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Management of clubroot caused by the soil-borne biotrophic plant protist 

Plasmodiophora brassicae on canola and other Brassica crops is an important challenge 

to producers. Studies on the interaction of pH and temperature on root hair infection 

(RHI) and clubroot symptom development in canola roots revealed that high levels of 

clubroot can occur under optimum temperature, moisture and spore load, even at alkaline 

pH of 7.5. Clubroot was suppressed at all temperatures at pH 8.0, but not totally 

eliminated. The occurrence of maximum levels of root hair infection and clubroot 

development (RHI = 61%, Clubroot incidence (CI) & Disease severity index (DSI) = 

100%) at temperatures of 20° and 25°C and pH of 5.0 to 6.5 was confirmed. The efficacy 

of biofungicides against P. brassicae was influenced by pathogen load, host, growth 

media and its properties. Drench application of Serenade and Prestop were moderately 

effective in reducing clubroot levels in canola (Brassica napus L. and B. rapa L.) and to a 

lesser extent in Shanghai pak choy (B. rapa L. ssp. Chinensis (Rupr.) var. communis Tsen 



 

and Lee). The mean clubroot incidence and severity caused by Pathotype 3 was found to 

be slightly higher than that of Pathotype 6. Clubroot level increased with increase in soil 

bulk density.  
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1 CHAPTER 1 

LITERATURE REVIEW 

1.1 Importance 

Plasmodiophora brassicae Woronin is a soil-borne biotrophic plant pathogen. It 

causes clubroot in cruciferous crops including canola (Brassica napus L. and B. rapa L.), 

an economically important oilseed crop, and many Brassica vegetables. The pathogen 

causes abnormal swelling in root tissues that result in characteristic club-like symptoms. 

As a result of the hypertrophy and hyperplasia that causesthis swelling, the transport of 

water and mineral nutrients is inhibited, which can result in symptoms such as stunting, 

wilting, and even premature death (Cao et al. 2009, Strelkov et al. 2005). The pathogen 

can cause 100% yield loss in fields of severely infested canola (Dixon 2006, Strelkov et 

al. 2007). 

Clubroot has been an important constraint to production of Brassica vegetables 

world-wide for more than a century, in part because of the economic losses that it causes, 

but more importantly because of the difficulties with the management of the pathogen. 

The earliest report of the disease dates back to the 13th century, when clubroot symptoms 

were attributed to various causes including insects, malformations due to degeneration, 

and mineral deficiencies (cited in Karling 1968). Disease surveys from 1920 to 1950 

document the occurrence of clubroot in the Atlantic provinces of Canada (Conners et al. 

1956, Howard et al. 2010) and the pathogen has been present on Brassica vegetables in 

Ontario, Quebec, and British Columbia for  several decades (Conners et al. 1956, Reyes 

1974). Flooding in 1954 caused by Hurricane Hazel resulted in distribution of the 
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pathogen in the Holland Marsh area where the Muck Crop Research Station is located 

(Conners et al. 1956). There are no reports showing the presence of clubroot on canola in 

the Prairie Provinces until 2003, but there were  a few unpublished reports of the disease 

on Brassica vegetables in cultivated fields and home gardens in that region (Howard et al. 

2010, MAFRI 2009). 

Clubroot has recently been recognized as an important disease problem in Canada 

because of its occurrence and spread on canola in Alberta. In 2003, the disease was 

reported for the first time on canola in Alberta in 12 canola fields near Edmonton (Tewari 

et al. 2005). Since then, the disease has spread very rapidly. There were 250 infested 

fields in 2007 (Strelkov et al. 2008), 450 fields in 2009 and over 566 fields in 2010 

(Strelkov et al. 2011). Random collection of soil samples from Saskatchewan in 2008 

confirmed the presence of pathogen DNA in one field (Canola Council of Canada 2010), 

and clubroot was confirmed in two canola fields in north-central Saskatchewan in 

October of 2011 (Saskatchewan Canola Development Commission 2011). 

1.2 Taxonomy 

Mikhail Woronin (1878) was the first to recognize that the causal agent for 

clubroot on Brassica crops in Russia was Plasmodiophora brassicae. He classified the 

pathogen as a plasmodiophorous organism; that is, belonging to the endoparasitic slime 

moulds. All of the plasmodiophorids fall under this discrete monophyletic group, which 

means that the members of this group all share common characteristics derived from 

ancestors, including cruciform nuclear division. In addition, the plasmodiophorids have 

other common features: zoospores with two anterior whiplash flagella of unequal length, 
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multinucleate plasmodia, long-lived resting spores, and all are obligate pathogens or 

parasites (Braselton 1995). These organisms were placed in the phylum 

Plasmodiophoromycota in the Kingdom Protozoa (Barr 1992). This kingdom occupies a 

crucial position between the Monera and the derived kingdoms Plantae, Fungi and 

Animalia (Cavalier-Smith 1999). There has been a long and on-going debate about 

whether Plasmodiophorids should be placed under protists or under fungi. The basic 

morphological characters that separate fungi from protozoans are that fungi are mostly 

heterotrophs, have plate-like cristae, are multicellular, and have chitinous cell walls 

(Cavalier-Smith 1993). Thus, based on the basal root flagellar characters and the type of 

mitochondrial cristae, the Plasmodiopphoriods are placed under the kingdom Protozoa 

(Barr 1992, Cavalier-Smith 1993). 

The Plasmodiophoraceae family currently consists of 10 genera and 35 species  

(Braselton 1995). Analysis of ribosomal RNA confirmed that the genus Plasmodiophora 

should be placed in the Kingdom Protist and the phylum Plasmodiophoromycota 

(Castlebury and Domier 1998). The classification of P. brassicae is: 

Kingdom: Protozoa 

 Phylum: Plasmodiophoromycota 

  Class: Plasmodiophoromycetes 

   Order: Plasmodiophorida 

    Family: Plasmodiophoraceae 

     Genus: Plasmodiophora 

      Species: P. brassicae 
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1.2.1 Pathotypes 

Honig (1931) was the first researcher to suspect the existence of strains of 

P. brassicae (cited in Karling 1968). Later, the occurrence of physiologic strains in 

P. brassicae was confirmed using turnip varieties (Walker 1942). In the literature on 

clubroot, the terms race and pathotype have often been used interchangeably. However, a 

race is “a genetically and often geographically distinct mating group within a species” 

(Agrios 2005). Neither the population of P. brassicae nor the differential hosts used to 

assess the differences in the pathogen population are genetically uniform. Therefore, 

based on the concept of Parlevliet (1985), the term race has been replaced by the term 

pathotype (Buczacki et al. 1975, Strelkov et al. 2006). 

Pathotypes are classified based on their virulence on selected hosts. A simple 

system for classifying P. brassicae into distinct pathotypes using differential hosts was 

developed by Williams (1966), based on the percentage of infection on selected Brassica 

crops. The reaction of 124 isolates from around the world was assessed on four Brassica 

hosts, and nine pathotypes were identified. Pathotypes 4, 5, 8 and 9 were identified for 

the first time (Williams 1966). In Canada, four pathotypes of P. brassicae (1, 2, 4 and 6) 

were identified based on the Williams’ differential system (Ayers 1972). 

The European Clubroot Differential set (ECD) is another system for separating 

pathotypes. This classification system employs a scoring technique to classify pathotypes 

of P. brassicae, based on the response of selected five cultivars each of B. campestris, B. 

napus, B. oleracea (Buczacki et al. 1975). In Japan, clubroot-resistant (CR) F1 hybrid 

cultivars and B. rapa lines (five CR F1 cultivars of Chinese cabbage, two CR accessions 

of fodder turnip and Chinese cabbage parental line No. 4) were used to classify field 
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populations of P. brassicae into four groups (Date-01, Rokunohe-01, Yuki-01and Ano-

01) and the responses were clear between the resistant and susceptible cultivars. The 

same field population was further classified into ECD 01 to ECD 05 (Kuginuki et al. 

1999). 

Plasmodiophora brassicae occurs wherever Brassica crops are cultivated (Dixon 

2009). It is believed that the pathogen was inadvertently transported to North America by 

early European settlers in Brassica fodder (Karling 1968). Based on the Williams 

differential system of classification, the distribution of P. brassicae in Canada up to 1972 

was as follows: the Maritime provinces had pathotypes 2 and 3, with scattered presence 

of pathotype 1 and pathotype 4; pathotype 6 was present in British Columbia and 

Ontario; and pathotype 2 was prevalent in Quebec along with low levels of pathotypes 1 

and 6 (Ayers 1972). 

Clubroot is not new to Alberta, as it was noticed prior to 2003 in Brassica 

vegetables (Howard et al. 2010, MAFRI 2009), but it gained importance after it was 

found for the first time on canola in western Canada in 2003. Clubroot on canola in 

central Alberta is caused predominantly by pathotype 3, but pathotype 5 is found in a few 

infested fields, especially in southern Alberta (Strelkov et al. 2009). About 87% of the 

field population in Alberta consists of pathotype 3, 10% of pathotype 5 and the remaining 

is pathotype 2 (Howard et al. 2010). 

In other parts of the world, variations in virulence were studied among 54 single-

spore isolates derived from 20 field samples across France; 17 isolates were tested on 

seven Brassica napus lines, two B. oleraceae cultivars and two highly susceptible 

controls, Giant rape (ECD08) and Chinese cabbage cv. Grannat. Pathotypes P1 to P5 
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were distinguished using only three Brassica napus lines; Nevin, Wilhelmsburger and 

Brutor. It was also concluded that the occurrence of pathotype is not associated with host 

species  (Some et al. 1996). 

1.2.2 Lifecycle 

The lifecycle of P. brassicae starts with resting spores in soil. The resting spores 

are the overwintering structures and can survive in soil for up to 17 years (Wallenhammar 

1996). The resting spores measure about 3 µm in diameter, are sub-spherical to spherical 

in shape, and are covered with fibrous material when young and with spines when mature 

(Kageyama and Asano 2009, Williams and McNabola 1967). There are two phases of the 

lifecycle. The primary infection phase is completed in root hairs, and so is also known as 

the root hair infection stage. A primary zoospore emerges from each resting spore, 

encysts on the root hair, and then injects its cell content into the root hair. The primary 

zoospores are heterocont, pyriform and biflagellate (Karling 1968), with one shorter 

flagellum with a blunt end and a longer flagellum with a whiplash end (Ingram and 

Tommerup 1972, Kageyama and Asano 2009). Once inside the root hair, the pathogen 

forms a primary plasmodium. The uninucleate primary plasmodium undergoes 

synchronous mitotic divisions as it matures and forms a mature multinucleated 

plasmodium (Tommerup and Ingram 1971). The protoplasm of each mature 

multinucleate plasmodium cleaves into uninucleated segments that subsequently develop 

into zoosporangia that contain 4–16 zoospores (Kageyama and Asano 2009). The 

haploid, motile secondary zoospores are released at the end of the primary cycle from the 

zoosporangium. 
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The secondary infection stage of P. brassicae starts with the fusion of two 

secondary zoospores in the soil solution. Each fused zoospore then invades the cortical 

cells of the root (Tommerup and Ingram 1971). Inside the invaded cortical cells, the 

pathogen forms a binucleate secondary plasmodium, which develops into a multinucleate 

plasmodium and eventually into resting spores. This development is associated with the 

hypertrophy and hyperplasia of host cells, which results in the development of the 

characteristic club symptoms in roots. Meiotic divisions have been reported in the nuclei 

of the secondary plasmodia (Tommerup and Ingram 1971). Also, these nuclei are located 

in the middle of each plasmodium, which indicates that they have recently undergone 

karyogamy, because the nuclei would be present throughout the plasmodial body if they 

had not undergone karyogamy. At the end of the second meiotic division, daughter nuclei 

are formed. The cytoplasm around each nucleus cleaves to form haploid resting spores 

(Tommerup and Ingram 1971). The resting spores are released into the soil when the 

roots of the infected host begin to rot. 
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Figure 1.1. Important stages in the lifecycle of Plasmodiophora brassicae 

A. club symptoms on canola root, B. resting spores in soil (x500), C. zoosporangia in root 

hairs (x1250), and D secondary plasmodia in cortical cells (x1250). 

1.2.3 Symptoms of clubroot 

The first above-ground symptom of clubroot is wilting of the infected plants 

under warm, dry weather conditions. Infected plants regain turgidity at night or under 

cool, moist conditions and appear normal. Severely infected plants may be stunted and 

lodge readily (Cheah et al. 2000, Conners et al. 1956, Voorrips 1995). Wilting is the 

result of the galls formed in the roots, which interfere with movement of water and 

nutrients (Voorrips 1995). Plant growth can also be reduced. For example, cabbage plants 

infected with P. brassicae unfold one leaf every 9 days, compared to one leaf every 4 

days on healthy plants (Macfarlane and Last 1959). Brassica crops such as cabbage and 

turnips may even be killed (Karling 1968). 



9 

 

1.3 Hosts 

In general, hosts of P. brassicae are found in the family Brassicaeae. The family 

Brassicaceae includes 350 genera and 3700 species of herbaceous crops and weeds that 

include annual, biennial, and perennial species (Karling 1968, Dixon 2009). Clubroot was 

first identified on cultivated Brassica vegetables by Woronin (1878), who also reported 

the occurrence of clubroot on candytuft (Iberis umbellate), an ornamental plant in the 

family Brassicaceae, and on a range of other plants (Karling 1968). Root hair infection by 

P. brassicae has been observed in various non-Brassica crops from early times (Karling 

1968, Macfarlane 1952). Root hair infection occurs in non-host plants such as lettuce 

(Lactuca sativa), spinach (Spinacia oleracea), and ryegrass (Lolium multiflorum), but 

these plants do not produce clubs (Murakami et al. 2001). However, some non-Brassica 

plants develop clubs upon infection by P. brassicae, including nasturtium (Tropaeolum 

majus L.) and beet (Beta vulgaris L.) (Muller et al. 1999). Several important susceptible 

Brassica and non-Brassica hosts are listed in Table 1.1.  
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Table 1.1 Susceptible Brassica and non-Brassica hosts. 

Host species Common name(s) References 

Brassica crop spp. 

Brassica oleracea 
L. 

Brussel sprouts, cabbage, 
cauliflower, kale and kohlrabi 

(Buczacki and 
Ockendon 1979) B. rapa L. Turnip, turnip rape and Chinese 

cabbage 

B. napus L. Rutabaga or Swede turnip, oilseed 
rape, mustard and canola 

B. nigra  Black mustard 

(Vaughan 1977) B. juncea Oilseed mustard 

B. carinata Oilseed mustard (Ethiopian 
mustard) 

Cruciferous weeds 

Sinapis alba White mustard (Dixon 2009, 
Karling 1968) Thlaspi arvense L. Penny cress or stinkweed 

Capsella bursa- 
pastoris L. Medik. Shepherd’s purse (Buczacki and 

Ockendon 1979) 

Ornamentals 

Matthiola spp. Stock 
(Dixon 2009, 
Karling 1968) Cheiranthus cheiri Wallflower 

Iberis umbellata Candytuft 

1.3.1 Canola and its economic importance in Canada 

The main oilseed crop in the genus Brassica is oilseed rape (B. napus L. and 

B. rapa L.) (Janick and Whipkey 2002). In 1967, oilseed rape was grown on 688,000 

hectares in western Canada (Downey et al. 1969). The oils from oilseed rape contain 

erucic acid, which constitutes about 40 to 50% of the total fatty acid. This makes the oil 

unsuitable for human consumption. In the early 1970’s, the Canadian plant breeders K. 

Downey and B. R. Stefansson developed lines of oilseed rape that had less than 2% 
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erucic acid and 30 µmoles glucosinolates, which is suitable for human consumption 

(Daun 1986). The term ‘canola’ was trademarked by the Canadian Oilseed Processors 

Association and registered by the Canola Council of Canada (earlier called the Rapeseed 

Association of Canada). This trade name helped to differentiate canola from oilseed 

turnip rape (Duan 1986, Canola Council of Canada 2010). Canola oil is now widely used 

as a cooking oil and in food processing, and is being explored as a souce of biodiesel 

(Issariyakul et al. 2008). The other oilseed crops in the family Brassicaceae include 

oilseed turnip rape (B. rapa L.), false flax or gold of pleasure (Camelina sativa (L.) 

Crantz.,) (Putnam et al. 1993), Indian mustard (B. juncea) and  Ethiopian mustard (B. 

carinata) (Paul 2002).   

Canola was grown on approximately 7,284,000 hectares acres in Canada in 2010 

(Statistics Canada 2010). Canola occupies about 31% of the total area of field crops 

grown in Canada, and is the major field crop in western Canada, followed by spring 

wheat at 30% and pulses at 13% of the area (Statistics Canada 2010). Canola contributes 

about 15.4 billion dollars to the Canadian economy, mostly from the western provinces. 

Canola is a cool season crop that grows well in temperatures from 12 to 30°C, and 

does best on well drained soil with a pH of ~6.0– 6.5 (Canola Council of Canada 2010). 

These requirements are similar to those for the growth of P. brassicae. There are two 

types of canola grown, winter canola (fall planted) and spring canola (spring planted) 

(Canola Council of Canada 2010). The majority of the canola grown in Canada is spring 

planted. On the prairies, canola is seeded as early as possible after the risk of major 

spring frosts has passed (Dunn and McKenzie 2008), but soil temperatures of at least 
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10°C are recommended for good germination. Depending upon the cultivar, the crop is 

harvested 80–95 days after sowing (Canola Council of Canada 2010).  

The University of Guelph developed the first winter canola, OAC Winfield, 

which was registered in 1988 (Canola Council of Canada 2010). Winter canola is planted 

in the fall and the plants are re-assessed during the following spring to see if there is 

enough crop stand for successful crop production. For southwestern Ontario, planting is 

usually done during early September, but seeding in late August is recommended for 

other areas (Hall 2007).  

Spring canola is seeded at a rate of 2.0–2.8 kg ha-1 and the yield varies between 

2.5–3.7 t ha-1 depending upon the cultivar. The principal growth stages are rosette (5–6 

leaves), bolting (30–60% stem elongation), flowering (50–55 days after sowing (DAS) 

and ripening (30–40 days after flower opening) (OMAFRA 2011c). This crop requires 

high amounts of nitrogen fertilizer. For an optimum seed yield, 112–134 kg ha-1  of 

nitrogen and 22–28 kg ha-1 of sulphur are generally required (Canola Council of Canada 

2010). 

1.3.2 Brassica vegetables and their economic importance 

Brassica vegetables are grown throughout the world. These are well known crops 

in Asia, particularly the northern Indian sub-continent and China. The Brassicas are 

gaining importance in western diets for their anticarcinogenic and antioxidant properties. 

Consumption of Brassica vegetables, especially ones that have higher glucosinolate 

content, are considered useful in reducing the risk of cancer (Talalay and Fahey 2001). 

Some of the economically important Brassica vegetable species are listed below (Table 

1.2, Toxopeus et al. 1984). 
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Table 1.2. Economically important Brassica vegetable species and their common names 

Genus and species  Variety/subspecies  Common name 

Brassica oleracea L. 
 

var. viridis Collards 

var. capitata Cabbage 
var. gemmifera Brussels sprouts 
var. italica Broccoli 
var. botrytis Cauliflower 

B. rapa L. ssp. rapa Vegetable or fodder turnip 

ssp. Pekinensis Chinese cabbage, napa cabbage 

ssp. Chinensis Bokchoy, Shanghai pak choy 
B. nigra (L.) W. D. J. 
Koch 

- Black mustard 

B. carinata A. Braun - Ethiopian mustard 
B. juncea (L.) C Zern. - Indian mustard 

  

In Canada, the majority of the Brassica vegetables are grown in Ontario. In 2010, 

a total area of 2,164 ha of cabbage, including napa cabbage, pak choy and regular 

cabbage, were planted in Ontario (Statistics Canada 2011). Napa cabbage was the first 

Brassica vegetable cultivated in North America (OMAFRA 2011a). There are two types 

of napa cabbage: a loose-leaf type, and a head type, the latter is mostly grown in Ontario. 

Napa cabbage is grown as a transplanted crop to ensure uniform maturity at harvest and it 

requires a well-drained soil with temperature of 13° to 15°C. Fertilizer nitrogen is usually 

applied at the rate of 80–130 kg ha-1 (Cook 1996, OMAFRA 2011a). 

Shanghai pak choy (B. rapa L. ssp. Chinensis (Rupr.) var. communis Tsen and 

Lee) is another popular Asian vegetable grown in North America. Pak choy is classified 

based on its petiole characters, as follows: a white stemmed (petiole), soup-spoon type, 
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and a green stemmed, squat or canton type. The green stemmed type is Shanghai pak 

choy and white stemmed type is buk choy  (Lovatt 2010). It is also a cool season crop 

that is either transplanted or direct sown. The plant tops are usually harvested 35–55 days 

after seeding, depending upon the variety (OMAFRA 2011b). Many Asian Brassica 

vegetables have a short days-to-harvest and several crops are often grown in succession 

without any crop rotation (McDonald and Westerveld 2008). In Ontario, they are usually 

grown from mid-April to mid-October (OMAFRA 2011a). 

1.4 Factors that affect development of Plasmodiophora brassicae 

1.4.1 Temperature 

Temperature plays an important role in the pathogenicity of P. brassicae, as it 

does for most plant pathogens. The optimum temperature for club development has been 

reported to be between 18°C and 24°C (Karling 1968). The influence of air temperature, 

in association with various other factors under greenhouse conditions, was studied and a 

temperature range of 18° to 25°C and a mean of 23°C were required for clubroot 

symptom development (Colhoun 1952). Others observed that a mean temperature of 

19.5°C was required for the entire period of crop growth for maximum disease severity 

and club development under controlled environment conditions (Buczacki et al. 1978). A 

field study conducted on muck soil showed that soil temperature and moisture were 

positively correlated with clubroot development in radish and that the highest disease 

levels were observed at an optimum temperature of 20°–22° C (Thuma et al. 1983). 

In studies with Asian Brassica crops at the Holland Marsh, the highest severity 

was observed on Shanghai pak choy and Chinese flowering cabbage crops harvested in 
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July and August. The temperature during the optimum infection period ranged from 20°–

22°C. Little or no symptom development occurred when the crop was harvested in 

October, when air temperatures were below 12°C (McDonald and Westerveld 2008). In a 

subsequent study, the highest levels of clubroot occurred in Shanghai pak choy harvested 

during July, when the mean temperature was 20°C (Adhikari 2010). Trials under 

controlled conditions estimated that the optimum range for clubroot incidence and 

severity is 19.6° to 25.5°C for both canola and pak choy. Further studies on pak choy 

under controlled environmental conditions showed that optimum infection occurred at 

26°C. The maximum root hair infection and clubroot severity was observed at 25°C 

followed by 20°C and 30°C. Little or no infection occurred at 10° and 15°C (Sharma et 

al. 2011a). 

1.4.2 Soil pH 

The term pH (potential of hydrogen) is the measure of the hydrogen ion [H+ ion] 

concentration in a solution. It is expressed as the negative logarithm of hydrogen ion 

concentration and the scale ranges from 0–14. Higher H+ ion concentration in a solution 

leads to acidity (pH < 7) and lower to alkalinity (pH > 7) (Buck et al. 2002). 

The ability of an organism to grow, multiply, and complete its lifecycle depends 

on its ability to develop and persist in its environment. Microorganisms require a 

particular pH range in their environment to proliferate, metabolize and to secrete 

enzymes (Penalva 2008). Soil pH plays a vital role in the development of P. brassicae. 

Bremer (1924) reported that germination of resting spores was highest, at 37%, in wet 

acid soils, but was only 1–2% in wet alkaline soils (cited in Karling 1968). Resting spores 

can germinate within 2 days in soil at pH 6. However, addition of calcium salts resulted 
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in spore dormancy, possibly in response to a more alkaline pH (Macfarlane 1970). 

However, subsequent studies showed that clubroot can occur in alkaline soil (pH 7.8) 

when other conditions for infection are optimum: high spore concentration (103 to 107 

spores/gm of soil), temperature of 18–25°C, and 70% soil moisture (Colhoun 1953). 

Reduction in root hair infection and subsequent reduction in clubroot 

development in Brassica crops at alkaline pH has been reported by many researchers  

(Crute et al. 1981, Donald and Porter 2004, Hamilton and Crete 1978, Myers and 

Campbell 1985, Samuel and Garrett 1945, Webster and Dixon 1991b). In turnip, there 

was a noticeable inhibition in the development of galls under alkaline conditions and the 

highest disease level occurred at pH 4.9, while a 97% reduction in root hair infection was 

observed at pH 7.9 (Palm 1963). Similarly, clubroot levels in field surveys were highest 

when the pH was between 5.2 and 6.6 (Wallenhammar 1996). 

Although the germination of resting spores and root hair infection are reduced by 

high pH, this pattern is not consistently observed in the field (Karling 1968). The most 

recent field survey conducted in Alberta found that there was a slight negative correlation 

between soil pH and disease index. However, the disease was not restricted to acidic soils 

and severe infestations were also observed in neutral soils or alkaline soils with intensive 

cultivation of susceptible hosts and high soil moisture (Strelkov et al. 2011). 

1.4.3 Soil type 

In addition to temperature and pH, soil texture has been reported to have a 

profound influence on clubroot. However, only a few studies have examined how soil 

type and physical characters interact with P. brassicae in clubroot development. High 

levels of clubroot have been reported in heavy loam acid soils relative to lighter soils 
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(Colhoun 1953). Studies on different soils have produced conflicting results, indicating 

that light soil, sandy soil, humus rich soil and clay soil all favour clubroot development 

(Ravn 1905, Vanderyst 1904 cited in Karling 1968). Differences in clubroot level occur 

even when different soils are inoculated with the same spore load (Naumov 1928, 

Fedotova 1928, cited in Colhoun 1953). 

Clubroot levels in soil are influenced by organic matter content, moisture, pH, and 

physical properties. The highest levels of clubroot often occur at the lowest levels of 

organic matter content (Wallenhammar 1996). However, very high levels of clubroot also 

occur in muck soil with 70% organic matter (McDonald and Westerveld 2008, Thuma et 

al. 1983). Similarly, clubroot levels on Chinese cabbage were low in a humic andosol soil 

when compared to andosol and sterilized soils (Murakami et al. 2000), likely in response 

to a combination of biotic and abiotic factors. However, the inoculum concentration used 

in the experiment was less than 103 spores/g of soil. At this concentration, clubroot levels 

are expected to be very low (Hwang et al. 2011a). Thus, it is still not clear which abiotic 

and biotic factors in soil are most important in the suppression of clubroot. Suppression 

of clubroot in andosols soil may be associated with organic matter content, which 

improves soil texture and increases soil microbial activity and nutrient availability (Dixon 

and Tilson 2010). 

Another important factor that influences clubroot severity is soil moisture. An 

early study reported that high soil moisture for a short period was sufficient for infection 

to occur (Wellman 1930). Subsequent studies indicated that 60–70% soil moisture with 

an optimum temperature was most favorable for clubroot development, but low levels of 

infection can occur even at low soil moisture (Colhoun 1953, Hamilton and Crete 1978). 
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Cumulative rainfall during the first 2–3 weeks of crop growth was positively 

correlated with clubroot severity (Thuma et al. 1983). A recent study also reported a 

positive correlation between cumulative rainfall throughout the crop growth period and 

clubroot severity at harvest (Adhikari 2010). 

The physical properties of a soil depend on water holding capability (soil 

moisture), pore size and degree of compaction. Soil moisture content is the volume or 

mass of water present in soil. Soil moisture content is measured on either a gravimetric or 

volumetric basis. Gravimetric soil moisture content is the measure of mass of water 

present in a soil sample to that of mass of the dry soil sample. Volumetric soil moisture 

content is the volume of water present in a soil sample divided by total volume of dry 

soil, air and water in the sample (WMO 2008). 

Soil moisture potential is a measure of energy status of the soil water. Soil matric 

potential is one of the factors that make up soil moisture potential. It indicates how hard it 

would be for plants to absorb water against gravitational, capillary and electrostatic 

forces, and is an important factor for water movement and water holding capacity 

(Gardner 1979). The soil matric potential is influenced by capillary and electrostatic 

forces. These forces are in turn governed by soil texture and spatial arrangement (Bilskie 

2001), which act in combination to produce different pore sizes in different soils. The 

lower the soil matric potential, the higher the macro pore size and water retention 

capacity. When the impact of soil type was examined under low soil matric potential, 

almost 100% infection occurred in silty loam, sandy loam and muck soil  (Dobson et al. 

