3389 0.05 -0.01903 0.05276 -171E-15 

c -0.00009 0.000130 20 -0.72 0.4802 0.05 -0.00037 0.000178 -146E-13 

 

 

Appendix 1.44 SAS output controlled environment 2015 – Orthogonal contrast results between 

Metam Sodium V rate and dry shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 15.47 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 42.27 <.0001 

rate*rate 1 15 18.79 0.0006 
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Appendix 1.45 SAS output controlled environment 2015 – Orthogonal contrast results between 

Metam Sodium B rate and dry shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 15 14.10 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 15 33.34 <.0001 

rate*rate 1 15 21.53 0.0003 

rate*rate*rate 1 15 1.41 0.2531 

 

 

Appendix 1.46 SAS output controlled environment 2015 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium V rate and dry shoot weight. 

Fit Statistics 

-2 Log Likelihood 36.8 

AIC (smaller is better) 42.8 

AICC (smaller is better) 44.3 

BIC (smaller is better) 45.7 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.01539 0.3660 20 0.04 0.9669 0.05 -0.7481 0.7789 -254E-17 

b 0.000661 0.01721 20 0.04 0.9697 0.05 -0.03523 0.03656 -125E-15 

c -3.64E-6 0.000130 20 -0.03 0.9780 0.05 -0.00028 0.000268 -138E-13 
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Appendix 1.47 SAS output controlled environment 2015 – NLMIXED procedure to determine 

parameter estimates between Metam Sodium B rate and dry shoot weight. 

Fit Statistics 

-2 Log Likelihood 36.8 

AIC (smaller is better) 42.8 

AICC (smaller is better) 44.3 

BIC (smaller is better) 45.7 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.01553 0.3660 20 0.04 0.9666 0.05 -0.7480 0.7791 -399E-19 

b 0.000596 0.01721 20 0.03 0.9727 0.05 -0.03530 0.03649 -377E-17 

c -3.46E-6 0.000130 20 -0.03 0.9791 0.05 -0.00028 0.000269 -54E-14 
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Appendix 1.48 SAS output Muck Field Trails 2014 – ANOVA results between fumigant 

treatments and DSI with a Tukey’s test. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 6 10.54 0.0083 

 

Least Squares Means 

Effect Treatment Estimate Standard Error DF t Value Pr > |t| 

Treatment BUSAN1X 84.0667 5.9090 6 14.23 <.0001 

Treatment BUSAN2X 77.8000 5.9090 6 13.17 <.0001 

Treatment CHECK 88.8667 5.9090 6 15.04 <.0001 

Treatment PICPLUS 46.2967 5.9090 6 7.83 0.0002 

 

Differences of Least Squares Means 

Effect Treatmen

t 

_Treatme

nt 

Estimat

e 

Standar

d Error 

D

F 

t Valu

e 

Pr > 

|t| 

Adjustme

nt 

Adj P 

Treatme

nt 

BUSAN1

X 

BUSAN2X 6.2667 8.3566 6 0.75 0.481

7 

Tukey 0.873

7 

Treatme

nt 

BUSAN1

X 

CHECK -4.8000 8.3566 6 -0.57 0.586

6 

Tukey 0.936

2 

Treatme

nt 

BUSAN1

X 

PICPLUS 37.7700 8.3566 6 4.52 0.004

0 

Tukey 0.015

7 

Treatme

nt 

BUSAN2

X 

CHECK -

11.0667 

8.3566 6 -1.32 0.233

6 

Tukey 0.582

0 

Treatme

nt 

BUSAN2

X 

PICPLUS 31.5033 8.3566 6 3.77 0.009

3 

Tukey 0.035

2 

Treatme

nt 

CHECK PICPLUS 42.5700 8.3566 6 5.09 0.002

2 

Tukey 0.008

9 
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Appendix 1.49 SAS output Muck Field Trails 2014 – ANOVA results between fumigant 

treatments and disease incidence with a Tukey’s test. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 6 5.44 0.0379 

 

Least Squares Means 

Effect Treatment Estimate Standard Error DF t Value Pr > |t| 

Treatment BUSAN1X 90.0000 5.3926 6 16.69 <.0001 

Treatment BUSAN2X 82.2333 5.3926 6 15.25 <.0001 

Treatment CHECK 90.0000 5.3926 6 16.69 <.0001 

Treatment PICPLUS 63.3333 5.3926 6 11.74 <.0001 

 

Differences of Least Squares Means 

Effect Treatmen

t 

_Treatme

nt 

Estimat

e 

Standar

d Error 

D

F 

t Valu

e 

Pr > 

|t| 

Adjustme

nt 

Adj P 

Treatme

nt 

BUSAN1

X 

BUSAN2X 7.7667 7.6263 6 1.02 0.347

8 

Tukey 0.745

8 

Treatme

nt 

BUSAN1

X 

CHECK 0 7.6263 6 0.00 1.000

0 

Tukey 1.000

0 

Treatme

nt 

BUSAN1

X 

PICPLUS 26.6667 7.6263 6 3.50 0.012

9 

Tukey 0.048

0 

Treatme

nt 

BUSAN2

X 

CHECK -7.7667 7.6263 6 -1.02 0.347

8 

Tukey 0.745

8 

Treatme

nt 

BUSAN2

X 

PICPLUS 18.9000 7.6263 6 2.48 0.047

9 

Tukey 0.161

3 

Treatme

nt 

CHECK PICPLUS 26.6667 7.6263 6 3.50 0.012

9 

Tukey 0.048

0 
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Appendix 1.50 SAS output Muck Field Trails 2014 – ANOVA results between fumigant 

treatments and shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 6 2.45 0.1612 

 

Least Squares Means 

Effect Treatment Estimate Standard Error DF t Value Pr > |t| 

Treatment BUSAN1X 227.61 34.7978 6 6.54 0.0006 

Treatment BUSAN2X 208.24 34.7978 6 5.98 0.0010 

Treatment CHECK 193.71 34.7978 6 5.57 0.0014 

Treatment PICPLUS 314.77 34.7978 6 9.05 0.0001 

 

