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FOREWARD

This thesis is written in manuscript style, with each manuscript having its own

abstract, introduction, materials and methods, results and discussion sections. There

is a general introduction and review of the literature prior to each manuscripts

followed by a general discussion and conclusions, future research and references

section.
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ABSTRACT

Savchuk, Sarah Christine. M.Sc., The University of Manitoba, October, 2002.
Evaluation of Biological Control of Scferotinia scferotiorum on canola (Brassica
napus) in the Laboratory, in the Greenhouse, and in the Field. Major Professor;
W.G.D. Fernando.

Scferotinia scferotiorum (Lib.) de Bary, causal agent of stem rot on canola, is the

most economically important disease of canola in Western Canada. Control of this

pathogen using conventional methods such as crop rotation, and breeding for resistant

cultivars is extremely challenging and as a result biological control (biocontrol) has

been extensively researched as an alternative to chemical control, the latter of which

can have negative impacts on both environmental and human health. A commercial

formulation of a biocontrol agent is currently in use, however given that its target is

the survival structures of the pathogen, disease outbreaks are still possible given

favourable environmental conditions.

Our focus for biocontrol in this study (where the bacteria were applied) was

therefore the initial infection site, the petals. In the present study, 197 bacterial

isolates from canola and related plant species were screened for biocontrol efficacy

using plating techniques to further elucidate the mechanisms being employed by the

isolates. Forty two percent of the 197 isolates screened exhibited significant

inhibition in the plate screenings. Some of the more promising isolates were

identified using the Biolog© software. A select group of four isolates was then tested

for efficacy in the greenhouse, and one of the four (isolate 41, a Pseudomonas spp.)

was evaluated at different concentrations and temperatures with bacterial treatments

preceeding the pathogen inoculations. One isolate was also evaluated in the

greenhouse using different inoculation regimes to test the relative competitive ability

III



of the bacterial strain. One hundred percent disease suppression was observed for all

greenhouse trials, except when different inoculation regimes were employed. In this

case there was 100% suppression with a co-inoculation treatment, but significantly

less suppression was observed when the bacterial antagonist was applied after the

pathogen.

A field study was conducted in 2001 at the Cannan Research Station in

Cannan, Manitoba in which two of the bacterial strains were tested for efficacy in the

field using a foliar spray application at 30% bloom, with one treatment being a

second spray of one of the isolates at 50% bloom. The field study revealed

significant inhibition (P<0.05) between the control and plots treated with fungicide,

isolate 41 or isolate PA-23 at two applications at the time of stem infection.

Population dynamics were then assessed for this isolate, both in the presence and

absence of the pathogen and a microscopic study of inhibition at two different

concentrations was conducted. Population dynamics for the bacteria did not differ

significantly in the presence of the pathogen, and relatively high numbers of bacteria

(log 2 to log 3 cfu/ml) were maintained throughout the course of the study.

Microscopic examinations revealed total inhibition of ascospore gennination at log 8

cfu/ml and partial inhibition at log 4 cfu/ml.

Results from these studies suggest that biological control targeted to canola

petals could significantly limit infection by Sclerotinia sclerotiorum in the field.
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1.0 INTRODUCTION

Canola is one of the most important sources of vegetable oil worldwide

(Sovero 1993), and is the second most valuable crop to Manitobans after wheat

(Manitoba Agriculture 2001). It is a vital crop to both Manitobans and Canadians,

with the first low glucosinolate, low erucic acid cultivar (Tower) being released from

the University of Manitoba in 1974 (Eskin et a1. 1996). Annual farm cash receipts

have totalled $596.8 million for Manitoba (Manitoba Agriculture and Food 1999a),

with acreage almost doubling between 1988 and 1994 in Canada (Statistics Canada

2001). In 1999, canola oil comprised 75% of the 1.6 million tonnes of vegetable oil

produced in this country (Agriculture and Agri-Food Canada 2001).

Sclerotinia sclerotiorum (Lib.) de Bary causes disease on more than 400 plant

hosts, including stem rot of canola (Nelson 1998). It is prevalent throughout canola

growing regions in Western Canada (Martens et a1. 1994), and has also been found to

be a major yield-limiting factor in China, Europe and Australia (Kohli and Kohn

1996). The disease now has a worldwide distribution (Dickson and Pedzolt 1996).

Yield losses of 5 to 15 % are common in Manitoba and Saskatchewan (Manitoba

Agriculture 2001), but losses of 100% have also been reported (Boland and Inglis

1989). Sclerotinia sclerotiorum is a monocyclic disease that overwinters in the soil as

melanized, multicellular propagules called sclerotia (Kohli and Kohn 1996).

Overwintered sclerotia germinate either myceliogenically (where the sclerotia

produces mycelia) or carpogenically (which involves the production of apothecia and

ascospores) when conditions are favorable (Nelson 1998). The ascospores produced

by means of carpogenic germination are qisseminated into the plant canopy and

1



colonize the petals of the plants, as these are a required nutrient source for the spores

for germination (Purdy 1958). Upon senescence, petals fall onto the leaves and the

pathogen enters the leaf tissue, usually from the leaf axil (Martens et at. 1994).

Water-soaked regions on the leaves are the first visible signs of infection on the plant.

Given favourable environmental conditions, infection may proceed into the stem

causing bleaching, girdling, and sclerotial formation. Ascospore production can

occur throughout the season from early June until late September.

Control of S. sclerotiorum is achieved mainly through foliar fungicide

applications and cultural practices. However, given that the survival structures of

this pathogen (sclerotia) are able to persist in the soil for 5-6 years, and given the

capacity for long-distance dispersal of its ascospores (Nelson 1998), cultural control

methods such as crop rotation and sanitation have proven to be relatively ineffective

in areas of high disease pressure. As well, pesticide residues are becoming an

increasing environmental issue and public perceptions of pesticides are becoming

more negative. Repeated use of fungicides often results in development of fungicide

resistant pathogen strains. There has been a chronic increase in the number of

fungicide resistant fungal genera since 1960 (Schumann 1991). Fungicide resistance

continues to be a considerable challenge affecting all sectors of agriculture and food

production (Brent 1995). Plant resistance is very difficult to attain for this pathogen,

as it is controlled by multiple genes (Fuller et al. 1984). Genetic engineering could

provide a solution, but public perceptions of genetically modified orgamsms

(GMO's) could pose problems in terms of marketing a new canola variety.
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Many researchers and growers are recognizing biological control as a valuable

part of an integrated pest management program (Bailey 1997; Lumsden et al. 1995).

A definition of biological control (or biocontrol) was given by Cook and Baker

(1983) that stated: "Biological control is the reduction of the amount of inoculum or

disease-producing activity of a pathogen accomplished by or through one or more

organisms other than man." These organisms, often referred to as antagonists, may

be fungi, bacteria, viruses, protozoa, nematodes, viroids or seed plants (Cook and

Baker 1983). Mechanisms of biocontrol can include competition (either for nutrients

or infection sites), antibiosis, enzYme production (such as chitinases, glucanases or

oxalate oxidase), mycoparasitism, induced resistance, and plant growth promotion

(Doraisamy et al. in press). Non-chemical control methods such as biological control

are increasing in popularity as public awareness of the impact of agriculture

increases. It is estimated that we may be losing as many as 10,000 species per year as

a result of bringing increasing amounts ofland into cultivation and from deforestation

(Schumann 1991). As well, recent notification that canola growers will be losing the

Benlate fungicide (due to mounting legal costs of defending the product's use

(Gilmour 2001)) will likely result in an increasing pressure towards the development

of alternative strategies of disease management.

Biological control of Sclerotinia sclerotiorum has been successfully

demonstrated in numerous studies over the past 20 years, through such means as

production of oxalate oxidase (Tu 1985), hyperparasitism (Huang and Kokko 1993,

Gracia-Garza et al. 1997), nutrient competition (Yuen et al. 1991), and antibiosis

(Oedjijono 1993). Research on biocontol of Sclerotinia sclerotiorum has in the past
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and currently continues to be focused primarily on beans (Hannusch and Boland

1996, Huang and Erickson 2000, Tu and Zheng 1997) and on control of sclerotia or

apothecia production (Huang et al 1997, McLaren et al. 1996, Huang and Erickson

2000). There is therefore a need for research into biocontrol of S. sclerotiorum on

canola, specifically, on limiting petal infection by ascospores. Ascospore dispersal

between plots has been thought to be a contributing factor to the limited effectiveness

of fungal antagonists such as Coniothyrium minitans, which parasitize the sclerotia of

S. sclerotiorum (McQuilken et al. 1995). As well, reduction of sclerotial numbers in

the field does not preclude infection, as the presence of only a few apothecia in the

field may still result in relatively high disease incidence levels (Davies 1986). A

review of biocontrol agents of canola suggested that foliar application of antagonists

might be the most efficient strategies in that the target of biological control would be

the same as the target of infection for the ascospores (Boyetchko 1999). Huang had

earlier (1992) noted this, stating that "Since ascosprores of S. sclerotiorum require

pre-colonization of dead or wounded tissues for subsequent infection of healthy

tissue, the bacteria may be able to compete with ascospores for the same niche and

thereby reduce the number of infection sites.". Additionally, Lo (1997) found that

foliar application of Trichoderma harzianum (strain 1295-22) in combination with

granular soil application to be significantly more effective in reducing the foliar

phases of turf diseases than granular applications alone.

It has been found in the past that naturally-occurring organisms often make

the best antagonists as they are already adapted to the environmental variables present

such as relative humidity, pH, and temperature (Cook and Baker 1983). Screening of
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antagonists is usually then carried out first in vitro (due to efficiency of space and

time of such tests) and then most promising antagonists are tested on plants in both

the greenhouse and in the field. Each step of screening process provides essential

information to the eventual implementation of the antagonist into a control program.

In vitro studies allow the possible mechanism(s) of biocontrol to be assessed.

Greenhouse studies permit study of the effects of the relative humidity, temperature,

antagonist and/or pathogen populations, and the effect of the host plant and of the

antagonist on the host plant on biocontrol in a controlled environment. A field study

looks at these factors and the degree of control possible given field conditions. An

understanding of the population dynamics is also a critical factor in successful

biocontrol, as it has been found in previous studies that insufficient colonization by

epiphytic bacteria has resulted in ineffective biocontrol (Spurr and Knudsen 1985).

Studying the effect the pathogen may have on the populations of the antagonist is

equally important in order to gain a better understanding on its relative competitive

ability.

The objectives of the present investigation were (1) to assess the relative

ability of bacteria isolated from the field to inhibit growth of Sclerotinia sclerotiorum

in vitro, in planta, and in the field, and (2) to assess the population dynamics of two

bacterial isolates, and to relate these population sizes to biocontrol efficacy.
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2.0 LITERATURE REVIEW

2.1 The Host

2.1.1 Crop History

Rapeseed, the precursor to canola, has been around since 5000 BC according

to archeological discoveries found in China (Yan 1990), making it one of the first

crops to be cultivated by man (Rogalsky et al. 1980). Brassica campestris variety

yellow Sarson was grown at this time in India as stated by references found in ancient

Sanskrit writings (Singh 1958). The history of canola (or edible oilseed rape) in

Canada, however, only dates back to 1942 (Special Crops 1944). At this time the

crop had a high content of erucic acid (40%), and was still referred to as either

"Argentine" or "Polish" rapeseed. The crop was grown to supply lubricants for steam

locomotives (Henkel and Cie 1967) and research at that time was aimed at lowering

the toxically high content of erucic acid and at improving the overall nutritional

characteristics of the crop.

This all changed between the years of 1968 and 1977 when the Rapeseed

Association of Canada received funding from the Department of Industry Trade and

Commerce under the newly formed Rapeseed Utilization Assistance Program

(R.A.U.P.) and carried out over 100 projects, significantly advancing the nutritional

quality of canola and also our understanding of the chemistry of the crop (Bell 1977).