1982). This result indicates that soil with higher moisture retention capacity, would have 

a higher level of clubroot.    
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Soil compaction, which has been associated with increased levels of root disease 

in many host-pathogen systems, is affected by soil structure and texture. For example, the 

incidence of Phytophthora root rot of soybean increased with an increase in soil 

compaction (Moots et al. 1988).  Similarly, root rot of cereals and peas were also 

associated with increased soil compaction (Carter and Johnston 1989, Raghavan et al 

1982). To date, there is very limited research on the impact of soil compaction on 

clubroot development. However, The frequency and continuity of soil pores and their 

sizes are crucial for the movement of zoospores (Cook and Papendick 1972). Rod-shaped 

bacteria such as Pseudomonas spp. require a pore size of 1.5–3.0 µ (micrometres) for 

effective movement (Griffin and Quail 1968). In general, pathogen growth was reduced 

in well drained soil, whereas heavily water logged and compacted soils favored root rot 

disease (Dixon and Tilston 2010).  

1.5 Management of Plasmodiophora brassicae 

1.5.1 Cultural control 

Although management of clubroot has been a topic of research in Canada for 

many years, the focus until recently has been on clubroot of Brassica vegetables. 

However, the focus has changed to clubroot on canola since 2003, but there are still very 

few effective approaches for managing clubroot in canola. 

The cultural control practices to reduce clubroot mainly focus on reducing the 

spread of the pathogen and reducing pathogen populations in the soil. Recommendations 

include sanitation of equipment to reduce the spread of the pathogen, good soil drainage, 

eradication of wild hosts, use of bait crops, crop rotation, and soil treatments such as 
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liming, solarization and irradiation (Ahmed et al. 2011, McDonald et al. 2004, Myers et 

al. 1983, Tremblay et al. 2005). 

One field trial reported that the concentration of resting spores of P. brassicae can 

be reduced by growing bait crops such as spinach, oat and leafy daikon before growing 

susceptible Brassicas. However, at a high spore load of 106 spores g-1 of soil, the effect 

produced by bait crops was small (Murakami et al. 2001). Similarly, populations of         

P. brassicae were slightly reduced in growth room studies after two cycles of canola or 

Chinese cabbage cultivation when compared to non-hosts such as red clover (Tifolium 

pratense L.), perennial ryegrass (Lolium perenne L.), orchardgrass (Dactylis  spp.), 

bentgrass (Agrostis capillaris L.), barley (Hordeum vulgare L.), and wheat (Triticum 

spp.). However, these crops had no effect under field conditions, and the authors 

concluded that the use of bait crops is not an effective method of clubroot management 

under field conditions in western Canada (Ahmed et al. 2011). A similar pattern of 

response, with bait crops effective under greenhouse conditions but not effective in field 

trials, had previously been reported from northern Europe (Friberg et al. 2005). 

The incorporation of dry powder extract of sea grass (Posidonia australis) 7 days 

before seeding reduced clubroot development in Chinese cabbage. The sea grass extract 

induced the germination of resting spores of P. brassicae. The emerging zoospores are 

short lived, so they need to quickly find a suitable host and initiate the infection. In the 

absence of a host, they do not survive (Hata et al. 2002). 

In an experiment with soil amendments such as wood ash and calcium cyanamide 

and fungicide treatments, Ranman and Terraclor 75% WP; wood ash by itself was not 

effective in reducing clubroot severity, but incorporation of wood ash along with a 
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calcium source resulted in a small reduction in clubroot. Although the fungicides Ranman 

and Terraclor were more effective against clubroot than wood ash plus calcium cyanide, 

efficacy was too low to merit further study on canola (Hwang et al. 2011b). In another 

study, application of Perlka (10% calcium cyanamide, 50% calcium oxide, 19.8% 

nitrogen, 1.5% magnesium oxide) at the rate of 1.0 T ha-1 at 7 days before sowing 

reduced clubroot incidence to 16 % compared to 43% in the nontreated control 

(McDonald et al. 2004). However, this is a very expensive treatment and is, therefore, not 

economical for canola growers or even most vegetable growers. 

Early seeding of canola is also an important cultural practice to manage clubroot. 

There was a reduction in clubroot severity (<50% DSI) in canola seeded in early May as 

well as an increase in yield, when compared to that of later sowing in late May or early 

June (Gossen et al. 2009). Similarly, McDonald and Westerveld (2008) and Adhikari 

(2010) showed that clubroot incidence and severity were much lower in Shanghai pak 

choy seeded in May (<15% DSI), when soil and air temperatures were low, as compared 

to plants seeded in June or July, when mean soil temperatures were close to the optimum 

for the pathogen. 

In Alberta, the provincial body charged with making recommendations on 

clubroot management has put forward a coordinated and integrated set of 

recommendations for management of clubroot on canola. These include a 4-year crop 

rotation with a resistant canola line, removal of volunteer canola and crucifer weeds, and 

sanitation of field equipment to minimize movement of soil from one field to another 

(Alberta Clubroot Management Plan 2010). Similarly in Ontario, the recommendation for 

management of clubroot on Brassica crops includes disinfection of seed beds for 
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transplant production, removal of culled vegetables, application of lime to raise the soil 

pH above 7.2, and application of registered fungicides such as Allegro 500F and 

Terraclor 75WP (Quintozene 75WP or Crusoe 75WP or Adobe 75WP) (OMAFRA 

2011b). In Australia, an integrated approach is being followed by many vegetable 

growers that includes sanitation (e.g., regular cleaning of the reused transplant plug 

trays), application of lime in acidic soils, and application of plant nutrients (calcium, 

magnesium and boron), together with application of fungicides in severely infested 

highly alkaline fields  (Donald and Porter 2009, Donald et al. 2006). 

Some of these management practices are not possible or atleast not practical for 

growers for various reasons. For example, many vegetable growers’ fields are leased and 

they cannot afford, or are unwilling to invest in expensive and time-consuming 

applications of Perlka or even lime. Also, growers may not be able or willing to adopt 

long crop rotations (McDonald and Westerveld 2008). The profit margin for canola is 

much lower than for vegetables, so most canola growers cannot afford fungicidal 

drenches (Strelkov et al. 2011) or even the application of lime (B.D. Gossen, personal 

communication). 

1.5.2 Biofungicides 

The use of biofungicides is increasing around the world because of consumer 

concerns about synthetic pesticides and the increase in organic crop production (Donald 

and Porter 2009). The following characteristics are important for a potential microbial 

biofungicide: the microorganism should compete well for nutrients, it should demonstrate 

antagonistic properties via production of inhibitory substances, and it should be adapted 

for ease of application (Suleman et al. 2002). The research for potential biocontrol agents 
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effective against P. brassicae has been fairly extensive, and has included evaluation of a 

range of bacteria and fungi, e.g., Streptomyces sp., Bacillus sp., Trichoderma sp., 

Gliocladium catenulatum (Gilman and Abbott), and fungal endophytes such as 

Heteroconium chaetospira (Grove M.B. Ellis) and Acremonium alternatum (Link). 

Heteroconium chaetospira and A. alternatum have potential to be effective biocontrol 

agents because they establish well in the acidic range of pH 5.5 and 6.3 and effectively 

control the pathogen at spore load of up to 105 spores/ g of soil. However, they are not 

effective when the spore load is 106 spores/ g (Jäschke et al. 2010, Narisawa et al. 2005). 

EM-1 (EM•1® Microbial Inoculant, EMRO USA Effective Microorganisms, AZ) 

suppressed clubroot incidence to a limited extent (20-40%) compared to nontreated 

control (46-64%) in initial testing, but variation was observed in subsequent years on 

crops such as oilseed rape, white kohlrabi and kale. The EM-1 product is comprised of 70 

species of microorganism representing five groups: lactic acid bacteria, phototrophic 

bacteria, Actinomycetes, fungi and yeasts (Kurowski et al. 2009). In other studies, cortical 

infection of radish (Raphanus sativus L.) by P. brassicae was reduced when the roots 

were drenched with certain bacterial strains (Kroll et al. 1984). 

Bacteria with activity against clubroot 

Bacteria have been used to suppress various plant pathogens on crops ranging 

from vegetables to ornamentals (Glick and Bashan 1997). Bacteria in the genus Bacillus 

are rod-shaped, gram-positive bacteria. Some are free-living and others are pathogenic 

(Bitton 2011). Many Bacillus species are rhizosphere colonizers that compete with 

pathogenic microorganisms through various combinations of competition, rapid 

colonization of the rhizosphere, antibiotic production, production of cell-wall degrading 
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enzymes, and stimulation of systemic acquired resistance in the host (Glick and Bashan 

1997). Several strains of B. subtilis (Ehrenberg) Cohn have been developed as 

commercial biofungicides (Lee et al. 2006) and 4–5% of the genome of B. subtilis is 

devoted to antibiotic production (Ongena and Jacques 2008). Bacillus subtilis strains 

MBI 600 and QST 713 are registered for use as biological fungicides in Canada. The 

commercial products that contain these strains include Pro-Mix (strain MBI 600) and 

Serenade MAX, Serenade ASO, Rhapsody ASO, Serenade Garden Concentrate and 

Serenade Garden (strain QST 713). These products are manufactured and sold by 

AgraQuest Inc., Davis, CA, U.S.A. Strain MBI 600 is used to suppress Pythium spp. 

(PMRA 2007) and strain QST 713 to suppress various fungal pathogens (PMRA 2009). 

Serenade Max was the first biofungicide to be registered in Canada (PMRA 2009). 

The biocontrol activity of B. subtilis strains, in particular QST 713, results from 

the production of cyclic lipopeptides and teichuronic acid (Joshi and Gardener 2006). 

These cyclic lipopeptides (LPs) fall under the families of surfactin, iturin and fengycin, 

and are the important factors that make B. subtilis an effective biocontrol agent (Ongena 

and Jacques 2008). Surfactin helps to reduce the surface tension on plant root surfaces 

and modifies surfaces by changing the function of lipid layers. However, it is not clear 

whether pathogen inhibition by B. subtilis is due to direct bactericidal activity or 

inhibition of pathogen attachment to the root surface (Ongena and Jacques 2008). Iturins 

makes the host membrane ion-permeable by creating an imbalance in osmosis. Iturins 

and fengycin have antibiosis or antagonistic biocontrol activity. 

Streptomyces spp. are another group of organisms developed as biofungicides and 

evaluated for the management of P. brassicae by various researchers. Streptomyces spp. 
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are filamentous rod-shaped gram-positive bacteria (Bitton 2011) that are capable of 

producing a broad-spectrum of antibiotics that are active against various fungi and 

bacteria  (Atta 2010). They occur abundantly in soil and water. Streptomyces sp. S99 

isolated from asymptomatic plants from clubroot-infested fields gave significant control 

of clubroot on greenhouse grown cauliflower (Cheah et al. 2000). A Streptomyces sp. 

also reduced clubroot severity in Chinese cabbage under field and glasshouse conditions 

(Cheah et al. 2001). Similarly, three strains of Streptomyces (A004, A011 and A018) 

moderately reduced clubroot levels under greenhouse conditions (Lee et al. 2008). 

The products that contain Streptomyces spp. that are commercially available in 

Canada are Actinovate ® SP (0.37% S. lydicus strain WYEC 108; Natural Industries, Inc. 

Houston, TX) and Mycostop ® WP (30% S. griseoviridis strain K61; Verdera Oy, Espoo, 

Finland). Actinovate is widely used in Canada for management of Botrytis fruit rot and 

powdery mildews of horticultural crops such as strawberries, and on greenhouse crops 

such as Gerberas and Capsicum (PMRA 2007). Mycostop ® WP is registered in Canada 

for the control of Fusarium, Pythium and Phytophthora spp. on various greenhouse crops 

(PMRA 2003). 

Fungi with activity against clubroot 

Gliocladium catenulatum Gilman and Abbott is a naturally occurring saprophytic 

fungus that colonizes the roots of many crop species faster than other rhizosphere 

microbes. The mode of action of this fungus is suspected to be hyperparasitism, through 

surrounding and lysing the hyphae of plant pathogens. The soil-borne plant pathogenic 

fungi Pythium ultimum and Rhizoctonia solani were suppressed by this antagonist 

(McQuilken et al. 2001). It was also reported to parasitize Sporidesmium sclerotiorum 
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and Fusarium spp. (Kaewchai et al. 2009). The compounds produced by G. catenulatum 

include verticillin and glisoprenin. Verticillin is similar to compounds produced by 

Verticillium sp. Verticillin analogues have anti-microbial activity. Glisoprenins inhibit 

appresorial formation and transferase enzyme production in Magnaporthe grisea (Joshi et 

al. 1999). The commercial product of G. catenulatum is Prestop ® WP (32% 

G. catenulatum strain J1446; Verdera Oy, Espoo, Finland) and it is a registered 

biofungicide in Canada on a number of horticultural crops (PMRA 2009). 

Trichoderma spp. suppresses pathogens through hyperparasitism, competition for 

iron, production of extra-cellular lytic enzymes, and antibiosis (Sivan and Chet 1989, 

Whipps 2001). The registered product containing T. harzianum in Canada is RootShield® 

Drench WP (1.15% T. harzianum Rifai strain KRL-AG2). It is registered for management 

of root pathogens in a broad range of greenhouse crops (PMRA 2008). 

Heteroconium chaetospira reduces clubroot severity under moderate soil moisture 

and pathogen load under growth room conditions. However, it did not consistently reduce 

P. brassicae populations under field conditions (Narisawa et al. 2005). Application of the 

Acremonium alternatum before inoculation of P. brassicae in Arabidopsis sp. reduced 

clubroot development under controlled conditions, but was not effective when applied 

after inoculation (Jaschke et al. 2010). 

Although a number of biocontrol products are available, their success depends on 

various factors under field conditions. One study on Shanghai pak choy showed that 

Mycostop and Actinovate reduced clubroot levels at a moderate disease pressure under 

growth cabinet conditions and were more effective than Serenade and Prestop. However, 

none of the biofungicides were effective under field conditions (Adhikari 2010). In 
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another study, the biofungicides Serenade and Prestop were as effective as fungicides in 

reducing clubroot severity in canola (up to 91% reduction) under growth room conditions 

(Peng et al. 2011). However, under high disease pressure, the biofungicides were 

ineffective for the suppression of clubroot on canola and Shanghai pak choy. In field 

trials on mineral soil, Serenade and Prestop were not effective on canola.  However, 

Actinovate and Serenade were as effective as Allegro in suppressing clubroot on napa 

cabbage field trials on muck soil, reducing clubroot severity by approximately 50% (Peng 

et al. 2011). 

1.5.3 Fungicides 

Various classes of fungicides have been assessed for efficacy against P. brassicae 

since the early 1950’s, where none of the treatments provided complete control 

(Campbell 1954). In a glasshouse study, benomyl and trichlamide reduced root hair 

infection and symptom development, but quintozene was not effective (Naiki and Dixon 

1987). In another study, application of quintozene as a soil treatment or in-row 

application reduced clubroot severity compared to the nontreated control, but the yield 

was not affected (Hwang et al. 2011b). However, quintozene is currently recommended 

for clubroot management in Canada (OMAFRA 2011b). Perlka is a nitrogenous fertilizer 

and a source of calcium for plants. Application of Perlka (10% calcium cyanamide, 50% 

calcium oxide, 19.8% nitrogen, 1.5% magnesium oxide), a soil amendment with 

fungicidal activity, at the rate of 1.0 T/ha at 7 days before sowing, reduced clubroot 

incidence to 16% from 43% in the nontreated control (McDonald et al. 2004).  



28 

 

The fungicide Allegro® 500F (fluazinam, ISK Biosciences Corporation, Ohio, 

USA) is registered for management of clubroot on Brassica vegetables in Canada. The 

products were discovered and developed for commercialization by the Ishihara Sangyo 

Kaisha, Ltd. (ISK), Japan in the early 1990’s and 2001, respectively. Based on their mode 

of action, they are in group 21 and 29, respectively (Fungicide Resistance Action 

Committee 2010). 

Allegro is a protective pyridinamine fungicide (Suzuki et al. 1995) with a broad 

spectrum of activity against organisms ranging from protists to the Basidiomycota 

(Suzuki et al. 1995). It inhibits spore germination by uncoupling  protons in the 

production of ATP (Guo et al. 1991). To be effective, it must be present in the soil around 

the roots of a susceptible plant (Cheah et al. 1998). A drench application of Allegro 

protected the taproot of Chinese cabbage, but lateral roots outside the drenched area were 

not protected (Cheah et al. 1998). In plants treated with fluazinam at 1 ppm, germination 

of resting spores and subsequent root hair infection was inhibited. However, there was no 

effect on the pathogen once the cortical cells were infected (Suzuki et al. 1995, Tanaka et 

al. 1999). This is expected, since the active ingredient is not systemic, so would not be in 

contact with the pathogen inside the host. On high pH soils, drench application of 

fluazinam at the rate of 1.5 kg ha-1 a.i at the time transplanting was most effective  

(Donald et al. 2006). 

Ranman is a contact fungicide in the phenylimidazole group with anti-sporulation 

activity (Mitani et al. 2003)  (Gentili et al. 2002). Ranman 400 SC (34.5% cyazofamid) 

is registered for use in Canada. It provides excellent control on almost all stages of 

Oomycete pathogens (Ohshima et al. 2004). Cyazofamid is effective against both 
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Oomycetes and plasmodiophorids at very low concentrations (Ohshima et al. 2004). The 

target site is the complex III of cytochrome bc1 (ubiquinone reductase) at the Qi (quinone 

inside) site of mitochondrial respiration, and hence falls under the quinone inside 

inhibitors group (Fungicide Resistance Action Committee, 2010). The mode of action of 

cyazofamid is specific, which led Mitani et al. (2003) to suggest that the structural 

features of cytochrome bc1 may be similar in the Oomycetes and P. brassicae. 

Cyazofamid strongly inhibits the primary stages of P. brassicae infection and club 

formation. Germination of resting spores in soil was inhibited using a concentration of 

0.3 mg L-1 cyazofamid (Mitani et al. 2003).  

Both fluazinam and cyazofamid prevented club development in controlled 

environmental conditions at spore loads of 105 and 106 spores/mL and in the field on 

different seeding dates in Shanghai pak choy and Chinese cabbage (Adhikari 2010). In 

another study under growth room conditions, both Ranman and Allegro reduced clubroot 

levels by up to 91% compared to the nontreated control in canola (Peng et al. 2011). 

1.6 Host resistance 

Host resistance to a pathogen can be the most effective, economical and 

environmentally friendly means of disease management. However, complete resistance to 

a pathogen is not always available in a commercially acceptable host cultivar (Dodds and 

Rathjen 2010). In general, developing a cultivar or line that is resistant to all the known 

pathotypes of a pathogen is a challenge. The most common type of resistance is single 

gene resistance (also known as vertical resistance). Single gene resistance against           

P. brassicae has often broken down quickly through the development of new pathotypes 
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(Diederichsen et al. 2009). In the 1960s, the resistance of the cabbage cultivar Badger 

Shipper broke down in North America, but the resistance was restored in this case by 

increasing the length of the crop rotation interval (Seaman et al. 1963). The winter canola 

cv. Mendel, which was released in 2003, started to decline by 2007 in the UK 

(Diederichsen et al. 2009).  

The first clubroot-resistant canola cultivar for western Canada, Pioneer hybrid 

45H29, was released in 2009. It has a high level of resistance to pathotype 3, even under 

high disease pressure (Strelkov et al. 2006). By the spring of 2011, the list of clubroot 

broad spectrum resistant cultivars that were available to Prairie canola growers had 

grown to include CANTERRA 1960 and 1918 (Canterra Seeds), Dekalb 73-67 and 73-77 

(Monsanto Canada Inc.), D3152 (DuPont), 9558C (Viterra) and Invigor L135C (Bayer 

Crop Science) (Alberta Seed Industry 2011).  

1.7 Thesis overview 

The management of P. brassicae in a sustainable and economical way continues 

to be a challenge. Various aspects of P. brassicae management have been studied 

intensively, but none of the methods that are available provide effective and consistent 

control, except, perhaps, resistant cultivars. Among the various factors that influence 

clubroot development, temperature is one of the most important environmental factors. 

As discussed previously, the optimum temperature for clubroot development lies between 

20° and 25° C. Soil pH also influences clubroot development, and application of lime to 

raise the soil pH has been used for centuries for management of clubroot. However, this 

method is not always effective under field conditions. Despite decades of research, there 
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has been no systematic study of the interaction of temperatures and pH on clubroot, and it 

would be useful to expand our understanding of this important interaction. 

Environmental friendly management of P. brassicae using biocontrol is an 

objective of several research programs. Although a number of biocontrol products are 

available, their efficacy is highly variable, especially under field conditions. For example, 

Serenade and Prestop were effective against clubroot at low disease pressure in mineral 

soil mixed with soil-less mix, but not at high disease pressure (5 x 106 or 2 x 107 

spores/mL) on canola under controlled conditions (Peng et al. 2011), These products 

were ineffective on Shanghai pak choy in soil-less mix (Adhikari 2010), and very 

inconsistent on canola in mineral soil and Brassica vegetables in muck soil under field 

conditions.  They were effective on napa cabbage on muck soil (Adhikari 2010, Peng et 

al. 2011). This raises the question of the effect of host and growth medium or soil type on 

the efficacy of biofungicides in both the growth room and the field. 

The objective of this research was to assess the impact of several factors that were 

thought to affect symptom development of clubroot on canola, as part of a larger body of 

research to examine the impact of physical and environmental factors on this host-

pathogen combination. The specific objectives of the study were:  

1. To assess the interaction of pH and temperature on the developmental stages of        

P. brassicae in root hairs of canola seedlings, and subsequent clubroot symptom 

development in 6-week-old canola plants under controlled conditions, and 

2. To assess the interaction of pathotype, host, and growth media on the efficacy of 

selected biofungicides against clubroot under controlled environmental conditions, 

and to assess the efficacy of these biofungicides under field conditions. 
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The following hypotheses were tested: 

1. The interaction of pH and temperature affects infection success by P. brassicae and 

subsequent clubroot levels in canola.  

2. Biofungicides have efficacy to reduce clubroot levels under field conditions.  

3. The interaction of host, growth media and pathotype affects the efficacy of 

biofungicides against clubroot under growth room conditions.  
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2 CHAPTER 2 

INFLUENCE OF pH AND TEMPERATURE ON INFECTION AND SYMPTOM 

DEVELOPMENT OF CLUBROOT IN CANOLA 

2.1 Abstract 

Clubroot is caused by the soil-borne biotrophic protist Plasmodiophora brassicae. 

The interaction of temperature (10°, 15°, 20°, 25°, 30°C) and pH (5.0, 5.5, 6.0, 6.5, 7.0, 

7.5, 8.0) on root hair infection (RHI) and clubroot symptom development in canola roots 

was studied under controlled environmental conditions at optimum moisture levels. High 

RHI (up to 61%) and clubroot incidence (up to 100%) were observed at acidic pH (5.0 to 

6.5) when temperatures were optimum for clubroot development (20° and 25°C). 

Clubroot was suppressed but not totally eliminated at alkaline pH (7.5 and 8.0) and 

optimum temperature. Clubroot severity was low at 10°C and 15°C, regardless of pH. 

There was a negative correlation between clubroot severity and shoot weight at 25°C at 

each pH. Although clubroot symptom development on canola is reduced at high pH, 

moderately high clubroot severity can still develop when moisture and temperature are 

optimum. 

2.2 Introduction 

Canola (Brassica napus) is an economically important oilseed crop in Canada, and 

99% of the crop in Canada is grown in the prairie provinces (Statistics Canada 2010). The 

canola industry generates about $15.4 billion for the Canadian economy each year 

(Canola Council of Canada 2010). Clubroot caused by P. brassicae was first identified in 
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commercial canola fields on the prairies in 2003 near Edmonton, Alberta (Tewari et al. 

2005), and has become a major threat to canola production in western Canada. 

There are several factors that affect the growth and pathogenicity of P. brassicae. 

The most important factors are temperature, pH, moisture, inoculum concentration, and 

host susceptibility. The influence of pH on clubroot development has been known for 

many years. Severe clubbing in broccoli was observed at pH values up to 7.2, even at a 

low inoculum concentration, whereas there was no clubbing at pH 8.0 (Myers and 

Campbell 1985). In contrast, another study reported that clubbing developed irrespective 

of pH when spore density was high and moisture was optimum (Macfarlane 1952). It is 

not clear if the effect of pH occurs primarily as a result of fungistasis, inhibition of the 

germination of resting spores in alkaline soil (Myers and Campbell 1985, Watson and 

Ford 1972), or some other mechanism. Application of lime to raise soil pH and reduce 

clubroot has been studied extensively (Colhoun 1953, Fletcher et al. 1982, Hamilton and 

Crete 1978). Although raising the soil pH to 7.2 or above is a standard recommendation 

for clubroot management in vegetable crops (OMAFRA 2011b), this treatment is not 

always effective (McDonald et al., 2004). Application of cations such as calcium, 

magnesium and boron to raise soil pH above 7.2 under greenhouse conditions reduced 

root hair infection and subsequent symptom development (Donald and Porter 2004, 

Myers and Campbell 1985, Webster and Dixon 1991a,b). The ability of the resting spores 

to infect root hairs is not affected by high pH in the absence of calcium (Myers and 

Campbell 1985). Thus, there are still some questions to be answered concerning the 

effects of pH on clubroot. 
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The optimum temperatures for clubroot development are well established. Several 

reports indicate that the optimum temperature for clubroot development is between 20° 

and 24°C (Karling 1968). Under greenhouse conditions, a minimum mean temperature of 

19.5°C and pH of 5.2 was required to achieve 100% clubroot incidence in cabbage 

(Buczacki et al. 1978). In another study on cabbage, a mean temperature of 25°C with 

70% soil moisture was required for development of severe clubroot symptoms  in both 

acidic (pH 6.3) and alkaline (pH 7.8) soils under controlled environmental conditions 

(Colhoun 1952). A recent study demonstrated that clubroot severity was higher in 

Shanghai pak choy harvested in July and August, when temperatures were in the range of 

15°–22°C, compared to the October harvest where temperatures were substantially lower 

(McDonald and Westerveld 2008). Similarly, clubroot incidence and severity were higher 

in canola and Shanghai pak choy under controlled environmental conditions where the 

temperatures ranged from 17° to 25°C compared to development at 10° and 15°C. The 

optimum temperature was observed to be 25°C (Adhikari 2010, Sharma et al. 2011a).  

All of these reports focused on either pH or temperature. To date, there is no 

study specifically focused on the interaction of these two important factors and very 

limited information on the impact of pH on clubroot development on canola under 

controlled conditions. Hence, a study of clubroot development on canola was conducted 

across a range of temperatures and pH levels under optimum moisture and spore load. 

The objective was to assess the interaction of pH and temperature on the developmental 

stages of P. brassicae in root hairs of canola and on subsequent clubroot symptom 

development under controlled environmental conditions. 
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2.3 Materials and methods 

2.3.1 General 

Two companion studies on canola were conducted to assess clubroot development 

at the two infection phases of the pathogen lifecycle; i) infection and pathogen 

development in root hairs were assessed in seedlings (root hair infection trial), and ii) 

secondary infection and symptom development were assessed in older plants (symptom 

development trial). The plants for both studies were seeded and transplanted on the same 

day, and the environmental conditions, growth media, cultivar, pathogen source, and 

inoculation were identical between the two studies to facilitate comparisons between the 

studies. Both studies were arranged in a split-plot design with two factors: temperature 

(main plot) and pH (subplot), and three replications. Both studies were repeated with 

slight modification. 

Air temperature was recorded in each growth cabinet using HOBO temperature 

sensors (ProSeries Temp RH 2009 ONSET Computer Corporation, MA) to quantify 

fluctuations. The recorded temperatures were generally close to the target temperatures 

(data not shown). Variation from the target temperature was less than 1°C, except in the 

repetition of the studies at 20°C, which had slightly higher mean temperature than 

targeted (21.2°C). Therefore, the target temperatures were used in the regression 

analyses. 