Appendix 1.51 SAS output Muck Field Trails 2014 – ANOVA results between fumigant 

treatments and root weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 6 0.31 0.8182 

 

Least Squares Means 

Effect Treatment Estimate Standard Error DF t Value Pr > |t| 

Treatment BUSAN1X 24.5200 5.2946 6 4.63 0.0036 

Treatment BUSAN2X 24.8167 5.2946 6 4.69 0.0034 

Treatment CHECK 22.3967 5.2946 6 4.23 0.0055 

Treatment PICPLUS 19.3707 5.2946 6 3.66 0.0106 
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Appendix 1.52 SAS output mineral field trials 2014 – Orthogonal contrasts results between 

chloropicrin rates and disease incidence. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 14 8.29 0.0012 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 14 25.75 0.0002 

rate*rate 1 14 6.99 0.0192 

rate*rate*rate 1 14 0.41 0.5326 

rate*rate*rate*rate 1 14 0.01 0.9184 

 

Appendix 1.53 SAS output mineral field trials 2014 – NLMIXED procedure to determine 

parameter estimates between chloropicrin rates and disease incidence. 

Fit Statistics 

-2 Log Likelihood 109.9 

AIC (smaller is better) 115.9 

AICC (smaller is better) 117.5 

BIC (smaller is better) 118.8 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a -222E-18 0.2582 19 -0.00 1.0000 0.05 -0.5404 0.5404 0 

b 7.5000 0.5627 19 13.33 <.0001 0.05 6.3222 8.6778 3.55E-15 

c 1.0000 0 19 Infty <.0001 0.05 -Infty Infty 1.24E-60 
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Appendix 1.54 SAS output Mineral Field Trials 2014 – Orthogonal contrasts results between 

chloropicrin rates and DSI. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 14 8.29 0.0012 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 14 25.75 0.0002 

rate*rate 1 14 6.99 0.0192 

rate*rate*rate 1 14 0.41 0.5326 

rate*rate*rate*rate 1 14 0.01 0.9184 

 

Appendix 1.55 SAS output mineral field trials 2014 – NLMIXED procedure to determine 

parameter estimates between chloropicrin rates and DSI 

Fit Statistics 

-2 Log Likelihood 43.3 

AIC (smaller is better) 49.3 

AICC (smaller is better) 50.9 

BIC (smaller is better) 52.1 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a -2.25E-8 0.2582 19 -0.00 1.0000 0.05 -0.5404 0.5404 -1.36E-7 

b 2.4998 0.5627 19 4.44 0.0003 0.05 1.3219 3.6776 2.024E-7 

c 1.0000 0 19 Infty <.0001 0.05 -Infty Infty 4.19E-53 
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Appendix 1.56 SAS output mineral field trials 2014 – Orthogonal contrasts results between 

chloropicrin rates and fresh shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 14 2.95 0.0581 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 14 9.89 0.0072 

rate*rate 1 14 0.08 0.7839 

rate*rate*rate 1 14 0.16 0.6980 

rate*rate*rate*rate 1 14 1.68 0.2157 

 

Appendix 1.57 SAS output mineral field trials 2014 – NLMIXED procedure to determine 

parameter estimates between chloropicrin rates and fresh shoot weight. 

Fit Statistics 

-2 Log Likelihood 35.3 

AIC (smaller is better) 39.3 

AICC (smaller is better) 40.1 

BIC (smaller is better) 41.2 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.2026 0.4300 19 0.47 0.6429 0.05 -0.6974 1.1025 1.11E-16 

b 0.001152 0.002280 19 0.51 0.6192 0.05 -0.00362 0.005925 2.84E-14 
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Appendix 1.58 SAS output mineral field trials 2014 – Orthogonal contrasts results between 

chloropicrin rates and dry shoot weight. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 4 14 4.20 0.0194 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 14 13.88 0.0023 

rate*rate 1 14 0.35 0.5633 

rate*rate*rate 1 14 0.40 0.5373 

rate*rate*rate*rate 1 14 2.16 0.1639 

 

Appendix 1.59 SAS output mineral field trials 2014 – NLMIXED procedure to determine 

parameter estimates between chloropicrin rates and dry shoot weight. 

Fit Statistics 

-2 Log Likelihood 34.9 

AIC (smaller is better) 38.9 

AICC (smaller is better) 39.7 

BIC (smaller is better) 40.8 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 0.04023 0.4300 19 0.09 0.9264 0.05 -0.8597 0.9402 9.02E-17 

b 0.000236 0.002280 19 0.10 0.9186 0.05 -0.00454 0.005009 1.07E-14 
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Appendix 1.60 SAS output Muck Field Trials 2015 – Orthogonal contrasts results between 

chloropicrin rates and disease incidence. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 5 14 12.73 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 14 40.69 <.0001 

rate*rate 1 14 13.98 0.0022 

 

Appendix 1.61 SAS output muck field trials 2015 – NLMIXED procedure to determine 

parameter estimates between chloropicrin rates and disease incidence. 

Fit Statistics 

-2 Log Likelihood 4574.5 

AIC (smaller is better) 4582.5 

AICC (smaller is better) 4585.2 

BIC (smaller is better) 4586.5 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 43.3333 0.3162 20 137.03 <.0001 0.05 42.6737 43.9930 -14E-11 

b 44.6667 0.4472 20 99.88 <.0001 0.05 43.7338 45.5995 -872E-13 

c 1.0000 0 20 Infty <.0001 0.05 -Infty Infty 1.66E-43 
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Appendix 1.62 SAS output Muck Field Trials 2015 – Orthogonal contrasts results between 

chloropicrin rates and DSI. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 5 14 14.63 <.0001 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 14 55.51 <.0001 

rate*rate 1 14 15.71 0.0014 

 

Appendix 1.63 SAS output muck field trials 2015 – NLMIXED procedure to determine 

parameter estimates between chloropicrin rates and DSI. 