By 1977, cultivars were released that had less than 1% erucic acid, and yields of the

crop saw increases of 50% between 1943 and 1977 (Downey and Klassen 1977). In

the early 1960's, cano1a varieties low in erucic acid were in place and work was
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underway to lower the level of glucosinolates (as its breakdown products are known

to be toxic to animals) (Greer 1950).

Innovative breeding efforts by Baldur Stefansson at the University of Manitoba

when a cross between rapeseed and a closely-related forage variety eventually gave

rise to a new crop called canola in 1974 (Redekop 2002). Canola, (a combination of

the words "Canadian" and "Oil"), was officially registered in 1979 by the Western

Canadian Oilseed Crushers Association (Oplinger et al. 1989). To be called canola,

the rapeseed must have less than 2% erucic acid and less than 3.0 mglg glucosinolates

in the meal (known today as "double-low" varieties). The two varieties grown in

Europe and North America are Brassica napus and B. campestris (both have spring

and autumn-sown varieties).

The cytogenetic relationships between these two varieties and their ancestors

can be seen in Figure 1 (Bunting 1986). In January of 1985, canola oil was Generally

Recognized as Safe (GRAS) by the U.S. Food and Drug Administration, leading to

great increases in demand in the United States (Berglund 1998). As of 1999, annual

worldwide production of canola was approximately 8.8 millions tons on 13.8 million

acres (SCDC 2001). High Erucic Acid Rapeseed (HEAR) is still very popular as well

for use as an industrial lubricant (Sovero 1993), with U.S. consumption between

10,000 and 15,000 t/year. Canola is heat-stable and biodegradable, making it an

appealing environmental alternative.

Currently, there are about 45 registered B. napus, and 20 B. rapa spnng

varieties, 3 B. napus winter varieties, 8 HEAR, 10 Eastern Canadian, and

approximately 50 herbicide-resistant varietie.s (Canola Council of Canada 2001).
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Figure 1. Cytogenetical relationships between the six different rapeseed species
(U.N. 1935).
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2.1.2 Production and Economic Importance

Since its introduction, canola has been on a relatively steady upward trend in

tenns of production and value, with the latter significantly contributing to the fonner.

This has occurred both on a local and global scale. Between 1948 and 1970 Canada's

area under rapeseed increased from 10 thousand to 2 million hectares (Ohlson 1972)

compared to a worldwide increase ofjust 59%. World rapeseed production increased

by one third between 1959 and 1960, and 1966 and 1967, with an annual average

increase rate of 4.3% (Ohlson 1972). In addition, rapeseed has seen a 6.2% increase

in worldwide production between the years 1935 and 1986 (Hatje 1989). Between

1964 and 1986 rapeseed production increased by over 300% in its proportion of

worldwide oilseed export crops (Hatje 1989).

Canola is currently the third most important source of vegetable oil in the

world, becoming more valuable than peanut, cottonseed and sunflower in the past 20

years (Sovero 1993). Canada is the largest consumer of canola oil per capita in the

world, the oil having captured a significant portion of the market with respect to

margarines, shortenings and vegetable oil (Manitoba Agriculture and Food 1999a).

Acreage in the country almost doubled between 1988 and 1994 (going from 8.7 to

14.6 billion acres), with Manitoba's contribution ranging from 1.5 to 2.7 billion acres

(Statistics Canada 2001). In 1999, Canola oil made up 75% of the 1.6 million

tonnes of vegetable oil produced in Canada (Agriculture and Agri-Food Canada

2001). In the United States Acreage of both spring and winter canola increased

significantly between 1988 and 1991 (Bunting 1986).
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The crop is also a vital part of Australia's economy, grown extensively in the

South Coastal region. It is an excellent break crop for cereal rotations and can also be

cropped in pastureland with little advance preparation required (Jones et al 2001).

Canola became important to Manitoba's economy in 1965 when 60,000

hectares were sown. In 1978 the province contributed $150 million of the $900

million canola market in Canada at that time (Rogalski et al. 1980). In 1998, canola

became the province's most valuable commodity with annual fann cash receipts

totalling $596.8 million. The number of fanns with canola has jumped from 7,500 to

9,000 in just three years (MB Agriculture and Food 1999b). Yields in 1999 were the

largest on record (MB Agriculture and Food 1999b), contributing 1.2 million tonnes

or 75% to the total vegetable oil produced by the province in that year (Agriculture

and Agri-Food Canada 2001).

Larger yields in the past five years have likely been due to research and

breeding efforts with emphasis on increased seed yield, oil and protein content, better

disease tolerance, earlier maturity, and integrated disease and pest management (MB

Agriculture and Food 1999a). Manitoba is in third behind Saskatchewan and Alberta

for the highest fann cash receipts and in total area seeded to canola (Manitoba

Agriculture and Food 1999b). Currently, 10 to 12 million acres of canola are grown

yearly, and the crop comprises about 85% of trade on the Winnipeg Commodity

Exchange (Redekop 2002). Canola has thus become an invaluable commodity since

its establishment in 1974.
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2.1.3 Nutritional and Environmental Benefits

The value of canola (and rapeseed oil) has been recognized for many years for

both human and animal consumption. Value has been added through continued

breeding efforts, and more recently the crop has been recognized for its many positive

impacts on the environment (both realized and as yet untested).

Human consumption of rapeseed oil began during the time of World War II

when the import of many fats and oils was being blocked from entry into the United

States (Riiner and Honkanen 1972). In 1968, it was the second most popular

vegetable oil after soybean, and was often used in butter, margarine and shortening

(Riiner and Honkanen 1972). By 1978 canola had surpassed soybean oil, capturing

39% of the edible vegetable oil market (Rogalski et a1. 1980). Whereas in the earlier

days of canola and rapeseed oil concern was more directed towards taste, and

consistency and appearance of the product (Genser 1977), the concern today is more

focused on its nutritional benefits and attributes, of which there are many.

Canola oil has the lowest level of saturated fats of any of the vegetable oils,

while at the same time being high in monounsaturated fats and polyunsaturated fats,

both of which may lower low density lipoprotein (LDL) cholesterol levels. LDL

cholesterol can build up in the arteries and thus increase the risk of heart disease.

Canola oil contains, unlike other fats and oils, Vitamins E and K, the former of which

may be a cancer fighting agent and the latter being important in blood clotting (VIes

and Gottenbos 1989). In addition, the oil has the highest amount of the essential fatty

acid (FA), meaning the body cannot produce it, yet it is essential for metabolic

functions (canola information service 2000), For example, lack of the essential FA
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alpha-linolenic acid can lead to growth retardation and impaired fertility (Canola

Information Service 2001). Studies have confirmed the role of both mono- and

polyunsaturated FA's in reducing blood cholesterol levels (Tinoco 1982) and in

lowering blood pressure, respectively (Canola Information Service 2001).

Complications in adult-onset diabetes such as retinopathy can be significantly delayed

or avoided completely by consumption of a linoleic acid enriched diet (Houtsmuller

et a1. 1980). Further biotechnological developments could result in increased levels

of monounsaturates in the oil (Canola Information Service 2001). Other

biotechnological research currently underway includes further lowering the level of

saturated FA's as well as increasing the stearic and lauric acid content to allow

margarine to be made without such extensive hydrogenation (which leads to increases

in saturated fat content (Canola information service 2000)).

Canola meal is also of economic importance, being made from the solid

portion of the seed; it's used as a protein source in poultry, swine, cattle and fish feed

(Rogalski 1980). A study done in 1998 by the Kondinin Group on wool growth of

sheep showed that those fed canola meal grew 8-12% more wool during the course of

the experiment (Klondinin group 1998). A research team in Saskatchewan (from the

pas Pilot Plant Corporation) found no adverse effects on the performance of Atlantic

salmon that had been fed a diet comprised of 25% canola protein, which is more

economical than fish meal protein (McCurdy et a1. 1996). Although canola meal has

less crude protein than soybean meal, it's less expensive and so remains competitive

(Rogalski 1980). One problem with canola meal is the relatively high fibre content of

the hull, as it is indigestible by nonruminaI1t animals. This has led to research into
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hull removal (Anon. 1988), but it has so far led to loss of oil, difficulties during

solvent extraction and excessive fineness of the final product (Bell and Downey

1977). The fibre-rich hull can be reduced while at the same time the oil and protein

content is increased (Bell and Downey 1977). These, as well as breeding efforts to

reduce glucosinolate levels will surely lead to an increased usage of canola meal in

livestock feed.

In addition to nutritional benefits, canola also has environmental attributes. It

can be used to leach Selenium from the soil in areas overloaded with the mineral (and

can then be fed to livestock deficient in this mineral), it can be used to make biodiesel

fuel, and is also important in crop rotations (Wood 2000). Biodiesel fuel uses a

vegetable oil such as canola oil in lieu of petroleum oil as its base, and as such relies

upon a renewable resource as opposed to a non-renewable one for production. The

idea for a biodiesel-type of fuel has been around since the development of the earliest

engInes. Interest in the concept was again peaked during the energy crisis that began

in 1973. It was seen as a possible source of additional revenue to farmers and as an

alternative to fossil based fuels (Cook 1989). The fuel, which is already in use in

several European countries, in the Philippines, and in Australia bums cleaner than and

has comparable horsepower and fuel economy to traditional diesel fuel (Cook 1989).

A comprehensive study done by Chang et al. in 1995 found that the overall impact of

the fuel on the environment and economy would be highly favorable, all factors being

considered. Improvements of this technology are on the way with the development

of a winterization process that will make cold winter starts quicker and easier with
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this type of fuel (McGraw and Cook 1998). This may lead to more wide spread use

of the fuel in areas with a colder climate, like Canada.

Canola also plays a vital role in cereal crop rotations. When implemented,

several benefits can be seen including a reduction in disease pressure (as it is not a

host for several cereal crop diseases), and a better seedbed for the incoming crop (as it

has a deep root network). It requires little capital investment on the part of the

farmer, as it is a combinable break crop (Almond et al. 1986). Further uses of canola

are imminent as research into the development of ultra-high erucic and high-linoleic

varieties are currently underway (used to make products such as polymers, lubricants

and cosmetics). Such varieties could have a net worth of millions of dollars in France

and the UK (Carruthers 1994).

2.1.4 Growth Stages

The growth of canola has been divided into stages and can be found in the

Canola Grower's Manual (Thomas 1984). They are classified as (0)- pre-emergence,

(1)- seedling, (2)- Rosette, (3)- Bud, (4)- Flower, and (5) Ripening (see Figure 2).

During gennination, there is water absorption, splitting of the seed coat, and

emergence of the root tip. Root hairs start to form, as does the new stem, or

hypocotyl. The seedling stage is from about day 4 to day 10 and at this time the

cotyledons expand from the top of the hypotcotyl as the root continues to grow

downward into the soil. The growing point of canola is between the two cotyledons,

and it is from here that the first true leaf forms and from here starts to develop into a

rosette. This structure has the oldest leaves at the base with the younger, smaller
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Figure 2. Growth stages of canola (Brassica campestris and B. napus) (Thomas
1984).
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leaves at the centre. During rosette stage the roots continue to branch off the taproot,

growing outward and downward. Budding is triggered by longer days and warmer

weather and is characterized by a cluster of buds at the centre of the rosette

lengthening upwards. Secondary branches grow from the buds in the upper leaves.

Between 30 and 60% of the plant's dry matter production will have occurred by this

time. Flowering begins with the opening of the first flower. Three to five flowers

will open per day and the stage will last for about 14-21 days for both B. rapa and B.

napus species. Ifthe weather is dry, the flowers will de-pollinate in the first day (as

they open in the morning). The pods start to form on the lower branches first, with

buds above them and unopened buds above them. By mid-flower, the pods, flowers

and leaves are all competing for food. This is very important to the development of

large, healthy seeds. Ripening starts when the first petal falls from the last flower

formed on the main stem. Seeds continue to grow in the pods, darkening and filling.

Filling is complete in about 35-45 days after flower opening, and can be influenced

by insect, disease or weather damage, which could result in decreased seed yield.