2.3.2 Plant culture 

Seeds of the clubroot-susceptible canola cv. 46A76 (Pioneer Hi-Bred, Chatham, 

ON, Canada) were sown in moist sand in Petri dishes at 20°C with 16-h photoperiod. 



37 

 

When the cotyledons were fully expanded, individual seedlings were transplanted into 

pipette tips / Falcon tubes containing autoclaved, non-calcareous sand at pH 6.5 

(Hutcheson sand, Hutcheson Sand Mixes, Huntsville, ON) for the root hair infection trial 

and tall plastic containers (Conetainers, 164 mL, Stuewe Sons Inc. Corvallis, OR) for the 

symptom development trial. The plants were fertilized with 15: 15: 18 N:P:K and 

ammonium sulphate. A stock solution was prepared using 40 g of N:P:K and 20 g of 

ammonium sulphate in 1 L of water. A 5-mL aliquot of stock solution was added to 1 L 

of deionized water and the pH was adjusted before watering as described below. A 14-hr 

photoperiod with a light intensity of 200–250 µmolm-2 s-1 and 65% relative humidity was 

maintained throughout the trial. The transplanted seedlings were maintained at 20°C for 5 

days, and then they were inoculated and moved to the respective temperature treatments.  

2.3.3 Inoculum preparation 

To prepare the spore suspension, resting spores of  P. brassicae  pathotype 6 were 

extracted from clubbed roots of cabbage collected from the Muck Crops Research 

Station, Holland Marsh, Ontario in 2008 and stored at -20°C until required. A 3-g sample 

of clubbed roots was macerated in 100 mL of sterile deionized water in a commercial 

blender. The resulting suspension was filtered through eight layers of cheesecloth. The 

concentration of resting spores in the filtered solution was estimated using a 

haemocytometer and diluted with sterile deionized water to attain the desired 

concentration of 1 x 106 spores mL-1. The inoculum was prepared on the day of 

inoculation. After inoculation, the plants were moved to growth cabinets set at the 

respective temperature treatments. For both studies, 10-day-old seedlings were inoculated 

on 25 May, 2010 and the repetition of both studies was inoculated on 07 October, 2010. 



38 

 

2.3.4 Temperature and pH 

In both studies, pH treatments of 6.0, 6.5, 7.0, 7.5 and 8.0 were assessed. The 

plants were watered with deionized water adjusted to the desired pH using 5% acetic acid 

or 10% sodium hydroxide. Fresh pH-adjusted water was prepared and applied every day. 

The pH meter (Hanna instruments, Woonsocket, RI) was calibrated before each use, 

using standard buffer solutions (Fisher Scientific, Nepean, ON). To achieve the desired 

pH of the sand growth medium, water of the target pH was added to each pipette tip / 

Falcon tube or conetainer.  The water that drained from the pipette tips / Falcon tubes or 

conetainers was collected and the pH of the drain water was measured for each treatment. 

Based on this result, the pH of the watering solution was adjusted up or down and the 

watering solution was re-applied until the desired pH was attained in the drain water. 

The temperatures assessed in both studies were 10°, 15°, 20°, 25° and 30°C, 

provided by standard growth cabinets. Temperature was measured at plant height. A 

HOBO temperature sensor (ProSeries Temp RH 2009 ONSET Computer Corporation, 

MA) was placed inside each growth cabinet. Temperatures were recorded at 5-min 

intervals and the daily mean temperature was calculated from the day after inoculation to 

the day before harvest. 

Both studies were repeated, with the following modifications: treatments at pH 

5.0 and 5.5 were added to assess clubroot development at lower pH values. Also, the 

treatments at 10° and 30°C were dropped because very low levels of clubroot had 

developed at 10°C and many of the plants at 30°C had died before reaching 6 weeks of 

age in the symptom development trial or 1 week in the root hair infection trial. Finally, 
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the plants were watered with deionized water adjusted to the desired pH using biological 

buffers (Myers and Campbell 1985): PIPES [piperazine-N, N’-bis-(2-ethanesulfonic 

acid,) monosodium salt, mono hydrate], MES [2-(N-morpholino) ethanesulfonic acid, 

sodium salt] and HEPES [N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid] 

(Robiot Canada, Toronto, ON). The stock solutions of the buffers were stored in dark 

bottles, and the MES solution was prepared and stored in a refrigerator at 5°C to avoid 

degradation. The biological buffers were selected because they are non-toxic to both 

pathogen and host, and the desired pH could be maintained more easily with the buffers 

than with acids / bases. 

2.3.5 Root hair infection (RHI) study 

This study was conducted in parallel with the symptom development study to 

examine the relationship between root hair infection and subsequent clubroot 

development. The plants were grown using a sand-liquid culture method (Donald and 

Porter 2004). Each experimental unit consisted of three 5-mL pipette tips, each 

containing a single seedling, inside a 50-mL Falcon tube (Fisher Scientific, Markham, 

ON). Drainage holes were made at the bottom of each Falcon tube to avoid water 

logging. This encouraged plant growth and minimized algal growth, but, the volume of 

water available for each plant was small and hence frequent watering was required. Each 

10-day-old seedling was inoculated with 1 mL of resting spore suspension containing 1 x 

106 spores/ mL. Plants were destructively harvested 12 days after inoculation to observe 

root hair infection. When the study was repeated, each seedling was grown in a Falcon 

tube to increase the volume of water available and so reduce the need for frequent 

watering. 
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Methylene blue stain was prepared by mixing 0.13 g of methylene blue, 10 mL of 

glycerol, 10 mL of methanol, 30 mL of 0.1 M of sodium hydroxide solution and 50 mL 

of deionized water. The contents were stirred for 1 h to dissolve the components. The 

resulting suspension was filtered through Whatman No.1 filter paper. The resulting 

filtrate was stored in a dark coloured bottle. Basic fuchsin stain was prepared by 

dissolving 0.10 g of basic fuchsin in 10 mL of 50% ethanol. From this, 3 mL of solution 

were pipetted into 60 mL of deionized water  (Buczacki and Ockendon 1979). These 

stains were selected to distinguish the growth stages of the pathogen and the plant cell 

components. 

When the plants were sampled, the roots were washed free of sand and placed in 2 

mL centrifuge tubes containing a fixative solution of 50 mL glacial acetic acid and 50 mL 

ethyl alcohol (Donald and Porter 2004). The root samples were immersed in methylene 

blue stain for 10 min and then stained for 3 min in the basic fushin stain (Buczacki and 

Ockendon 1979). The stained root samples were then mounted in glycerol on a glass 

slide. The samples were assessed for root hair infection using a compound microscope at 

125x (objective 10x and eye piece 12.5x) magnification. To estimate the percentage of 

root hair infection on each root, 10 fields of view were selected at about 1 cm below the 

hypocotyls, and 10 root hairs were assessed per field (total, 100 root hairs). The 

developmental stages of the pathogen were identified as i) undifferentiated plasmodia, ii) 

differentiated plasmodia or zoosporangia and iii) dehisced sporangia. The 

undifferentiated plasmodia looked like a mass of cytoplasm, but stained dark pink. 

Differentiated plasmodia had prominent nuclei that stained dark blue, with surrounding 

protoplasm that stained light blue. The zoosporangia were spherical and stained blue. The 
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dehisced sporangia looked like empty, round, transparent beads that stained pink. The 

plant tissues were almost transparent, with pale pink cell demarcations. 

2.3.6 Symptom development study 

Individual canola seedlings were transplanted into tall plastic containers, with 10 

plants per experimental unit, and each 10-day-old seedling was inoculated with 5 mL of 

resting spore suspension containing 1 x 106 spores/ mL. The plants were maintained in 

the same growth cabinets as those in the root hair infection study. The plants were 

destructively harvested for assessment of clubroot symptoms at 6 weeks after inoculation. 

The roots were washed and assessed for clubroot incidence (CI) (%). Severity was 

assessed on a 0–3 scale where 0 = no clubbing, 1 < 1/3 of root clubbing, 2 = 1/3 to 2/3 of 

root clubbing, and 3 > 2/3 of root clubbing (Buczacki et al. 1975). These readings were 

converted to a disease severity index (DSI) from 0 – 100% using the following equation 

(Kobriger and Hagedorn 1983): 

DSI = 
∑ [(class no.)(no. of plants in each class)] 

x 100 

(total no. plants per sample)(no. classes -1) 

To access the impact of clubroot on shoot growth, the fresh weight of the shoot of 

each plant was recorded for repetition 1. 
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A B C

D E

 
Figure 2.1. Clubroot on canola: A) infected root hair (pink) and healthy root hair (clear) 

(x1250), B) differentiating plasmodia (x1250) (note: four nucleus arrangement in 

cruciform pattern – inner picture in close-up view), C) zoosporangia in epidermal cells 

(x1250), D) canola plants maintained at 25°C x pH 5.0 with severe clubbing, and E) 

canola plants maintained at 10°C for four weeks (small plants with leathery leaves). 

2.4 Data analysis 

The data were analyzed in a mixed model analysis of variance (ANOVA) using 

SAS version 9.2 software (SAS Institute, Cary, NC, USA), Temperature (main plot) and 

pH (sub-plot) were the fixed effects, and block and repetition were the random effects. 

The threshold probability of type I error was set at P = 0.05 for all analyses. Normality of 

residuals was tested with the Shapiro-Wilk statistic, which showed that the data were 

normally distributed. Data from the initial trial and the repetition of both studies were 

analyzed together, using only those treatments in common in the initial trial and the 
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repetition. There was no repetition main effect or treatment by repetition interaction for 

RHI or disease severity index (DSI), so the data from the initial trial and the repetition 

were pooled for subsequent analyses. For clubroot incidence (CI), there was no 

interaction (no difference) between the repetitions (P = 0.31), but there was a small 

treatment x repetition interaction (P = 0.04). However, the other two important variables, 

clubroot severity and RHI, did not exhibit an interaction, so clubroot incidence was also 

combined across repetition. Means of RHI, CI and DSI were separated using Tukey’s 

Multiple Mean Comparison Test.   

The treatment effects of the individual variables were also assessed using single df 

contrasts to identify linear and quadratic relationships. Regression in ANOVA was 

conducted to describe the effect of pH and temperature on the response variables. The 

intercepts and slopes of regression for the pH range at each temperature were compared 

using Tukey’s w procedure or using multiple comparisons of regression coefficients. The 

first derivative of each regression equation was solved to obtain the inflection points. 

Multiple regression analysis (first and second order design) was concluded to assess the 

contribution of temperature and pH for each response variable: root hair infection (RHI 

%), clubroot incidence (CI %) and clubroot severity (disease severity index, DSI %). 

Pearson correlation analysis (PROC CORR) was used to examine the strength of the 

relationship between RHI and clubroot level (CI and DSI). Comparison between the two 

studies was possible because both studies were performed at the same time and under the 

same conditions. The correlation between shoot weight and clubroot level was examined 

only for the initial repetition of the symptom development trial. 
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2.5 Results 

2.5.1 Root hair infection study 

Infection of root hairs by P. brassicae occurred at all of the temperatures 

examined (10°–25°C), and there was a substantial temperature by pH interaction. 

Regression analysis of the response to pH within each temperature treatment showed a 

substantial difference among the temperature treatments, with a quadratic pattern of 

response. Hence the differences between the intercepts and slopes were not analyzed. 

Instead, multiple regression was used to assess the relative contribution of temperature 

and pH to RHI. The best-fit multiple regression equation was: RHI = -169.14 + 27.54 

(temp°) - 0.37 (temp°)2 - 9.56 (pH) + 1.26 (pH)2 - 1.36 (temp°)(pH); R2 = 0.94. 

Temperature linear, temperature quadratic and temperature x pH linear contributed 

significantly to the model. The maximum RHI (61%) occurred at 25°C and pH 6.0–6.5 

and at 20°C at pH 5.5–6.0; above this pH, RHI declined (Fig. 2.2). Zoospore release was 

complete by 12 DAI at 25°C at pH 5.0–5.5 and at 20°C at pH 5.0, so only a few 

differentiated plasmodia were observed. In contrast, only the undifferentiated plasmodial 

stage was observed at 20°–25°C at pH 8.0 at 12 DAI (Fig. 2.3). The mean proportions of 

primary plasmodia (undifferentiated and differentiated) decreased with increase in acidic 

pH at any temperature and only matured zoosporangia and dehisced zoosporangia were 

observed (Fig. 2.3) at pH of 5.0–6.5. Root hair infection was lower (26%) at basic pH 

(7.5) than at acidic pH of 5.0–6.5 (Fig. 2.2). At pH 7.5–8.0, only primary plasmodia were 

observed, irrespective of temperature. At 15°C at pH 5.0–8.0, RHI varied from 5–33%. 

At 10°C, RHI was very low (0–1.7%), irrespective of pH in the first repetition of the trial, 

which was the only time this temperature was examined (Fig. 2.4).   
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Figure 2.2. The effect of temperature and pH on root hair infection in canola inoculated 

with Pathotype 6 of Plasmodiophora brassicae and grown under controlled 

environmental conditions, based on multiple regression. Data points that were common to 

the two repetitions are combined and presented. 
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Figure 2.3. Effect of temperature and pH on the mean proportions of primary plasmodia 

(undifferentiated and differentiated) and dehisced sporangia of P. brassicae in root hairs 
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on canola seedlings at 12 days after inoculation under controlled conditions. Capped lines 

represent standard error.  (notes: 1. To show a wide range of possible pH effects, 

repetition 2 is presented here. 

 * -  pH 5.0 & 5.5 at 25°C and pH 5.0 at 20°C are not presented here, as there was no 

evidence of P. brassicae in root hairs).  

In partially emptied zoosporangia, which were frequently observed at 25°C and pH 

6.0–6.5, breaks in the walls of the root hairs were often observed adjacent to empty 

zoosporangia. These breaks indicated places where zoospores had been released through 

the root hair wall. At 20°C and pH 6.0–6.5, plasmodia were observed in the process of 

differentiating into zoosporangia. The nuclei in these plasmodia were arranged in a 

cruciform pattern (Fig. 2.1) that is characteristic of this genus. Zoosporangia occurred in 

various sizes, large and spherical in the middle of the root hairs, and smaller near the 

ends. In each case, the plasmodia occupied only a portion of the entire length of a root 

hair.   

2.5.2 Symptom development study 

There was a temperature by pH interaction for both clubroot incidence and severity 

(Fig. 2.4).  
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Figure 2.4 The effect of temperature and pH on clubroot incidence (A) and severity (B) 

on canola under controlled environmental conditions. Broken lines with closed circles 

represent repetition 1 (temperature 10, 15, 20 and 25°C; pH 6.0–8.0) and solid lines with 

open circles represent repetition 2 (temperature 15, 20 and 25°C; pH 5.0–8.0). Capped 

lines represent standard error. 

 

pH

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

D
ise

as
e 

se
ve

ri
ty

 in
de

x

0

20

40

60

80

100

C
lu

br
oo

t i
nc

id
en

ce

0

20

40

60

80

100

B

A

20°C

25°C25°C

15°C

10°C

25°C

20°C

15°C

10°C



49 

 

The individual regression analysis of each temperature and pH (two trials 

combined) showed a quadratic response to pH at 20° and 25°C for CI and DSI, but there 

was no response to pH at 10° and 15°C. The slopes and intercepts of the multiple 

regression equations for response to pH (6.0–8.0) were significantly different between 

25°C (CI = -939.94x + 316.88x - 24.01x2, R2 = 0.85; & DSI = -369.9 + 155.1x - 12.9x2, 

R2 = 0.92) and 20°C (CI = -408.32 + 161.91x - 13.23x2, R2 = 0.73; DSI = -538 + 190.1x - 

15x2, R2 = 0.83). However, the pattern of response at both temperatures was similar (Fig. 

2.5). The two equations differed in their inflection points (maximum) (pH 6.6 and 6.0 at 

25°C, and pH 6.2 and 6.3 at 20°C for CI and DSI, respectively). The response was not 

significant at 10°C.  
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Figure 2.5  Means of clubroot incidence (A) and severity (B) at 20° and 25°C in canola 

inoculated with Pathotype 6 of Plasmodiophora brassicae and grown under controlled 

environmental conditions, based on regression. Data points that were common to the two 

repetitions are combined and presented. 
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Multiple regression equations were calculated for CI and DSI. The best-fit multiple 

regression equation for was: CI = -944.42 + 28.72 (temp°) - 0.40 (temp°)2 + 210.6 (pH) + 

14.94 (pH)2 - 0.95 (temp°)(pH); R2 = 0.85. The linear and quadratic responses to 

temperature and pH linear, temperature and pH quadratic and the linear component of the 

temperature x pH interaction all contributed significantly to the model. Regression 

analysis indicated that 100% incidence occurred at 25°C and pH 6.0. CI began to drop 

from 100% at 25°C  at pH  above 6.5. The best-fit multiple regression equation for DSI 

was DSI= -764.96 + 23.16 (temp°) - 0.08 (temp°)2 + 166.18 (pH) - 10.42 (pH)2 - 1.89 

(temp°)(pH); R2 = 0.92.  The components that contributed to the model were similar to 

those for CI, except that the quadratic response for temperature. At the optimum 

temperature of 25°C, DSI was 100% at pH 6.0 (Fig. 2.6), which was the same as for CI. 

Above this pH, clubroot severity declined with increasing pH. 
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Figure 2.6. The effect of temperature and pH on clubroot severity on canola inoculated 

with Pathotype 6 of Plasmodiophora brassicae and grown under controlled 

environmental conditions, based on multiple regression. Data points that were common to 

the two repetitions are combined and presented. 

Clubroot development was highest at 25°C and at acidic pH (5.0–6.5) (Figs. 2.4, 

2.6). There were no differences (Appendix 2, supplementary table A2.1) in incidence or 

severity at 20°–25°C and up to pH 7.0. There was a substantial decrease in clubroot 

incidence and severity at all of the temperatures at pH 7.5–8.0, but clubroot was not 

eliminated even at pH 8.0. Severity was low to moderate at 20°–25°C and pH 8.0 (44% 

and 22% DSI for 25°C and  20°C, respectively) (Figs. 2.4 and 2.6). Low levels of 

clubroot were observed at 10°–15°C. At 10°C, severity was less than 10%, irrespective of 

pH (Figs. 2.4 and 2.6 and Appendix 2, supplementary table A2.1). The percentage of root 
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hair infection was strongly and positively correlated with clubroot incidence (r = 0.82; P 

= 0.0002) and severity (r = 0.86; P = 0.0001). 

There was no clear relationship between shoot weight and CI or DSI when all the 

temperature and pH data were combined (Appendix 2, supplementary table A2.1). 

However  at 25°C, the optimum temperature for clubroot development there was  a 

negative correlation across the  range of pH (6.0–8.0) between shoot weight and both 

clubroot incidence (r = -0.73; P = 0.003) and severity (r = -0.78; P = 0.0006). In contrast, 

there was a positive correlation at 20°C and pH 6.0–8.0 between shoot weight and 

clubroot incidence (r = 0.57; P = 0.03) and severity (r = 0.68; P = 0.005). No correlation 

was observed among any of the variables at 10° or 15°C. 

2.6 Discussion 

This is the first study to assess the interaction of temperature and pH on clubroot, 

and the first study of any kind on the impact of pH on clubroot of canola. The optimum 

temperature of 25°C for clubroot development was confirmed. A pH above 7.0 

suppressed clubroot development, but moderately severe clubroot developed at pH 8.0 

when temperatures were conducive for infection and development (20°–25°C) and 

moisture was optimum.  

The highest levels of root hair infection and subsequent clubroot severity occurred 

at 25°C and pH 5.0–6.5 (~61% RHI, 100% CI and DSI). There was a generally quadratic 

pattern of response to temperature and pH for both root hair infection and symptom 

development. The RHI, CI and DSI were all at the maximum at optimum temperature 

(25°C) and  pH 5.0– 6.0, but decreased as pH increased and temperature decreased. 
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The high RHI at 25°C and pH of 6.0 was consistent with the maximum levels of 

RHI reported in previous studies (Ayers 1944, Macfarlane 1952, Samuel and Garrett 

1945). RHI was lower (40%) at 20°C and pH 7.5–8.0. The lowest level of RHI was 

observed at 15°C and pH of 8.0 (4%). RHI decreased with increasing pH and decreasing 

temperature. 

Similarly, the developmental stages of the pathogen were influenced by both 

temperature and pH. At 25°C, the early stages of root hair infection (primary plasmodia, 

differentiated plasmodia, and zoosporangia) were no longer present in canola root hairs, 

leaving only the empty sporangia after the zoopsores had dehisced. The primary infection 

phase of the pathogen’s lifecycle had been completed and zoospores had been released by 

12 DAI at 20°C at pH 5.5 and 25 °C at pH 5.0–5.5. This supports the results of previous 

studies which showed that development in root hairs was rapid when temperature and pH 

were favourable (Donald and Porter 2004, Myers and Campbell 1985, Samuel and 

Garrett 1945). Development was much slower at 15°C and pH 6.0–8.0, where only 

primary plasmodia and a few zoosporangia were present when the trial was terminated at 

12 DAI. Development was even more inhibited at 10°C, where only a few primary 

plasmodia developed at the optimum pH of 6.0–6.5 and no pathogen development was 

observed in the other pH treatments. The effect of temperature on pathogen development 

in root hairs was consistent with previous reports (Adhikari 2010, Sharma et al. 2011a). 

In the study of symptom development, clubroot symptoms were not completely 

suppressed at alkaline pH, although there was a marked decline in severity at pH 7.5 and 

8.0. This is consistent with previous reports of lower levels of clubroot at alkaline pH 
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(Macfarlane and Last 1959, Myers and Campbell 1985, Palm 1963). At 20°C and acidic 

pH, clubroot levels were somewhat lower than at 25°C (~80% incidence and 65% DSI). 

Similar levels of incidence (68–92%) and severity (39–81% DSI) were observed in a 

previous study on Shanghai pak choy and flowering cabbage in field trials conducted 

during July–August, when the average temperature was 20°C (Adhikari 2010, McDonald 

and Westerveld 2008, Sharma et al. 2011a). In the present study, clubroot severity at 

15°C was lower (< 25% DSI) at pH 6.0–8.0 than at pH 5.0–5.5 (34% DSI). Symptoms 

did not develop at 10°C at any pH. The development of moderate levels of clubroot at 

15°C and acidic pH indicates that clubroot can develop under less-than-ideal conditions 

at acidic pH, which may be part of the explanation of previous reports that acidic pH is 

required for clubroot development. 

The percentage of root hair infection was positively correlated with clubroot 

levels (r = 0.86; P = 0.0001). This is consistent with several previous studies that 

reported a strong correlation between primary infection and subsequent gall development 

under controlled conditions (Macfarlane 1952, Sharma et al. 2011a). However, other 

reports had not shown a correlation with clubroot symptoms at harvest under greenhouse 

conditions (Voorrips 1992), possibly due to the complex factors that influence the 

infection success by secondary zoospores (including moisture level, temperature and pH).  

Based on visual observations, canola shoot growth was lower at 25°C than at 

20°C. The plants at 10° and 15°C were much smaller than those plants at 20°C, and their 

leaves were leathery in appearance. A similar pattern of response to temperature has been 

reported from turnip, where shoot and root growth declined at low (< 14.4°C) and high (> 
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25°C) temperatures (Ayers 1944). In the symptom development study, the plants in 

repetition 2 were generally more robust than in repetition 1. This improvement in plant 

health may have been associated with the use of biological buffers to maintain the pH of 

the sand growth media, as the buffers are non-toxic to plant cell and not absorbed through 

cell membranes. In contrast, NaOH and acetic acid can harm the plant cells. 

The application of lime to raise the soil pH is a common practice for reducing 

clubroot under field conditions. The earliest record of the application of lime to suppress 

clubroot was by Ellis in 1750, who also mentioned that English farmers applied calcium-

rich soil (marl) in the field before planting turnips (cited in Wellman 1930). Later, it was 

demonstrated that the application of lime to raise the soil pH above 7.2–7.4 reduced 

clubroot (Chupp 1928). Unfortunately, application of lime is not always successful in the 

management of P. brassicae. For example, application of lime at the rate of 8 T/ha to 

Asian Brassica vegetables grown on muck soil did not provide effective control of 

P. brassicae  (McDonald et al. 2004). Others have demonstrated that the establishment of 

P. brassicae was not solely controlled by the alkaline pH, but that development of the 

pathogen within the plant is inhibited by the alkaline pH along with cations (Hamilton 

and Crete 1978, Webster and Dixon 1991a). However, pH has a larger impact on levels 

of clubroot than cations (Campbell et al. 1985 ). In the current study, clubroot was not 

eliminated at pH 7.5–8.0, which supports the observation from field studies that alkaline 

pH alone does not totally eliminate clubroot, but does reduce severity. Under field 

conditions, various other factors also influence clubroot, including inoculum load 

(Hildebrand and McRae 1998, Macfarlane 1952), moisture (Colhoun 1952, 1953), and 
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temperature (Adhikari, 2010, Gossen et al. 2009, McDonald and Westerveld 2008, 

McDonald et al. 2004, Thuma et al. 1983). 

In conclusion, this study investigated the interaction of temperature and pH on 

root hair infection and symptom development of clubroot in canola. The concentration of 

the inoculum used in this experiment was 5 x 106, which reflects the populations of 

P. brassicae resting spores commonly encountered in infested commercial canola fields 

in Alberta (Ahmed et al. 2011). This study will help with prediction of disease risk in 

areas where clubroot is not yet established, and will also help canola growers to make 

better decisions about the field selection and planting date selections needed to maximize 

yield potential in infested fields. Based on this information, field plots with alkaline pH 

of 7.5 and above and early seeding (~10–15°C) are recommended.  
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3 CHAPTER 3 

EFFECT OF GROWTH MEDIUM ON THE EFFICACY OF BIO-FUNGICIDES FOR 

THE CONTROL OF CLUBROOT 

3.1 Abstract 

Trials were conducted to assess the influence of host susceptibility, pathotype, and 

growth medium on the efficacy of two biofungicides against Plasmodiophora brassicae. 

Three experiments were conducted under controlled environmental conditions (25°/20° C 

day/night, 16-hr photoperiod, 65% RH) and two experiments under field conditions (15°–

22° C) with canola and Shanghai pak choy or napa cabbage. The growth media tested in 

the growth room trials were: muck soil (pH 6.2), mineral soil (pH 6.8), non-calcareous 

sand (pH 6.5) and soil-less mix (pH 6.0). The field experimental were conducted on 

muck soil (pH 6.2) with a high concentration of resting spores (3 x 107spores g-1). In the 

growth room trials, both biofungicides reduced clubroot levels on canola and Shanghai 

pak choy in muck soil, mineral soil and sand. Clubroot levels were low in soil-less mix, 

but increased with increasing soil bulk density. The biofungicides did not reduce clubroot 

under the high disease pressure of the field trials. Both Shanghai pak choy and napa 

cabbage were highly susceptible to P. brassicae. The mean incidence and severity of 

clubroot on both crops following inoculation with pathotype 3 was slightly higher than 

with pathotype 6. The interaction of biofungicides with growth media in the growth room 

experiments indicates that biofungicide efficacy needs to be evaluated in field soils under 

controlled environmental conditions before testing their performance under field 

conditions.  
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3.2 Introduction 

Clubroot of crucifers is the most devastating disease of Brassica crops worldwide. 

Clubroot can cause yield losses of up to 100% in canola (Brassica napus) (Strelkov et al. 

2007) and can also cause total loss of Brassica vegetable crops such as turnip (Conners et 

al. 1956). Clubroot on canola has increased in importance in Canada after the 

identification of infested canola fields in central Alberta in 2003. It continues to spread in 

Alberta (Hartman 2010) and recently was confirmed in the neighboring province of 

Saskatchewan (Saskatchewan Canola Development Commission 2011). 