Fit Statistics 

-2 Log Likelihood 1883.8 

AIC (smaller is better) 1891.8 

AICC (smaller is better) 1894.5 

BIC (smaller is better) 1895.8 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 17.5556 0.3162 20 55.52 <.0001 0.05 16.8959 18.2152 -269E-13 

b 39.6667 0.4472 20 88.70 <.0001 0.05 38.7338 40.5995 -174E-13 

c 1.0000 0 20 Infty <.0001 0.05 -Infty Infty 5.24E-44 
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Appendix 1.64 SAS output Muck Field Trials 2015 – Orthogonal contrasts results between 

Metam sodium V rates and disease incidence. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 3 13 4.22 0.0273 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 13 9.11 0.0099 

rate*rate 1 13 2.33 0.1512 

 

Appendix 1.65 SAS output muck field trials 2015 – NLMIXED procedure to determine 

parameter estimates between Metam sodium V rates and disease incidence. 

Fit Statistics 

-2 Log Likelihood 4386.2 

AIC (smaller is better) 4392.2 

AICC (smaller is better) 4394.1 

BIC (smaller is better) 4394.7 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 86.3215 0.3004 17 287.36 <.0001 0.05 85.6877 86.9553 -128E-13 

b -0.2425 0.004956 17 -48.94 <.0001 0.05 -0.2530 -0.2321 -114E-12 

 

 

 



163 

 

Appendix 1.66 SAS output Muck Field Trials 2015 – Orthogonal contrasts results between 

Metam sodium V rates and DSI. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 3 13 3.38 0.0512 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 13 6.38 0.0253 

rate*rate 1 13 3.51 0.0836 

 

Appendix 1.67 SAS output muck field trials 2015 – NLMIXED procedure to determine 

parameter estimates between Metam sodium V rates and DSI. 

Fit Statistics 

-2 Log Likelihood 4295.1 

AIC (smaller is better) 4301.1 

AICC (smaller is better) 4303.0 

BIC (smaller is better) 4303.6 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 54.7222 0.3004 17 182.17 <.0001 0.05 54.0884 55.3560 4.91E-12 

b -0.1997 0.004956 17 -40.29 <.0001 0.05 -0.2101 -0.1892 7.14E-11 
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Appendix 1.68 SAS output Solarization 2014 – orthogonal contrasts between Metam sodium V 

and spore counts at 120 µM PMA. 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

rate 2 5 3.82 0.0984 

 

Contrasts 

Label Num DF Den DF F Value Pr > F 

rate 1 5 7.55 0.0404 

rate*rate 1 5 0.41 0.5480 

 

Appendix 1.69 SAS output muck field trials 2015 – NLMIXED procedure to determine 

parameter estimates between Metam sodium V and spore counts at 120 µM PMA. 

Fit Statistics 

-2 Log Likelihood 128E8 

AIC (smaller is better) 128E8 

AICC (smaller is better) 128E8 

BIC (smaller is better) 128E8 

 

Parameter Estimates 

Parameter Estimate Standard 

Error 

DF t Value Pr > |t| Alpha Lower Upper Gradient 

a 46150 0.5311 8 86898.3 <.0001 0.05 46149 46152 -1.67E-9 

b 789.26 0.006039 8 130697 <.0001 0.05 789.24 789.27 -1.62E-7 
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APPENDIX 2: SUPPLEMENTARY FIGURES AND TABLES FOR CHAPTER THREE 

 

Appendix 2.1 Raw data of cycle time (CT) of genes from B. napus cultivars 73-67 and 46A76. 

inoculated with pathotype 6 to produce susceptible or resistant reaction. Samples for RNA 

amplification by qPCR were collected 14 days after inoculation. 

Cultiva

r 
Rep Section 

Pathotyp

e 

BnActi

n CT 

BnCCR 

CT 

R 

BnCCR 

BnOPR2 

CT 

R 

BnOPR2 

46A76 3 Clean P6 
19.029

8 
23.46 

0.81116

1 
21.91956 0.868166 

46A76 3 Clean P6 
18.587

4 

23.3477

4 

0.79611

5 
21.85576 0.850462 

46A76 3 Clean P6 
18.719

8 

23.4646

9 

0.79778

6 
21.83946 0.857155 

46A76 1 Clean P6 
18.850

4 

24.6232

1 

0.76555

6 
22.48368 0.838406 

46A76 1 Clean P6 
18.648

8 

24.6286

1 

0.75720

1 
22.57546 0.826066 

46A76 1 Clean P6 
19.196

6 

24.6142

5 

0.77989

9 
22.3992 0.857023 

46A76 2 Clean P6 
18.472

0 

21.8402

7 
0.84578 22.05867 0.837406 

46A76 2 Clean P6 
18.589

8 

21.6822

1 
0.85738 21.7815 0.853471 

46A76 2 Clean P6 
18.704

0 

21.6824

7 

0.86263

3 
21.76908 0.859201 

46A76 1 Clean Water 
18.743

7 

23.3628

4 

0.80228

8 
22.59769 0.829454 

46A76 1 Clean Water 
18.835

3 

23.1390

9 

0.81400

6 
22.5709 0.834497 

46A76 1 Clean Water 
18.736

7 

23.1163

1 

0.81054

2 
22.66558 0.82666 

46A76 2 Clean Water 
17.508

4 

21.4890

5 
0.81476 21.7495 0.805003 

46A76 2 Clean Water 
17.450

3 

21.3319

4 

0.81803

8 
21.7987 0.800522 

46A76 2 Clean Water 
17.517

5 

21.4780

6 

0.81560

1 
21.92294 0.79905 

46A76 3 Clean Water 
17.962

2 

23.1378

1 

0.77631

7 
23.3414 0.769546 

46A76 3 Clean Water 
17.648

0 

22.8955

4 

0.77080

8 
23.08213 0.764577 
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46A76 3 Clean Water 
17.737