Plant death occurs once all the seeds in all of the pods have changed colour.

Days to maturity is a measure of the length of all of the combined growth

stages and varies with location, date of seeding, and growing season. In summary,

canola growth is strongly influenced by its environment, and disruption of this

environment, be it through pest damage or weather, could have a large impact on

yield if it occurs during a critical growth period of the plant. (Canola Council of

Canada 2001).
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2.2.0 The Pathogen

2.2.1 Introduction

The original name for the pathogen currently known as Sclerotinia

sclerotiorum (causal agent of stem rot of canola (Martens et al. 1994)), established in

1837 by Madame M.A. Libert, was Peziza sclerotiorum. It went through a further

name change to Sclerotinia libertiana (Wakefield 1924) before being established as

Sclerotinia sclerotiorum by Heinrich Anton deBary in 1884 (a German botanist often

referred to as the founder of modem mycology) (Allan et al. 1994). Thus the proper

Latin name is now written as Sclerotinia sclerotiorum (Lib.) deBary (Purdy 1979).

Sclerotinia sclerotiorum, the pathogen, is an epigean inoperculate discomycete of the

Order Helotiales (Alexopoulos and Sun 1952), and Family Sclerotiniaceae (Boland et

al. 2000). Its acsi, which tum blue upon exposure to iodine, are formed in an

apothecium. This apothecium arises from a sclerotium which can grow on

overwintered flowers and fruits (Hanlin 1999).

2.2.1.1 Taxonomy and nomenclature

Before 1955, the taxonomic system of the genus Sclerotinia recognized

species differentiations on the basis of size of sclerotia and host range. A study done

by Purdy in 1955, however, proved this system to be grossly inadequate. He

compared the sizes of asci and ascospore between and within various Sclerotinia

species, along with information regarding host association, and made species

identifications based on the current information. He found that asci and ascospore

size might vary considerably within the same species, even when the asci in question

originated from the same apothecium. H~ concluded that a number of species,
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originally thought to be umque, were actually all members of the Sclerotinia

sclerotiorum species. A study done in 1975 (Price and Calhoun) found that there

were differences in host susceptibility as well as in the extent of infection on the host

when different isolates of S. sclerotiorum were inoculated onto a variety of hosts.

This led to the conclusion that there is no physiologic specialization of the pathogen,

confirming the conclusions reached by Keay (Keay 1939) that Sclerotinia systematics

could not be based on pathogenicity. Currently, variations in populations of S.

sclerotiorum are based mainly on molecular studies using electrophoretic procedures

for isozyme analysis (Errampalli and Kohn 1995), and using DNA fingerprinting

analysis (Kohli and Kohn 1996).

2.2.1.2 Host Range

Sclerotinia sclerotiorum IS parasitic on more than 400 host plants

(Alexopoulos and Sun 1952, Nelson 1998). Its extremely broad host range includes a

variety of economically important crops, ranging from fruits and vegetables such as

asparagus, bean broccoli, kiwi, and snap bean, to ornamentals like petunia, to herbs

like dill, and to field crops like canola, oilseed rape, soybean, sunflower, peanut,

hemp, and lentil (Prophyta 2000). Boland and Hall published a complete index of

plant hosts in an article published in 1994.

2.2.1.3 Distribution, Prevalence, and Incidence

Sclerotinia sclerotiorum was widely distributed throughout the United States

by 1938, with heavily infested areas in southern parts of Florida (Moore 1949). It is

currently found across Canada (Bardin and Huang 2001) as well as in countries such

as Norway and Australia (Kohli and Kohn .1996). It first appeared in Manitoba in
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1966 (Creelman 1966). Figure 3, created using data from the Canadian Plant Disease

Survey (Petrie 1973, Platford and Bernier 1975, Petrie 1985, van den Berg and

Platford 1991, Berkenkamp and Kirkham 1991, Turkington and Morrall 1991,

Harrison and Loland 1991, Slopek and Anderson 1991, van den Berg and Platford

1993, Mathur and Platford 1994, Turkington and Harrison 1994, Harrison 1997,

McLaren and Platford 1999, McLaren and Platford 1999, McLaren and Platford 2000,

Pearse et al. 2000), shows that Manitoba has had a marked increase in disease

prevalence in the past 10 years, with Saskatchewan and Alberta also showing

increased infestation levels as of late.
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Figure 3. Distribution of S. in the prairie provinces over three decades. MB =

Manitoba, SK = Saskatchewan, AB = Alberta, PRR = Peace River Region.
Compiled from data reported in the Canadian Plant Disease Survey (1973-2000).

20



2.2.1.4 Economic Importance

Sclerotinia sclerotiorum is one of the two most devastating diseases of canola

in Saskatchewan and Manitoba, causing yield losses from 5 to 15% in most years

(Manitoba Agriculture 2001), although it has been known to cause 100% loss in some

cases (Boland and Inglis 1989). In Ontario, diseases caused by this pathogen can

cause millions of dollars of losses annually (Boland 2000), and it is also becoming an

increasingly important disease in Europe and France as sclerotial loads in the soil are

increasing due to other susceptible crops being introduced into rotations (Mullins et

al. 1995 and Bron et al. 1988). As well, in northern India it has caused significant

economic losses in Brassica juncea, an important oleiferous crop in that region (Rai

et al. 1979). The soybean crop in the United States has also been severely affected by

this pathogen, causing yield losses of 669, 957, and 509 million tons in 1996, 97, and

98, respectively. This makes it the fourth most important disease of the soybean crop

(Wrather et al. 2001).

2.2.3 Disease Cycle and Fungal Biology

Sclerotinia sclerotiorum overwinters in the soil as melanized, multicellular

propagules called sclerotia and can remain viable in this donnant state for 4-5 years

(Kohli and Kohn 1996). A field can become infested with sclerotia by suseptible

crops or weeds becoming infected, through infested, wind deposited soil or crop

debris, via surface irrigation, or by the introduction of contaminated seed (Nelson

1998). It reproduces asexually through these sclerotia, which are in a haploid,

mycelial somatic state (Kohli and Kohn 1996). The disease cycle for this fungal

pathogen (Figure 4) (Agrios 1978) is monocyclic, in that there is no production of
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Figure 4. Disease cycle for Sclerotinia sclerotiorum (Lib.) deBary on canola
(Brassica spp.) (Gregoire et al. 2001).
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secondary inoculum throughout the growing season. Overwintered sclerotia will

germinate either myceliogenically (where the sclerotia produces mycelia) or

carpogenically, when conditions become favourable (Nelson 1998). Carpogenic

germination, which involves the production of an apothecium upon which the

ascospores are produced, proceeds best at 0.25-1.25 inch depths and at temperatures

of 15-18° C (Venette 1998). Spores are disseminated into the plant canopy from the

hYmenium in an air current produced from the firing process itself (an adaptive

feature), with each apothecium capable of producing 2 to 30 million spores (Venette

1998).

The spores are wind transported and have been known to travel up to 150 feet

into adjacent fields (Lundeen 1998). Infection of canola almost always occurs

carpogenically, with the ascospores landing on and subsequently colonizing

scenescent petals (Purdy 1979). This is different from most vegetable and fruit hosts

(and sunflower) where infection is initiated by mycelia invading plant tissue close to

the ground (Agrios 1978). Canola petals are a required nutrient source for the spores

(Purdy 1958), which lack the stored energy to infect leaf tissue directly (except in

very rare cases where tissue damage is present at the time of infection). If infection

conditions are unfavorable, the spores may remain viable on the petals for a short

time and germinate when conditions improve (Purdy 1979).

The spores themselves are coated in sticky mucilage of unknown composition

that helps them adhere firmly to the petals (Venette 1998). Petals fall onto the leaves

(primarily landing in the leaf axil) and the cuticle is penetrated using mechanical

pressure (there is no pre-penetration phase).
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disorganization from enzymatic processes occumng In the middle lamella.

Sclerotinia sclerotiorum produces a full complement of cell wall-degrading enzymes

including cellulytic and pectinolytic enzymes (Errampalli and Kohn 1995), acid

phosphatase (Armentrout et a1. 1976), as well as oxalic acid, a pathotoxin that

chelates calcium and leads to the hydrolysis of the calcium pectate complex in the cell

wall (Mullins et a1. 1995). Recently, proteases have been implicated in Sclerotinia

pathogenesis as well (Poussereau et a1. 2001). Also imperative to the infection

process is the development of an appressorium by the fungus (this structure being the

swollen tip of germ tube or hypha that facilitates attachment and penetration (Agrios

1978)). Appressoria start to form 10-12 hours after placement on bean plant tissues

(Abawi et a1. 1975). Branching began after 24 hours, and by 48 hours many

branched appressoria had been formed by the majority of the fungal colonies. This

corresponds well with canola, where lesions will start to appear on the leaves

approximately 24-48 hours following penetration, and from there the infection may

proceed into the stem (Martens et a1. 1994).

In severe cases, when weather conditions are favorable for disease

development, sclerotia will form in the stem. Upon harvest, these will both fall to the

ground and serve as inoculum for subsequent years or will be mixed with and

contaminate the seed. Despite being a monocyclic disease, infections can occur

throughout the season as ascospores are produced from early June until late

September (Martens et a1. 1994). The pathogen is very opportunistic in that disease

incidence can be high when only a few apothecia are present in a given field (Davies

1986).
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2.2.3 Epidemiology

The environment is known to have a profound effect on the severity of disease

caused by Sclerotinia sclerotiorum, and as such many studies have been carried out to

test the environmental boundaries within which disease can occur focusing on all

aspects of disease progression. Spore discharge occurs mainly in warm, dry, windy

conditions, but not in periods of drought (as this causes apothecia to shrivel) as was

found by Kruger (Kruger 1975). Conversely, it was found that too much rain caused

the spores to be washed off the fruiting body into the soil (Kruger 1975). However,

Teo and Morrall (1985) reported that apothecia could be produced in both saturated

and unsaturated soils. This discrepancy could be due to the fact that the first

experiment was done in a field setting while the second was conducted in the lab.

The soil substrate itself must be moist, and water is required for infection and disease

progression (Morrall and Dueck 1982).

Production of apothecia at different temperatures has also been evaluated.

Purdy found in 1956 that apothecia develop sooner at 4 and 12°C than at 18 or 24°C.

Turkinton et al. (1991) conducted a comprehensive, in-depth study regarding the

impacts of temperature, time of day, precipitation and other environmental parameters

on the infestation of canola petals by S. sclerotiorum. Secondary spread from one

plant to another is not a major contributing factor to disease incidence and spread in a

field. It was found that Mean Percent Petal Infestation (MPPI) was generally higher

in the morning than in the afternoon and that it fluctuated with other environmental

factors such as Relative Humidity (RH), radiation and temperature.
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Survival of the spores on the petals has generally been reported as 5-21 days

(Venette 1998, Lundeen 1998). Radiation appears to have a detrimental affect on

spores, as demonstrated by Caesar and Pearson (1983) who found that survival rate

increased when spores were shielded from short wave (250-290nm) UV radiation.

The latter study also found spore survival to be 21.5% greater in the lower, shaded

leaves than on the upper canopy ofPhaseolus vulgaris.

2.2.4 Symptomology and Rating Scale

There is no established rating scale for disease severity on individual canola

plants for Sclerotinia sclerotiorum like there is for Blackleg (Leptosphaeria maculans

(sex.)). Instead, infection is rated according to disease incidence or prevalence. In

terms of disease symptoms, sclerotinia infections begin on the leaves as water-soaked

lesions that start to appear approximately 24-48 hours following penetration

(Martens et al. 1994). The infection may proceed into the stem, causing bleaching

and splitting (Martens et al. 1994). In severe cases (when weather conditions are

favorable) the stem becomes straw-coloured, pod splitting occurs and sclerotia are

produced in the stem (Martens et al. 1994).