Factors affecting clubroot development include susceptibility of the host, 

virulence of the pathotype, and soil properties such as pH, soil moisture, soil type, pore 

size, pore volume and bulk density. The host range of P. brassicae lies primarily in the 

family Brassicaceae, and includes economically important Brassica vegetables such as 

napa cabbage, Shanghai pak choy, cabbage, cauliflower and the oilseed crop canola 

(Dixon 2009a). Canola is the most valuable field crop in Canada, where it contributed 

$15.4 billion to the Canadian economy in 2010 (Canola Council of Canada 2010). 

The occurrence of pathotypes of P. brassicae was reported in the early 1930’s 

(Karling 1968). Pathotypes are classified by their virulence pattern on a set of differential 

hosts. Williams’ differential system of pathotype classification on various Brassica crops 

is based on the percentage of infection caused by inoculation with spores from a single 

gall (Williams 1966). Many pathotypes of P. brassicae are virulent on some hosts but not 

others, and more than one pathotype can occur in a field (Toxopeus et al. 1986). Initially, 

the pathotypes in Canada  were classified as 1, 2, 4 and 6 (Ayers 1972). Recently, 
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pathotype 3 was found to be predominant in central Alberta (Strelkov et al. 2006), and 

this pathotype has a broad host range (Cao et al. 2009). Another system of classifying 

pathotypes is the European Clubroot Differential set (ECD), which it is also based on the 

response of pathotype on selected Brassica hosts (Buczacki et al. 1975). Populations of P. 

brassicae in Ontario were more virulent on ECD-05 (B. rapa var. Pekinensis cv. 

Granaat), ECD-13 (B. oleracea var. capitata cv. Jersey Queen) and ECD-14 (B. oleracea 

var. capitata cv. Septa) and the P. brassicae populations of central Alberta caused high 

levels of clubroot in ECD-13 (B. oleracea cv. Jersey Queen) and ECD-14 (B. oleracea 

cv. Septa). Thus Ontario population is designated as ECD -/0/12 (ECD) or Pathotype 6 

(Williams) and central Alberta population is  ECD -/15/12 (ECD) or Pathotype 3 

(Williams) (Cao et al. 2009).  

In addition to host and pathotype, other factors that have an important influence 

on clubroot development include soil moisture, soil type, and the physical characteristics 

of soil such as pore size, pore volume, bulk density and compactness. Soil moisture is a 

critical factor influencing certain stages of the development of P. brassicae. Clubroot 

levels are low when the soil moisture is maintained between 30–40% (Karling 1942). At 

an optimum temperature of ~24°C, high levels of clubroot (> 90% CI) occur with 

fluctuating or constant moisture of 70% (Colhoun 1953). In field trials, rainfall during the 

entire crop growth period (Adhikari 2010) or the initial 2–3 weeks of crop growth 

(Thuma et al. 1983) have been reported to be positively correlated with clubroot severity. 

The optimum level of soil moisture for infection differs among soil types, probably 

because soils differ with respect to water holding capacity. A minimum of 40% water 

holding capacity (60% soil moisture) was required to produce low levels of clubroot in an 
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organic soil, whereas only 25% water holding capacity (9% soil moisture) was required 

in a mineral soil (Hamilton and Crete 1978). 

Other physical characteristics of soil can also affect clubroot levels. For example, 

acidic soils are conducive to clubroot development, whereas alkaline soils are only 

conducive under optimum spore load, moisture and temperature (Colhoun 1953). Spore 

concentrations of 2 x 107 and 1 x 108 spores per gm of soil are required for maximum 

infection in clay and humus-rich soils, respectively (Karling 1942). However, high levels 

of clubroot routinely develop at the Muck Crop Research Station, Holland Marsh, Ont., at 

sites with high organic matter (~70%) and only 1 x 106 spores per gm soil, which 

indicates that other factors also influence clubroot under field conditions. 

There is a lack of information on the impact of other soil characteristics on 

clubroot. Avoiding soil compaction is a recommended practice for clubroot management 

(OMAFRA 2009). Similarly, soil compaction has been positively correlated with root 

disease severity in several other host-pathogen systems, including phytophthora root rot 

in soybean (Moots et al. 1988), root rot in cereals (Carter and Johnston 1989), and root 

rot of pea caused by Aphanomyces euteiches (Drechs) (Fritz et al. 1995) and Fusarium 

spp. (Raghavan et al. 1982). 

Fungicides have been used to control P. brassicae since the late 1800s (Karling 

1942). Even though successful management was achieved with application of compounds 

such as mercury fungicides, formalin, sulphur, and methyl bromide, several of these 

compounds have been banned due to their toxic effects, e.g., mercuric fungicides and 

methyl bromide (Narisawa et al. 2005). Fluazinam (trade name Allegro 500F) and penta 
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chloronitro benzene (PCNB, trade names Quintozene 75WP, Crusoe 75WP, Adobe 

75WP, and Terroclor 75WP) are the two fungicides currently registered in Canada for 

management of clubroot on Brassica vegetables such as Brussels sprouts, broccoli, 

cabbage and cauliflower. Both fungicides are applied as a soil drench, either before or at 

the time of transplanting (OMAFRA 2011a). Application of Terraclor as a soil drench 

reduced clubroot severity slightly in canola under field conditions, but the effect was too 

small to be economical (Hwang et al. 2011c). There continues to be social pressure to 

reduce fungicide use or utilize reduced-risk fungicides to reduce the potential for 

environmental impact. Fluazinam is classified as a reduced-risk fungicide and 

cyazofamid (Ranman) is another low-risk fungicide that has potential for the 

management of clubroot (Adhikari 2010, Strelkov et al. 2011). Both fluazinam and 

cyazofamid reduced clubroot in canola under growth room conditions and in napa 

cabbage under field conditions, and cyazofamid was often more effective than fluazinam 

(Peng et al. 2011). 

Biological control can play an important role in the management of plant 

pathogens when effective products are available or when other options are limited (Fravel 

2005). The benefits of biological methods for clubroot management include 

environmental friendly management and consumer preferences for organic products. Two 

studies on biological control of clubroot have been conducted recently in Canada, but the 

results of the studies were inconsistent. One study examined Shanghai pak choy grown 

on soil-less mix  and inoculated with pathotype 6 under controlled conditions, and also 

cabbage grown on a muck soil site infested with pathotype 6 (Adhikari 2010). The 

biofungicides tested under controlled environmental conditions were Serenade® ASOTM 
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(1.34% Bacillus subtilis QST 713), Prestop® WP (32% Gliocladium catenulatum strain 

J1446), Mycostop® WP (30% Streptomyces griseoviridis Anderson et al. strain K61), 

Actinovate® SP (0.371% S. lydicus De Boer et al. strain WYEC 108) and RootShield® 

Drench TM WP (1.15% Trichoderma harzianum Rifai strain KRL-AG2; Bioworks, Inc. 

Geneva NY). In the field trials, the biofungicides RootShield and Serenade® MAXTM 

(14.6% B. subtilis QST 713 strain; AgraQuest, Inc. Davis, CA) were assessed. The initial 

controlled environment trials were performed using a pathogen load of 106 spores per 

seedling, which resulted in high levels of clubroot and no impact of the biofungicide on 

incidence or severity, so in subsequent trials the spore concentration was reduced to105 

per seedling (Adhikari 2010).  

The other study evaluated the efficacy of various biofungicides on clubroot on 

canola inoculated with pathotype 3 under controlled environments and in field trials on 

mineral soil in Alberta infested with pathotype 3. It also included a field trial on napa 

cabbage in Ontario, at a muck soil site infested with pathotype 6. The same biofungicides 

that were used in Adhikari’s study (2010) were used for the controlled environmental 

studies, with the addition of SoilGard 12G (12% G. virens GL-21) and Tagero ® WP 

(13% B. subtilis var. amyloliquefaciens). SoilGard and Tagero were discontinued in later 

trials owing to low efficacy. The controlled environment trials were initially conducted 

using infested field soil, and then using field soil diluted with soil-less mix, but clubroot 

levels were high in all of the treatments. Subsequent trials were conducted with  soil-less 

mix inoculated wwith a pathogen load of 107 spores per seedling (Peng et al. 2011).  
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In both studies, the biofungicides were more effective under controlled conditions 

than in the field. Similarly, the fungicides fluazinam and cyazofamid, which were 

included as commercial standard treatments, reduced clubroot severity to 0% under 

controlled conditions, but did not reduce clubroot under field conditions. None of the 

biofungicides were effective at a concentration of 5 x 106 or 2 x 107 resting spores of 

P. brassicae per seedling, but they all showed some efficacy at 5 x 105 spores per 

seedling (Adhikari 2010, Peng et al. 2011). Mycostop and Actinovate were the most 

effective biofungicide in reducing clubroot on Shanghai pak choy when inoculated with 

pathotype 6 in controlled environment trials. Serenade and Prestop were less effective 

than Mycostop and Actinovate in these trials (Adhikari 2010). In contrast, Serenade and 

Prestop reduced clubroot in controlled environment trials on canola when inoculated with 

pathotype 3. In fact, they were as effective as the fungicides (Peng et al. 2011).  They 

were also were effective on napa cabbage in a field trial on muck soil.  However, these 

two biofungicides were not effective on canola on mineral soil or cabbage on muck soil.  

(Peng et al. 2011). 

There could be many reasons for the differences between these two studies, 

including the different hosts, pathotypes and growth media employed. To provide more 

information on the factors that influence the efficacy of biofungicides, a set of 

experiments were conducted with the following objectives: 

1. To evaluate the efficacy of selected biofungicides against clubroot on canola and 

napa cabbage in muck soil infested with pathotype 6 under field conditions, and 
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2. To assess the interaction of pathotype, host, and growth media on the efficacy of 

the biofungicides Serenade and Prestop under controlled environmental conditions. 

3.3 Materials and methods 

3.3.1 Field trials - Canola  

Field trials were conducted at the Muck Crops Research Station, Holland Marsh, 

Ontario in 2010 and 2011 on a muck soil with an organic content of 70% and pH 6.2. The 

site was naturally infested with P. brassicae pathotype 6. Trials were conducted with the 

susceptible canola cv. 46A76 (Pioneer Hi-Bred, Chatham, ON, Canada) in 2010 and the 

moderately resistant cv. Invigor 5030 Liberty Link (Bayer Crop Science, ON, Canada) in 

2011. This change was necessary because cv.46A76 was discontinued by Pioneer. 

Cultivar 45H21 (Pioneer Hi-Bred, Chatham, ON, Canada), which is resistant to pathotype 

6, was included in both years as a resistant control treatment.  

The concentration of resting spores of P. brassicae was estimated by the following 

procedures of Dhingra and Sinclair 1985:  soil samples were collected at random from the 

field experimental plots using a 30 cm long auger. A 25 g of soil sample was mixed with 

100 mL of 2% sodium hexametaphosphate (NaPO3)6 and stirred for 1 min. The soil 

suspension was kept overnight and filtered through eight layers of cheese cloth. The 

filtrate was centrifuged (1000 g) for three cycles of 10 minutes each and the supernatant 

was discarded. The resulting pellet was dispersed in 50 mL of 40% sucrose. The 

suspension was placed into 100 mL beaker for 2 days at 4°C to allow mineral matter and 

spores to settle. The supernatant was poured off and the resultant pellet was diluted with 

distilled water and centrifuged again for 1 hour. The supernatant was discarded and the 
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pellet was suspended in 5 mL of distilled water. The concentration of resting spores was 

determined using a hemacytometer (Dhingra and Sinclair 1985). The population of 

P. brassicae was estimated to be 3.0 x 107 spores per g of dry soil in the plot area in 2010 

and 2.4 x 107 in 2011. Four canola trials were conducted over the two years. Each 

experimental unit consisted of two 3-m-long rows, with 40 cm between rows. Canola was 

hand-seeded on 14 May, 04 June, and 25 June in 2010, and 10 June in 2011, using a 

pegboard with pegs 4 cm apart. All of the field trials were arranged as randomized 

complete block designs with four replications. The biofungicide treatments were: 

Mycostop® WP (30% S. griseoviridis, strain K61; Verdera Oy), Prestop® WP (32% G. 

catenulatum strain J1446; Verdera Oy, Espoo, Finland), Serenade® ASOTM (1.34% 

B. subtilis QST 713; Agra Quest, Inc. Davis, CA) and Actinovate® SP (0.371% S. lydicus 

De Boer et al. 1956 strain WYEC 108; Natural Industries, Inc. Houston, TX). In addition 

two fungicides were included as controls: Allegro500F (40% fluazinam; ISK 

Biosciences Corp. Concord, OH) and Ranman400 SC (34.5% cyazofamid; ISK 

Biosciences Corp. Concord, OH), a nontreated control, and a resistant cultivar as a 

resistant control. To be consistent with the previous studies of biological control of 

clubroot in Canada (Adhikari 2010, Peng et al. 2011), the rates of biofungicides assessed 

were about five times (5x) the label rate (Table 3.1). This high rate was selected to ensure 

that rate would not be a limiting factor in efficacy. For the canola field trials in both 

years, the biofungicide and fungicide treatments were applied as a drench application to 

the seeds in the open furrow. The treatment solution was applied using a CO2 backpack 

sprayer equipped with a single TeeJet 8004 VisiFlo flat-fan nozzle that applied 1.5 L/min 
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and the spray width was approximately 5 cm. The volume of the water used for each 

product (Table 3.1) was selected to be consistent with that of Peng et al. (2011).  

Table 3.1Application rates and spray volumes for the biofungicide and fungicide 

treatments in the canola field trials at the Muck Crop Research Station, Holland Marsh 

ON in 2010 and 2011. 

Treatment and Active 
ingredient Label rate Spray volume 

(L ha-1) 

Application 
rate 

(g L-1) 

Drench 
volume 

(mL m row-

1) 
Biofungicides     
Actinovate  
(0.371% S. lydicus) 

3.6 kg ha-1 
or 3 g L-1 1250 3.0 50 

Prestop  
(32% G. catenulatum) 

15 kg ha-1 
or 12 g L-1 1250 12.0 50 

Serenade  
(1.34% B. subtilis) 

12 L ha-1 
or 10 ml L-1 1250 4% v/v 40 

Mycostop  
(30% S. griseoviridis) 

500 g ha-1 
or 0.1 g L-1 5000 0.5 200 

Fungicides     
Allegro  
(40% fluazinam)  2.9 L ha-1 1250 2.3 50 

Ranman  
(34.5% cyazofamid) 1.85 L ha-1 935 2.0 37 

Weather parameters were measured by a weather station located within 100 m of 

the experimental plots at the Muck Crops Research Station. Daily air temperatures were 

measured using a HMP35C probe and rainfall data using a tipping-bucket rain gauge 

(Campbell Scientific, Edmonton, AB, Canada). The data for temperature and rainfall 

were recorded every hour using a CR21X data logger (Campbell Scientific). Daily 

maximum, minimum and mean temperature and total rainfall were calculated starting 

from one day after seeding to one day before harvest for each trial.  
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Assessments of clubroot symptoms were conducted at 6 weeks after sowing or 

transplanting. The roots were washed and assessed for clubroot incidence (%) and placed 

into severity classes using a 0–3 scale where 0 = no clubbing, 1 < 1/3 of root with club 

symptoms, 2 = 1/3 to 2/3 of root clubbed, and 3 > 2/3 of root clubbed (Buczacki et al. 

1975). These ratings were converted to a disease severity index (DSI) from 0–100 using 

the following equation (Kobriger and Hagedorn 1983). 

DSI = 
∑ [(class no.)(no. of plants in each class)] 

x 100 
(total no. plants per sample)(no. classes -1) 

In the canola field trials, 25 plants per experimental unit were pulled and 

examined for clubroot symptoms for the first two seeding date treatments (assessed 02 

July and 23 July in 2010). For the third seeding of the study in 2010 (13 August, 2010) 

and the single seeding in 2011 (29 July, 2011), 50 plants per unit were assessed. This 

change was made to improve the precision of treatment comparisons in statistical 

analysis. 

For shoot and root weight assessment, the individual plants were pulled, separated 

into shoot and root portions at the soil line, and the total weight of shoots and roots were 

recorded per experimental unit. In each of the canola field trials in 2010, the root weight 

of 25 or 50 canola plants from each experimental unit were recorded, but shoot weights 

were not recorded because there were no difference in growth stages based on visual 

observation. In 2011, the shoot and root weight of 10 individual canola plants were 

recorded. 
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3.3.2 Field trials – Napa cabbage 

Two napa cabbage field trials were conducted in 2010 and 2011 at a site adjacent to 

the canola trials. The clubroot susceptible cv. Mirako (Bejo Seeds Inc., New York, USA) 

was examined in the main assessments, and the resistant cv. Yuki (Stokes Seeds Ltd., 

ON, Canada) was included as a resistant control. The field population of P. brassicae 

resting spores was estimated to be 3.2 x 107 spores per g of dry soil in 2010 and 2.2 x 107 

spores in 2011. Each experimental unit consisted of three 5-m-long rows, with 30 cm 

between rows. Napa cabbage was sown into 128-cell plastomer plug trays on 21 May in 

2010 and 2011, and transplanted on 17 June in 2010 and 10 June in 2011. The 

biofungicides and the application rates were the same as those used in the canola field 

trial (Table 3.1). In 2010, 100 mL of the biofungicide and fungicide solutions was applied 

to the base of each transplant on the day of transplanting. In 2011, 25 mL of the 

biofungicide solution was applied to the 2-wk-old transplants when they were in 128-cell 

plastomer plug trays. This change was made to allow time for the biofungicides to 

colonize the roots before transplanting. The fungicides were applied as a soil drench at 

the time of transplanting in both of the field trials, following label recommendations. The 

nontreated control treatment was drenched with 100 mL of water. 

All of the napa cabbage plants from each experimental unit were harvested and 

rated for clubroot severity on 26 July in 2010 and 2011. Clubroot assessments were 

conducted at 6 weeks after inoculation using the 0–3 scale, as described earlier. In 

addition, the heads were separated and weighed to determine yield. In 2011, the shoot 

and root weight of 10 individual napa cabbage plants were recorded.  
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3.3.3 Growth room studies  

Three experiments were conducted to investigate the interaction of host, growth 

medium and pathotype on the efficacy of biofungicides on clubroot incidence and 

severity, from November 2010 to September 2011 in a growth room at the University of 

Guelph, Guelph, ON, Canada. Experiment 1 focused on the reaction of canola cv. 46A76 

(Pioneer Hi-Bred, Chatham, ON, Canada) to soil type, pathotype and biofungicide. This 

cultivar was selected because it is susceptible to pathotypes 3 and 6, and had been 

assessed in the 2010 field trial. Experiment 2 focused on Shanghai pak choy cv. Mei 

Qing Choi (Stokes Seeds Ltd., ON, Canada). Shanghai pak choy was selected because it 

had been used previously to evaluate the efficacy of biofungicides to pathotype 6 

(Adhikari 2010), and the cultivar was highly susceptible to pathotypes 3 and 6. 

Experiment 3 focused on the impact of soil pore size. Each of the experiments was 

repeated. 

The first two experiments assessed the same factors in the same design, but 

focused on canola (experiment 1) and Shanghai pak choy (experiment 2). Both 

experiments were conducted as four-replicate factorial randomized complete block 

designs with three factors: a) soil type or growth media: muck soil, mineral soil, sand and 

soil-less mix, b) biofungicides: Serenade, Prestop, a positive control (inoculated but not 

treated with biofungicide) and a negative control (nontreated), and c) pathotype: 

pathotypes 3 and 6. Each experimental unit consisted of a minimum of 12 to 14 plants. 

To provide a comparison of the overall level of clubroot between Experiments 1 and 2, 

positive control treatments of canola on mineral soil and soil-less mix were also included 

in the experiment on Shanghai pak choy. 
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Four types of growth media were assessed: muck soil, pH 6.2 (Muck Crops 

Research Station, ON), mineral soil, pH 6.8 (Bajar's farm south of Holland Marsh, ON), 

autoclaved noncalcareous coarse sand, pH 6.5 (Hutchenson Sand and Mixes, Huntsville, 

ON) and soil-less mix, pH 6.0 (Sunshine LB-2 Mix Basic, Sun Gro Horticulture Canada 

Ltd, Seba Beach, AB). The muck and minerals soils were tested for background levels of 

infestation with P. brassicae by growing Shanghai pak choy as a bait crop and no 

clubroot developed.  

The growth media were placed in individual tall plastic pots (164 mL Conetainers, 

Stuewe and Sons, Inc. Corvallis, OR). The seeds of canola and Shanghai pak choy were 

directly sown in the media for the muck and soil-less mix. However, it proved necessary 

to transplant seedlings into the sand and mineral soil treatments because seed germination 

in these two growth media was unacceptably low. The plants were maintained at 25°/20° 

C day/night, with 16-hr photoperiod and 65% relative humidity. The plants were 

fertilized with diluted 15:15:18 N:P:K solution at weekly intervals.  

Serenade and Prestop were applied 3 days before pathogen inoculation to allow 

time for the biofungicides to colonize the roots. They were applied to 1-wk-old seedlings 

of canola or Shanghai pak choy, at about the 1- to 2-leaf stage (fully expanded true 

leaves). A drench application of 50 mL of the product solution was applied to each 

seedling. It was expected that this volume was sufficient to saturate the rhizosphere zone 

of the seedlings. The nontreated controls were drenched with 50 mL of water.  

Resting spores of pathotype 6 were extracted from the clubbed roots of cabbage that 

had been collected from the Muck Crops Research Station in 2008 and stored at -20°C. 
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Resting spores of pathotype 3 were extracted from the clubbed roots of canola collected 

from Alberta in 2009. A 3-g sample of clubbed roots was macerated in 100 mL of sterile 

deionized water in a commercial blender. The resulting suspension was filtered through 

eight layers of cheesecloth. The concentration of resting spores in the filtered solution 

was estimated using a haemocytometer and diluted with sterile deionized water to attain 

the desired concentration of 1 x 105 spores mL-1. Each canola or Shanghai pak choy 

seedling was inoculated with 5 mL of resting spore solution.  

The plants were watered with deionized water. The excess water was allowed to 

drain out normally in the initial run of the canola trial. To avoid the possibility that 

insufficient water in the root zone might limit clubroot development, the growth media in 

the repetition of the canola trial were maintained in a saturated state by placing the 

bottom of the conetainers in small containers of water for 3 weeks after inoculation. 

Thus, the initial canola trial was named the drained run and the repetition was named the 

saturated run. In the Shanghai pak choy trial, the growth media were maintained in a 

saturated state for the first 3 weeks of the trial, for both repetitions of the study. 

A third experiment was conducted to examine the effect of pore size on clubroot 

development and the efficacy of the biofungicides. This experiment was conducted with 

canola cv. 46A76 inoculated with pathotype 3. Two factors: a) growth media: muck soil, 

mineral soil, muck mix, mineral mix, soil-less loose and soil-less compact, and b) 

biofungicides: Serenade, Prestop, plus a positive (inoculated) and a negative 

(noninoculated) control, were examined in a factorial randomized complete block design 

with four replications. The muck mix, mineral mix, and soil-less compact growth media 
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treatments (described in detail in the following section) were included in this experiment 

to assess the effect of pore size on clubroot development. Each experimental unit 

consisted of a minimum of 12 to 14 plants. The environmental conditions and methods 

for biofungicides application and pathogen inoculation were the same as described 

previously for Experiments 1 and 2. The plants were watered from above with a fine 

spray for the first 3 weeks after seeding, to allow the soils to settle naturally without any 

compaction. However, unlike the saturated run of Experiment 1 and both runs of 

Experiment 2, the growth media treatments were not maintained in a saturated condition 

during this initial 3-wk period. Clubroot assessments were conducted at 6 weeks after 

inoculation using the 0–3 scale described earlier. For shoot weight assessment, individual 

plants were pulled, separated into shoot and root portions at the soil line, and the weight 

of shoots per experimental unit was recorded. The mean shoot weight of each treatment 

was used for the statistical analysis.The root weight could not be recorded as the roots 

had started to rot at the time of assessment.  

The pH of each growth medium was measured as follows: first, the pH meter 

(Hanna instruments, Woonsocket, RI, USA) was calibrated using standard buffer 

solutions (Fisher Scientific, Nepean, ON). Then 25 mL of growth medium was added to 

100 mL of deionized water and stirred well. The soil particles were allowed to settle and 

the pH was measured using a pH meter. The muck soil and soil-less mix were left 

overnight, as it takes time for the particles to settle, then the pH was measured (Hamilton 

and Crete 1978). The pH of each growth medium was measured prior to every 

experiment. 
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Selected physical properties of each growth medium, including pore size, field 

capacity, water holding capacity and bulk density, were determined. However, the 

properties of sand were not analyzed as it is normally considered not suitable for growing 

Brassica crops. The micro-pore size was measured using Quantachrome NovaWin 

(Quantachrome Instruments, FL, USA) for each growth medium. This instrument is 

precise and can measure pore size down to 0.35 ηm. The sample to be assessed for pore 

size was dried until it reached a constant weight. In the first step, potential contaminants 

such as water and oil were removed from 5 mg of sample by degassing it at high 

temperature (80ο C) under vacuum. Liquid nitrogen was added to the tube containing the 

cleaned sample, and then removed. During the processing of filling and then removing 

the liquid nitrogen from the tube, various adsorption and desorption points were noted. 

These points were later used to calculate the pore size and total volume of pores present 

in each sample (Quantachrome Instruments 2011).  

The macro-pore volume of the each growth medium was estimated by finding the 

difference between the saturated soil mass and the oven-dry soil mass (Chevallier 2001). 

Dry soil weight was calculated by weighing a standard volume of wet soil and then 

drying the sample at 80°C for 2 to 3 days, until it reached a constant weight. 

Macro-pore volume = Saturated soil sample weight - Dry soil sample weight 

The field capacity is the amount of moisture present in the soil when all of the 

free moisture has drained by gravity, which is usually measured 2 to 3 days after 

saturation (Ali 2010).  
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Field capacity (%) =  
(Initial weight - oven dry weight) of the soil sample 

x 100 
Oven dry weight of the soil sample 

The maximum water holding capacity (MWHC) of the soil occurs at the 

saturation point. At that point of saturation, all of the micro- and macro-pores in the soil 

are filled with water (Ali 2010). To determine MWHC, water was added to a standard 

volume (500 cm3) of each soil until it reached the saturation point. The MWHC of the 

soil was calculated by finding the ratio between the mass of water in the saturated soil 

and the dry soil weight.  

MWHC (%) =  
Mass of water when saturated 

x 100 
Oven dry weight of the soil sample 

The bulk density of the soil was calculated as the mass of the dry soil sample 

divided by its volume (Ali 2010). A specific volume of 500 cm3 was used for this study. 

Bulk density of soil (g/cm³) =  
Mass of the dry soil sample  

Volume of the dry soil sample 

To assess the relationship between bulk density and clubroot severity, 

experimental plots from the field trial in 2010 that had untreated susceptible control 

treatmens but differed substantially in clubroot levels were identified. From each plot 

(total of 4 plots), 10 soil core (30 x 1cm) samples were collected at 0‒30 cm soil depth 

and the bulk density of soil was calculated and compared. An average of 10 individual 

soil cores from each plot was used for calculation.  

Soil compaction was not measured directly in this study. However, bulk density is 

proportional to soil compaction (Carter 1990). Hence it is concluded that individual soils 
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with higher bulk density have higher compaction and lower density have less 

compaction.  

To investigate the effect of pore size on clubroot development (Experiment 3), 

mixtures of muck and mineral soil with soil-less mix were prepared, and the proportion 

of each component of the mix was selected to produce a uniform pore size similar to that 

of soil-less mix. To achieve this, soil-less mix was added to muck and mineral soil based 

on the micro-pore volume (see Table 3.8) and mixed thoroughly by hand. To maintain 

consistency in the mixture ratio, all of the mixtures used for both repetitions of 

Experiment 3 were prepared at the same time, using a single source of each soil type. For 

all of the growth media, the moist soil micro-pore volume was calculated based on the 

wet and dry soil ratio (1.85:1 for muck soil and 1.08:1 for mineral soil). To achieve the 

target pore volume of soil-less mix (7cc/kg), for every 1063 g of moist mineral soil, 856 g 

of soil-less mix was added. Similarly, for every 1550 g of moist muck soil, 856 g of soil-

less mix was added.  