9 

22.8999

4 

0.77458

4 
22.97313 0.772116 

46A76 3 
Inoculate

d 
P6 

21.824

0 
24.5841 

0.88773

1 
20.92756 1.042838 

46A76 3 
Inoculate

d 
P6 

22.134

5 

24.5995

2 

0.89979

5 
21.07427 1.05031 

46A76 3 
Inoculate

d 
P6 

21.607

4 

24.7050

7 

0.87461

6 
21.08121 1.024963 

46A76 1 
Inoculate

d 
P6 

19.003

6 

21.5400

5 

0.88224

8 
22.68641 0.837667 

46A76 1 
Inoculate

d 
P6 

18.948

3 

21.4643

4 

0.88278

5 
22.83846 0.82967 

46A76 1 
Inoculate

d 
P6 

19.398

2 
21.6216 

0.89716

8 
22.71971 0.853806 

46A76 2 
Inoculate

d 
P6 

16.760

8 
19.868 

0.84361

2 
20.01771 0.837302 

46A76 2 
Inoculate

d 
P6 

16.600

3 
19.8907 

0.83457

8 
20.07467 0.826929 

46A76 2 
Inoculate

d 
P6 

16.589

8 

19.9554

1 

0.83134

5 
20.0812 0.826138 

46A76 2 
Inoculate

d 
Water 

16.902

0 

20.4690

9 

0.82573

7 
20.82154 0.811759 

46A76 2 
Inoculate

d 
Water 

16.691

7 

20.5251

9 

0.81323

1 
20.89879 0.798693 

46A76 2 
Inoculate

d 
Water 

17.313

9 

20.5307

3 

0.84331

9 
20.9021 0.828335 

73-67 2 Clean P6 
18.201

9 

21.8109

4 

0.83453

1 
21.74284 0.837145 

73-67 2 Clean P6 
17.876

3 
21.8425 

0.81841

9 
21.77938 0.820791 

73-67 2 Clean P6 
17.867

1 

21.8133

8 
0.81909 21.54576 0.829264 

73-67 3 Clean P6 
16.281

8 

22.1108

5 

0.73637

5 
20.8045 0.782613 

73-67 3 Clean P6 
16.417

5 

21.9177

4 

0.74905

2 
20.83815 0.787859 

73-67 3 Clean P6 
16.462

6 

22.1477

9 
0.74331 20.8945 0.787895 

73-67 2 Clean Water 
18.122

2 

23.3367

3 

0.77655

5 
21.74037 0.833576 

73-67 2 Clean Water 
17.734

6 

23.4235

6 

0.75712

7 
21.73999 0.81576 

73-67 2 Clean Water 
18.282

7 

23.3800

3 

0.78198

3 
21.47678 0.851281 

73-67 1 
Inoculate

d 
P6 

16.583

3 

19.4891

5 

0.85090

4 
20.05309 0.826974 
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73-67 1 
Inoculate

d 
P6 

16.495

5 
19.0179 

0.86737

2 
19.73416 0.83589 

73-67 1 
Inoculate

d 
P6 

16.452

4 

19.1655

8 

0.85843

5 
19.73812 0.833535 

73-67 3 
Inoculate

d 
P6 

20.362

0 

21.3831

6 

0.95224

8 
22.58157 0.901712 

73-67 3 
Inoculate

d 
P6 

20.196

9 

21.2913

4 

0.94859

9 
22.59769 0.893761 

73-67 3 
Inoculate

d 
P6 

20.043

8 

21.3669

9 

0.93807

5 
22.74887 0.881091 

73-67 2 
Inoculate

d 
P6 

18.284

1 

21.7914

8 

0.83905

1 
21.20071 0.862432 

73-67 2 
Inoculate

d 
P6 

18.112

1 

21.6252

5 

0.83754

6 
21.14614 0.856522 

73-67 2 
Inoculate

d 
P6 

17.872

3 

21.6443

3 
0.82573 21.13915 0.845463 

73-67 2 
Inoculate

d 
Water 

20.575

0 
24.5755 0.83722 23.39991 0.879281 

73-67 2 
Inoculate

d 
Water 

20.461

5 

24.4088

4 

0.83828

2 
23.36632 0.875683 

73-67 2 
Inoculate

d 
Water 

20.415

6 

24.6077

7 

0.82964

4 
23.40438 0.872302 

73-67 1 
Inoculate

d 
Water 

14.362

3 

17.7670

7 

0.80836

7 
19.03446 0.754542 

73-67 1 
Inoculate

d 
Water 

14.365

6 
17.9169 

0.80179

3 
19.08647 0.752661 

73-67 1 
Inoculate

d 
Water 

14.472

9 

17.7565

9 

0.81507

3 
18.97517 0.762729 
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Appendix 2.2 Raw data of cycle time and ΔCT values of genes from B. napus cultivar 45H21 

subjected to RNA amplification by qPCR. Plants were inoculated with pathotype 6 and 3 to 

produce susceptible or resistant reaction within the plant and were harvested 14 days after 

inoculation. 

Rep Section 
Pathotyp

e 

BnActin 

CT 
BnCCR CT 

R 

BnCCR 

BnOPR2 

CT 

R 

BnOPR2 

3 Clean P3 
18.65001

8 
22.84909 

0.81622

6 
19.86116 0.93902 

3 Clean P3 
18.61957

3 
22.6939 

0.82046

6 
20.10942 0.925913 

3 Clean P3 
18.73674

0 
22.87334 

0.81915

2 
20.21416 0.926912 

2 Clean P3 
23.54523

8 
31.16486 

0.75550

6 
29.53364 

0.79723

5 

2 Clean P3 
23.71970

1 
DNA1 DNA 27.99371 0.847323 

2 Clean P3 
23.61396

7 
29.98934 

0.78741

2 
28.36972 0.832365 

1 Clean P6 
20.67543

4 
24.4269 

0.84642

1 
21.79568 0.948603 

1 Clean P6 
20.57375

5 
24.47684 0.84054 21.63029 0.951155 

1 Clean P6 
20.76893

6 
24.26101 

0.85606

2 
21.64872 0.959361 

3 Clean P6 
26.46837

6 
29.79225 

0.88843

2 
27.70151 0.955485 

3 Clean P6 
26.32319

8 
30.29611 

0.86886

4 
27.78807 0.947284 

3 Clean P6 26.50037 29.92499 0.88556 28.23578 0.938539 

2 Clean P6 
28.75959

5 
DNA DNA DNA DNA 

2 Clean P6 
29.16791

1 
34.76012 0.83912 31.99518 0.911635 

2 Clean P6 
28.90699

0 
DNA DNA 30.86549 0.936547 

3 Clean Water 
19.97623

8 
23.88512 

0.83634

6 
19.89207 1.004231 

3 Clean Water 
19.81604

5 
23.78632 

0.83308

6 
19.75511 1.003084 

3 Clean Water 
20.56969

8 
23.7866 0.86476 20.2812 1.014225 
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1 Clean Water 
17.26582