2.2.5 Disease Control

2.2.5.1 Cultural methods

Environment plays a large role in disease establishment and development

(discussed in the previous section), and as such, cropping practices that promote an

unfavorable environment can drastically reduce disease incidence in a field. For

example, adequate plant spacing promotes a lower relative humidity, allows for more

airflow and increases UV radiation to the leayes, decreasing spore survival.

26



Row spacing and plant spacing within rows can also limit disease incidence in

a field. Mycelia can spread the disease from one plant to another through direct

contact (McQuilken et al. 1994). This is usually not a major contributing factor to

overall disease spread in that it has been found occur only later in the growing season

and especially when there is lodging in the crop stand (Morrall and Dueck 1982). As

well, tillage can bury the sclerotia and limit or restrict their ability to form apothecia.

In 1993, Huang and Kozub found that sclerotia did not survive the winter in Alberta

when buried 7cm-deep in the soil.

Tillage can also contribute to drying of the soil, which was found to be

detrimental to sclerotia germination (Teo et al. 1989). However, the authors also

discovered that high soil moisture can completely rot sclerotia in 2 months, and thus

disease control by an intense irrigation period followed by tillage could be an option.

It has been reported that a late seeding date can play a role in disease

suppression, especially through suppression of secondary infections. This is likely

due to the higher temperatures on the prairies later in the summer that might limit

sclerotial germination (apothecia production), which is favoured by high moisture

conditions (Morrall and Dueck 1982).

Crop rotation has been found to be inadequate in controlling this pathogen.

Morrall and Dueck (1982) concluded that a rotation of 4 years was not effective, and

rotations of 5-6 years have been reportedly required to reduce sclerotia populations in

fields with only 1 sclerotium/800 cm3 of soil (Lundeen 1998). As well, there is ample

evidence that ascospores can blow in from nearby fields (Morrall and Dueck 1982,

Williams and Stelfox 1979), negating the effycts of crop rotation.

27



2.2.5.2 Host Manipulation

Difficulties are also encountered when trying to control S. sclerotiorum by

way of resistant cultivars. Resistance to S. sclerotiorum is governed by multiple

genes, and as such is difficult to breed for (Fuller et aI. 1984). However there has

been some success in, for example, breeding for characteristics such as upright stature

and narrow canopy in beans (Saindon et aI. 1993, Huang and Kemp 1989), early

maturing cultivars in safflower (Mundel et aI. 1985a 1985b), resistance to toxic

metabolites in sunflower (Huang and Dorrell 1978), and general development in

cabbage cultivars (Dickson and Petzoldt 1996).

In terms of canola resistance development, Sedun and Seguin-Swartz (1989)

found that rate of lesion expansion was negatively correlated to and was a consistent

indicator of resistance in Brassica stem tissue. Oxalic acid degradation is currently

being investigated as a potential mechanism for resistance breeding in canola.

Mullins et aI. (1995) found that a canola cultivar displaying high partial resistance to

the pathogen also appeared to be less sensitive to oxalic acid, producing more

phenolics around the infection site. Given that this resistance appeared to be governed

by a single gene, it has a great potential in breeding for resistance to this pathogen.

The study also uncovered a strong positive correlation between degree of stem and

leaf infection and plant death, making this trait a reliable indicator of resistance.

Another avenue of research exists in breeding for apetalous canola. The idea

is that the removal of the petals deprives the pathogen of the initial site of infection.

There has been some success with this, using the Hylite 201 (Advanta Seeds 2000)

and Option 501 (established by Zeneca Se~ds) (Seed Quest 1999) canola varieties,
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but the questions still remain as to whether this might disrupt the natural ecosystem

(i.e. bees won't be attracted to the plant and therefore less pollination will occur)

(Personal communication. Clinton Jurke, Plant Pathologist, Advanta Seeds 2001).

The quantitative nature of resistance in canola makes breeding difficult, but

given the successes encountered in other plant systems, and the destructive nature of

the pathogen, there is increased pressure to continue these efforts.

2.2.5.3 Disease Forecasting

The best way to control a disease is to prevent it from becoming established in

the first place. Studies by Turkington and Morrall (1993) have helped elucidate the

relationship between spore infestation levels on canola petals and incidence of

sclerotinia stem rot. They found that while actual infection by the spores is affected

by environmental factors, the actual number of spores on the petals could be

positively correlated to the incidence of sclerotinia in the field. More recently,

Boland and Born (2001) attempted to develop polyclonal-antibody-based assays for

its detection and to aid in disease prediction. These had limited success, however due

likely to cross-reactions on the petals with other sclerotinia species and the

uncertainty of whether a number of spores were being detected on the same or on

separate petals. On the other hand, using an immunofluorescent staining method and

polyclonal antibodies, Lefol and Morrall (1996) were able to accurately detect the

number of S. sclerotiorum ascospores on individual petals and differentiate between

these and any other spore types present. This technology, if successful, could reduce

time and greatly increase efficiency of sclerotinia disease risk forecasting.
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Currently, there is a "Sclerotinia Stem Rot Checklist" provided by the Canola

Council of Canada as well as Disease Forecasting Maps (which are updated regularly

throughout the growing season) provided by Manitoba Agriculture that can help

farmers assess to the need for and the magnitude of control measures that need to be

implemented.

2.2.5.4 Chemical Control

The most common and recommended practice to control sclerotinia in

moderate to high-risk situations and areas is the use of fungicides. A study by Dueck

et al. in 1983 found that foliar fungicide applications at early bloom stage can

significantly reduce disease incidence and provide sufficient and reliable disease

control. Prior to 1983, crop rotation was the only means of controlling this pathogen.

Fungicides presently in use include Benlate, Rovral, Ronilan, and Quadris (as of early

1999) (Lundeen & Meronuck 2001) that must be applied at the 25-30% bloom stage

(Canola Council of Canada 2001). However, if disease symptoms are already visible,

there is no economic value to chemical control, hence the tremendous importance of

reliable and readily available disease forecasting tools.

2.2.5.5 Novel Strategies

Two novel strategies of disease control are flooding and heat treatment of

sclerotia. An early study by Moore in 1949 investigated flooding as a method of

disease control for S. sclerotiorum. This could be applied in areas where the water

table is high, where the soil is muck, marl or sandy, and where there is access to

irrigation. He found that flooding (through irrigation), whether continual or on a 3

day intermittent basis, completely destroye~ sclerotia within 23 to 45 days. These
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findings were in agreement with his laboratory results. A more recent study,

conducted by Dueck et al. (1981), investigated the mortality rate of sclerotia when

exposed to high temperatures. In this study it was found that a dry heat treatment of

1200 C for 20 minutes or microwave heating for 63 seconds completely killed

sclerotia, but that this degree of heating left very little viable rapeseed (due to loss of

activity of myrosinase, an important enzyme in rapeseed processing). These results

suggest firstly that heat treatments cannot be used to clean seed of sclerotia and,

secondly, that the brief periods of high heat generated in stubble burning may not be

adequate to kill these survival structures.

2.2.5.6 Use of Antagonistic Organisms

The concept of antagonism, or biological control will be introduced and

discussed in detail in the next section. The feasibility and practicality of this type of

control will be discussed, as well as how it is currently being used to control

sclerotinia stem rot of canola.

It is valuable to note that the recent notification that canola growers will be

losing the Benlate fungicide (due to mounting legal costs of defending the product's

use) (Gilmour 2001) will likely result in increasing pressure towards the development

of alternative strategies of disease management, like biological control.
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2.3 Biological control

2.3.1 Introduction

Biological control (biocontrol) was first defined by Cook and Baker as "the

reduction of inoculum density or disease-producing activities of a pathogen or

parasite in its active or dormant state, by one or more organisms, accomplished

naturally or through manipulation of the environment, host, or antagonist, or by mass

introduction of one or more antagonists" (Baker and Cook 1974). It was later revised

(1983) to read: "Biological control is the reduction of the amount of inoculum or

disease-producing activity of a pathogen accomplished by or through one or more

organisms other than man". Schematic diagrams illustrating the degree of loss due to

disease as it relates to crop, pathogen and antagonist interactions were given in their

first book (Figure 5).

The first attempt to control pathogens in this way, however, was made

between the years of 1920 and 1940 when C. Hartley inoculated antagonistic fungi

into forest nursery soils to try and control damping-off of pine seedlings. Disease

reductions of up to 64.2% led others like Millard and Taylor (1927) to experiment

with this control strategy in other systems. Take-all decline, first noticed by RJ.

Cook in 1967 (Cook and Baker 1974), describes the instance in which a field that had

been successively cropped to wheat for several years suddenly started exhibiting

lower disease incidence rates. In 1968, it was demonstrated by Gerhagh that take-all

decline of wheat is microbial in nature. He effectively eliminated this ability of the

soil to resist infection by using heat treatment, thus killing any antagonists present.

This illustrates the fact that biological contro! is a naturally
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Figure 5. (A) Severe disease losses: susceptible crop that is moderately well
adapted to the environment, a pathogen that is well-adapted, and antagonists that
are not adapted; (B) Slight disease loss: crop well-adapted, pathogen poorly
adapted, and antagonist moderately adapted and quite effective; (C) No disease
loss: susceptible crop and antagonists with pathogen well-adapted to the
environment = biological control; (D), No disease loss: resistant crop with
antagonists and pathogen well-adapted to environment (Baker and Cook 1974).
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occurring phenomenon that we are expanding upon and developing for the purposes

of disease reduction and control.

2.3.2 Biological control as an Augment to Conventional Control Strategies

Conventional control methods can be generalized into two major principles:

exclusion and eradication. The former is accomplished through the use of disease

free seed, resistant cultivars, pathogen-free propagating material, and clean

equipment, while eradication can be achieved either by physical means such as

tillage, row and plant spacing and watering regimes, or with the use of chemical

pesticides or microbial antagonists (Maloy 1993). Many of these are benign in terms

of ecological impact, but practices that involve something new being added to the

environment have to be questioned and validated, as it is known that microbial

populations can be adversely affected by unnatural amendments to their environment,

such as fungicides (Dik 1991).

The first fungicides were protectant in nature and could protect against initial

infection. At present, there exists a multitude of fungicides, many of which are

systemic. They penetrate and translocate through plant tissues in order to kill

previously established pathogens (Schumann 1991). This category of site-specific

(systemic) fungicides has brought about numerous cases of fungicide resistance,

which is not always alleviated by mixing two fungicides (i.e. if the resistance genes in

question are identical) (Schumann 1991). In addition, virus resistant plants can occur

through recombination, transencapsidation, or complementation, and could lead to

selection for more damaging strains, or even to the evolution of novel strains (Fuchs

and Gonsalves 1997). Another problem with all herbicide resistant cultivars is the
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possible transfer of these resistance traits to weeds. There have been concerns raised

by the public regarding pesticide residues in food as potential carcinogens (Schumann

1991). As well, the effect of fungicides on non-target organisms is well known and

can considerably alter microbial communities (Fokkema and de Nooij 1981).

Complete elimination of pesticides is not the answer though, as this would lead to

food shortage on a global scale given our heavy reliance on this fonn of disease

control (Campbell 1989).

Biological control, as previously mentioned, is essentially the exploitation of a

natural phenomenon. When soil amendments such as crop debris, manure, composts

and green manure are added to the soil, the result is a build up of metabolically active

microorganisms, many of which are antagonists (De Brito et al 1995, Liu et al 1995,

You and Sivasithamparam 1995). Furthennore, antagonistic bacteria and fungi alike

have been isolated from aerial plant surfaces and from the soil in large numbers and

used in several biocontrol studies (Wong and Hughes 1986, Boland and Inglis 1989,

Inglis and Boland 1990).

There are limitations to all of these methods. Disease management that

incorporates different methods to varying degrees and which takes into account

environmental risks and maximize microbial diversity would be the best option, given

that a diverse microbial community is most capable of withstanding stresses and

environmental fluctuations (Atlas and Bartha 1993).