A treatment of compacted soil-less mix was also included, to reflect a smaller 

pore size. Conetainers were filled with soil-less mix, which was then compressed 

repeatedly using a pestle until no incremental compression was observed. For the loose 

soil-less mix treatment, the mix was not compacted beyond that required to fill the 

conetainers.  For Experiments 1 and 2, the conetainers were filled with slightly 

compacted soil-less mix.  
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3.4 Data analysis 

The data were analyzed using SAS version 9.2 (SAS Institute, Cary, NC, USA). 

The critical probability of type I error rate was set at P = 0.05 for each analysis. 

Normality of residuals was tested with the Shapiro-Wilk statistic.  

For the field trials on canola, a mixed model analysis of variance was conducted 

for each response variable using PROC MIXED. Means of clubroot incidence (CI %) and 

disease severity index (DSI %) were separated using Tukey’s Multiple Mean Comparison 

Test. There was no seeding date x biofungicide interaction among the three trials in 2010, 

so the data were combined across seeding data for subsequent analyses and presentation. 

The fixed factors in the mixed model analysis were seeding date, treatment, and their 

interaction, and block was a random factor. In 2011, seed of the highly susceptible canola 

cv. 46A76 used in 2010 was no longer available because the line had been discontinued, 

so it was replaced with a moderately resistant line (cv. Invigor 5030LL). This change was 

associated with a very substantial reduction in clubroot severity in 2011, so the data from 

the two years were analyzed separately. In 2011, the fixed factor was biofungicide 

treatment and the random factor was block.  

The relationships between weather variables (mean air temperature, rainfall and 

soil temperature at 5-cm depth) and clubroot levels (incidence and severity) of untreated 

susceptible check were tested using Pearson correlation analysis (PROC CORR). In 

addition to means for the entire period of crop growth, mean weather conditions 

(averages of air and soil temperature and cumulative precipitation) during several 

intervals that represent potentially important time periods in crop development were also 
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tested. The intervals assessed were: 1–7 days after sowing (DAS), 1–14 DAS, 14–21 

DAS, 1–30 DAS, final 7 days before assessments, and final 10 days before assessment.   

For the field trials on napa cabbage, the biofungicide/ fungicide treatments were 

fixed effects and year, block and their interactions were random effects. There was no 

effect of year or interaction between treatment and year for clubroot severity or yield, so 

the data were combined for subsequent analysis. However, there was a year x treatment 

interaction for clubroot incidence, so the data from the two years were analyzed 

separately. The correlation between clubroot severity and yield was also examined.  

The correlation between root weight and clubroot level was examined for canola 

in 2010, and between shoot and root weight and clubroot level for canola in 2011 and for 

the combined napa cabbage field trials.  

For the growth room trials on canola or Shanghai pak choy, a mixed model 

analysis of variance was conducted for each response variable using PROC MIXED. 

Means of clubroot incidence (CI %) and disease severity index (DSI %) were separated 

using Tukey’s Multiple Mean Comparison Test. The fixed factors were growth medium, 

pathotype, biofungicide, and their interactions. The random factors were repetition and 

replication within repetition. Where there was no repetition x treatment interaction, the 

data were combined across repetition for subsequent analyses and presentation. In 

Experiment 1 with canola, there was a repetition x treatment interaction, so the data from 

the drained and saturated trials were analyzed separately. In Experiment 2 with Shanghai 

pak choy and Experiment 3 with pore size on canola, there was no repetition x treatment 

interaction, so the data from each experiment were pooled and analyzed together.  
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Analysis of variance was conducted for shoot weight in each trial. The correlation 

between shoot weight and clubroot level (incidence or severity) was also assessed.  The 

relationship between bulk density of the field soils and clubroot severity was also 

evaluated using correlation. 

3.5 Results 

3.5.1 Field trials - Canola 

Clubroot incidence and severity were high in all the plants treated with 

biofungicides for all three of the seeding dates in 2010, and there was no treatment x 

seeding date interaction. Clubroot incidence was higher in the canola seeded on 25 June, 

2010 (87% CI) than in the previous two seeding dates (mean 69% CI). There were no 

differences in clubroot incidence and severity among any of the treatments, except that 

severity in the resistant control, cv. 45H21, was lower (18% vs. 77% DSI) than in the 

other treatments (Table 3.2). Since there was no seeding date x treatment interaction, the 

mean for each treatment over all of the seeding dates is presented in Table 3.2.  

Clubroot incidence and severity on the partially resistant cv. Invigor 5030LL in 

2011 were substantially lower than in 2010, and there were differences among the 

treatments (Table 3.2). Application of Mycostop, Serenade, Prestop and Ranman 

(cyazofamid) reduced clubroot incidence, and Prestop and Ranman reduced clubroot 

severity, compared to the nontreated control. There was no difference in clubroot levels 

between the resistant control, cv. 45H21 and the nontreated control (Table 3.2). No 

clubroot symptoms were observed in the plants treated with Ranman.  
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Table 3.2 The effect of seeding date and biofungicide on clubroot incidence, severity 

(disease severity index, DSI) and root and shoot weight of canola grown at the Muck 

Crops Research Station, Holland Marsh, ON, with three seeding dates (results combined) 

of the highly susceptible cv. 46A76 in 2010 and one seeding date of the moderately 

resistant cv. 5030 LL in 2011. 

Treatments 
Incidence 

(%) 
DSI 
(%) 

Root wt. 
(g) 

Shoot 
wt. 
(g) 

Root wt. 
(g) 

2010 2011 2010 2011 2010 2011 2011 

Biofungicides        

Actinovate 83 a1 2.0 ab 78 a 0.6 ab 683 ab 209 ns 11ns 

Mycostop 85 a 1.3 b 79 a 0.4 ab 762 a 213 12 

Serenade 85 a 1.3 b 82 a 0.4 ab 735 a 238 11 

Prestop 87 a 0.6 b 82 a 0.0 b 696 a 196 12 

Fungicides        

Ranman 80 a 0.0 b 72 a 0.0 b 637 ab 206 11 

Allegro 82 a 3.1 ab 78 a 1.7 ab 712 a 202 11 
Controls        
Resistant control 
(45H21) 17 b 3.0 ab 18 b 1.0 ab 428 b nd nd 

Susceptible control 80 a 6.9 a 71 a 2.0 a 569 ab 242 11 
Root wt. = mean of 50 plants (2010) or 10 plants (2011). Top wt. = mean of 10 plants. 
1 Values in the column followed by same letter do not differ at P = 0.05 based on Tukey’s 

test; ns - not significant; nd - not done. 

 

Analysis of the correlation between weather parameters and clubroot level 

(incidence and severity) in the susceptible canola control treatment showed a strong 

relationship between rainfall and clubroot severity (r = 1; P = 0.0001; n = 4) but no 

relationship between temperature and clubroot. There was a strong positive correlation 
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between clubroot severity and cumulative precipitation during the first 30 days after 

sowing (30 DAS) (r = 1; P = 0.0001) for the field data combined over two years and for 

the data from 2010 alone (r = 1; P = 0.0001; n = 4).     

There was a positive correlation between root weight and clubroot severity in 

2010 for the three seeding dates combined (r = 0.91, P < 0.002; Table 3.2). In contrast, 

there were no differences among treatments for shoot and root weight or shoot: root ratio 

in 2011 (Table 3.2).  

There was a strong positive correlation between soil bulk density and clubroot 

severity the 2010 canola field trial (r = 0.99, P < 0.005, n = 4). Each average was 

calculated from 10 soil core samples data. Higher bulk density (0.68 g/cm3), higher was 

associated with clubroot severity (90% DSI), and lower bulk density (0.35 g/cm3) lower 

clubroot severity (27% DSI) (see raw data, Appendix 6).   

3.5.2  Field trials - Napa cabbage 

Clubroot incidence and severity were high in napa cabbage in both 2010 and 

2011. The fungicides Ranman (36% DSI) and Allegro (58% DSI) reduced clubroot 

severity relative to the nontreated control (85% DSI) in 2010 (Table 3.3). None of the 

biofungicide treatments reduced clubroot incidence relative to the nontreated control in 

either year. However, Ranman reduced incidence relative to the biofungicide treatments 

(51% vs. 95–100%) in 2010 (Table 3.3). In 2011, incidence was 100% in all of the 

treatments except in the resistant control (0% CI) (Table 3.3).  

There were no differences in marketable yield among the treatments or between 

years. However, there was a negative correlation between yield and DSI (r = -0.43, P = 
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0.0009) over the 2 years of the study. There was also a positive correlation between the 

DSI and root weight in 2011 (r = 0.85, P = 0.02 for DSI) (Table 3.3).  

Table 3.3 The effect of biofungicides on clubroot incidence and severity (disease severity 

index, DSI), harvestable yield, and shoot and root weight1 of napa cabbage grown at the 

Muck Crops Research Station, Holland Marsh, Ont. in 2010 and 2011. 

Treatments 

Incidence  
(%) 

DSI 
(%) 

Yield 
(kg) 

Shoot wt. 
(kg) 

Root wt. 
(kg) 

2010 2011 2010 + 
2011 

2010 + 
2011 2011 2011 

Biofungicides     

Actinovate 99 a2 100 a 80 ab 27 ns 1.3 ab 0.09 ns 
Mycostop 95 a 100 a 82 a 28 1.1 ab 0.11 
Prestop 100 a 100 a 82 a 25 0.9 ab 0.07 
Serenade 100 a 100 a 93 a 26 1.2 ab 0.10 
Fungicides     

Ranman 51 b 100 a 36 c 25 0.8 b 0.03 
Allegro 68 ab 100 a 58 bc 29 1.3 ab 0.05 
Controls     

Resistant nd 0 b nd nd 1.6 a 0.02 
Nontreated  87 ab 100 a 85 a 26 1.2 ab 0.13 

1 Top weight and root weight = mean of 10 plants. 
2 Values in the column followed by same letter do not differ at P = 0.05 based on Tukey’s 
test. 

ns = Not significant, nd = not done. 

3.6 Growth room studies 

3.6.1 Experiment 1 – Canola 

In the drained repetition of Experiment 1, there was a main effect of pathotype 

and a three-way interaction (growth medium x pathotype x biofungicide) for clubroot 

incidence and severity (Table 3.4). There was also a two-way interaction (pathotype x 
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growth medium) for severity, but not for clubroot incidence. There was no clear pattern 

of response to pathotype in the three-way interaction, which made up a relatively small 

proportion of the total variance in the trial (Table 3.4). The most important and consistent 

effect of pathotype was that inoculation with P3 resulted in more severe clubroot than 

inoculation with P6 (52 vs. 43% DSI).  

In the saturated repetition of Experiment 1, pathotype had no effect on clubroot 

incidence, but there was a main effect of pathotype on clubroot severity, as well as a two-

way interaction (pathotype x growth medium). Inoculation with P3 resulted in more 

severe clubroot symptoms than P6 (74 vs. 65% DSI), but there was no clear pattern of 

response between pathotype and the other two factors across the experiments. Therefore, 

subsequent analysis focused on the interaction of growth medium and biofungicide 

(Table 3.4).  

There was a growth medium x biofungicide interaction for clubroot incidence and 

severity in both trials (Table 3.4). To examine the effect of growth medium in the 

absence of biofungicide treatment, the positive control (inoculated) treatments were 

compared within each trial. In the positive control, clubroot was severe in the muck and 

mineral soil treatments, with a maximum of 70% DSI in the drained trial and 86% DSI in 

the saturated trial. Clubroot level was low (26 % DSI) in the soil-less mix in both trials 

(Fig. 3.1 and 3.2). The principal difference in the response to growth medium between 

the two repetitions was that severity in sand was similar to the muck and mineral soil 

treatments in the drained trial (75% DSI), but substantially lower (55% DSI) in the 

saturated trial (Fig. 3.1 and 3.2). 
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Table 3.4 Analysis of variance for clubroot incidence and severity for a factorial RCBD 

with four blocks in trials under drained (A) and saturated (B) conditions.  

A) Drained canola - Clubroot incidence 

Random effects Estimate Standard error Z value Pr > Z 
Block 0 . . . 
Residual 108.38 18.06 6.0 <0.0001 
Fixed effects Numerator df F value Pr>F 
Soil 3 54.16 <0.0001 
Pathotype (Pt) 1 12.31 0.0008 
Biofungicide (Bf) 2 21.12 <0.0001 
Soil x Pt 3 0.26 0.8506 
Soil x Bf 6 10.10 <0.0001 
Pt x Bf 2 0.71 0.4971 
Soil x Pt x Bf 6 2.48 0.0310 

Denominator df = 69 

Drained canola - Disease severity index 

Random effects Estimate Standard error Z value Pr > Z 
Block 0.22 3.03 0.07 0.47 
Residual 82.2 13.99 6.0 <0.0001 
Fixed effects Numerator df F value Pr>F 
Soil 3 115.29 <0.0001 
Pt 1 20.31 <0.0001 
Bf 2 31.10 <0.0001 
Soil x Pt 3 5.11 0.0030 
Soil x Bf 6 28.29 <0.0001 
Pt x Bf 2 1.31 0.2768 
Soil x Pt x Bf 6 5.56 0.0001 

Denominator df = 69 

Note: The significance of each F test is indicated (5% level is the threshold value 

for significance).  
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B) Saturated canola - Clubroot incidence 

Random effects Estimate Standard error Z value Pr > Z 
Block 0 . . . 
Residual 108.38 18.06 6.0 <0.0001 
Fixed effects Numerator df F value Pr>F 
Soil 3 90.16 <0.0001 
Pt 1 0.33 0.5652 
Bf 2 43.76 <0.0001 
Soil x Pt 3 1.11 0.3503 
Soil x Bf 6 9.04 <0.0001 
Pt x Bf 2 4.14 0.0201 
Soil x Pt x Bf 6 0.94 0.4710 

Denominator df = 69 

Saturated canola - Disease severity index 

Random effects Estimate Standard error Z value Pr > Z 
Block 0 . . . 
Residual 50.25 8.37 6.0 <0.0001 
Fixed effects Numerator df F value Pr>F 
Soil 3 252.25 <0.0001 
Pt 1 12.47 0.0007 
Bf 2 64.22 <0.0001 
Soil x Pt 3 7.88 0.0001 
Soil x Bf 6 16.21 <0.0001 
Pt x Bf 2 2.68 0.0755 
Soil x Pt x Bf 6 2.2 0.0724 

Denominator df = 69 

In the drained trial, application of Prestop reduced clubroot incidence relative to the 

positive control (83% CI for mineral soil and 58% CI for soil-less mix) in mineral soil 

(53% CI) and soil-less mix (32% CI), and reduced severity in muck and mineral soil 

(42% DSI for muck soil; 33% DSI for mineral soil). However, Prestop did not reduce 

clubroot levels in sand (Figs. 3.1 and 3.2). Serenade reduced clubroot levels in sand (53% 
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CI and 33% DSI) and reduced clubroot incidence in soil-less mix (34 % CI), but had no 

effect in the muck and mineral soil treatments (Figs. 3.1 and 3.2).  

 In the saturated trial, Prestop reduced clubroot levels relative to the positive 

control (100% CI for muck and mineral soil; 86% DSI for muck soil; 75 % DSI for 

mineral soil) in the muck (82% CI and 67% DSI) and mineral soil (59% CI and 36% 

DSI) treatments, but did not reduce clubroot levels in sand or soil-less mix (Figs. 3.1 and 

3.2). This pattern of response was similar to the drained trial, except that Prestop was not 

effective in soil-less mix under saturated conditions. Serenade reduced clubroot levels in 

mineral soil (71% CI and 53% DSI) and sand (47% CI and 22% DSI) but not in the muck 

soil and soil-less mix treatments (Figs. 3.1 and 3.2). The pattern of response of Serenade 

was substantially different under saturated than under drained conditions on mineral soil; 

Serenade was relatively more effective under saturated conditions.  

 There was a biofungicide x growth medium interaction for shoot weight at harvest 

(Table 3.4). There was no main effect of pathotype or pathotype x growth medium 

interaction in the drained or saturated trials (see ANOVA tables, Appendix 3). Shoot 

weight was reduced by 27% in plants treated with Serenade in muck soil. However, 

Prestop and Serenade increased shoot weight by 22% in saturated soil-less mix. The 

biofungicides did not affect shoot weight on sand and mineral soil treatments in either 

trial. Also, there was no correlation between shoot weight and clubroot level in either 

trial. 
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Figure 3.1 Interaction of biofungicide x growth medium on clubroot incidence (CI %), in 

the drained trial (A) and the saturated trial (B) of canola grown under controlled 

environmental conditions. Bars capped with the same letter do not differ at P = 0.05 

based on Tukey’s Multiple Mean Comparison Test.   
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Figure 3.2 Interaction of biofungicide x growth medium on clubroot severity (Disease 

severity index DSI %) in the drained trial (A) and the saturated trial (B) of canola grown 

under controlled environmental conditions. Bars capped with the same letter do not differ 

at P = 0.05 based on Tukey’s Multiple Mean Comparison Test. 
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3.6.2 Experiment 2 – Shanghai pak choy 

Both repetitions of this trial were conducted using the saturated technique 

employed in the second repetition of Experiment 1. There was no repetition or repetition 

x treatment interaction, so the data for the two repetitions were combined for analysis and 

presentation. Clubroot incidence and severity were high in each of the treatments. There 

was a main effect of pathotype, with P3 consistently producing more severe clubroot than 

P6 (74% DSI vs. 51% DSI), as observed on canola in Experiment 1. There were two-way 

interactions (soil x pathotype, soil x biofungicide, and biofungicide x pathotype) and a 

three-way interaction (growth medium x pathotype x biofungicide) for both incidence 

and severity (Table 3.5). However, the three-way interaction made up only a small 

proportion of the total variance and there was no clear pattern of response between 

pathotype and the other two factors across the experiments, as observed on canola in 

Experiment 1 (Table 3.4). Therefore, subsequent analysis focused on the interaction of 

growth medium and biofungicide.  

There was a growth medium x biofungicide interaction for clubroot incidence and 

severity, in addition to main effects for each variable (Table 3.5). Clubroot incidence was 

100% in the positive control, except in soil-less mix, where incidence was 81%. Severity 

among treatments ranged from 42–85% DSI (Fig. 3.3). In the positive control, clubroot 

was severe in the muck, sand and mineral soil treatments, with a maximum of 85% DSI 

in the sand. Clubroot level was moderate to high (81% CI and 42% DSI) in the soil-less 

mix (Fig. 3.3 and Appendix 4, Table A3.9). 
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In general, both biofungicides were more consistently effective against clubroot 

on Shanghai pak choy than on canola (Experiment 1). Application of Prestop reduced 

both clubroot incidence and severity on Shanghai pak choy relative to the positive control 

(100% CI and 77% DSI for mineral soil; 81% CI and 42% DSI for soil-less mix) in 

mineral soil (75% CI and 62% DSI), and soil-less mix (47% CI and 30% DSI) and 

reduced incidence in muck soil (87% CI) and severity in sand (73% DSI). Serenade 

reduced clubroot levels in muck (77% CI and 71% DSI) and mineral soil (73% CI and 

55% DSI) and sand (81% CI and 60% DSI), but had no effect in the soil-less mix (Fig. 

3.3). 

 Clubroot development across experiments 1 and 2 was examined by growing the 

positive control treatments of canola in Experiment 2. This showed that there was no 

interaction across experiments for severity, but clubroot incidence was slightly higher in 

experiment 2 than in experiment 1(P = 0.04) (see raw data, Appendix 6). Clubroot 

incidence was 86% and 74% CI respectively for extra canola treatments in pak choy 

experiment and saturated canola Experiment 1, but severity was ~50% DSI in both 

experiments.  
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Table 3.5 Analysis of variance for clubroot incidence (A) and severity (B) for the 

interaction of soil type, pathotype and biofungicides, conducted two times on Shanghai 

pak choy.  

A) Clubroot incidence  
Random effects Estimate Standard error F value Pr>Z 
Block (Repetition) 0 . . . 
Residual 92.41 10.11 9.14 <0.0001 
Fixed effects Numerator df F value Pr>F 
Soil 3 55.4 <0.0001 
Pathotype (Pt) 1 75.17 <0.0001 
Biofungicide (Bf) 2 89.85 <0.0001 
Pt x Bf 2 14.55 <0.0001 
Pt x Soil 3 17.41 <0.0001 
Bf x Soil 6 15.02 <0.0001 
Pt x Bf x Soil 6 10.84 <0.0001 

Denominator df =161 

B) Disease severity index 

Random effects Estimate Standard error F value Pr>Z 
Block (Repetition) 0 . . . 
Residual 92.41 10.11 9.14 <0.0001 
Fixed effects Numerator df F value Pr>F 
Soil 3 405.52 <0.0001 
Pt 1 643.54 <0.0001 
Bf 2 111.63 <0.0001 
Pt x Bf 2 13.56 <0.0001 
Pt x Soil 3 82.74 <0.0001 
Bf x Soil 6 10.65 <0.0001 
Pt x Bf x Soil 6 18.40 <0.0001 

Denominator df =161 

Note: The significance of each F tests is indicated (5% level is the threshold value for 

significance). 
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Figure 3.3 Interaction of biofungicide and growth medium on clubroot incidence (CI %) 

(A) and severity (Disease severity index DSI %) (B) on Shanghai pak choy in a 

controlled environment study. Bars capped with the same letter do not differ at P = 0.05 

based on Tukey’s Multiple Mean Comparison Test. 
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A three-way interaction (biofungicide x growth medium x pathotype) and a two 

way interaction (biofungicide x growth) were observed for shoot weight at harvest 

(ANOVA tables, Experiment 2 in Appendix 3). However, the three-way interaction made 

up only a small proportion of the total variance and there was no clear pattern of response 

between pathotype and the other two factors across the experiments, as observed on 

canola in Experiment 1 (Table 3.4). Therefore, subsequent analysis focused on the 

interaction of growth medium and biofungicide.  

Serenade and Prestop increased shoot weight relative to the positive control in 

muck soil and soil-less mix, but had no effect on shoot weight on sand and mineral soil 

(See supplementary table A 3.9, Chapter 3 in Appendix 4). There was a negative 

correlation between clubroot severity and shoot weight of pak choy (r = -0.47, P < 0.02 

for DSI). 

3.6.3 Experiment 3 – Pore size  

The physical properties of the growth media examined in Experiment 3 were 

evaluated before conducting the experiment. The assessments included micro-pore size, 

macro-pore volume, field capacity, and maximum water holding capacity and bulk 

density (Table 3.6). These assessments were not replicated, and so no statistical analysis 

can be applied, but the treatments represent a wide range of soil types. The physical 

properties of the mixtures was not assessed directly, but were calculated as volume/unit 

area or mass/unit volume and/or percentage. 
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Table 3.6 Physical properties of the growth media examined in Experiment 3. 

Growth media 
Micro-pore 
volume 
(cc/kg) 

Macro-pore 
volume 
(cc/kg) 

Field 
capacity 
(%) 

Maximum 
water holding 
capacity (%) 

Bulk 
density 
(g/cm³) 

Mineral soil 4.00 125 8 22 1.12 
Muck soil 6.22 217 85 156 0.37 
Soil-less mix 7.00 284 178 417 0.11 

 

There was no repetition or repetition x treatment interaction, so the data for the 

two repetitions were combined for analysis and presentation. There was a growth 

medium x biofungicide interaction for both incidence and severity (ANOVA tables for 

Experiment 3 in Appendix 3). Clubroot incidence and severity were highest in the 

positive control of mineral soil (96% CI, 79% DSI), moderate in muck soil (75% CI, 37% 

DSI) and mineral mix (60% CI, 44% DSI), and lowest in loose soil-less mix and muck 

mix (15% CI, 9% DSI) (Fig. 3.4 and Supplementary tables, Experiment 3 in Appendix 4). 

Both Serenade and Prestop reduced clubroot incidence and severity in mineral soil, muck 

soil and mineral mix (mineral + soil-less) compared to the positive control, but had no 

effect in the muck mix (muck + soil-less) and soil-less mix (loose). In the compact soil-

less mix , only Prestop reduced clubroot incidence (30% CI).  

Correlation analysis showed that there was no relationship observed between the 

clubroot level and soil pore size (data not shown). There was a strong negative 

correlation between the micro-pore volume of the growth medium and clubroot severity 

in the positive control (r = -0.99; P = 0.0001). The micro-pore volumes, field capacity, 

and maximum water holding capacity (MWHC) were negatively correlated with clubroot 

severity in the positive control (Table 3.7). Field capacity and MWHC were positively 



95 

 

correlated with micro-pore volume. There was a strong positive correlation between the 

bulk density of the growth medium and clubroot severity in the positive control (r = 0.99; 

P = 0.0001; n = 4). Also, bulk density was negatively correlated with the micro-pore 

volume of the growth medium (r = -1; P = 0.0001; n = 4) (Table 3.7).   

Table 3.7 Correlation matrix of the relationship (r above, P below) between the clubroot 

severity on canola and physical properties (pore volumes, field capacity, MWHC, bulk 

density) of the soil types examined in Experiment 3. 

  

Macro 
pore 

volume 

Field 
capacity MWHC1 BD2 DSI3 

mean 
DSI4 

positive 

Micro pore 
volume 

0.77 0.95 0.90 -1.00 -0.99 -1.00 
0.07 0.0001 0.01 <0.0001 <0.0001 <0.0001 

Macro pore 
volume 

  0.53 0.42 -0.78 -0.85 -0.79 
  0.28 0.41 0.07 0.03 0.06 

Field 
capacity 

    0.99 -0.95 -0.90 -0.94 
    <0.0001 0.0001 0.01 0.01 

MWHC       -0.90 -0.84 -0.88 
       0.02 0.04 0.02 
BD         0.99 1.00 
         <0.0001 <0.0001 
DSI mean           1.00 
           <0.0001 

1MWHC- Maximum water holding capacity  
2BD- Bulk density3 DSI mean - mean disease severity of all treatments 
4 DSI positive - mean disease severity of pathogen inoculated but biofungicide not 

inoculated 
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Figure 3.4 The effect of pore size of growth medium and biofungicide application on 

clubroot severity in canola under controlled environmental conditions. Bars capped with 

the same letter do not differ at P = 0.05 based on Tukey’s Multiple Mean Comparison 

Test. Sless = soil-less mix.  

Note: Mineral mix = mineral soil + soil-less mix and Muck mix = muck soil + soil-less 

mix. 

There was a biofungicide x growth medium interaction for shoot weight at 

harvest. The biofungicides increased shoot weight compared to the positive control in 

each growth medium (Supplementary table A3.10, in Appendix 4). The maximum shoot 

weight (~95g) was observed in muck soil and muck mix (muck + soil-less). There was a 
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negative correlation between clubroot level and shoot weight (r = -0.48, P < 0.0001 for 

CI; r = -0.42, P <0.0001 for DSI).  

3.7 Discussion 

This is the first study to examine the impact of growth medium and pathotype of 

P. brassicae on the efficacy of biofungicides against clubroot. It is also one of few 

studies to examine the impact of growth medium on infection by P. brassicae  and 

development of clubroot, and the only one that assessed these variables  on a field crop 

such as canola. This study demonstrated that the efficacy of the biofungicides Prestop and 

Serenade against P. brassicae was influenced by growth medium. Both biofungicides 

reduced clubroot incidence and severity slightly on canola and Shanghai pak choy under 

controlled environmental conditions, but they did not reduce clubroot levels in the field.  

In the canola field trial, clubroot levels were high across the three seeding dates in 

2010, but quite low in 2011. Clubroot severity was correlated with rainfall during the 

crop growth period. In 2010, the total precipitation was 170 mm (long term average = 74 

mm) for June, whereas in June 2011, precipitation was only 2.2 mm. In a previous study 

at this site, high levels of clubroot were noticed in 2009 compared to 2008, and there was 

a strong positive correlation between the cumulative rainfall of the crop growth period 

and clubroot severity in Shanghai pak choy and Chinese flowering cabbage (Adhikari 

2010). Similarly, cumulative rainfall received during the first 2–3 weeks of crop growth 

was positively correlated with clubroot severity in a previous study on radish (Thuma et 

al. 1983). A minimum of 60% soil moisture is required in muck soil for initiation of 

infection by P. brassicae (Hamilton and Crete 1978). Also, a minimum of 18 hours of 
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high soil moisture is required for initiation of infection (Wellman 1930). It is likely that 

with such low precipitation after seeding in 2011, neither of these minimums was 

achieved, and so moisture levels were not sufficient for high levels of primary infection 

to occur.  