9 
23.1183 

0.74684

7 
21.96741 0.785975 

1 Clean Water 
17.15564

7 
22.81461 

0.75195

9 
21.75168 0.788705 

1 Clean Water 
17.23518

7 
22.90019 

0.75262

2 
21.8254 0.789685 

2 Clean Water DNA DNA DNA DNA DNA 

2 Clean Water DNA DNA DNA DNA DNA 

2 Clean Water DNA DNA DNA DNA DNA 

1 Inoculated P3 
19.73115

9 
28.64445 0.68883 27.9276 0.706511 

1 Inoculated P3 
19.94330

0 
27.46471 

0.72614

3 
26.40899 0.755171 

1 Inoculated P3 
20.07770

1 
28.13192 

0.71369

8 
27.09991 0.740877 

2 Inoculated P3 
19.42560

2 
23.91028 

0.81243

7 
23.18819 0.837737 

2 Inoculated P3 18.95998 23.80479 
0.79647

7 
23.03821 0.82298 

2 Inoculated P3 
19.23154

4 
23.98078 

0.80195

6 
22.92697 0.838818 

3 Inoculated P6 DNA DNA DNA DNA DNA 

3 Inoculated P6 
32.18194

5 
40 

0.80454

9 
40 0.804549 

3 Inoculated P6 
31.32605

3 
40 

0.78315

1 
40 0.783151 

2 Inoculated Water 
28.22835

5 
29.30181 

0.96336

6 
23.49982 1.201216 

2 Inoculated Water 
23.15184

5 
28.02312 

0.82616

9 
24.47389 0.945981 

2 Inoculated Water 
22.90313

3 
28.69009 

0.79829

4 
24.64377 0.929368 

3 Inoculated Water 
19.84872

0 
25.48333 0.77889 23.9748 0.827899 

3 Inoculated Water 
19.79743

7 
25.77343 

0.76813

4 
23.97481 0.82576 

3 Inoculated Water 
19.29435

1 
25.48228 

0.75716

8 
23.84657 0.809104 

1 DNA= Did not amplify 
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Appendix 2.3 SAS output Study 1 (Susceptible Plants)- t-test Control vs inoculated of BnCCR 

section treated with P6 

inoculum N Mean Std Dev Std Err Minimum Maximum 

Water 12 0.8066 0.0221 0.00637 0.7708 0.8433 

iP6 9 0.8704 0.0267 0.00891 0.8313 0.8998 

Diff (1-2)   -0.0638 0.0241 0.0106     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

Water   0.8066 0.7926 0.8206 0.0221 0.0156 0.0374 

iP6   0.8704 0.8499 0.8910 0.0267 0.0181 0.0512 

Diff (1-2) Pooled -0.0638 -0.0861 -0.0416 0.0241 0.0184 0.0353 

Diff (1-2) Satterthwaite -0.0638 -0.0871 -0.0405       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 19 -6.00 <.0001 

Satterthwaite Unequal 15.341 -5.83 <.0001 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 8 11 1.47 0.5418 
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Appendix 2.4 SAS output Study 1 (Susceptible Plants)-Wilcoxon Mann-Whitney Control vs 

inoculated of BnOPR2 section treated with P6. 

Wilcoxon Scores (Rank Sums) for Variable dopr2 

Classified by Variable inoculum 

inoculum N Sum of 

Scores 

Expected 

Under H0 

Std Dev 

Under H0 

Mean 

Score 

Water 12 86.0 132.0 14.071247 7.166667 

iP6 9 145.0 99.0 14.071247 16.111111 

 

Wilcoxon Two-Sample Test 

Statistic 145.0000 

    

Normal Approximation   

Z 3.2335 

One-Sided Pr > Z 0.0006 

Two-Sided Pr > |Z| 0.0012 

    

t Approximation   

One-Sided Pr > Z 0.0021 

Two-Sided Pr > |Z| 0.0042 

Z includes a continuity correction of 0.5. 

 

Kruskal-Wallis Test 

Chi-Square 10.6869 

DF 1 

Pr > Chi-Square 0.0011 
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Appendix 2.5 SAS output Study 1 (Susceptible Plants)- t-test Control vs clean of BnCCR section 

treated with P6 

inoculum N Mean Std Dev Std Err Minimum Maximum 

Water 12 0.8066 0.0221 0.00637 0.7708 0.8433 

cP6 9 0.8082 0.0392 0.0131 0.7572 0.8626 

Diff (1-2)   -0.00157 0.0305 0.0134     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

Water   0.8066 0.7926 0.8206 0.0221 0.0156 0.0374 

cP6   0.8082 0.7781 0.8383 0.0392 0.0265 0.0750 

Diff (1-2) Pooled -0.00157 -0.0297 0.0265 0.0305 0.0232 0.0445 

Diff (1-2) Satterthwaite -0.00157 -0.0333 0.0302       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 19 -0.12 0.9084 

Satterthwaite Unequal 11.771 -0.11 0.9160 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 8 11 3.16 0.0811 
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Appendix 2.6 SAS output Study 1 (Susceptible Plants)- t-test Control vs clean of BnOPR2 

section treated with P6 

inoculum N Mean Std Dev Std Err Minimum Maximum 

Water 12 0.8034 0.0244 0.00705 0.7646 0.8345 

cP6 9 0.8497 0.0132 0.00440 0.8261 0.8682 

Diff (1-2)   -0.0464 0.0205 0.00902     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

Water   0.8034 0.7878 0.8189 0.0244 0.0173 0.0415 

cP6   0.8497 0.8396 0.8598 0.0132 0.00891 0.0253 

Diff (1-2) Pooled -0.0464 -0.0652 -0.0275 0.0205 0.0156 0.0299 

Diff (1-2) Satterthwaite -0.0464 -0.0638 -0.0289       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 19 -5.14 <.0001 