2.3.3 The Antagonist

The antagonist has been defined by Cook and Baker (1983) as "biological

agents with the potential to interfere in the life processes of plant pathogens", and can
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include fungi, bacteria, viruses, protozoa, nematodes, viroids, and seed plants (Cook

and Baker 1983). Wilson and Wisiniewski (1994) established the following list of

properties an ideal antagonist would possess (re-stated for brevity): genetic stability;

high, consistent efficacy; ability to survive adverse environmental conditions;

effective against a variety of pathogens; amenable for growth on a inexpensive

medium in a fermentor; stability of the end product in storage; safe for human

consumption; resistant to standard fungicides; and compatible with other physical and

chemical treatments. Doraisamy et al. (in press) add to this list enhancement of host

plant growth, and environmental safety.

2.3.4 Mechanisms of biological control

2.3.4.1 Nutrient Competition

Within a microbial community, there exist populations that tend to interact

with each other and not with those from other communities. Each of these

populations has its own specialized functional role called a niche (Atlas and Bartha

1993). Interactions between populations can fall into one of several categories:

neutralism (lack of interaction), commensalisms (one benefactor), synergism (both

benefit), asmensalism (one microorganism produces a substance inhibitory to

another), or competition (both populations are adversely affected) (Atlas and Bartha

1993). Within this structure then, "Competition occurs when there is demand by two

or more organisms for the same resource in excess of the immediate supply" (Singh

and Faull 1988). In order for biological control to be achieved through this

mechanism, there must be a certain degree of niche overlap (Figures 6 [a] and [bJ),
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between the antagonist and pathogen, and the available resources must limit the

population size (Kinkel and Lindow 1985). Nutrient competition is difficult to

identify as playing a role in biocontrol, and is often cited as a "default" explanation

when other mechanisms have already been ruled out (Kinkel and Lindow 1985,

Holmes and Benson 1994).
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Figure 6. (A) Diagram representing the niche response of two different populations
to an environmental gradient; (B) Diagram of the niche response of two different
populations with two environmental gradients (one variable is the same as in (A)
(Clapham 1983).
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2.3.4.2 Hyperparasitism

The term hyperparasite IS used to describe the action of an organism

parasitising a primary parasite (Sundheim 1986). The degree of hyperparasitism is

strongly affected by factors such as changes in temperature, light, pH, C:N ratio and

changes in other nutrient concentrations (Singh and Faull 1988). Mycoparasitism, a

form of hyperparasitism, involves the parasitism of one fungus by another, and is

known to occur in all major groups of fungi (Lumsden 1981).

A study conducted in 1996 (Falk et al.1996) found that Fusarium proliferatum

could reduce severity of grape downy mildew by up to 99% in vivo. Scanning

electron microscopy (SEM) revealed that hyphae of the Fusarium species was coiled

around the sporangiophores of the pathogen. Another interaction commonly

observed is the entangling of pathogenic hyphae amidst that of the biocontrol fungus.

Microscopy often aids in the research of this mechanism, as it is extremely difficult to

detect in any other way.

2.3.4.3 Antibiosis

Antibiosis, as described by Singh and Faull (1988), is the inhibition or

suppression of the growth of a microorganism by another through the production of

antibiotics or toxic metabolites, which may be either volatile or nonvolatile in nature.

This phenomenon, usually associated with bacteria, has also been observed in several

genera of fungi (Skidmore 1976).

This form of antagonism has advantages over other modes of competition in

that it is constantly occurring to some extent by an actively growing group of cells it

does not require direct cell-to-cell contact, is fast and generally results in cell death
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(Baker and Cook 1974). Antibiotic production by bacterial antagonists has focused

primarily on pseudomonads and secondarily on Bacillus spp. Fiddaman and Rossall

(1994) found, in studying volatile production by Bacillus subtilis, that production is

affected by substrate composition (addition of L-glucose to the growth medium led to

less antifungal volatile production than did the D-enantiomer). Oedjijono et al.

(1992) reported that both Pseudomonas putida and P. cepacia were able to

antagonize a range of pathogenic fungi. In addition, studies conducted by

Thomashow and Weller in 1988 and by Fernando and Pierson in 1999 found

Pseudomonas fluorescens and P. aureofaciens to be responsible for control of take-all

of wheat, and several soil-borne fungal pathogens. Other examples of antibiosis

include the control of S. rolfsii and Verticillium dahliae by Talaromyces flavus (Madi

et al. 1997), and of Rhizoctonia solani diseases by Gliocladium virens (Howell and

Stipanovic 1995).

2.3.4.4 Oxalate Oxidase Production

Oxalic acid is known to playa critical role in the success of infections caused

by Sclerotinia sclerotiorum (Marciano et al 1983). In their 1981 study, Noyes and

Hancock discovered that there was 15 times more oxalic acid in diseased than in

healthy tissue from sunflower plants (Noyes and Hancock 1981). Additionally, they

found that less susceptible cultivars were able to withstand a higher dose of the

compound than those that were known to be more susceptible to S. sclerotiorum. In

1985, Tu discovered the same relationship using white bean (Phaseolus vulgaris) as

the host plant. He found that oxalic acid produces very similar symptoms to those

induced by the pathogen, both in terms of appearance and severity.
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Relating this to biocontrol, studies were conducted in which bacteria capable

of degrading oxalic acid were identified by a selective plating technique (Dickman

and Mitra 1992). They found that such strains were capable of significantly

inhibiting infection of Arabidopsis thaliana by S. sclerotiorum in a plant bioassay,

thus verifying the potential role of such a mechanism in control of this disease by

bacteria.

2.3.4.5 Siderophore Production

Production of fluorescent siderophores like pseudobactins and pyoverdines as

well as non-fluorescent phyochelins and salicylic acid (Doraisamy et al. in press),

allow microorganisms to chelate iron and effectively compete for this essential

nutrient during growth. In some cases, the antagonist is able to compete for iron

more efficiently than the pathogen, and it is in these instances that it becomes an

important tool for biocontrol (Hamdan et al. 1991, Costa and Loper 1994). Several

studies have found that fluorescent pseudomonads are capable of utilizing a wide

variety of siderophores (Misaghi et al. 1982, Jurkevitch et al. 1992, Hamdan et al.

1991). Moreover, Costa and Loper (1994) found this to be a characteristic of an

Enterobacter sp.

2.3.4.6 Cross Protection and Induced Systemic Resistance

Cross protection, as described by Campbell (1989) is the "prevention of

disease by use of an organism similar to the real pathogen". McKiney carried out

early work on this phenomenon in 1929, with the first review of the subject being

written by Chester in 1933. Induced Systemic Resistance (ISR) is a special case of
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cross protection wherein the plant defends itself against the mImIC (biocontrol)

organism and is therefore "ready" when the actual pathogenic organism arrives. The

antagonist may be an avirulent strain of the pathogen, or could just be from a related

species (Campbell 1989). The theory is very similar to that behind systemic

fungicides, a category of chemicals commonly referred to as systemic acquired

resistance (SAR) agents (Kessman et al. 1994). ISR is distinct from viral protection,

in which an avirulent form of the virus is used to immunize against the virulent strain,

as the plant could potentially be protected against a wide range of pathogens

(Hammerschmidt and Dann 1997).

Resistance can be induced in a plant by either a compatible (significant host

tissue damage) or an incompatible reaction (only very localized damage at the site of

entry) (Hammerschmidt and Dann 1997), the latter of which is also known as the

hypersensitive response (HR). ISR in plants is known to involve the accumulation of

proteins, production of oxidative enzymes and secondary metabolites, phytoalexins

(low molecular weight compounds known to accumulate after elicitation or infection

of plant tissues) (Paxton 1981) and to include various cell wall alterations. Plants, in

response to physical, chemical or biological stresses produce the aforementioned

phytoalexins. Antagonists may induce these, and hence increase the resistance of, or

effectively "immunize", the plant to further infection by pathogenic agents. Any

number of these can contribute to the "immunization" response seen in induced

resistance, which generally tends to affect penetration and postpenetration activities

of the pathogen (Hammerschmidt and Dann 1997).
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Erwinia herbicola produced a physiological response in its host plant

stimulating the production of toxic phenolic compounds (ChatteIjee et al. 1969). A

recent study evaluated whether ISR provided by Serratia marcens in cucumber was

mediated by siderophore production (Press et al. 2001). They found that populations

of a siderophore (-) mutant were significantly lower in the root tissues, suggesting

that siderophores are indirectly related to ISR of this pathogen through reduced

internal population levels.

2.3.4.7 Other Mechanisms

A variety of other mechanisms of biological control have been identified and

studied, some of which include genetic manipulation for desirable characteristics

(Sivan et al. 1992), increased host growth through production of growth promoting

auxin hormones, disease reduction, by enzymes produced by bacteria (Dewan et al.

1994, Weller and Cook 1986, Glick 2001), or through cyanide production (Voisard et

al. 1989).

2.3.5 Biocontrol as it applies to Sclerotinia sclerotiorum

Wells et al. (1972) first identified biocontrol of the sclerotia of sclerotinia

when he applied Trichoderma harzianum to sclerotia of S. rolfsii. Disease reduction

was significant, at 78%, and has led to the development of commercial preparations

of this antagonist. Huang (1977) demonstrated that sclerotia of S. sclerotirum are

parasitized by Coniothyrium minitans, and reported that this can significantly reduce

disease in sunflower (Huang 1980). Over past 20 years, the potential for biocontrol

of S. sclerotiorum was studied in great detail. Antagonists of the pathogen were

readily isolated from plant surfaces (Boland and Inglis 1989, Inglis and Boland 1991).
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Yuen et al. (1994) investigated the influence of environmental parameters and

blossom development stage on biocontrol. In addition, biocontrol has been

successfully demonstrated in numerous studies over the past 20 years, through such

means as production of oxalate oxidase (Tu 1985), hyperparasitism (Huang and

Kokko 1993, Gracia-Garza et al. 1997), nutrient competition (Yuen et al. 1991) and

through the production of essential oils (Singh and Handique 1997). Research on

biological control of Sclerotinia sclerotiorum (and other species) is currently being

conducted in laboratories around the world (Bae and Knudsen 2001, Elad 2000,

Huang and Erickson 2000, Kora et al. 1999).

Recent research on the mycoparasite Coniothyrium minitans (Vrije et al.

2001) has led to the development of a commercial biopesticide for sclerotinia. It is

registered for use under the name "Contans", and contains C. minitans as its active

ingredient. EPA approval was granted for the product in March 2001, when it was

stated as being "the first and only biological control product available in the United

States for controlling sclerotinia diseases in the soil" (Agnet 2001). It is active against

S. sclerotiorum and S. minor on canola, sunflower, peanut, soybean and vegetables

(Doraissamy et al. in press). If applied three months before a potential sclerotinia

outbreak, it can significantly reduce the incidence of disease in a field (Encore

Technologies 1997). It should be noted, though, that sclerotia are more susceptible to

hyperparasitic invasion post-germination (Coley-Smith 1979), and as such this may

not be the best approach for controlling this disease on canola, given that some

ascospore dessemination will likely have already occurred. As well, even a reduced

number of sclerotia in a field can cause significant infection and yield loss.
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A review of biocontrol agents of canola by Susan Boyetchko published in

1999 suggested that foliar application of antagonists might be the most efficient route

to take in that the target of infection of the ascospores is the target for biological

control (Boyetchko 1999). Huang noted this (1992), stating that "Since ascosprores

of S. sclerotiorum require pre-colonization of dead or wounded tissues for subsequent

infection of healthy tissue, the bacteria may be able to compete with ascospores for

the same niche and thereby reduce the number of infection sites".