In addition to differences in precipitation in the canola field trials between 2010 

and 2011, there was a change from the highly susceptible cv. 46 A76 in 2010 to the 

moderately resistant cv. Invigor 5030 LL in 2011. This change in resistance levels likely 

also contributed to the reduced clubroot levels in 2011. In a host screening trial 

conducted at the Muck Crop Research Station in 2010, in which conditions for clubroot 

development were highly favourable, the DSI in Invigor 5030LL was only 49% 

(McDonald et al. 2010), whereas the nontreated control of cv. 46A76 in the current study 

was 71%. The differences in clubroot level between the field studies in 2010 and 2011 

confirms that both rainfall and host susceptibility have an important impact on clubroot 

development. Clubroot incidence and severity were very high in the canola field trial in 

2010 and there were no differences among treatments or seeding dates. Even the 

fungicides Allegro and Ranman that were included as commercial standards did not 

reduce clubroot levels in 2010. This supports previous reports (Adhikari 2010, Peng et al. 

2011) that clubroot is very difficult to manage when conditions are optimum for infection 

and development. Temperature was not a factor in 2010, as there was no relationship 

observed within a year or across 2 years between temperature recorded at different points 

of time and clubroot levels. Others have demonstrated that clubroot development is 

positively correlated with temperature (McDonald and Westerveld 2008, Thuma et al. 

1983). However, there were 15 or more assessment dates in their studies, so it is possible 
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that a greater number of assessments dates are required to examine the relationship with 

temperature.  

The napa cabbage trials in 2010 and 2011 had a similar pattern of results to that of 

canola field trial in 2010. There were no differences among the treatments and the 

fungicides did not reduce clubroot incidence or severity. In 2011, clubroot incidence and 

severity of napa cabbage were higher than that of the canola field trial, with incidence of 

100% irrespective of treatment, except for the resistant control (0%). Even though 

precipitation in 2011 was much lower than in 2010, clubroot symptoms were severe on 

the highly susceptible napa cabbage cv. Mirako. The high levels of clubroot in 2011 were 

especially remarkable when compared to the low levels of clubroot on adjacent trials of 

the moderately resistant canola cv. 5030LL. This explains the significance of host and 

cultivar susceptibility in clubroot development. The lower level of clubroot in the canola 

2011 trial could be mainly due to cultivar resistance. There was a negative correlation (r 

= -0.43, P = 0.0009) between yield of napa cabbage and clubroot severity (DSI), which 

indicates that severe clubroot can result in substantial yield reduction in napa cabbage. In 

a previous trial, no measurable yield loss was observed on napa cabbage and cabbage in a 

study where 12 plants per experimental unit were harvested (Adhikari 2010). In the 

current study, 25 plants per experimental unit were harvested. The conclusion is that the 

larger number of plants per experimental unit may have been important for quantification 

of yield loss. Perhaps plants suffered more from clubroot when soil moisture was limited, 

such as in 2011, and plants were under drought stress, but there was less stress in 2010 

when there was more rainfall.  
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In the drained trial of experiment 1 under controlled environmental conditions, the 

tall pots holding each canola plantwere maintained in a drained condition. However, 

when the trial was repeated, the drainage was impeded so that the plants could be 

maintained under saturated conditions for the initial 3 weeks after inoculation. The high 

soil moisture levels during the period of primary and secondary infection in the saturated 

trial produced higher clubroot severity on muck soil and mineral soil, but had no impact 

on soil-less mix. The absence of effect on soil-less mix may be associated with its large 

pore space, which may have reduced the frequency of zoospores contacting roots for 

infection intiation. These results support the observation from the field studies that severe 

clubroot can develop on both muck and mineral soil under high moisture conditions. In 

previous trials, an increase in soil moisture increased the level of clubroot in turnip 

(Ayers 1944), and high moisture conditions were shown to favour the development of 

clubroot (Colhoun 1953, Macfarlane 1952).  

In Experiment 1 with canola  Prestop reduced clubroot severity in muck and 

mineral soil in both drained and saturated conditions. Serenade reduced severity in 

mineral soil and sand under saturated condition and reduced incidence in drained soil-less 

mix. 

In Experiment 2 with Shanghai pak choy, plants were maintained under saturated 

conditions for the first 3 weeks after inoculation. Pathotype 3 was slightly more 

aggressive than pathotype 6. Pak choy  inoculated with pathotype 3 had only half the 

shoot weight of those inoculated with pathotype 6 on muck and mineral soil. This 
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supports the observations of previous studies (Strelkov et al. 2006, Cao et al. 2009) that 

pathotype 3 is more aggressive than pathotype 6.   

In Experiment 2 with pak choy, both Prestop and Serenade reduced clubroot 

incidence or severity in all the growth media employed, except Serenade was not 

effective in soil-less mix. The response patterns of Prestop and Serenade were similar to 

that of saturated trial of Experiment 1 with canola. Inclusion of canola in Experiment 2 to 

observe clubroot level across the experiments showed that there was no difference in 

clubroot level between the studies. 

Clubroot levels were consistently higher on Shanghai pak choy than on canola, 

which supports previous reports that pak choy is more susceptible to clubroot than canola 

(Cao et al. 2009). Roots of pak choy are more branched and dense than canola roots, 

which are long with relatively few side branches. It is possible that the densely branched 

and wide spreading roots of pak choy provided more opportunities for zoospores near the 

soil surface to make contact with roots and initiate infection (Ayers 1944).  

The main objective of experiment 3 was to determine if pore size or total pore 

space affected the development of clubroot or the efficacy of the biofungicides. In a 

previous study, the large pore size of muck soil, which allows it to hold more water per 

unit volume than mineral soil, was associated with higher levels of clubroot than on a 

silty loam soil (Dobson et al. 1982). In this study, the plants were watered with a fine 

nozzle to allow the growth media to settle naturally without undue compaction. Clubroot 

levels were lowest in soil-less mix, even though the pore volume of soil-less mix was 

greater than that of the muck soil and mineral soil. Although soil-less mix has a larger 
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pore volume than the other growth media, not all of the pores are capable of holding 

water against gravity. The significant difference between Dobson’s results and the current 

study is that soil compaction was not taken into account in their study.  

In the current study, analysis of soil physical properties showed that mineral soil 

had a higher bulk density than muck soil and soil-less mix, as expected. There was a 

negative correlation between bulk density and micro-pore volume, and a positive 

correlation between bulk density and clubroot severity. Clubroot was more severe on 

mineral soil (high bulk density) than on muck soil and soil-less mix. Clubroot levels were 

consistently lower in soil-less mix (loose) and muck soil + soil-less mix. It is to be noted 

that both the mineral mix and muck mix adjusted to have the same pore size. This 

indicates that besides soil pore volume or pore size, other soil properties played an 

important role. 

The relationship between clubroot severity and soil bulk density has been 

examined for other root rot pathogens (Moots et al. 1988, Carter and Johnston 1989), but 

this is the first report to establish a relationship between clubroot severity and bulk 

density. However, it is important to note that this relationship was not consistent across 

all of the experiments. Clubroot levels were higher in muck soil than in mineral soil in 

Experiment 1 and 2. Also, soil compaction was not included as a factor when the study 

was initiated. Finally, the watering method was different in experiment 3 (sprayed with 

fine nozzle) than in the previous two experiments. The impact of change in watering 

regime may have had an influence in soil compaction and subsequently in clubroot level.  
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In Experiment 3, both Prestop and Serenade   reduced clubroot in muck, mineral 

and mineral mix (mineral + soil-less mix). Across all of the experiments, the impact of 

Serenade and Prestop on clubroot levels differed among growth media and between 

canola and Shanghai pak choy. Prestop reduced clubroot severity in canola and pak choy 

on muck and mineral soil by about 40%. This supports the observations from a previous 

study where Prestop reduced clubroot levels in mineral soil (Peng et al. 2011). Serenade 

reduced severity by 15% across all trials. This result is similar to another report where 

these biofungicides were ineffective in controlling clubroot on pak choy on muck soil in 

the field (Adhikari 2010).  

Biofungicides were not effective under field conditions when challenged with a 

high P. brassicae spore load. Therefore, I believe that further research is needed to 

improve the efficacy and consistency of biofungicides against clubroot when used in 

combination with integrated management methods such as application of lime, use of 

partially resistant cultivars and manipulation of seeding date to escape disease pressure. 

The use of resistant cultivar alone may not represent an adequate solution either, because 

resistance has often broken down as a result of selection for new pathotypes of 

P. brassicae (Diederichsen 2009).  

The timing of application of biofungicides needs to be further evaluated to 

determine if the efficacy can be increased. Application of biofungicides 2 to 3 days after 

sowing is critical for successful root colonization, as only after root emergence, exudates 

favours resting spore germination.  
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Differences in the response of the biofungicides with growth medium indicate that 

the efficacy of biofungicides needs to be evaluated on various soil types to determine if 

soil physical properties such as pore volume, bulk density and water holding capacity 

affect efficacy. For example, clubroot levels in the current study were higher in mineral 

soil than soil-less mix, which had the highest pore volume and water holding capacity but 

lesser bulk density.   

Across experiments 1, 2 and 3, there were differences in watering methods. 

Clubroot level were high in saturated canola and pak choy of experiment 1 and 2. 

However, clubroot levels were substantially lower in experiment 3. The organic matter 

content of the soil had no effect on clubroot level in the current study. A high level of 

clubroot was observed in sand and mineral soil, which had low organic content. 

However, high levels were also observed in muck soil, which had high organic matter.  

Previous studies have reported that soils with low organic matter had high levels of 

clubroot (Wallenhammar 1996), but others observed high level of clubroot in muck soil 

(McDonald and Westerveld 2008, Thuma et al. 1983).  

In summary, the biofungicides Serenade and Prestop reduced clubroot levels on 

canola in various soil types under the controlled environmental conditions, but were less 

effective on pak choy. None of the biofungicides were effective under field conditions. 

Pathotype 3 was slightly more aggressive than pathotype 6. As a result, the biofungicides 

were less effective in reducing the severity of pathotype 3 than pathotype 6. Under 

controlled conditions, the level of clubroot differed in the various growth media assessed, 
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depending on factors such as soil moisture, the physical properties of soil and host 

susceptibility.  

The most important results of this research are that biofungicide efficacy varied 

with growth medium employed and that soil compaction influenced clubroot level. Hence 

it is important to test biofungicides in the soil types where they will be used rather than in 

soil-less mix or sand. Further research is required to find ways to minimize soil 

compaction. When trails are conducted under controlled conditions, consistent soil 

moisture and compaction is important to reproduceability of the trials.  
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4 CHAPTER 4 

GENERAL DISCUSSION AND CONCLUSIONS 

This thesis examined the interaction of several factors that have been reported to 

influence clubroot development: temperature, pH, biofungicides, pathotype, and the 

physical properties of soil. The study focused on the interactions between temperature 

and pH, and among growth medium, biofungicide and pathotype. There have been a few 

studies that evaluated the effects of these factors individually. However, to our 

knowledge, this is the first study to examine the interaction among these important 

factors. 

The underlying hypotheses for this study were that i) the interaction of pH and 

temperature affects infection success by P. brassicae and subsequent clubroot levels in 

canola, ii) biofungicides have efficacy to reduce clubroot levels under field conditions, 

and iii) that the interaction of host, growth media and pathotypes affect the efficacy of 

biofungicides against clubroot under growth room conditions. The research on the factors 

that affect the efficacy of biofungicides builds on recent work by Adhikari (2010) and 

Peng et al. (2011). 

Even though clubroot on Brassica vegetables has been known for centuries, no 

single management practice has been consistently successful in reducing clubroot 

severity. One reason that clubroot is so difficult to manage is that resting spores produced 

by the pathogen are very long lived. Also, the number of resting spores produced in each 

infected plant is very high, so inoculum pressure can increase quickly when susceptible 

crops are grown in tight cropping rotations. During the inoculum preparation for the 
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growth room trials, up to 6 x 109 spores were obtained from less than 10 g of infected 

root of either cabbage or canola. Each club from the napa cabbage field trials weighed 

several hundred grams, so each heavily infected plant produced at least 6 x 1010 resting 

spores. Similarly, up to 2.3 x 108 spores g-1 were obtained from clubbed roots of Shanghai 

pak choy in an earlier study (Sharma et al. 2011b). 

Increasing soil pH by incorporation of lime has been recommended frequently as 

a cultural approach for management of clubroot, but is not always successful under field 

conditions (McDonald et al. 2004). Understanding the interaction of soil pH with 

temperature, soil moisture and spore concentration could be used to improve predictions 

of the efficacy of an increase in pH on clubroot levels, and so make this a better tool for 

clubroot management. Understanding this relationship could also assist canola growers in 

areas of the prairies  where the pathogen is not yet established, to assess the relative risk 

of clubroot on their farms for soil at a known pH. 

At optimum temperature and moisture, raising the soil pH did not eliminate 

clubroot. In the controlled environmental trials at 25°C and pH 7.5, 95% of the plants 

were infected. At 25°C and pH 8.0, clubroot occurred at moderate to high levels (68% CI, 

44% DSI). Symptom development at high pH and high spore concentrations has been 

reported previously by other researchers (Colhoun 1953, Webster and Dixon 1991). The 

present study examined a broader range of temperature and pH than had been looked at in 

these earlier studies, but in general supported their conclusion that increasing pH alone 

does not eliminate clubroot development when other conditions are optimum. 

To raise soil pH from acidic (pH 5.1 to 6.0) to neutral (pH 7.0), application of 15–

20 T ha-1 of lime is required and it has to be applied for at least 4 years (OMAFRA, 
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2004). This may be economical in some circumstances for vegetable growers, but the 

cost involved in the application of lime is not economically feasible for canola growers in 

western Canada as the profit margin is comparatively low (Strelkov et al. 2011). This 

means that other management practices should be investigated to manage clubroot in the 

intensive canola production regions of in western Canada where there are severe 

infestations in soils with a neutral or even basic pH. Other management options could 

include the use of resistant canola cultivars, early seeding, avoiding soil compaction and 

other integrated management practices. 

The assessment of root hair infection provides an understanding of the 

development of zoosporangia in canola roots. This is useful in comparing the relationship 

between primary infection and subsequent clubroot symptom development. The earliest 

reports indicate that even a low frequency of root hair infection can result in a high 

proportion of clubbed plants (Macfarlane 1952). However, a more recent study indicated 

that there was a strong correlation between RHI and symptom development under 

controlled conditions (Sharma et al. 2011a). Similarly, a recent study on canola 

(susceptible cv. 45H26) reported a strong positive correlation between RHI and clubroot 

level (Hwang et al. 2011d). In the current study, there was also a positive correlation 

between RHI and subsequent clubroot development.  

This data demonstrates that primary infection can occurs at alkaline pH, under 

optimum temperature, moisture and spore concentration. Primary infection resulted in 

moderate to high clubroot. Hence most of the prairie regions, where the pathogen does 

not yet occur may be at risk, even though the soil is alkaline.  
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Biofungicides have been included as a component of IPM programs to manage 

various pathogens when effective products are available, especially in organic production 

or where other options are limited. However, the results of the current study indicate that 

the use of biofungicides to manage P. brassicae under field conditions will be 

challenging. The biofungicides Prestop and Serenade  reduced clubroot up to 50% in 

growth room trials where the inoculum pressure was maintained at a low to moderate 

level (5 x 105 spores mL-1), but were not effective under field conditions where the spore 

concentrations were up to 3 x 107 spores g-1 of soil. Besides inoculum pressure, one factor 

that might be important in the efficacy of the biofungicides is the rate and volume of the 

biofungicide products.  There may have been insufficient biocontrol agent to colonize 

and protect the roots of treated plants in the field study. Even though the products were 

applied at 5 times the label rate in both cases, the final volume that each plant received 

differed between the growth room and the field trials. In the growth room trials, each 

seedling received 50 mL of biofungicide solution (for example, 2.5 mL of Serenade in 50 

mL solution), but each plant in the field trials received only 1–5 mL of biofungicide 

solution (0.08 mL of Serenade in 1.8 mL solution). It is to be noted that in napa cabbage 

field trials, 100 mL of biofungicides solution was applied in 2010 to each transplant, but 

in 2011, 25 mL was applied to each 2-wk-old transplant to colonize the roots prior to the 

exposure of pathogen.  High levels of clubroot were observed in both trials. In this case, 

the host and cultivar susceptibility played a more important role than biofungicide rate or 

volume.  

In addition to biofungicide concentration, other factors such as the amount and 

timing of rainfall, host susceptibility, pathotype, and soil properties were also shown to 
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influence the efficacy of biofungicides in studies under controlled conditions  and in field 

trials. Precipitation after planting was correlated with clubroot severity in the field trials 

on canola at the Muck Crop Research Station in 2010 and 2011. Clubroot levels were 

high in field trials in 2010 that received relatively normal levels of precipitation, but 

much lower in 2011 when there was very little precipitation after seeding. Clubroot 

severity was also strongly affected by cultivar susceptibility. For example, canola cultivar 

46A76 was highly susceptible and developed severe clubroot in all three trials in 2010, 

but very little clubroot developed in the moderately resistant cv. Invigor 5030 at an 

adjacent site in 2011. Unfortunately, the effects of precipitation and cultivar resistance 

were confounded in this trial, so that it is difficult to separate the relative importance of 

the two factors. However, napa cabbage in trials at the same site was not as strongly 

affected by precipitation. High clubroot levels were observed in the susceptible cv. 

Mirako in both 2010 and 2011. The absence of an effect of precipitation on napa cabbage 

indicates that cultivar susceptibility played an important role in clubroot development, 

especially when conditions were sub-optimum. 

The current study under controlled conditions indicates that soil compaction also 

plays an important role in clubroot development. Soil compaction is proportional to bulk 

density, which was positively correlated with clubroot severity. Clubroot levels were low 

in less compact soil-less mix (loose) and muck mix (muck soil + soil-less mix) in the 

growth room trials. This finding is important as all of the other management methods 

have certain limitations. Pore space is reduced in compacted soils, so zoospores can more 

easily move to roots and initiate infection. In less compacted soil, soil particles are further 

apart, which means larger spaces for zoospores to travel to access a root hair. These 
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results indicate that application of peat moss, perlite, or organic mulches such as wood 

waste, saw dust, and other soil amendments, may reduce clubroot by reducing soil bulk 

density. In a field study conducted near Edmonton, Alberta, application of wood ash at 

the rate of 7.5 T ha-1 at the time of seed sowing reduced clubroot severity compared to 

nontreated control (Hwang et al. 2011b). This treatment could affect both soil compaction 

and soil pH. 

Soil compaction or conversely, bulk density, is one important factor in clubroot 

development. The soil-less mix had a large pore volume, high water holding capacity, 

and low bulk density. Mineral soil had a smaller pore volume and lower water holding 

capacity, and higher bulk density. Muck soil had an intermediate pore volume, water 

holding capacity and bulk density. Clubroot severity was negatively correlated with water 

holding capacity and pore volume, but was positively correlated with bulk density. Hence 

in the current study, clubroot level was low in soil-less mix and high in mineral soil. 

Intermediate levels of clubroot were observed on muck soil in Experiment 3 under 

growth room conditions, but not in Experiments 1 and 2. The observations on soil 

compaction indicate that this difference occurred because the muck soil was forcibly 

compacted in Experiment 1 and 2, and so it retained water when it was saturated for 

longer than in Experiment 3. An intermediate clubroot severity (or higher level due to 

spore load) was expected on muck soil under field conditions, but was higher in 2010 

than in 2011. In this case, the influence of precipitation played a more important role than 

soil physical properties; precipitation was higher in 2010 than in 2011. The response of 

the two biofungicides, Serenade and Prestop, varied with growth media. Prestop was 

more effective on muck and mineral soil, Serenade was more effective on sand and 
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saturated mineral soil, and neither reduced clubroot  in soil-less mix. The muck and 

mineral soil had lower pore volume and water holding capacity but higher bulk density 

compared to soil-less mix, which might have affected the efficacy of biofungicide. There 

was a strong biofungicide x growth media interaction observed in each of the growth 

room experiments. This indicates that the efficacy of the biofungicides is influenced by 

the growth media. The responses of biofungicides were similar on both canola and 

Shanghai pak choy, but clubroot levels were slightly higher on pak choy. In most cases, 

both biofungicides were less effective against pathotype 3 than pathotype 6.  

Organic matter content of soil did not influence clubroot severity. When the 

experiments were planned, it was expected that organic matter content of the soil might 

affect clubroot severity. However, high level of clubroot was observed in both soils with 

high and low organic matter content.  

Soil micro organisms did not influence clubroot level. Similar clubroot level was 

observed in high organic content muck soil as well as low organic content mineral soil 

and sand. It was expected that soil micro organisms might interfere with the biocontrols 

colonization in rhizosphere zone but no effect was observed. Canola and Shanghai pak 

choy had similar clubroot levels in all the three growth media tested. 

Another reason for the lower efficacy of biocontrols could be due to the 

production of glucosinolates in Brassica roots. It was reported that higher glucosinolates 

content in the young plant roots have negative influence on the bacterial colonization 

(Monica  et al. 2009, O’Callaghan et al. 2000). Once the glucosinolates are hydrolysed, 

they produce biologically active compounds and these compounds inhibit the microbial 
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growth in rhizopshere zone (Mikkelsen et al. 2003). However, it is not clear the 

biocontrols used in the current study are influenced by these glucosinolates.  

4.1 Study limitations 

Examination of the interaction of physical factors that influence clubroot 

development in the current study has identified additional issues that lie beyond the scope 

of the current project. Additional in-depth studies of various factors that were not 

included in the study are required. For example, in the 2010 canola field study, clubroot 

levels within the plot were highly variable. This variability appears to be mainly due to 

soil compaction, as other factors such as rainfall, temperature, spore load, pH and 

treatments all remained the same within a plot. Similarly soil moisture was not taken into 

account initially in the growth room studies, but was shown to play an important role in 

influencing clubroot levels through the comparison between the drained and saturated 

repetitions of experiment 1 on canola. There may be potential to minimize clubroot 

severity by altering the soil physical properties, or avoiding compacted soils that would 

be conducive to clubroot. Further research in this area is required.  

4.2 Future research 

There are a number of management practices recommended for the management 

of clubroot in Brassica vegetable crops, such as the application of lime, removal of culled 

vegetables, use of resistant cultivars and application of registered fungicides. In the 

current study, the biofungicides Prestop and Serenade did not provide effective clubroot 

management when disease pressure in the field was high. However, biocontrol is still in a 

developmental stage. Even though biofungicides were not effective in the field in these 
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studies, there are some areas that could be investigated to determine if their efficacy can 

be improved. The timing of application of biofungicides for management of clubroot 

needs to be evaluated. The critical time for the application of biofungicide appears to lie 

immediately after seed germination, when the biofungicide must be present at high levels 

to colonize the root. Also, it is only after seed germination that root exudates stimulate 

resting spore germination. A second application of biofungicide within 2 weeks of 

sowing might increase the population of the biofungicide agent in the rhizosphere zone 

and increase colonization. For the second application, the same biofungicide 

concentration with a high volume of water sufficient to drench the roots of 2-week-old 

seedlings should be examined. For growth room trials, 25 mL could be applied at 2 

weeks after the first inoculation to reduce infection success of  secondary zoospores. 

Also, additional research with a wider range of concentrations of biofungicides is 

required.  

Further work to demonstrate the impact of soil compaction and to assess 

treatments to reduce compaction is required. Experiment 1 and 2 may be repeated with 

compacted soil and light watering. Investigation on the role of soil moisture on clubroot 

development under field and controlled environmental conditions is required.  

The current study demonstrated that the interaction of pH and temperature affects 

infection success by P. brassicae and subsequent clubroot levels in canola. Biofungicides 

did not to reduce clubroot levels under field conditions. The interaction of host, growth 

media and pathotype affects the efficacy of biofungicides against clubroot under growth 

room conditions. Growers can select the field plots based on soil pH levels and planting 

dates can be manipulated to reduce the effect of high temperature. The efficacy of 
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biofungicides varies with the growth media used. Hence it is important to select the 

biofungicides based on the soil type employed. 

In conclusion, this was the first study to investigate the interaction of temperature 

and pH on clubroot and to investigate the efficacy of biofungicides on different growth 

media. The results of this study can be used by growers and extension specialists to 

improve the management of clubroot.  The results have shown that clubroot can be 

reduced by raising the soil pH and reducing the soil compaction.  High levels of clubroot 

can be expected under conditions of acidic pH, high tempertaure, heavily compacted 

soils, higher spore load and moisture conditions. 
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5 APPENDIX 1: ANOVA TABLES FOR CHAPTER TWO 
Root hair infection: Combined (repetition 1 and 2) (temp 15–25°C, pH 6–8) 
Random effects Estimate Standard error Z value  Pr>Z 
T x pH x Repetition 0 0.00 0.24 0.12 
Block(replication) 0 . . . 
Residual 2.02 0.34 5.93 <0.0001 
Fixed effects  Numerator df Denominator df F value Pr>F 
Temperature (T) 2 15 3566 <0.0001 
T linear (1) 76 3852 <0.0001 
T quadratic (1) 76 144 <0.0001 
pH 4 15 2163 <0.0001 
pH linear (1) 76 1242 <0.0001 
pH quadratic (1) 76 9 <0.0001 
T x pH 8 15 153 <0.0001 
T x pH linear (1) 1 83 0.0698 
pH x T 2  (1) 76 0.04 0.8440 
T x pH 2 (1) 76 60.86     <0.0001 

 
Symptom development study 
Clubroot incidence: Combined (repetition 1 and 2) (temp 15–25°C, pH 6–8) 

 Random effects Estimate Standard error Z value Pr>Z 
T x pH x Repetition 71 37 2 0.03 
Block(replication) 0 . . . 
Residual 87 16 5.48 <0.0001 
Fixed effects  Numerator df Denominator df F value Pr>F 
Temperature (T) 2 15 90 <0.0001 
T linear (1) 76 451 <0.0001 
T quadratic (1) 76 74 <0.0001 
pH 4 15 15 <0.0001 
pH linear (1) 76 129 <0.0001 
pH quadratic (1) 76 0.32 0.15 
T x pH 8 15 1.11 0.40 
T x pH linear (1) 1 0.00 0.98 
pH x T 2  (1) 76 23 <0.0001 
T x pH 2 (1) 76 27 <0.0001 
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Clubroot severity index: Combined (reps 1 and 2) (temp 15–25°C, pH 6–8) 
Random effects Estimate Standard error Z value Pr>Z 
T x pH x Repetition 0 0.00 0.24 0.12 
Block(replication) 0 . . . 
Residual 2.02 0.34 5.93 <0.0001 
Fixed effects  Numerator df Denominator df F value Pr>F 
Temperature (T) 2 15 244 <0.0001 
T linear (1) 76 1075 <0.0001 
T quadratic (1) 76 303 <0.0001 
pH 4 15 29 <0.0001 
pH linear (1) 76 180 <0.0001 
pH quadratic (1) 76 2  0.15 
T x pH 8 15 4 0.02 
T x pH linear (1) 1 14 0.16 
pH x T2 (1) 76 26 <0.0001 
T x pH 2 (1) 76 17 <0.0001 

 
Root hair infection: Multiple regression Combined (reps 1 and 2) (temp 15–25°C, pH 6–
8) 
Source df Sum of squares F value Pr > F 
temp 1 3910 160.35 0.02 
pH 1 7 0.29 0.59 
temp2 1 1771 72.64 <0.0001 
pH2 1 25 1.03 0.31 
tempxpH 1 1406 57.63 <0.0001 

RHI = -169.14 + 27.54 (temp) - 0.37 (temp)2- 9.56 (pH) + 1.26(pH)2 -1.36(temp)(pH);  
R2 = 0.94 
  
Clubroot incidence: Multiple regression Combined (reps 1 and 2) (temp 15–25°C, pH 6–
8) 
Source df Sum of squares F value Pr > F 
Temp 1 4251 28.55 <0.0001 
pH 1 3412  22.91 <0.0001 
Temp2 1 2049  13.76 <0.0004 
pH2 1 3516  23.61 <0.0001 
Temp x pH 1 671 4.5 0.04 

CI = -944.42 + 28.72 (temp) - 0.04 (temp)2- 210.6 (pH) - 14.94(pH)2 -0.95(temp)(pH);  
R2 = 0.85 
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Clubroot severity: Multiple regression Combined (reps 1 and 2) (temp 15–25°C, pH 6–8) 
Source df Sum of squares F value Pr > F 
Temp 1 2778 31.42 <0.0001 
pH 1 2100 23.75 <0.0001 
Temp2 1 84 0.95 <0.33 
pH2 1 1675 18.94 <0.0001 
Temp x pH 1 2743 31.03 <0.0001 

DSI = -764.96 + 23.16 (temp) - 0.08 (temp)2- 166.18 (pH) - 10.42(pH)2 -1.89(temp)(pH);  
R2 = 0.92 
Shoot weight from symptom development study rep 1 (temp 10–25°C, pH 6–8) 
Random effects Estimate Standard error Z value Pr > Z 
Block (Replication) 1.58 8.2 0.19 0.42 
Residual 12.54  2.8 4.47 <0.0001 

Fixed effects  Numerator df 
Denominator 
df F value Pr>F 

Temp (3) 38 81.65 <0.0001 
Temp linear 1 50 13.68 <0.0005 
Temp quadratic 1 53 0.00 0.96 
pH (4) 38 5.26 0.002 
pH linear 1 53 321.21 <0.0005 
pH quadratic 1 53 0.60 <0.44 
Temp x pH (12) 38 17.84 <0.0001 
Temp x pH  1 50 12.04   <0.0011 
pH x Temp2 1 50 9.22 0.0038 
Temp x pH 2 1 50 0.85 0.36 
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6 APPENDIX: 2 SUPPLEMENTARY TABLES FOR CHAPTER TWO 

Table A2.1. Effect of the temperature and pH treatments in the first and second 

repetitions (reps 1 and 2) of the root hair infection study on root hair infection (RHI) by 

Plasmodiphora brassicae, and clubroot incidence (CI) and severity (disease severity 

index, DSI) in the symptom development study, on canola cv. 46A76 under controlled 

environmental conditions. 