Satterthwaite Unequal 17.568 -5.58 <.0001 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 11 8 3.43 0.0913 
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Appendix 2.7 SAS output Study 1 (Resistant Plants)- t-test Control vs inoculated of BnCCR 

section treated with P6 

inoculum N Mean Std Dev Std Err Minimum Maximum 

Water 9 0.8051 0.0285 0.00951 0.7571 0.8383 

iP6 9 0.8798 0.0515 0.0172 0.8257 0.9522 

Diff (1-2)   -0.0747 0.0416 0.0196     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

Water   0.8051 0.7832 0.8270 0.0285 0.0193 0.0546 

iP6   0.8798 0.8402 0.9193 0.0515 0.0348 0.0986 

Diff (1-2) Pooled -0.0747 -0.1162 -0.0331 0.0416 0.0310 0.0633 

Diff (1-2) Satterthwaite -0.0747 -0.1172 -0.0321       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 16 -3.81 0.0016 

Satterthwaite Unequal 12.489 -3.81 0.0023 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 8 8 3.26 0.1149 
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Appendix 2.8 SAS output Study 1 (Resistant Plants)- t-test Control vs inoculated of BnOPR2 

section treated with P6. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

Water 9 0.8220 0.0531 0.0177 0.7527 0.8793 

iP6 9 0.8597 0.0272 0.00907 0.8270 0.9017 

Diff (1-2)   -0.0377 0.0422 0.0199     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

Water   0.8220 0.7811 0.8628 0.0531 0.0359 0.1018 

iP6   0.8597 0.8388 0.8806 0.0272 0.0184 0.0521 

Diff (1-2) Pooled -0.0377 -0.0799 0.00446 0.0422 0.0314 0.0643 

Diff (1-2) Satterthwaite -0.0377 -0.0811 0.00566       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 16 -1.90 0.0762 

Satterthwaite Unequal 11.926 -1.90 0.0825 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 8 8 3.81 0.0760 
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Appendix 2.9 SAS output Study 1 (Resistant Plants)- t-test Control vs clean of BnCCR section 

treated with P6 

inoculum N Mean Std Dev Std Err Minimum Maximum 

Water 9 0.8051 0.0285 0.00951 0.7571 0.8383 

cP6 6 0.7835 0.0450 0.0184 0.7364 0.8345 

Diff (1-2)   0.0217 0.0358 0.0188     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

Water   0.8051 0.7832 0.8270 0.0285 0.0193 0.0546 

cP6   0.7835 0.7363 0.8307 0.0450 0.0281 0.1103 

Diff (1-2) Pooled 0.0217 -0.0191 0.0624 0.0358 0.0259 0.0576 

Diff (1-2) Satterthwaite 0.0217 -0.0264 0.0697       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 13 1.15 0.2712 

Satterthwaite Unequal 7.6946 1.05 0.3267 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 5 8 2.49 0.2421 
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Appendix 2.10 SAS output Study 1 (Resistant Plants)- t-test Control vs clean of BnOPR2 

section treated with P6 

inoculum N Mean Std Dev Std Err Minimum Maximum 

Water 9 0.8220 0.0531 0.0177 0.7527 0.8793 

cP6 6 0.8076 0.0242 0.00986 0.7826 0.8371 

Diff (1-2)   0.0144 0.0443 0.0233     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

Water   0.8220 0.7811 0.8628 0.0531 0.0359 0.1018 

cP6   0.8076 0.7822 0.8329 0.0242 0.0151 0.0593 

Diff (1-2) Pooled 0.0144 -0.0361 0.0648 0.0443 0.0321 0.0714 

Diff (1-2) Satterthwaite 0.0144 -0.0298 0.0586       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 13 0.62 0.5485 

Satterthwaite Unequal 11.899 0.71 0.4917 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 8 5 4.84 0.0992 
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Appendix 2.11 SAS output Study 1 (Resistant Plants)- t-test inoculated section vs clean section 

of BnCCR section treated with P6 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP6 6 0.7835 0.0450 0.0184 0.7364 0.8345 

iP6 9 0.8798 0.0515 0.0172 0.8257 0.9522 

Diff (1-2)   -0.0963 0.0491 0.0259     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP6   0.7835 0.7363 0.8307 0.0450 0.0281 0.1103 

iP6   0.8798 0.8402 0.9193 0.0515 0.0348 0.0986 

Diff (1-2) Pooled -0.0963 -0.1522 -0.0404 0.0491 0.0356 0.0791 

Diff (1-2) Satterthwaite -0.0963 -0.1511 -0.0415       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 13 -3.72 0.0026 

Satterthwaite Unequal 11.882 -3.83 0.0024 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 8 5 1.31 0.7987 

 

 

 

 

 

 



179 

 

Appendix 2.12 SAS output Study 1 (Resistant Plants)- t-test inoculated section vs clean section 

of BnOPR2 section treated with P6 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP6 6 0.8076 0.0242 0.00986 0.7826 0.8371 

iP6 9 0.8597 0.0272 0.00907 0.8270 0.9017 

Diff (1-2)   -0.0521 0.0261 0.0137     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP6   0.8076 0.7822 0.8329 0.0242 0.0151 0.0593 

iP6   0.8597 0.8388 0.8806 0.0272 0.0184 0.0521 

Diff (1-2) Pooled -0.0521 -0.0818 -0.0224 0.0261 0.0189 0.0420 

Diff (1-2) Satterthwaite -0.0521 -0.0814 -0.0229       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 13 -3.79 0.0022 

Satterthwaite Unequal 11.772 -3.89 0.0022 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 8 5 1.27 0.8274 
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Appendix 2.13 SAS output Study 1 (Susceptible Plants)- t-test inoculated section vs clean 

section of BnCCR section treated with P6 

 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP6 9 0.8082 0.0392 0.0131 0.7572 0.8626 

iP6 9 0.8704 0.0267 0.00891 0.8313 0.8998 

Diff (1-2)   -0.0623 0.0335 0.0158     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP6   0.8082 0.7781 0.8383 0.0392 0.0265 0.0750 

iP6   0.8704 0.8499 0.8910 0.0267 0.0181 0.0512 

Diff (1-2) Pooled -0.0623 -0.0958 -0.0287 0.0335 0.0250 0.0510 

Diff (1-2) Satterthwaite -0.0623 -0.0961 -0.0284       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 16 -3.94 0.0012 