3.3.10 Commercialization and Future Potential

Scher and Castagno (1986) described criteria in terms of the development of a

successful commercial biocontrol product. There should be a need for the product in

the marketplace, it should be feasible given current (or with minor modifications to)

modem technology, as well as being economically feasible, competitively attractive,

and acceptable in terms of environmental impact. Finally, it should be compatible

with the company's interests. Utkhede (1996) expanded upon this list to include that

it must have reliable control, a shelf life of 1-2 years, and broad-spectrum action

against a range of pathogens. He argued that one of the key concerns with biological

control is that the formulations are too specific. They may only work for a particular

crop against a particular disease in a certain geographic location (which is why large

scale field trials in different locations and under various environmental conditions are

extremely important in terms of validating the efficacy of potential biocontrol

products) (Upadhyay and Rai 1988). A major success story in commercial biocontrol

has been the use of Agrobacterium radiobacter strain 84 (Galltrol-A or NoGall) to

control crown gall disease (Kerr and Tate 1984).

45

Crown gall (caused by



Agrobacterium tumefaciens) can cause damaging economIC losses to nursenes

growing pome and stone fruit trees (Utkhede 1996).

The development of biological control agents can be broken down into 6 stages

(Maloy 1993):

1. Select potential antagonists from the environment of the host plant,

2. Screen agents for characteristics that would make them attractive for further

development (longevity, production of propagules, compatibility with other

methods of control),

3. Maintain quality control standards,

4. Characterize the biocontrol agent,

5. Develop an appropriate delivery system for application of the agent in the

field, and

6. Test the efficacy in field conditions.

Bowers (1982) adds that genetic stability, potential for mass production, shelf

life must also be considered. Covert et al. (1997) tested the longevity of a variety of

bacteria with commercial potential at different storage temperatures and found that

there were differences between the isolates with respect to this variable.

In terms of the application system, it must allow sufficient colonization of the

antagonist, while at the same time ensure adequate performance of the biocontrol

agent upon delivery (Stack et al 1988). Some formulations include industrial wastes,

diatomaceous earth granules, wheat bran, and alginate pellets, while application

methods may include soil drench, solid matrix priming, foliar or fruit spray, or fruit

dip (Doraisamy et al. in press).
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Despite of all the difficulties and potential barriers, biocontrol has commercial

attractiveness in that it has lower discovery and registration costs as compared to

those required for fungicides (Utkhede 1996). Research and development costs are

about 20 times lower than those for pesticides, and the number of candidates tested

before a product is available will be in the 100's as opposed to pesticides, where the

number is around 20 000 (Doraisamy et al. in press). Approximately 40 commercial

biocontrol products are now available for plant pathogens (BPDL 2000). A listing of

commercially available biopesticides can be found at the Environmental Protection

website: http://www.epa.gov.

Success of biocontrol (Utkhede 1996) will ultimately rely on lower consumer

standards for the final product (in terms of not being visually "perfect"), acceptance

of reduced levels of disease control by the grower, a well-defined and not

prohibitively expensive registration process, and having appropriate legislation in

place.

The future potential of biological control will come with the improved

bioefficacy of antagonistic microorganimsms. Such improvements could come as a

result of using mixtures of antagonists, improved formulations, or by using genetic

manipulation (Doraisamy et al. in press). A vast area for future research and

development in this field is the genetic improvement of microbial strains through

genetic engineering. Punja provided a complete review of the subject in 2001 (Punja

2001). In the review, he gives a complete list of organisms that have already been

genetically engineered (1991-2000). He also outlines some foci of this area of

research and also presents issues that still need to be addressed.
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It was discovered by Pierson et al. (1994) that antibiotic production is

regulated by cell density in Pseudomonas aureofaciens 30-84 by a regulatory protein

PhzR (for phenazine regulator). This protein, which shares homology with a family

of proteins involved in cell density-dependent transcriptional activation, is an

activator that stimulates production of the antibiotic at high cell concentrations. With

continued study into the specificities of this control, and with the help of genetic

engineering, colonies of psuedomonads that produce antibiotics on a more continual

basis might soon be developed (resulting in more consistent biocontrol in the field).

These results all suggest that there is opportunity for an immense amount of research

in the field of biological control. Be it genetically based or otherwise, this research

will allow continued growth and use of biological control as an integrated part of

disease management strategies.
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3.0 EVALUATION OF BIOLOGICAL CONTROL OF SCLEROTINIA

SCLEROTIORUM ON CANOLA (BRASSICA NAPUS) BY NATURAL

BACTERIAL ANTAGONISTS THROUGH IN VITRO SCREENINGS,

GREENHOUSE EXPERIMENTS, AND A FIELD STUDY

3.1 Abstract

Biological control through bacterial antagonism was assessed as a strategy for

the control of stem rot of canola [Sclerotinia sclerotiorum (Lib.) de Bary]. One

hundred ninety seven bacterial strains were initially screened for in vitro antagonism

via antibiotic, volatile, and / or oxalate oxidase (OOA+) production. Five bacteria

were found to be OOA+. An average of70% and 47% of the isolates tested inhibited

>75% through the production of antibiotics and volatiles, while an average of forty

one percent of the isolates tested inhibited >25% on PDA media. Superlative

antagonists were classified using the Biolog© identification system, with

Pseudomonas chlororaphis (fluorescent biotypes D and E), P. aurantiaca, Pantoea

agglomerans (one of the OOA+ bacteria), Klebsiella terrigena, and

Stenotrophomonas maltophilia being positively identified. Four bacterial isolates

(three Pseudomonas spp. and Pantoea agglomerans) were tested in greenhouse

conditions, with one of the pseudomonads being evaluated at three different

concentrations and at three different temperatures. One hundred percent disease

suppression was observed for all treatments in the greenhouse trials. A field trial was

also carried out using two of the bacterial strains, looking at petal infestation and leaf

and stem infection. A double spray application of one of the isolates was comparable

to the chemical fugicide treatment in that a significant (P<0.05) reduction of stem
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infection was observed compared to controls. Bacterial disease control was found to

be comparable to fungicide treatments in the field. A significant treatment effect was

found for stem infection in the field using Analysis of Variance (ANOVA) (P<0.05)

comparing all treatments. A significant difference (P<0.05) was found to exist

specifically between the control plot and the bacterial treatment with the double spray

application (using Tukey-Kramer HSD). These results suggest that bacterial

antagonists may be suited for control of this pathogen in that they were found to be

capable of rapid growth, and considerably limited pathogen growth through

antibiosis, nutrient competition and/or oxalic acid degradation.
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3.2 Introduction

Scferotinia scferotiorum (Lib.) de Bary is the causal agent of disease on more

than 400 plant hosts, including canola, on which it causes stem rot (Nelson 1998). It

is the most important disease of canola in Western Canada (Martens et al. 1994) and

can now be found world-wide (Dickson and Petzoldt 1996).

The pathogen overwinters in the soil as melanized, multicellular propagules

called sclerotia (Kohli and Kohn 1996), which germinate either myceliogenically or

carpogenically when conditions are favourable (Nelson 1998). The ascospores

produced by means of carpogenic germination are disseminated into the plant canopy

and colonize the petals, as they are a required nutrient source for the spores (Purdy

1958). Upon senescence, petals fall onto the leaves and S. scferotiorum enters the

leaf tissue (usually through the leaf axil) and, given favourable environmental

conditions, infection may proceed into the stem, causing bleaching, girdling, and

sclerotial formation (Martens et al. 1994).

It is difficult to breed for resistance to S. scferotiorum given that it is governed

by multiple genes (Fuller et al. 1984). As well, control using crop rotations is

unrealistic due to the persistence of survival structures (sclerotia) in the soil and vast

host plant range of this pathogen (Nelson 1998). These factors therefore necessitate

the use of fungicides, which have been known to have adverse effects on non-target

organisms (Campbell 1989) and the use of which is becoming an increasing public

concern. Due to the relatively unpredictable, unreliable control attained using

traditional methods and to public concern over pesticide use, alternative methods of

disease control such as biological control, must be considered.
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Research on biocontrol of S. sclerotiorum has been primarily focused on the

control of carpogenic germination or apothecia production (Huang et al. 1997, Huang

and Erickson 2000), and on hyperparasitism by fungal antagonists to reduce sclerotial

load in the soil (McLaren et al. 1996). While a reduction in disease incidence and

severity has been observed in these studies, a reduction in the number of sclerotia or

apothecia present in the field may not preclude infection. It was found by Davies

(1986) that the presence of only a few apothecia in the field might still result in

relatively high disease incidence levels. Hence, there exists a need for research into

biocontrol of S. sclerotiorum on canola, specifically, on limiting petal infection by

ascospores.

Considerable research has been conducted with regards to antibiotic

producing bacteria as a mechanism of biocontrol (Howell and Stipanovic 1979,

Pierson and Pierson 1996, Wright and Beer 1996, Keams and Mahanty 1998,

Fernando and Pierson 1999), but usually not as a means to control sclerotinia stem rot

on canola through foliar application. Biocontrol on the petals could be a highly

effective method of controlling this disease in that it targets the narrow window of

infection of this pathogen. As well, it was found by Whistler et al. (2000) that

antibiotic production might be linked to a stress response in Pseudomonas jluorescens

Pf-5, which, as was noted, could have practical implications in the field where

environmental stresses are likely to occur on a regular basis.

Oxalic acid is known to play a critical role in the infection process of S.

sclerotiorum (Mullins et al. 1995), with previous research implicating the role of

oxalate oxidase, the enzyme responsible for degradation of this substance, in disease
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suppression (Newton et al. 1973, Noves and Hancock 1981). Dickman and Mitra

(1992) outlined a method of identifying bacteria that possess this enzyme, as such

bacteria are likely to have an advantage in terms of biocontrol efficacy over those that

are incapable of removing oxalic acid from the infection court.

Volatile production as a means of biocontrol has been reported in several

studies (Moore-Landecker and Stotzky 1972, Wright and Thompson 1985, Loeffler et

al. 1986, Saksena and Tripathi 1987, DeMilo et al. 1996). Pseudomonads have been

found to produce cyanide, effectively reducing severity of root rot of tobacco

(Voisard et al. 1989). As well, production of ammonia by a strain of Enterobacter

was found to be very closely correlated to biocontrol by the bacterium (Howell et al.

1988). Important studies conducted by Fiddaman and Rossall (1993 and 1994) found

that the volatiles produced by Bacillus subtilis are affected by media composition and

are water-soluble. This latter finding had the vital implication that they were able to

persist in the media without the presence of the bacterium and still produce anti

fungal effects.

Screening of potential antagonists in plate assays is a necessary prerequisite to

greenhouse study in that it permits rapid identification of potential antagonists. By

using different types of screening methods and media, as was done in this study, the

mechanism of antagonism can be determined, which can then be used to increase the

competitive advantage of the organisms (Baker 1986). However, it is also necessary

to test promising isolates on plants in both the greenhouse and in the field, as there

can be discrepancies between what is seen in vitro and in planta (Oedjijono et al.

1993), or in the field (Yuen et al. 1991).
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Successful bacterial colonization of the phyllosphere involves adaptation of

the organism to the rapidly changing physical and biological environment of the plant

surface (Clayton and Hudelson 1991). It was stated by Cook and Baker (1983) and

confirmed in numerous studies (Boland and Inglis 1989, Oedjijono et al. 1993, Bin

1991, Baker 1986, Huang 1992) that potential antagonists will most likely survive

and flourish in the environment from which they were isolated. Bacteria and fungi

isolated from such "natural sources" have been shown to be antagonistic towards S.

sclerotiorum (particularly, towards the ascospores of the pathogen) through the

production of various anti-fungal compounds, including antibiotics (Inglis and Boland

1992, Inglis and Boland 1990, Yuen et al. 1994). As well, production of toxic

volatiles has been correlated with decreases in disease in several studies (Feranado

and Linderman 1994, Wright et al. 1991, Fiddaman and Rossall 1994). It is also

essential to assess the effect of temperature and the concentration required for

effective biocontrol, as these variables have been known to significantly affect

antagonism in other studies (Yuen et al. 1994, Expert and Digat 1995, Montesinos et

al. 1996, Lo 1997). The latter could also factor considerably in terms of scale-up

costs in commercialization of these products.