Temperature 
(°C) and pH 

Repetition 
1 study 

Repetition 
2 study Repetition1 study Repetition 2 

study 

RHI (%) CI (%) DSI (%) CI 
(%) 

DSI 

(%) 
10°C 6.0 2 jk1 -2 17 c-e 6 f - - 

 6.5 0 k - 10 de 3 f - - 
 7.0 0 k - 27 c-e 9 f - - 
 7.5 0 k - 0 e 0 f - - 
 8.0 0 k - 0 e 0 f - - 

15°C 5.0 - 33 d - - 63 fg 34 f 
 5.5 - 32 d - - 62 fg 32 fg 
 6.0 22 ef 24 ef 23 c-e 9 f 53 gh 26 g 
 6.5 18 fg 19 g 30 c-e 16 ef 40 hi 19 h 
 7.0 9 h 10 i 37 cd 13 ef 29 ij 14 hi 
 7.5 6 hi 7 ij 33 c-e 11 ef 31 ij 10 ij 
 8.0 4 ij 5 j 10 de 3 f 17 j 6 j 

20°C 5.0 - * - - 88 a-d 62 d 
 5.5 - 61 a - - 80 c-e 59 d 
 6.0 58 ab 61 a 93 a 59 cd 83 b-d 60 d 
 6.5 54 b 56 b 80 ab 67 b-d 82 c-e 59 d 
 7.0 31 d 33 d 80 ab 66 b-d 81 c-e 50 e 
 7.5 19 f 22 fg 49 bc 27 ef 74 d-f 47 e 
 8.0 14 g 15 h 30 c-e 14 ef 50 gh 29 fg 

25°C 5.0 - * - - 100 a 100 a 
 5.5 - * - - 100 a 100 a 
 6.0 60 a 62 a 100 a 99 a 100 a 99 a 
 6.5 58 a 61 a 100 a 94 ab 100 a 89 b 
 7.0 40 c 42 c 100 a 81 a-c 97 ab 85 b 
 7.5 26 e 27 e 97 a 69 a-d 94 a-c 78 c 
 8.0 19 f 21 f 40 cd 42 de 68 ef 47 e 

1 Values in the column followed by same letter do not differ at P = 0.05 based on Tukey’s 
test; 2 not done; * Root hair infection completed and no evidence of P. brassicae in root 
hairs ; CI - clubroot incidence; DSI - Disease severity index 
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7 APPENDIX 3: ANOVA TABLES FOR CHAPTER THREE 
A. CANOLA FIELD TRIALS, ANOVA TABLES 

2010 Three seeding dates combined - CI 

Random effects Estimate Standard error Z value Pr > Z 
Block 54.17 59.69 0.91 0.18 
Residual 440.94 76.18 5.92 <0.0001 
Fixed effects Numerator df Denominator df F value Pr > F 
Treatment (T) 7 67 14.58 <0.0001 
Seeding date (S) 2 67 7.55 0.0011 
T x S  14 67 1.07 0.4014 

 
2010 Three seeding dates combined - DSI 

Random Effects Estimate Standard error Z value Pr > Z 
Block 15.2213 30.28 0.5 0.30 
Residual 704.19 119.89 5.87 <0.0001 

 
2011 - CI 

Random effects Estimate Standard error Z value Pr > Z 
Block 3.37 3.32 1.02 0.15 
Residual 5.49 1.70 3.24 0.0006 
Fixed effect Numerator df Denominator df F value Pr>F 
Treatment 7 21 3.39 0.014 

 
2011 - DSI 

Random effects Estimate Standard error Z value Pr > Z 
Block 0.32 0.33 0.96 0.17 
Residual 0.70 0.22 3.24 0.0006 
Fixed effect Numerator df Denominator df F value Pr>F 
Treatment 7 23 2.24 0.068 

 
 
 
 

Fixed effects Numerator df Denominator df F value Pr>F 
Treatment (T) 7 69 7.92 <0.0001 
Seeding date (S) 2 69 1.35 0.26 
T x S  14 69 0.44 0.95 
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2011 Root weight of 10 plants 

Effect df Mean square F value Pr>F 
Block 3 19.08 4.46 0.02 
Treatment 6 0.76 0.18 0.98 
 

2011 Top weight of 10 plants 
Source df Mean square F value Pr>F 
Block 3 3391 2.45 0.09 
Treatment 6 1241 0.9 0.52 

 
B. NAPA CABBAGE FIELD TRIALS – ANOVA TABLES 
2010 - CI 
Source df Mean square F value Pr>F 
Block 3 335 1.19 0.34 
Treatment 6 1461 5.2 0.003 

 
2010 and 2011 - Combined yield 

Random effects Estimate Standard error F value Pr>Z 
Block 4.83 7.69 0.63 0.26 
Year 70.02 103.37 0.68 0.24 
Year x Treatment 0 . . . 
Residual 43 8.87 4.85 <0.0001 

 
2010–2011 - Combined DSI 

Random effects Estimate Standard error F value Pr>Z 
Block 0 . . . 
Year 286.2 457.7 0.63 0.27 
Year x Treatment 142 152.8 0.92 0.17 
Residual 240 52.4 4.58 <0.0001 

 
 

Fixed effects Numerator DF Denominator DF F value Pr>F 
Treatment 6 41 0.56 0.76 

Fixed effects Numerator DF Denominator DF F value Pr>F 
Treatment 6 41 1.18 0.34 
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2011 - Root weight of 10 plants  

Source df Mean square F value Pr>F 
Block 3 7516 2.72 0.07 
Treatment 7 6406 2.32 0.06 

 
2011 - Top weight of 10 plants 

Source df Mean square F value Pr>F 
Block 7 264388 2.45 0.05 
Treatment 3 81165 0.75 0.53 

 
C. GROWTH ROOM TRIALS – ANOVA TABLES 

Drained canola Trial 1- Shoot weight 

Random effects Estimate Standard error Z value Pr > Z 
Block 7 10.7 0.67 0.25 
Residual 83 17.3 4.8 <0.0001 
Fixed effects Numerator df Denominator df F value Pr>F 
Soil 3 46 74.5 <0.0001 
Pathotype (Pt) 2 46 3.43 0.04 
Biofungicide (Bf) 3 46 74.5 <0.0001 
Soil x Pt 3 46 0.9 0.45 
Soil x Bf 6 46 2.73 0.02 
Pt x Bf 2 46 1.33 0.28 
Soil x Pt x Bf 6 46 0.5 0.81 
 
Saturated canola Trial 1 shoot weight 

Random effects Estimate Standard error Z value Pr > Z 
Block 6 6.9  0.89 0.18 
Residual 56 9.5  5.87 <0.0001 
Fixed effects Numerator df Denominator df F value Pr>F 
Soil 3 69 274.94 <0.0001 
Pathotype (Pt) 1 69 0.05 0.83 
Biofungicide (Bf) 2 69 4.74 0.01 
Soil x Pt 3 69 1.06 0.37 
Soil x Bf 6 69 6.13 <0.0001 
Pt x Bf 2 69 0.34 0.72 
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Soil x Pt x Bf 6 69 0.42 0.86 
Experiment 2: Shanghai pak choy 

Repetition 1 and 2 - combined, Shoot weight 

Random effects Estimate Standard error Z value Pr > Z 
Block(replication) 0 . . . 
Residual 106.83 12.59 8.49 <0.0001 
Fixed effects Numerator df Denominator df F value Pr>F 
Soil 3 138 147.7 <0.0001 
Bf 2 138 7.29 0.001 
Pt 1 138 138.52 <0.0001 
Soil x Bf 6 138 35.84 <0.0001 
Soil x Pt 3 138 23.45 <0.0001 
Bf x Pt 2 138 8.06 0.0005 
Soil x Bf x Pt 6 138 2.61 0.02 
Soil x Bf x Pt x 
repetition 23 138 0.43 0.98 
 
Experiment 3: Canola  
Repetition 1 and 2 combined CI 

 
 
 
 
 
 
 
 
 
 
 

Random effects Estimate Standard error Z value Pr > Z 
Block(replication) 0 . . . 
Residual 111.34 15.15 7.35 <0.0001 
Effects Numerator df Denominator df F value Pr>F 
Soil 5 107 136.15 <0.0001 
Bf 2 107 90.75 <0.0001 
Soil x Bf 10 107 8.39 <0.0001 
Repetition 1 107 0.51 0.47 
Repetition  x Soil 
x Bf 17 107 0.56 0.92 
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Runs 1 and 2 combined DSI 

Random effects Estimate Standard error Z value Pr > Z 
Block(replication) 0 . . . 
Residual 33.43 4.55 7.35 <0.0001 
Effects Numerator df Denominator df F Value Pr>F 
Soil 5 107 308.46 <0.0001 
Bf 2 107 155.45 <0.0001 
Soil x Bf 10 107 12.21 <0.0001 
Repetition 1 107 0.37 0.55 
Repetition x Soil 
x Bf 17 107 0.4 0.98 

Runs 1 and 2 combined Shoot weight 

Random effects Estimate Standard error Z value Pr > Z 
Block(replication) 10.0891 9.52 1.06 0.14 
Residual 113.91 15.951 7.14 <0.0001 
Fixed effects Numerator df Denominator df F value Pr>F 
Soil 5 102 22.74 <0.0001 
Bf 2 102 135.95 <0.0001 
Repetition 1 6 0.75 0.42 
Soil l x Bf 10 102 4.77 <0.0001 
Soil x Bf x repetition 17 102 0.86 0.62 
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8 APPENDIX: 4 SUPPLEMENATRY TABLES FOR CHAPTER THREE 
Table.A 3.8 Interaction of biofungicide x growth medium on clubroot incidence (CI %), 

severity (disease severity index, DSI) and shoot weight in two trials (drained and 

saturated) on canola grown under controlled environmental conditions. 

Growth medium 
and 
Biofungicide 

Drained trial Saturated trial Drained Saturated 

CI (%) DSI (%) CI (%) DSI (%) Shoot wt. (g) 

Muck soil       
Positive control 88 ab 69 a 100 a 86 a 63 a 63 ab 
Prestop 72 bc 42 b 82 bc 67 b 58 ab 55 a–c 
Serenade 92 ab 67 a 92 ab 75 ab 44 bc 48 c 
Mineral soil       
Positive control 83 ab 61 a 100 a 75 ab 20 de 16 de 
Prestop 53 c–e 33 bc 59  de 36 de 29 c–e 23 d 
Serenade 81 ab 72 a 71 cd 53 c 22 de 14 de 
Sand       
Positive control 95 a 75 a 85 a–c 51 c 12 e 10 e 
Prestop 87 ab 70 a 69 cd 42 cd 12 e 13 de 
Serenade 55 cd 33 bc 47 ef 22 f 12 e 10 e 
Soil–less mix       
Positive control 58 c 26 cd 48 ef 26 ef 31 cd 51 bc 
Prestop 32 e 14 d 34 f 19 f 63 a 63 ab 
Serenade 34 de 16 d 47 ef 22 f 58 ab 55 a–c 

1 Values in the column followed by same letter do not differ at P = 0.05 based on Tukey’s 

test. 
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Table. A3.9 Interaction of biofungicide x pathotype x growth medium on clubroot 

incidence (CI), severity (disease severity index, DSI) and shoot weight on Shanghai pak 

choy grown under controlled environmental conditions. 

Growth medium 
& Biofungicide Pathotype 

Shanghai pak choy 
CI (%) DSI (%) Shoot wt. (g) 

Muck     
Positive control P3 100 a1 96 a 36 d–g 
 P6 100 a 71 cd 86 a 
Prestop P3 100 a 97 a 24 f–i 
 P6 74 c–f 58 e 47 cd 
Serenade P3 100 a 98 a 69 ab 
 P6 54 gh 42 fg 26 e–i 
Mineral     
Positive control P3 100 a 91 a 18 g–i 
 P6 100 a 61 de 25 f–i 
Prestop P3 90 a–c 78 bc 19 g–i 
 P6 60 e–g 44 fg 28 d–h 
Serenade P3 78 b–e 58 e 18 g–i 
 P6 69 d–g 51 ef 44 de 
Sand     
Positive control P3 100 a 94 a 9 hi 
 P6 100 a 74 c 16 hi 
Prestop P3 100 a 88 ab 11 hi 
 P6 82 b–e 56 e 14 hi 
Serenade P3 94 ab 76 c 8 i 
 P6 69 d–g 42 fg 17 hi 
Soil-less mix     
Positive control P3 84 a–d 41 fg 22 g–i 
 P6 78 b–e 41 fgh 26 e–i 
Prestop P3 47 h 37 gh 67 b 
 P6 48 h 22 i 75 ab 
Serenade P3 67 e–g 29 hi 43 d–f 
 P6 83 a–e 43 fg 65 bc 

1 Values in the column followed by same letter do not differ at P = 0.05 based on Tukey’s 
test. 
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Table.A3.10 The effect of growth medium x biofungicide on clubroot incidence, severity 

(disease severity index, DSI) and shoot weight on canola under controlled environmental 

conditions. 

Growth medium and 
Biofungicide CI (%) DSI (%) Shoot wt. (g) 

Mineral    

Positive control 96 a1 79 a 41 g 
Prestop 69 bc 57 b 68 c–e 
Serenade 74 b 47 bc 62 d–f 
Muck    

Positive control 75 b 37 c 73 cd 
Prestop 30 e 17 de 95 ab 
Serenade 20 ef 9 ef 94 ab 
Mineral + Soil-less mix    

Positive control 60 bc 44 c 48 fg 
Prestop 34 de 18 de 78 b–d 
Serenade 19 ef 11 ef 78 b–d 
Soil-less mix (compact)    

Positive control 53 cd 26 d 60 d–f 
Prestop 30 e 17 de 84 a–c 
Serenade 19 ef 6 f 79 b–d 
Muck + Soil-less mix    

Positive control 16 ef  9 ef 43 fg 
Prestop 10 f 4 f 95 ab 
Serenade 16 ef  5 f 104 a 
Soil-less mix (loose)    

Positive control 15 ef 6 f 49 e–g 
Prestop 5 f 2 f 78 a–c 
Serenade 6 f 2 f 88 b–d 

1Values in the column followed by same letter do not differ at P = 0.05 based on 

Tukey’s test.  
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9 APPENDIX: 5 RAW DATA FOR CHAPTER TWO 
Raw data for temperature and pH growth room trial  

   
Repetition 1 Repetition 2 

Temperature pH Block DSI CI Shoot wt (g) DSI CI 
25 5.0 1 _ _ _ 100.00 100.00 
25 5.0 2 _ _ _ 100.00 100.00 
25 5.0 3 _ _ _ 100.00 100.00 
25 5.5 1 _ _ _ 100.00 100.00 
25 5.5 2 _ _ _ 100.00 100.00 
25 5.5 3 _ _ _ 100.00 100.00 
25 6.0 1 96.66 100.0 16.20 100.00 100.00 
25 6.0 2 100.00 100.0 17.86 100.00 100.00 
25 6.0 3 100.00 100.0 15.63 100.00 100.00 
25 6.5 1 100.00 100.0 22.41 100.00 100.00 
25 6.5 2 90.00 100.0 19.84 100.00 100.00 
25 6.5 3 93.33 100.0 20.82 100.00 100.00 
25 7.0 1 83.33 100.0 15.88 100.00 100.00 
25 7.0 2 90.00 100.0 15.56 100.00 100.00 
25 7.0 3 70.00 100.0 18.28 91.67 91.67 
25 7.5 1 80.00 100.0 37.43 90.00 90.00 
25 7.5 2 83.33 100.0 45.05 90.91 90.91 
25 7.5 3 43.33 90.0 37.10 100.00 100.00 
25 8.0 1 43.33 60.0 42.01 70.00 70.00 
25 8.0 2 43.33 20.0 45.58 60.00 60.00 
25 8.0 3 40.00 40.0 46.52 75.00 75.00 
20 5.0 1 _ _ _ 91.67 91.67 
20 5.0 2 _ _ _ 83.33 83.33 
20 5.0 3 _ _ _ 90.00 90.00 
20 5.5 1 _ _ _ 83.33 83.33 
20 5.5 2 _ _ _ 83.33 83.33 
20 5.5 3 _ _ _ 72.73 72.73 
20 6.0 1 66.67 100.0 12.32 91.67 91.67 
20 6.0 2 53.33 80.0 14.71 83.33 83.33 
20 6.0 3 56.67 100.0 16.03 75.00 75.00 
20 6.5 1 43.33 50.0 18.45 83.33 83.33 
20 6.5 2 90.00 100.0 18.85 80.00 80.00 
20 6.5 3 66.67 90.0 18.05 83.33 83.33 
20 7.0 1 80.00 90.0 14.47 83.33 83.33 
20 7.0 2 80.00 80.0 15.68 75.00 75.00 
20 7.0 3 36.67 70.0 17.11 83.33 83.33 
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DSI - Disease severity index (%) 

20 7.5 1 26.67 36.4 10.42 71.43 71.43 
20 7.5 2 20.00 50.0 9.84 75.00 75.00 
20 7.5 3 33.33 60.0 8.99 75.00 75.00 
20 8.0 1 20.00 40.0 10.08 50.00 50.00 
20 8.0 2 6.67 10.0 12.10 58.33 58.33 
20 8.0 3 16.67 40.0 8.11 41.67 41.67 
15 5.0 1 _ _ _ 58.33 58.33 
15 5.0 2 _ _ _ 63.64 63.64 
15 5.0 3 _ _ _ 66.67 66.67 
15 5.5 1 _ _ _ 58.33 58.33 
15 5.5 2 _ _ _ 61.54 61.54 
15 5.5 3 _ _ _ 66.67 66.67 
15 6.0 1 10.00 20.0 22.64 50.00 50.00 
15 6.0 2 10.00 30.0 24.31 58.33 58.33 
15 6.0 3 6.67 20.0 29.03 50.00 50.00 
15 6.5 1 6.67 20.0 29.88 33.33 33.33 
15 6.5 2 26.67 40.0 38.74 45.45 45.45 
15 6.5 3 13.33 30.0 28.93 41.67 41.67 
15 7.0 1 6.67 20.0 29.01 28.57 28.57 
15 7.0 2 16.67 50.0 33.11 25.00 25.00 
15 7.0 3 16.67 40.0 31.21 33.33 33.33 
15 7.5 1 10.00 30.0 27.65 33.33 33.33 
15 7.5 2 13.33 40.0 3.21 25.00 25.00 
15 7.5 3 10.00 30.0 16.73 33.33 33.33 
15 8.0 1 3.33 10.0 24.80 16.67 16.67 
15 8.0 2 3.33 10.0 24.96 16.67 16.67 
15 8.0 3 6.67 20.0 23.34 16.67 16.67 
10 6.0 1 6.67 20.0 10.93 _ _ 
10 6.0 2 3.33 10.0 11.12 _ _ 
10 6.0 3 6.67 20.0 9.75 _ _ 
10 6.5 1 6.67 20.0 14.08 _ _ 
10 6.5 2 3.33 10.0 16.35 _ _ 
10 6.5 3 3.33 10.0 15.85 _ _ 
10 7.0 1 6.67 20.0 13.58 _ _ 
10 7.0 2 10.00 30.0 13.80 _ _ 
10 7.0 3 10.00 30.0 9.85 _ _ 
10 7.5 1 0.00 0.0 9.58 _ _ 
10 7.5 2 0.00 0.0 9.03 _ _ 
10 7.5 3 0.00 0.0 9.15 _ _ 
10 8.0 1 0.00 0.0 6.88 _ _ 
10 8.0 2 0.00 0.0 11.63 _ _ 
10 8.0 3 0.00 0.0 11.78 _ _ 
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CI- Clubroot incidence (%); - Not done 

Raw data for Root hair infection, Repetition1 
UP - undifferenciated plasmodium; DP - differenciated plasmodium; DS - dehisced 
sporangium; UnInf - Uninfected 

Tempertaure pH Block Inf % UP DP DS UnInf 
25 6.00 1 61.33 0.00 19.00 42.33 38.67 
25 6.00 2 58.67 0.00 26.00 32.67 41.33 
25 6.00 3 60.00 0.00 27.67 32.33 40.00 
25 6.50 1 58.00 0.00 33.00 25.00 42.00 
25 6.50 2 62.00 0.00 36.67 25.33 38.00 
25 6.50 3 54.67 0.00 30.00 24.67 45.33 
25 7.00 1 37.67 5.00 16.67 16.00 62.33 
25 7.00 2 40.00 4.33 19.33 16.33 60.00 
25 7.00 3 42.33 4.33 18.67 19.33 57.67 
25 7.50 1 25.67 17.33 8.33 0.00 74.33 
25 7.50 2 24.67 18.00 6.67 0.00 75.33 
25 7.50 3 26.67 18.67 8.00 0.00 73.33 
25 8.00 1 18.33 18.33 0.00 0.00 81.67 
25 8.00 2 19.33 19.33 0.00 0.00 80.67 
25 8.00 3 19.67 19.67 0.00 0.00 80.33 
20 6.00 1 59.33 17.33 38.67 3.33 40.67 
20 6.00 2 58.33 18.00 37.00 3.33 41.67 
20 6.00 3 55.33 16.67 36.67 2.00 44.67 
20 6.50 1 54.00 16.33 36.00 1.67 46.00 
20 6.50 2 54.67 16.33 37.00 1.33 45.33 
20 6.50 3 52.67 16.00 33.67 3.00 47.33 
20 7.00 1 30.67 20.33 10.33 0.00 69.33 
20 7.00 2 30.00 19.67 10.33 0.00 70.00 
20 7.00 3 31.33 20.33 11.00 0.00 68.67 
20 7.50 1 21.33 21.33 0.00 0.00 78.67 
20 7.50 2 18.00 18.00 0.00 0.00 82.00 
20 7.50 3 17.67 17.67 0.00 0.00 82.33 
20 8.00 1 14.33 14.33 0.00 0.00 85.67 
20 8.00 2 14.00 14.00 0.00 0.00 86.00 
20 8.00 3 13.33 13.33 0.00 0.00 86.67 
15 6.00 1 21.67 15.33 6.33 0.00 78.33 
15 6.00 2 22.33 15.67 6.67 0.00 77.67 
15 6.00 3 20.67 15.67 5.00 0.00 79.33 
15 6.50 1 18.33 15.33 3.00 0.00 81.67 
15 6.50 2 19.33 15.33 4.00 0.00 80.67 
15 6.50 3 16.33 13.33 3.00 0.00 83.67 
15 7.00 1 10.00 10.00 0.00 0.00 90.00 
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15 7.00 2 8.33 8.33 0.00 0.00 91.67 
15 7.00 3 7.67 7.67 0.00 0.00 92.33 
15 7.50 1 7.33 7.33 0.00 0.00 92.67 
15 7.50 2 6.00 6.00 0.00 0.00 94.00 
15 7.50 3 5.33 5.33 0.00 0.00 94.67 
15 8.00 1 4.67 4.67 0.00 0.00 95.33 
15 8.00 2 4.00 4.00 0.00 0.00 96.00 
15 8.00 3 4.67 4.67 0 0.00 95.33 
10 6.00 1 2.00 2.00 0 0.00 98.00 
10 6.00 2 1.33 1.33 0 0.00 98.67 
10 6.00 3 1.33 1.33 0 0.00 98.67 
10 6.50 1 0.00 0.00 0 0.00 100.00 
10 6.50 2 0.00 0.00 0 0.00 100.00 
10 6.50 3 0.00 0.00 0 0.00 100.00 
10 7.00 1 0.00 0.00 0 0.00 100.00 
10 7.00 2 0.00 0.00 0 0.00 100.00 
10 7.00 3 0.00 0.00 0 0.00 100.00 
10 7.50 1 0.00 0.00 0 0.00 100.00 
10 7.50 2 0.00 0.00 0 0.00 100.00 
10 7.50 3 0.00 0.00 0 0.00 100.00 
10 8.00 1 0.00 0.00 0 0.00 100.00 
10 8.00 2 0.00 0.00 0 0.00 100.00 
10 8.00 3 0.00 0.00 0 0.00 100.00 

 

Raw data for Root hair infection, Repetition 2 

Temp pH Rep Inf UP DP DS Uninf 
25 5.0 1 _ _ _ _ _ 
25 5.0 2 _ _ _ _ _ 
25 5.0 3 _ _ _ _ _ 
25 5.5 1 _ _ _ _ _ 
25 5.5 2 _ _ _ _ _ 
25 5.5 3 _ _ _ _ _ 
25 6.0 1 62.33 0 24.22 39 37.67 
25 6.0 2 60.33 0 29 31.67 39.67 
25 6.0 3 60.33 0 31.11 34 39.67 
25 6.5 1 60.33 0 35 27 39.67 
25 6.5 2 61.66 0 33.89 23.67 38.33 
25 6.5 3 57.33 0 27 28.33 42.67 
25 7.0 1 38.66 5 18.33 15.33 61.33 
25 7.0 2 41 4.33 19.56 17.33 59 
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25 7.0 3 43.66 4.33 15.89 20.33 56.33 
25 7.5 1 25.66 17.33 7.67 0 74.33 
25 7.5 2 25.33 18.67 7.33 0 74.67 
25 7.5 3 26.33 18.33 5.11 0 73.67 
25 8.0 1 19.66 19.67 0 0 80.33 
25 8.0 2 19 19 0 0 81 
25 8.0 3 20.33 20.33 0 0 79.67 
20 5.0 1 _ _ _ _ _ 
20 5.0 2 _ _ _ _ _ 
20 5.0 3 _ _ _ _ _ 
20 5.5 1 60.00 0.00 7.67 52.33 40.00 
20 5.5 2 60.33 0.00 8.00 52.33 39.67 
20 5.5 3 60.33 0.00 9.00 51.33 39.67 
20 6.0 1 62 18 40 4.67 38 
20 6.0 2 60.66 18.67 38 5.33 38.33 
20 6.0 3 59 17.33 39.33 2.67 42 
20 6.5 1 56.33 16.33 37.67 2 43.67 
20 6.5 2 59.33 17 38.67 2 42.33 
20 6.5 3 55.66 16 33 4.33 46 
20 7.0 1 32.33 21 11.33 0 60 
20 7.0 2 31 20.33 10.67 0 68.67 
20 7.0 3 32.66 21 11.67 0 68 
20 7.5 1 22 22 0 0 74.33 
20 7.5 2 20.66 20.67 0 0 79 
20 7.5 3 19.33 19.33 0 0 80.67 
20 8.0 1 14 14 0 0 83.67 
20 8.0 2 15 15 0 0 85.67 
20 8.0 3 13 13 0 0 86.33 
15 5.0 1 34.33 10.33 12.33 11.67 65.67 
15 5.0 2 32.00 12.00 10.00 10.00 68.00 
15 5.0 3 31.00 11.33 10.00 9.67 69.00 
15 5.5 1 31.67 11.00 10.00 10.67 68.33 
15 5.5 2 30.33 9.00 11.67 9.67 69.67 
15 5.5 3 30.33 10.33 11.33 8.67 69.67 
15 6.0 1 22.66 16.33 6.33 0 80 
15 6.0 2 24.33 17.33 7 0 76.33 
15 6.0 3 21.66 16.67 5 0 76.67 
15 6.5 1 18.66 15 3.67 0 79.33 
15 6.5 2 19 15.67 4 0 80.67 
15 6.5 3 16.33 13.33 3 0 81.33 
15 7.0 1 10.33 10.33 0 0 86.33 
15 7.0 2 8.33 8.33 0 0 90.33 
15 7.0 3 9 9 0 0 91.67 
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15 7.5 1 7.33 7.33 0 0 91 
15 7.5 2 6.66 6.67 0 0 93.33 
15 7.5 3 5.66 5.67 0 0 93.33 
15 8.0 1 4.66 4.67 0 0 95 
15 8.0 2 4 4 0 0 95 
15 8.0 3 5 5 0 0 96.33 
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10 APPENDIX 6 RAW DATA FOR CHAPTER THREE 
Raw data for seeding date x biofungicide trials 2010 and 2011- canola 