Satterthwaite Unequal 14.124 -3.94 0.0015 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 8 8 2.15 0.3005 
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Appendix 2.14 SAS output Study 1 (Susceptible Plants)- t-test inoculated section vs clean 

section of BnOPR2 section treated with P6 

Wilcoxon Scores (Rank Sums) for Variable dopr2 

Classified by Variable inoculum 

inoculum N Sum of 

Scores 

Expected 

Under H0 

Std Dev 

Under H0 

Mean 

Score 

cP6 9 88.0 85.50 11.324752 9.777778 

iP6 9 83.0 85.50 11.324752 9.222222 

 

Wilcoxon Two-Sample Test 

Statistic 88.0000 

    

Normal Approximation   

Z 0.1766 

One-Sided Pr > Z 0.4299 

Two-Sided Pr > |Z| 0.8598 

    

t Approximation   

One-Sided Pr > Z 0.4310 

Two-Sided Pr > |Z| 0.8619 

Z includes a continuity correction of 0.5. 

 

Kruskal-Wallis Test 

Chi-Square 0.0487 

DF 1 

Pr > Chi-Square 0.8253 
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Appendix 2.15 SAS output Study 2 - t-test of control vs inoculated of BnCCR section treated 

with P6. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

ip6 2 0.7938 0.0151 0.0107 0.7832 0.8045 

iw 12 0.8065 0.0634 0.0183 0.7468 0.9634 

Diff (1-2)   -0.0126 0.0608 0.0465     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

ip6   0.7938 0.6579 0.9298 0.0151 0.00675 0.4828 

iw   0.8065 0.7662 0.8467 0.0634 0.0449 0.1076 

Diff (1-2) Pooled -0.0126 -0.1138 0.0886 0.0608 0.0436 0.1004 

Diff (1-2) Satterthwaite -0.0126 -0.0608 0.0356       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 12 -0.27 0.7905 

Satterthwaite Unequal 8.6612 -0.60 0.5667 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 11 1 17.54 0.3687 
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Appendix 2.16 SAS output Study 2 – Wilcoxon Mann-Whitney of control vs inoculated of 

BnOPR2 section treated with P6. 

Wilcoxon Scores (Rank Sums) for Variable dopr2 

Classified by Variable inoculum 

inoculum N Sum of 

Scores 

Expected 

Under H0 

Std Dev 

Under H0 

Mean 

Score 

iw 12 99.0 90.0 5.477226 8.250 

ip6 2 6.0 15.0 5.477226 3.000 

 

Wilcoxon Two-Sample Test 

Statistic 6.0000 

    

Normal Approximation   

Z -1.5519 

One-Sided Pr < Z 0.0603 

Two-Sided Pr > |Z| 0.1207 

    

t Approximation   

One-Sided Pr < Z 0.0723 

Two-Sided Pr > |Z| 0.1447 

Z includes a continuity correction of 0.5. 

 

Kruskal-Wallis Test 

Chi-Square 2.7000 

DF 1 

Pr > Chi-Square 0.1003 
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Appendix 2.17 SAS output Study 2 - t-test of control vs inoculated of BnCCR section treated 

with P3. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

ip3 6 0.7566 0.0532 0.0217 0.6888 0.8124 

iw 12 0.8065 0.0634 0.0183 0.7468 0.9634 

Diff (1-2)   -0.0499 0.0604 0.0302     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

ip3   0.7566 0.7008 0.8124 0.0532 0.0332 0.1304 

iw   0.8065 0.7662 0.8467 0.0634 0.0449 0.1076 

Diff (1-2) Pooled -0.0499 -0.1139 0.0141 0.0604 0.0450 0.0919 

Diff (1-2) Satterthwaite -0.0499 -0.1118 0.0120       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 16 -1.65 0.1178 

Satterthwaite Unequal 11.898 -1.76 0.1045 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 11 5 1.42 0.7352 
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Appendix 2.18 SAS output Study 2 – Wilcoxon Mann-Whitney of control vs inoculated of 

BnOPR2 section treated with P3. 

Wilcoxon Scores (Rank Sums) for Variable dopr2 

Classified by Variable inoculum 

inoculum N Sum of 

Scores 

Expected 

Under H0 

Std Dev 

Under H0 

Mean 

Score 

iw 12 134.0 114.0 10.677078 11.166667 

ip3 6 37.0 57.0 10.677078 6.166667 

 

Wilcoxon Two-Sample Test 

Statistic 37.0000 

    

Normal Approximation   

Z -1.8263 

One-Sided Pr < Z 0.0339 

Two-Sided Pr > |Z| 0.0678 

    

t Approximation   

One-Sided Pr < Z 0.0427 

Two-Sided Pr > |Z| 0.0854 

Z includes a continuity correction of 0.5. 

 

Kruskal-Wallis Test 

Chi-Square 3.5088 

DF 1 

Pr > Chi-Square 0.0610 
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Appendix 2.19 SAS output Study 2 - t-test of control vs clean of BnCCR section treated with P6. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP6 7 0.8607 0.0206 0.00779 0.8391 0.8884 

iw 12 0.8065 0.0634 0.0183 0.7468 0.9634 

Diff (1-2)   0.0542 0.0524 0.0249     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP6   0.8607 0.8416 0.8798 0.0206 0.0133 0.0454 

iw   0.8065 0.7662 0.8467 0.0634 0.0449 0.1076 

Diff (1-2) Pooled 0.0542 0.00165 0.1068 0.0524 0.0393 0.0786 

Diff (1-2) Satterthwaite 0.0542 0.0117 0.0968       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 17 2.18 0.0440 

Satterthwaite Unequal 14.482 2.73 0.0159 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 11 6 9.44 0.0121 
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Appendix 2.20 SAS output Study 2 - t-test of control vs clean of BnOPR2 section treated with 