The objectives of this study were (i) to assess bacteria isolated from canola

and related plant species as potential biocontrol agents by preliminary screening for

production of antibiotics, oxalate oxidase and/ or volatiles in plate assays, and (ii) to

evaluate a select group of potential antagonists from these assays with respect to the

degree of control attainable in the greenhouse and in the field.
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3.3 Materials and Methods

3.3.1 Isolation and storage of bacterial antagonists

Bacterial antagonists used in this study were isolated from canola (Westar and

Cresor varieties), wild mustard, and stinkweed in southwestern Manitoba, Canada in

1998 (collected by Paula Parks and Jennifer Howcroft in fields near Carman,

Manitoba, Canada), and 1999. Plant material was randomly collected from each

field, bagged and put onto ice immediately. It was stored in the lab at 4°C until the

isolations were carried out (within one week). In 1999, as part of a different study,

canola stubble (cv. Westar) was placed at four different levels in the rhizophere: 1) at

the soil surface, 2) buried at sub-surface, 3) 5.0, and 4) 10.0 cm depths. Ten pieces

(1.0 cm) of this stubble from each depth were bulked according to depth for use in

this study. One of the isolates used in the experiments was having been recovered

from soybean fields in 1995 (strain PA-23). Strain PA-23 R was derived from wild

type strain PA-23 through Tn5 mutagenesis. The two strains are genetically identical

except that PA-23R has undergone Tn5 mutagenesis to remove its ability to produce

the phenazine antibiotic that the wild type strain PA-23 produces (W.G.D. Fernando,

unpublished). These two strains were also rifampicin resistant.

One gram of plant material (leaves, flowers, soil, or stubble) was placed into a

250 ml Erlenmyer flask containing 100 ml sterile, distilled water. The flask was

shaken briefly and left to stand for 10-15 minutes. Sonication (using the Branson

Ultrasonic cleaner™, Branson Cleaning Equipment Company, Shelton, Conn.,

U.S.A.) was carried out for 20 seconds and the organisms were isolated using

standard dilution plating techniques (Tortora et al. 1992). Bacteria were isolated
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using half strength nutrient agar medium (NA, Difco Laboratories, Detroit, Mich.,

U.S.A.) amended with 100 ppm cycloheximide (SIGMA®, S1. Louis, Miss., U.S.A.).

Colonies from the NA plates were transferred onto King's B medium [(20.0 g

proteose peptone #3 (Difco Laboratories, Detroit, Mich., U.S.A.», 15.0 g agar (Difco

Laboratories, Detroit, Mich., U.S.A.), 1.5 g K2HP04, 1.5 g MgS04, and 15.0 ml

glycerol (Fisher Scientific, Nepean, ON, Canada) L-1
] to determine fluorescence

characteristics (fluorescence on King's B media is a characteristic of Pseudomonas

spp.). One hundred ninety seven different isolates were then plated onto Luria

Bertani agar [(LBA, 15.0 g agar, technical (Difco Laboratories, Detroit, Mich.,

U.S.A.), 10.0 g tryptone peptone (Becton/Dickinson, Sparks, MD, U.S.A.), 5.0 g

yeast extract (SIGMA, S1. Louis, Miss., U.S.A.), 5.0 g NaCI L-1
)] assessed for purity

through morphological characteristics, and stored in LB broth amended with 20%

glycerol (v:v) at -80°C. Isolates used in the plate assays, greenhouse and field trials

were all sub-cultured onto LBA plates from storage and assessed for viability and

purity before use.

3.3.2 Evaluation of bacterial antagonism through general plate inhibition

assays

Inhibition of S. sclerotiorum by bacterial strains in vitro was assayed on both

LBA and PDA media using a protocol similar to that outlined by Wood (1951).

Loopfuls of bacteria, taken from fresh sub-cultures grown on LBA plates, were

inoculated into LB broth and placed on a shaker at 28°C for 16 hours, or until mid-log

phase of growth. Five microliters of the bacterial suspension was pipetted onto either

LBA or PDA media in 15xl00 mm petri plates at four equidistant points near the
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periphery of the plate. The plates were sealed with parafilm® and incubated for 48 h

to allow sufficient growth of the colonies. Mycelial plugs, 5 mm in diameter, were

taken from actively growing cultures of S. sclerotiorum (Canadian isolate Clone 33

from L.M. Kohn, University of Toronto, Canada was used in all of the biocontrol

studies) and placed into the centre of each petri plate, and incubated at 22°C.

Measurements of radial mycelial growth were taken after seven days on both bacterial

and control plates. There were two replicates per bacterial treatment for each media

type assayed for the initial screening of all isolates (LBA and PDA). The experiment

was repeated using the 81 isolates causing >75% inhibition on LBA and 25 causing

>25% inhibition on PDA with 5 replicates. For all general screenings and for the

volatile assays, controls were fungal cultures grown without antagonists.

3.3.3 Antagonism through production of volatile compounds

Assessment of bacterial inhibition through volatile production was performed

using a modification of the methods used by Fernando and Lindennan (1994). All

197 bacterial isolates were streaked onto one half of a divided plate containing tryptic

soy agar (TSA, Difco Laboratories, Detroit, Mich., U.S.A.) and the plates were

immediately wrapped in parafilm to seal in the volatiles. Following a 72-h incubation

period at 22°C, 5-mm plugs taken from the periphery of an actively growing culture

of S. sclerotiorum were placed onto the other side of the plate (containing PDA) and

the plates re-sealed. Measurements of radial mycelial growth were taken after 72

hours on both bacterial and control plates. There were two replicates done per isolate

for the initial screening, with the experiment being repeated using isolates

demonstrating >75% inhibition with 5 replicates.
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3.3.4 Testing for the presence of the oxalate oxidase enzyme

All 197 bacterial isolates were screened twice for the presence of the oxalate

oxidase enzyme following the procedure of Dickman and Mitra (1992). Briefly,

bacteria were streaked onto plates containing oxalic acid degradation selective media

(l.Og potassium oxalate, 1.0g ammonium phosphate, 0.5g potassium phosphate, 0.2g

magnesium sulphate, 1.0g sodium chloride, 1.5% agar L- l medium) and incubated at

28°C in the dark. Plates were scored for the presence or absence of the enzyme

(presence of the enzyme being indicated by a clearing in the media around the

bacterial growth) following an incubation period of 7 days.

3.3.5 Bacterial identification

The 21 isolates which exhibited 100% inhibition on LBA, >25% inhibition on

PDA, and/or the presence of the oxalate oxidase enzyme were identified using the

Biolog© Microplates™ (Microlog, Hayward, Calif., U.S.A.) with the accompanying

software. Isolates were classified as being Gram negative or positive (Tortora et al.

has several options listed (1992» and then assayed using either the GN or GP (Gram

negative or Gram positive) Microplates™. Each was assayed once, with isolates PA

23, PA-23R, 7, 35, 41, 64, Ill, 115, 119, 190, 199, 200, and 210 being repeated to

verify their identification. Isolate 41 was sent to MIDILABS (Newark, Del., U.S.A.)

for species-level identification.

3.3.6 S. sclerotiorum inoculum production

Ascospores used in the greenhouse and field trials were produced usmg

modifications of the protocol described by Lefol (1998). Sclerotia that had been

grown on PDA plates at 15°C were incubated at 4°C for two weeks and then surface
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sterilized with a 10% (v/v) NaOCI in distilled water (store brand bleach having an

intitial concentration of 4.0%) solution prior to placement on the vermiculite. Stipes

appeared after 2 to 4 months, at which time sclerotia were transferred to 10mm

diameter petri dishes containing 1.0% water agar. Ascospores were harvested from

apothecia after approximately 2-5 weeks using vacuum filtration onto a Millipore©

membrane filter (type GS, 47 flm) placed in a 150 ml bottle top filter (0.22 flm CN)

with 45-mm neck (Coming®, Coming, NY, U.S.A). They were stored in a dessicator

at 4°C until ready for use. Excellent spore viability has been reported after 24 months

using this protocol (Hunter et al. 1982).

Spores were recovered using the methods of Hunter et al. (1982). Tween 20

(polyoxyethylene (20) sorbitan monolaurate, Mallinckrodt OR®, Paris, KY) was

added as a surfactant to the spore suspension and the mixture was vigorously

vortexed for 1 min. to break up clumps of spores prior to enumeration using a

hemacytometer. For all trials the spore density used was 1.0x 105 ascospores/ml.

3.3.7 Evaluation of biological control of Sclerotinia sclerotiorum by bacterial

antagonists in the greenhouse

Evaluation of biocontrol efficacy under greenhouse conditions was carried out

by first testing four different bacterial strains: PA-23, PA-23R, 41 and 115.

Identities, isolation sources and years are given in Table 1. The first three strains

were chosen
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Table 1. Bacterial isolates used in the greenhouse and field trials.

Isolate no.

PA-23

PA-23RC

41

115

Identitl

Pseudomonas
chlororaphis (fluor. biotype D)

Pseudomonas
Chlororaphis (fluor. biotype D)

Pseudomonas spp.

Pantoea agglomerans

Isolation year Sourceb

1995 SB, root tip

1995 SB, root tip

1998 CC, root tip

1999 WC-4, leaf

"obtained from Biolog© Micolog systems
bSB = soybean, CC = Brasicca napus (cv. Cresor), WC-4 = Westar canola from field 4.
cPA-23R is genetically identical to PA-23 except in its inability to produce phenazine
antibiotics (created using Tn5 mutagenesis).

based on significant inhibition on PDA and LBA and through volatile production.

Isolate 115 was evaluated because of its ability to degrade oxalic acid and inhibit S.

sclerotiorum on LBA media. Isolate 41 was then tested at 3 different concentrations

and at 3 different temperature regimes.

All Brassica napus plants (cv Westar) used in the greenhouse studies were

grown at 18°C with a 16-h photoperiod. Insects were controlled using Pirimor 50WP

(Pirimcarb mixture 50% w/w, Zeneca Agro, Stoney Creek, ON), Aldicarb10G (10%

carbamic acid, methyl-, 0-methyl-2-(methylthio)propylidene)amino)deriv.),

Malathion 500 (25% morestan (chinomethionat) Wpg, Man., Canada), DecisR 5.0 EC

(50g/l deltamethrine, Agrevo Canada Inc., Regina, Sask, Canada), while occasional
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powdery mildew [Erysiphe graminis] outbreaks were controlled using Tilt®250EC

(25% propiconozole, Novartis Crop Protection, Guelph, ant., Canada).

For the first experiment (I), isolates PA-23, PA-23R, 41, and 115 were grown

to mid-log phase (as previously described) and diluted to log 8 cfulml by correlating

with aD values from a standard curve generated for each bacterial strain. Petals were

randomly collected from plants grown in the greenhouse, dipped into the bacterial

suspension, and placed onto PDA plates (20 petals per bacterial isolate). Controls

received no bacterial inoculation. Plates were incubated for 24 h to allow for

colonization before being dipped into a suspension of S. sclerotiorum (prepared as

previously described) and placed onto new PDA plates. Control treatments consisted

of petals inoculated with ascospores only. After 48 hours, the petals were transferred

to canola plants at stage 4.0 of growth (Thomas 1984), with ten replicate plants per

treatment. Colonization by S. sclerotiorum on control petals can be seen in Figure 1.

Two leaves per plant were inoculated by placing one petal onto the leaf axil. Plants

were incubated in a humidity chamber for 24 hours following inoculation and then

placed into the greenhouse and grown at 18°C with a 16-h photoperiod for the

duration of the experiment. Treatments were arranged in a completely randomized

design (CRD). Disease severity ratings (DSR), taken on days 1,3,5, 7, 9, 12, and 14,

were based on the following scale: 0: no visible stem or leaf infection, 1: leaf

infection with no visible stem infection, 2-10: leaf infection present in all cases and

disease severity based on size of stem lesion (rom), 2: 1-20,3: 21-40,4: 41-60, 5: 61

80, 6: 81-100, 7: 101-130, 8: 131-160, 9: 161-190, 10: >190 mm, or plant death

(Figure 2).
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Figure 1. Canola petals (cv Westar) infested with mycelium of Sclerotinia
sclerotiorum.
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Figure 2. Sclerotinia sclerotiorum stem infection on Brassica napus (cv Westar).
(A) lesion size = 25mm (DSR = 3), (B) lesion size = 50mm (DSR = 4), (C) lesion
size = 150mm (DSR = 8), (D) lesion size = >190mm, or plant death (DSR = 10).