  
I seeding II  seeding III  seeding 

Block Treatment DSI CI DSI CI DSI CI 
1 SusCheck 50.6 82.8 _ _ 45.33 84.00 
2 SusCheck 92.0 100.0 86.67 92.00 54.67 72.00 
3 SusCheck 73.6 79.2 85.33 96.00 80.00 92.00 
4 SusCheck 33.3 54.5 18.67 40.00 60.00 96.00 
1 Resistcheck 1.3 4.0 5.33 16.00 9.33 28.00 
2 Resistcheck 0.0 0.0 0.00 0.00 1.33 4.00 
3 Resistcheck 0.0 0.0 0.00 0.00 53.33 88.00 
4 Resistcheck 0.0 0.0 1.33 4.00 42.67 76.00 
1 prestop 85.3 100.0 48.00 72.00 76.00 96.00 
2 prestop 76.5 88.9 8.00 16.00 82.67 96.00 
3 prestop 94.7 100.0 81.33 92.00 89.33 92.00 
4 prestop 98.4 100.0 92.31 96.15 56.00 100.00 
1 allegro 92.8 95.7 92.00 100.00 89.33 96.00 
2 allegro 33.3 50.0 92.00 100.00 96.00 96.00 
3 allegro 100.0 100.0 86.67 92.00 58.33 92.86 
4 allegro 8.0 8.0 30.67 56.00 52.38 100.00 
1 Mycostop 87.4 96.6 90.67 96.00 88.00 96.00 
2 Mycostop 92.0 92.0 45.33 68.00 92.00 92.00 
3 Mycostop 40.0 64.0 90.67 100.00 100.00 100.00 
4 Mycostop 22.7 36.0 60.49 96.30 45.98 79.31 
1 Actinovate 86.7 90.0 97.33 100.00 84.00 92.00 
2 Actinovate 50.0 79.2 2.67 8.00 80.00 92.00 
3 Actinovate 90.0 90.0 66.67 81.82 85.33 96.00 
4 Actinovate 46.2 76.9 89.33 92.00 62.67 100.00 
1 Serenade 85.2 85.2 96.00 96.00 92.00 92.00 
2 Serenade 41.3 72.0 22.67 36.00 54.67 84.00 
3 Serenade 76.8 82.6 84.00 92.00 74.67 100.00 
4 Serenade 89.4 95.5 80.00 90.00 93.33 100.00 
1 Ranman 96.4 96.4 _ _ 96.15 96.15 
2 Ranman 36.0 68.0 97.33 100.00 41.33 72.00 
3 Ranman 45.2 75.0 80.00 84.00 62.63 100.00 
4 Ranman 50.7 80.0 11.54 30.77 84.00 92.00 

DSI - Disease severity index (%) 

CI- Clubroot incidence (%) 
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Raw data for Napa cabbage  - biofungicide trials 2010 and 2011  

   
 2010 

  
2011 

 
Block Treatments CI DSI 

Yield 
(kg) CI DSI 

Yield 
(kg) 

1 Check 88.24 64.71 27.51 100 100.00 27.53 
2 Check 100.00 86.67 31.95 100 100.00 13.45 
3 Check 100.00 81.33 34.13 100 100.00 13.52 
4 Check 60.00 53.33 30.15 100 100.00 32.1 
1 prestop  100.00 85.33 33.19 100 58.33 30.35 
2 prestop 100.00 82.61 23.56 100 100.00 11.5 
3 prestop 100.00 81.33 33.72 100 100.00 14.95 
4 prestop 100.00 86.67 22.31 100 63.33 27.48 
1 Serenade   100.00 97.33 33.55 100 78.33 28.14 
2 Serenade 100.00 84.00 24.69 100 100.00 24.28 
3 Serenade 100.00 85.33 35.50 100 100.00 23.87 
4 Serenade 100.00 97.33 19.79 100 100.00 17.09 
1 allegro  84.00 38.67 39.68 100 60.00 36.2 
2 allegro 100.00 64.00 30.11 100 91.67 21.64 
3 allegro 36.00 16.00 33.86 100 95.00 18.47 
4 allegro 52.00 22.67 32.87 100 75.00 21.92 
1 Ranman 84.00 44.00 39.44 100 46.67 25.94 
2 Ranman 24.00 12.00 31.62 100 35.00 26.67 
3 Ranman 36.00 18.67 30.28 100 50.00 10.96 
4 Ranman 60.00 28.00 29.25 100 56.67 5.25 
1 Mycostop 100.00 96.00 33.35 100 100.00 35.04 
2 Mycostop 100.00 65.33 30.29 100 66.67 24.64 
3 Mycostop 100.00 96.00 30.78 100 100.00 16.85 
4 Mycostop 80.00 33.33 27.05 100 100.00 28.58 
1 Actinovate 100.00 70.67 33.39 100 96.67 35.27 
2 Actinovate 100.00 65.33 36.55 100 80.00 7.29 
3 Actinovate 96.00 72.00 24.07 100 96.67 26.01 
4 Actinovate 100.00 89.33 32.35 100 71.67 20.61 

DSI - Disease severity index (%) 

CI- Clubroot incidence (%) 
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Raw data for growth room trials  Experiment 1 - Canola 

    

Repetition 
1(drained) 

 

Repetition 
2(saturated) 

 
Soil type 

Patho 
type 

Treat 
ment Block DSI CI DSI CI 

Muck P6 Serenade 1 75.76 100.00 83.33 83.33 
Muck P6 Serenade 2 66.67 90.00 80.95 85.71 
Muck P6 Serenade 3 63.89 83.33 90.91 90.91 
Muck P6 Serenade 4 80.95 92.86 86.11 91.67 
Muck P3 Serenade 1 63.64 90.91 64.44 80.00 
Muck P3 Serenade 2 66.67 90.91 66.67 100.00 
Muck P3 Serenade 3 60.00 100.00 60.00 100.00 
Muck P3 Serenade 4 54.55 90.91 66.67 100.00 
Muck P6 Prestop 1 42.42 63.64 79.49 92.31 
Muck P6 Prestop 2 48.48 72.73 72.22 100.00 
Muck P6 Prestop 3 44.44 50.00 78.79 54.55 
Muck P6 Prestop 4 45.45 81.82 79.49 84.62 
Muck P3 Prestop 1 40.00 70.00 57.41 88.89 
Muck P3 Prestop 2 40.00 80.00 69.05 85.71 
Muck P3 Prestop 3 38.89 75.00 50.00 71.43 
Muck P3 Prestop 4 43.33 80.00 52.38 78.57 
Muck P6 Positive 1 63.89 75.00 93.33 100.00 
Muck P6 Positive 2 58.33 75.00 90.91 100.00 
Muck P6 Positive 3 55.56 91.67 90.00 100.00 
Muck P6 Positive 4 64.29 85.71 90.00 100.00 
Muck P3 Positive 1 77.78 83.33 69.44 100.00 
Muck P3 Positive 2 76.67 100.00 86.67 100.00 
Muck P3 Positive 3 80.00 100.00 72.22 100.00 
Muck P3 Positive 4 73.33 90.00 93.33 100.00 
Mineral P6 Serenade 1 81.82 81.82 38.46 69.23 
Mineral P6 Serenade 2 78.79 90.91 50.00 66.67 
Mineral P6 Serenade 3 6.67 20.00 50.00 80.00 
Mineral P6 Serenade 4 52.78 75.00 55.56 58.33 
Mineral P3 Serenade 1 100.00 100.00 60.00 80.00 
Mineral P3 Serenade 2 90.00 90.00 41.67 33.33 
Mineral P3 Serenade 3 88.89 100.00 66.67 84.62 
Mineral P3 Serenade 4 80.56 91.67 58.33 91.67 
Mineral P6 Prestop 1 9.09 27.27 33.33 53.85 
Mineral P6 Prestop 2 23.33 70.00 46.67 80.00 
Mineral P6 Prestop 3 40.00 40.00 50.00 75.00 
Mineral P6 Prestop 4 20.00 60.00 38.89 83.33 
Mineral P3 Prestop 1 47.22 66.67 36.36 54.55 
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Mineral P3 Prestop 2 40.00 60.00 18.18 36.36 
Mineral P3 Prestop 3 40.00 40.00 36.11 58.33 
Mineral P3 Prestop 4 42.42 63.64 25.00 33.33 
Mineral P6 Positive 1 58.33 83.33 72.22 100.00 
Mineral P6 Positive 2 58.97 100.00 77.78 100.00 
Mineral P6 Positive 3 55.56 83.33 69.44 100.00 
Mineral P6 Positive 4 57.58 63.64 72.73 100.00 
Mineral P3 Positive 1 63.33 90.00 66.67 100.00 
Mineral P3 Positive 2 60.00 60.00 73.33 100.00 
Mineral P3 Positive 3 70.00 100.00 80.00 100.00 
Mineral P3 Positive 4 62.22 80.00 88.89 100.00 
Sand P6 serenade 1 41.67 75.00 16.67 33.33 
Sand P6 serenade 2 40.00 60.00 19.44 41.67 
Sand P6 serenade 3 23.33 50.00 28.21 61.54 
Sand P6 serenade 4 50.00 66.67 11.90 35.71 
Sand P3 serenade 1 20.00 30.00 25.00 50.00 
Sand P3 serenade 2 23.33 40.00 22.22 41.67 
Sand P3 serenade 3 33.33 70.00 30.56 58.33 
Sand P3 serenade 4 30.00 50.00 22.22 50.00 
Sand P6 Prestop 1 63.33 80.00 48.72 76.92 
Sand P6 Prestop 2 57.14 71.43 52.78 75.00 
Sand P6 Prestop 3 60.00 80.00 36.11 66.67 
Sand P6 Prestop 4 50.00 66.67 35.90 61.54 
Sand P3 Prestop 1 83.33 100.00 41.67 66.67 
Sand P3 Prestop 2 90.00 100.00 52.78 75.00 
Sand P3 Prestop 3 75.00 100.00 36.11 66.67 
Sand P3 Prestop 4 77.78 100.00 35.90 61.54 
Sand P6 Positive 1 70.00 70.00 55.56 83.33 
Sand P6 Positive 2 75.76 100.00 53.33 90.00 
Sand P6 Positive 3 73.81 92.86 53.33 90.00 
Sand P6 Positive 4 66.67 100.00 56.67 80.00 
Sand P3 Positive 1 83.33 100.00 40.00 80.00 
Sand P3 Positive 2 77.78 100.00 66.67 100.00 
Sand P3 Positive 3 75.00 100.00 40.00 80.00 
Sand P3 Positive 4 77.78 100.00 40.00 80.00 
Soilless P6 Serenade 1 6.67 10.00 19.05 42.86 
Soilless P6 Serenade 2 10.00 30.00 19.44 41.67 
Soilless P6 Serenade 3 23.08 30.77 27.78 50.00 
Soilless P6 Serenade 4 13.33 40.00 26.67 50.00 
Soilless P3 Serenade 1 18.18 36.36 25.00 50.00 
Soilless P3 Serenade 2 19.44 41.67 23.81 42.86 
Soilless P3 Serenade 3 13.33 40.00 17.95 46.15 
Soilless P3 Serenade 4 20.00 40.00 16.67 50.00 
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Soilless P6 Prestop 1 6.67 10.00 24.24 36.36 
Soilless P6 Prestop 2 16.67 40.00 19.44 33.33 
Soilless P6 Prestop 3 8.33 25.00 19.44 41.67 
Soilless P6 Prestop 4 13.33 30.00 20.00 40.00 
Soilless P3 Prestop 1 16.67 50.00 25.00 50.00 
Soilless P3 Prestop 2 23.33 50.00 20.00 40.00 
Soilless P3 Prestop 3 10.00 10.00 19.44 25.00 
Soilless P3 Prestop 4 16.67 40.00 3.03 9.09 
Soilless P6 Positive 1 22.22 50.00 25.00 50.00 
Soilless P6 Positive 2 20.00 60.00 30.77 53.85 
Soilless P6 Positive 3 21.21 63.64 22.22 41.67 
Soilless P6 Positive 4 19.44 41.67 21.21 36.36 
Soilless P3 Positive 1 30.56 58.33 28.57 57.14 
Soilless P3 Positive 2 27.78 58.33 26.19 50.00 
Soilless P3 Positive 3 30.56 66.67 30.95 57.14 
Soilless P3 Positive 4 33.33 66.67 20.00 40.00 

        DSI - Disease severity index (%) 

CI- Clubroot incidence (%) 

Raw data for growth room trials Experiment 2 - Pak choy 

    
Repetition 1 Repetition 2 

Soil type Pathotype Treatment Block DSI CI DSI CI 
Muck P6 Serenade 1 38.10 42.86 36.11 41.67 
Muck P6 Serenade 2 44.44 58.33 46.67 60.00 
Muck P6 Serenade 3 44.44 50.00 43.33 50.00 
Muck P6 Serenade 4 40.00 60.00 41.67 58.33 
Muck P3 Serenade 1 100.00 100.00 96.67 100.00 
Muck P3 Serenade 2 100.00 100.00 93.33 100.00 
Muck P3 Serenade 3 100.00 100.00 100.00 100.00 
Muck P3 Serenade 4 100.00 100.00 100.00 100.00 
Muck P6 Prestop 1 66.67 90.00 58.33 83.33 
Muck P6 Prestop 2 53.33 80.00 53.33 80.00 
Muck P6 Prestop 3 60.00 60.00 60.00 60.00 
Muck P6 Prestop 4 61.11 66.67 56.41 69.23 
Muck P3 Prestop 1 93.33 100.00 93.33 100.00 
Muck P3 Prestop 2 100.00 100.00 96.67 100.00 
Muck P3 Prestop 3 100.00 100.00 100.00 100.00 
Muck P3 Prestop 4 100.00 100.00 100.00 100.00 
Muck P6 Positive 1 72.22 100.00 83.33 100.00 
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Muck P6 Positive 2 69.44 100.00 63.89 100.00 
Muck P6 Positive 3 70.00 100.00 73.33 100.00 
Muck P6 Positive 4 73.33 100.00 70.00 100.00 
Muck P3 Positive 1 93.94 100.00 93.33 100.00 
Muck P3 Positive 2 100.00 100.00 90.00 100.00 
Muck P3 Positive 3 100.00 100.00 100.00 100.00 
Muck P3 Positive 4 100.00 100.00 100.00 100.00 
Mineral P6 Serenade 1 52.17 69.57 43.33 50.00 
Mineral P6 Serenade 2 59.09 72.73 60.00 80.00 
Mineral P6 Serenade 3 58.33 81.25 53.33 80.00 
Mineral P6 Serenade 4 42.22 60.00 41.67 58.33 
Mineral P3 Serenade 1 56.55 69.64 52.78 66.67 
Mineral P3 Serenade 2 60.00 80.00 52.78 75.00 
Mineral P3 Serenade 3 66.67 78.57 61.11 66.67 
Mineral P3 Serenade 4 62.22 93.33 60.00 90.00 
Mineral P6 Prestop 1 36.67 50.00 36.11 50.00 
Mineral P6 Prestop 2 47.92 56.25 50.00 60.00 
Mineral P6 Prestop 3 52.38 71.43 56.67 70.00 
Mineral P6 Prestop 4 38.89 58.33 40.00 60.00 
Mineral P3 Prestop 1 57.33 64.00 60.00 70.00 
Mineral P3 Prestop 2 73.68 94.74 66.67 90.00 
Mineral P3 Prestop 3 94.87 100.00 93.33 100.00 
Mineral P3 Prestop 4 93.33 100.00 93.33 100.00 
Mineral P6 Positive 1 59.52 100.00 63.33 100.00 
Mineral P6 Positive 2 66.67 100.00 63.89 100.00 
Mineral P6 Positive 3 58.97 100.00 56.67 100.00 
Mineral P6 Positive 4 61.11 100.00 63.89 100.00 
Mineral P3 Positive 1 96.67 100.00 100.00 100.00 
Mineral P3 Positive 2 94.44 100.00 93.33 100.00 
Mineral P3 Positive 3 83.33 100.00 86.67 100.00 
Mineral P3 Positive 4 86.67 100.00 90.00 100.00 
Sand P6 Serenade 1 43.59 69.23 40.00 70.00 
Sand P6 Serenade 2 46.67 90.00 46.67 90.00 
Sand P6 Serenade 3 35.90 53.85 36.67 50.00 
Sand P6 Serenade 4 45.45 63.64 46.67 60.00 
Sand P3 Serenade 1 78.57 100.00 80.00 100.00 
Sand P3 Serenade 2 82.05 100.00 86.67 100.00 
Sand P3 Serenade 3 61.90 78.57 66.67 80.00 
Sand P3 Serenade 4 73.81 92.86 83.33 100.00 
Sand P6 Prestop 1 52.38 71.43 53.33 70.00 
Sand P6 Prestop 2 63.89 91.67 63.89 91.67 
Sand P6 Prestop 3 61.11 91.67 62.50 87.50 
Sand P6 Prestop 4 50.00 75.00 50.00 75.00 
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Sand P3 Prestop 1 86.11 100.00 80.00 100.00 
Sand P3 Prestop 2 87.18 100.00 86.67 100.00 
Sand P3 Prestop 3 91.67 100.00 91.67 100.00 
Sand P3 Prestop 4 93.33 100.00 91.67 100.00 
Sand P6 Positive 1 69.44 100.00 73.33 100.00 
Sand P6 Positive 2 69.44 100.00 69.44 100.00 
Sand P6 Positive 3 83.33 100.00 80.00 100.00 
Sand P6 Positive 4 76.67 100.00 77.78 100.00 
Sand P3 Positive 1 100.00 100.00 100.00 100.00 
Sand P3 Positive 2 96.67 100.00 93.33 100.00 
Sand P3 Positive 3 93.33 100.00 100.00 100.00 
Sand P3 Positive 4 90.00 100.00 86.67 100.00 
Soilless P6 Serenade 1 44.44 75.00 43.33 70.00 
Soilless P6 Serenade 2 42.86 71.43 40.00 60.00 
Soilless P6 Serenade 3 47.22 91.67 47.22 91.67 
Soilless P6 Serenade 4 38.46 100.00 44.44 100.00 
Soilless P3 Serenade 1 33.33 100.00 33.33 80.00 
Soilless P3 Serenade 2 27.78 100.00 25.00 62.50 
Soilless P3 Serenade 3 38.10 71.43 38.10 50.00 
Soilless P3 Serenade 4 22.22 33.33 22.22 33.33 
Soilless P6 Prestop 1 27.78 50.00 29.17 50.00 
Soilless P6 Prestop 2 19.05 42.86 22.92 50.00 
Soilless P6 Prestop 3 21.43 50.00 24.44 53.33 
Soilless P6 Prestop 4 19.44 41.67 19.44 41.67 
Soilless P3 Prestop 1 45.45 54.55 45.83 50.00 
Soilless P3 Prestop 2 30.00 30.00 30.00 30.00 
Soilless P3 Prestop 3 27.78 50.00 30.00 50.00 
Soilless P3 Prestop 4 50.00 57.14 41.67 50.00 
Soilless P6 Positive 1 41.67 75.00 48.48 72.73 
Soilless P6 Positive 2 38.89 75.00 36.67 70.00 
Soilless P6 Positive 3 36.11 83.33 36.67 80.00 
Soilless P6 Positive 4 46.67 80.00 48.15 88.89 
Soilless P3 Positive 1 33.33 83.33 44.44 83.33 
Soilless P3 Positive 2 36.36 81.82 40.00 80.00 
Soilless P3 Positive 3 38.46 92.31 43.33 90.00 
Soilless P3 Positive 4 50.00 83.33 50.00 80.00 
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Canola internal check in Experiment 2 - Pak choy 

    
Repetition 1 Repetition 2 

Soil type Pathotype Treatment Block DSI CI DSI CI 
Mineral  P6 Positive 1 66.67 100.00 73.33 100.00 
Mineral  P6 Positive 2 58.97 100.00 63.33 100.00 
Mineral  P6 Positive 3 63.33 100.00 66.67 100.00 
Mineral  P6 Positive 4 86.67 100.00 80.56 100.00 
Mineral  P3 Positive 1 70.00 100.00 66.67 100.00 
Mineral  P3 Positive 2 86.67 100.00 80.56 100.00 
Mineral  P3 Positive 3 66.67 100.00 66.67 100.00 
Mineral  P3 Positive 4 63.33 100.00 66.67 100.00 
Soilless  P6 Positive 1 36.67 90.00 40.74 88.89 
Soilless  P6 Positive 2 30.00 80.00 36.36 90.91 
Soilless  P6 Positive 3 36.67 90.00 38.89 91.67 
Soilless  P6 Positive 4 26.67 80.00 30.56 83.33 
Soilless  P3 Positive 1 20.00 40.00 26.67 50.00 
Soilless  P3 Positive 2 25.00 50.00 33.33 63.64 
Soilless  P3 Positive 3 43.33 80.00 36.36 72.73 
Soilless  P3 Positive 4 40.74 66.67 41.67 75.00 

 

Raw data for growth room trials, Experiment 3 - canola 

  
Repetition 1 Repetition 2 

Soil Type Treatment Rep CI DSI CI DSI 

Avg. 
Sht.fr.wt 

(g) 
Muck T1 - 1 20.00 6.67 20.00 10.00 91.18 
  Serenade 2 20.00 10.00 20.00 10.00 69.26 
    3 10.00 6.67 20.00 10.00 89.22 
    4 30.00 10.00 20.00 10.00 86.06 
Muck T2 - 1 30.00 20.00 20.00 10.00 81.42 
  Prestop 2 20.00 13.33 40.00 23.33 89.10 
    3 20.00 13.33 30.00 16.67 106.79 
    4 40.00 20.00 40.00 20.00 88.82 
Muck T3 - 1 80.00 36.67 90.00 40.00 55.00 
  Positive 2 80.00 36.36 90.00 36.11 68.72 
    3 50.00 26.67 70.00 40.00 67.10 
    4 80.00 46.67 60.00 33.33 64.16 
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Mineral T5 - 1 80.00 50.00 70.00 43.33 45.00 
  Serenade 2 70.00 43.33 70.00 43.33 69.30 
    3 50.00 43.33 80.00 50.00 50.28 
    4 90.00 41.67 80.00 60.00 49.00 
Mineral T6 - 1 70.00 56.67 60.00 50.00 53.00 
  Prestop 2 70.00 56.67 80.00 66.67 66.76 
    3 80.00 66.67 70.00 56.67 55.47 
    4 60.00 50.00 60.00 50.00 71.19 
Mineral T7  1 70.00 70.00 100.00 69.44 32.58 
  Positive 2 100.00 76.67 100.00 76.67 34.50 
    3 100.00 83.33 100.00 80.00 32.98 
    4 100.00 86.67 100.00 86.67 28.80 
Muck+Soilless T9 - 1 30.00 10.00 20.00 6.67 103.20 
  Serenade 2 20.00 6.67 10.00 3.70 102.20 
    3 20.00 6.67 10.00 3.33 105.13 
    4 0.00 0.00 20.00 6.67 96.45 
Muck+Soilless T10 - 1 10.00 3.33 10.00 3.33 108.05 
  Prestop 2 10.00 3.33 10.00 3.33 89.35 
    3 10.00 3.33 10.00 3.33 83.70 
    4 0.00 0.00 20.00 10.00 78.29 
Muck+Soilless T11 - 1 10.00 6.67 10.00 3.33 40.67 
  Positive 2 10.00 6.67 20.00 10.00 42.82 
    3 30.00 20.00 20.00 10.00 39.71 
    4 20.00 10.00 10.00 3.33 34.57 
Mineral+Soilless T13 - 1 10.00 6.67 20.00 10.00 80.76 
  Serenade 2 20.00 16.67 10.00 3.33 73.05 
    3 30.00 16.67 20.00 10.00 82.14 
    4 20.00 6.67 20.00 16.67 62.13 
Mineral+Soilless T 14 1 40.00 20.00 20.00 10.00 79.84 
  Prestop 2 40.00 20.00 40.00 20.00 87.95 
    3 30.00 16.67 40.00 20.00 63.80 
    4 30.00 16.67 30.00 16.67 76.20 
Mineral+Soilless T 15 - 1 50.00 46.67 90.00 44.44 41.48 
  Positive 2 50.00 43.33 60.00 43.33 40.89 
    3 50.00 36.67 60.00 40.00 30.95 
    4 60.00 53.33 60.00 46.67 40.18 
Soilless Loose T17 - 1 10.00 3.33 0.00 0.00 90.90 
  Serenade 2 10.00 3.33 10.00 3.33 89.26 
    3 10.00 3.33 10.00 3.33 90.23 
    4 0.00 0.00 0.00 0.00 72.95 
Soilless Loose T18 - 1 0.00 0.00 10.00 3.33 76.00 
  Prestop 2 10.00 3.33 10.00 3.33 85.59 
    3 0.00 0.00 10.00 3.33 66.45 
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    4 0.00 0.00 0.00 0.00 77.97 
Soilless Loose T19 - 1 20.00 10.00 20.00 10.00 46.23 
  Positive 2 10.00 3.33 10.00 3.70 43.34 
    3 20.00 6.06 20.00 6.67 52.05 
    4 10.00 3.33 10.00 3.33 30.07 
Soilless 
Compact T 21 1 20.00 6.67 20.00 6.67 93.67 
  Serenade 2 20.00 6.67 30.00 9.09 105.07 
    3 20.00 6.67 20.00 6.67 26.43 
    4 20.00 6.67 0.00 0.00 91.30 
Soilless compact T 22 - 1 0.00 0.00 20.00 6.67 93.01 
  Prestop 2 30.00 20.00 30.00 20.00 82.46 
    3 60.00 33.33 60.00 26.67 87.25 
    4 20.00 13.33 20.00 13.33 84.13 
Soilless compact T 23 - 1 70.00 36.67 60.00 30.00 51.08 
  Positive 2 70.00 40.00 60.00 33.33 52.13 
    3 40.00 16.67 40.00 16.67 45.28 
    4 50.00 26.67 30.00 10.00 53.38 

 

Raw data - canola DSI & Bulk density (BD) of the respective plots 

 DSI 
Average 

DSI 
Average 

BD 
HighDSI 93.7 0.68 
LowDSI 27.86 0.35 
HighDSI 85.4 0.68 
LowDSI 25.9 0.35 
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