P6. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP6 8 0.9436 0.0150 0.00532 0.9116 0.9594 

iw 12 0.9104 0.1291 0.0373 0.7860 1.2012 

Diff (1-2)   0.0331 0.1014 0.0463     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP6   0.9436 0.9310 0.9561 0.0150 0.00994 0.0306 

iw   0.9104 0.8284 0.9925 0.1291 0.0915 0.2193 

Diff (1-2) Pooled 0.0331 -0.0641 0.1304 0.1014 0.0766 0.1499 

Diff (1-2) Satterthwaite 0.0331 -0.0494 0.1156       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 18 0.72 0.4831 

Satterthwaite Unequal 11.444 0.88 0.3970 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 11 7 73.78 <.0001 
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Appendix 2.21 SAS output Study 2 - t-test of control vs clean of BnCCR section treated with P3. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP3 5 0.7998 0.0282 0.0126 0.7555 0.8205 

iw 12 0.8065 0.0634 0.0183 0.7468 0.9634 

Diff (1-2)   -0.00672 0.0562 0.0299     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP3   0.7998 0.7647 0.8348 0.0282 0.0169 0.0811 

iw   0.8065 0.7662 0.8467 0.0634 0.0449 0.1076 

Diff (1-2) Pooled -0.00672 -0.0705 0.0570 0.0562 0.0415 0.0870 

Diff (1-2) Satterthwaite -0.00672 -0.0542 0.0407       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 15 -0.22 0.8253 

Satterthwaite Unequal 14.763 -0.30 0.7667 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 11 4 5.04 0.1320 
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Appendix 2.22 SAS output Study 2 - t-test of control vs clean of BnOPR2 section treated with 

P3. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP3 6 0.8781 0.0599 0.0245 0.7972 0.9390 

iw 12 0.9104 0.1291 0.0373 0.7860 1.2012 

Diff (1-2)   -0.0323 0.1122 0.0561     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP3   0.8781 0.8152 0.9410 0.0599 0.0374 0.1470 

iw   0.9104 0.8284 0.9925 0.1291 0.0915 0.2193 

Diff (1-2) Pooled -0.0323 -0.1512 0.0866 0.1122 0.0836 0.1708 

Diff (1-2) Satterthwaite -0.0323 -0.1268 0.0622       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 16 -0.58 0.5727 

Satterthwaite Unequal 15.99 -0.72 0.4792 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 11 5 4.64 0.1026 
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Appendix 2.23 SAS output Study 2 - t-test of inoculated section vs clean of BnCCR section 

treated with P3. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP3 5 0.7998 0.0282 0.0126 0.7555 0.8205 

ip3 6 0.7566 0.0532 0.0217 0.6888 0.8124 

Diff (1-2)   0.0432 0.0439 0.0266     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP3   0.7998 0.7647 0.8348 0.0282 0.0169 0.0811 

ip3   0.7566 0.7008 0.8124 0.0532 0.0332 0.1304 

Diff (1-2) Pooled 0.0432 -0.0169 0.1032 0.0439 0.0302 0.0801 

Diff (1-2) Satterthwaite 0.0432 -0.0149 0.1013       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 9 1.63 0.1386 

Satterthwaite Unequal 7.835 1.72 0.1247 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 5 4 3.55 0.2438 
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Appendix 2.24 SAS output Study 2 - t-test of inoculated section vs clean of BnOPR2 section 

treated with P3. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP3 6 0.8781 0.0599 0.0245 0.7972 0.9390 

ip3 6 0.7837 0.0568 0.0232 0.7065 0.8388 

Diff (1-2)   0.0944 0.0584 0.0337     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP3   0.8781 0.8152 0.9410 0.0599 0.0374 0.1470 

ip3   0.7837 0.7241 0.8432 0.0568 0.0354 0.1392 

Diff (1-2) Pooled 0.0944 0.0194 0.1695 0.0584 0.0408 0.1024 

Diff (1-2) Satterthwaite 0.0944 0.0193 0.1696       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 10 2.80 0.0187 

Satterthwaite Unequal 9.9706 2.80 0.0188 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 5 5 1.11 0.9079 
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Appendix 2.25 SAS output Study 2 - t-test of inoculated section vs clean of BnCCR section 

treated with P6. 

inoculum N Mean Std Dev Std Err Minimum Maximum 

cP6 7 0.8607 0.0206 0.00779 0.8391 0.8884 

ip6 2 0.7938 0.0151 0.0107 0.7832 0.8045 

Diff (1-2)   0.0669 0.0199 0.0160     

 

inoculum Method Mean 95% CL Mean Std Dev 95% CL Std Dev 

cP6   0.8607 0.8416 0.8798 0.0206 0.0133 0.0454 

ip6   0.7938 0.6579 0.9298 0.0151 0.00675 0.4828 

Diff (1-2) Pooled 0.0669 0.0291 0.1046 0.0199 0.0132 0.0406 

Diff (1-2) Satterthwaite 0.0669 0.0153 0.1184       

 

Method Variances DF t Value Pr > |t| 

Pooled Equal 7 4.18 0.0041 

Satterthwaite Unequal 2.238 5.05 0.0292 

 

Equality of Variances 

Method Num DF Den DF F Value Pr > F 

Folded F 6 1 1.86 1.0000 
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Appendix 2.26 SAS output Study 2 – Wilcoxon Mann-Whitney of inoculated section vs clean of 

BnCCR section treated with P6. 

Wilcoxon Scores (Rank Sums) for Variable dopr2 

Classified by Variable inoculum 

inoculum N Sum of 

Scores 

Expected 

Under H0 

Std Dev 

Under H0 

Mean 

Score 

cP6 8 52.0 44.0 3.829708 6.50 

ip6 2 3.0 11.0 3.829708 1.50 

 

Wilcoxon Two-Sample Test 

Statistic 3.0000 

    

Normal Approximation   

Z -1.9584 

One-Sided Pr < Z 0.0251 

Two-Sided Pr > |Z| 0.0502 

    

t Approximation   

One-Sided Pr < Z 0.0409 

Two-Sided Pr > |Z| 0.0819 

Z includes a continuity correction of 0.5. 

 

Kruskal-Wallis Test 

Chi-Square 4.3636 

DF 1 

Pr > Chi-Square 0.0367 

 

 

 