63



For the second experiment (II), isolate 41 was evaluated at log 4, 6, and 8 cfu/ml, and

in the last experiment (III), which was not repeated, isolate 41 was tested

for antagonism at 20, 25 and 28°C. A similar procedure was followed as described

above for experiment (I).

3.3.8 Field trial

Biocontrol of S. sclerotioum by bacterial strains 41 and PA-23 was evaluated

under field conditions at the University of Manitoba Carman Research Station in

Carman, Manitoba in 2001. The experiment was conducted in a CRD with five

treatments and four replications. Pathogen inoculum (sclerotia) was present in the

field, as infestations were reported the previous year. Treatments were as follows:

(1) Diseased control (no spray applications), (2) Fungicide spray (Benlate® WP (50%

benomyl, DuPont Canada Inc., Mississauga, ON, Canada) at the recommended rate of

1 kg ha- ' , (3) PA-23, (4) 41, both at one application, and (5) PA-23 at 2 applications.

Bacteria were sprayed at a concentration of log 8 cfu/ml.

The experiment was set up in 21, 5x5 m plots on a 60x30 block with 3.0 m

alleyways between plots and 3.5 m around the entire trial. The block was situated

near the centre of the research farm on well-drained, clay loam soil (Denham type).

Plots were seeded with LG3235 single-treated Roundup Ready canola on May 18

using 0.15 m row spacing and a seeding rate of 10.2 kg ha-1
• Fertilizer (23-24-0) was

applied with the seed at a rate of 79.5 kg ha- I
. Spring wheat was seeded between the

plots on June 20, and the plots were treated with Roundup Transorb™ (41%

glyphosate (480g/L), Monsanto, Missisauga, Ont., Canada) at a rate of 2.0% (v/v).

Insecticide was applied as a seed treatment with Vitavax® rs F (45g/L carbathiin, 90
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giL thiram, 680 giL lindane (gamma BHC), Uniroyal Chemical Ltd., Elmira, ant.,

Canada).

Plots were sprayed at 30% bloom with the bacterial and fungicide treatments

on July 3, with the second bacterial spray applied on July 6 (50% bloom). Bacteria

were grown until mid-log phase of growth and diluted to log 8 cfulml (as previously

described) in phosphate buffer (pH = 7.0) prior to spraying. Two drops per litre

Tween 20 was added as a surfactant. Each plot was sprayed with a uniform 12.0 L

volume using a backpack sprayer. To increase viability of bacteria on the petals and

infection by S. sclerotiorum, a field misting system (Lamari and Smith, University of

Manitoba, unpublished) was employed. It consisted of 36 nozzles separated by 5 m

in each direction across all of the plots. The system ran for 3 min. every 2 h for the

duration of the experiment. Each nozzle (SPI6-340 Micro-Bird spinner-type)

delivered water at a rate of 1.526 L min -I Plots were not sprayed with S.

sclerotiorum.

Petal infestation levels were assayed by sampling five petals from each of two

replicates of each treatment on days 1, 3, 5, 7, 9, 11, and 13 (from July 4 to July 16

2002). Four petals were taken from the periphery and one from the centre of the plot

and put onto ice immediately. Petals were placed onto PDA media amended with

streptomycin sulfate (761 u base mg, SIGMA, St. Louis, Miss., U.S.A.) and potential

S. sclerotiorum colonies identified visually within five days and affirmed through

sub-culturing procedures. Results were grouped into infested vs. non-infested petals

for each sampling day, and treatments compared using the Pearson Chi-squared test

statistic (SaIl and Lehman 1996).
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Disease incidence was assessed on August 2 and August 9 in a 1x1 m quadrat

in the centre of each plot. Sixty plants were visually rated for presence or absence of

characteristic disease symptoms on the leaves (August 2) or stem (August 9).

Results for disease incidence in the field were analyzed separately for each

date (August 2 and August 9) using Analysis of Variance (ANOVA), with each rating

day being analyzed separately, as infection was being assessed. All statistical

analyses were conducted using SAS software (SaIl and Lehman 1996).
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3.4 Results

3.4.1 Plate assays

Of the 197 bacterial isolates screened, 81 inhibited pathogen growth >75% on

LBA media, whereas 25 inhibited >25% on PDA. With respect to mechanism, 18

inhibited >75% through the production of volatiles, and five were capable of

degrading oxalic acid through the production of the oxalate oxidase enzyme (Figure

3). When these isolates were tested again using five replicates, 79 of the 81 inhibited

>75% on LBA, 17 of the 25 inhibited >50% on PDA, and 15 of the 18 inhibited

>75% through the production of volatiles. As well, all five of the isolates exhibited

the presence of the enzyme in the repeat of the experiment. It was found that when

the isolates from the LBA, PDA, and volatile screenings were grouped according to

isolation source, the strains isolated from canola stems, leaves, and from the soil sub

surface were the best biocontrol agents overall, with isolates demonstrating the

presence of the oxalate oxidase enzyme having been isolated from the leaves (Figure

4).

Thirty of the 197 isolates fluoresed on KB media, and of these seven exhibited

a great deal of fluorescence. In Appendix 1, the complete results of the second

screening trials can be seen, including which exhibited fluorescence. The

fluorescence characteristic seemed to be randomly distributed amongst the

antagonists in terms of inhibition characteristics in the four different screening trials

(LBA, PDA, volatiles, and oxalate oxidase), making it an unreliable predictor of

biocontrol effectiveness for this study.
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Figure 3. Inhibition of mycelial growth by bacterial antagonists. (A-C) General
inhibition screening: PA-23 on LBA and PDA and isolate 41 on PDA with control
plates (Sclerotinia sclerotiorum (SS) only) on the left hand side of each figure;
(D) Inhibition through volatile production with bacteria on T-Soy Agar (TSA) and
SS on Potato Dextrose (PDA) on left and right hand side of each divided plate,
respectively (control plate on the left has no bacteria, whereas the test plate on the
right has isolate 77(9)-1); (E) inhibition through production of oxalate oxidase
(isolate 111 is exhibiting the presence of the enzyme, indicated by the clearing of
the media in areas of bacterial growth).
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One of the isolates (141) produced a pink pigmentation only when it was

cultured on PDA media (Figure 5).

3.4.2 Bacterial identification through C-source utilization

Of the 60 bacteria selected for analysis (that is, exhibiting 100% inhibition on

LBA, >25% inhibition on PDA, and/or the presence of the oxalate oxidase enzyme),

25 were identified to the species level and 2 to the genus level. Of these, 15 were

Psuedomonas spp., 5 were identified as Stenotrophomonas maltophilia, 4 as Pantoea

agglomerans, and there was one representative of each, Klebsiella terrigena, Vibrio

jluvialis, and Cellulomonas cellasea. Table 2 lists the identities of some of the

bacteria (in cases where the results were not ambiguous). Isolate 41 is only reported

to the genus level, since the sum total of the top 2 similarity scores was >0.5 and both

were Pseudomonas spp. (Biolog MicroLog© System User Guide 1998).

16S rRNA sequencing of isolate 41 found the top 10 matches to be

Pseudomonas spp. using the Microseq ™ database of MIDILABS (a species level

match could not be made). Pseudomonas tolaasii was the closest match at 1.05%

difference using this database, while P. veronii AB056120 was found to have 98%

similarity in terms of a partial 16S rRNA alignment using the Genbank database

(2001, www.ncbi.nlm.nih.gov.html).
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Figure 5. Production of unknown compound by bacterial isolate 141 on PDA media.
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Table 2. Identification (Biolog©) of bacterial antagonists

Isolate

PA-23

PA-23R

7

8

12

13

35

41

64

111

115

119

190

199

200

202

209

210

Isolate number

1

2

3

4

5
6

7

8

9

10

11

12

13

14

15

16
17

18

Identification

Pseudomonas chlororaphis (fluorescent biotype D)

Pseudomonas chlororaphis (fluorescent biotype D)

Klebsiella terrigena
Stenotrophomonas maltophilia

Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Pseudomonas chlororaphis (fluorescent biotype G)

Pseudomonas spp.

Pantoea agglomerans
Pantoea agglomerans
Pantoea agglomerans
Pantoea agglomerans
Pseudomonas chlororaphis (fluorescent biotype D)

Pseudomonas chlororaphis (fluorescent biotype D)

Pseudomonas aurantiaca
Pseudomonas chlororaphis (fluorescent biotype D)

Pseudomonas chlororaphis (fluorescent biotype D)

Pseudomonas chlororaphis (fluorescent biotype D)

3.4.3 Biocontrol efficacy in the greenhouse

In all three experiments «I) isolates 41,115, PA-23, and PA-23R, (II) isolate

41 at log 4, 6, and 8 cfulml, and (III) isolate 41 at 20, 25, and 28°C) complete disease

suppression was observed (Figures 6 and 7). Results were similar for each trial so

only one trial is shown. Control plants started to show typical symptoms of

sc1erotinia stem rot 24 hours post-inoculation, with a steady rate of disease

development occurring over the next 14 days (Figure 8). A DSR of 8 was often
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Figure 8. Disease suppression on canola (cv Westar) by bacterial antagonist PA-23
(BCA+) at 5 days (A), and 7 days (B). Plants treated with bacteria and S.
sclerotiorum are on left hand side and control plants (treated with SS only) are on
the right hand side in each figure.
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reached by day 6, giving a lesion expansion rate of 24.3 mm per day (DSR (8) = 131

160 mm, hence, the lesion expansion rate = {[131 +160]/2}/6}). Disease was

initiated in the leaf axil at the point of petal placement. Water soaked lesions were

observed on the leaf and leaf axil around the periphery of the inoculated petal.

Disease then progressed into the stem, producing white-gray lesions and causing stem

girdling. Plant death was observed by day 12 for all trials (lesion size>190mm).

Four weeks after initial inoculation, sclerotia could be found fonning in the lower

stems of all control plants. Canola plants treated with bacteria, on the other hand,

exhibited no disease symp~oms by day 14 (see Figure 9).

3.4.4 Evaluation of biological control by isolates PA-23 and 41 in the field

As previously mentioned, a natural source of inoculum was relied upon for the

field experiment. This inoculum was assumed to be present given the appearance of

numerous (carpogenically) genninating sclerotia in the plots (Figure 10).

Petal infestation by S. sclerotiorum was common among all plots, but not

unifonn among treatments. Significant differences were not observed between the

treatments on the different sampling days in tenns of petal infestation using the

Pearson Chi-Squared test statistic. It was found that the control and PA-23 (single

application) treated plots had S. sclerotiorum infested petals present on all sampling

days except for day 11, and days 5, 9, and 11, respectively (Figure 11). The fungicide

and PA-23 (double application) treatments showed infestation on 3, 5, and 13, and

days 3 and 13, respectively, while infestation was only observed on day 13 for the

plot treated with treated with bacterial isolate 41.
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Figure 9. Complete suppression of disease by isolate PA-23 on canola (cv Westar).
(A) isolate PA-23 applied to petals 24h prior to inoculation with Sclerotinia
ascospores, (B) control treatment (8. sclerotiorum only). Picture was taken at 14
days (2 weeks) after plants were inoculated with ascospore-infested petals.
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Figure 10. Apothecia forming on sclerotia in the field at Carman Station field
experiment.
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Insufficient sampling size was responsible for the variations seen In infestation

patterns (for example, there was no infestation seen on day 5 for the PA-23 double

application treatment, but infection re-appeared on day 13).

It can be seen in Figure 12 that disease levels were high on August 1 (average

73.8% Disease Incidence (DI)) as compared to August 9 (average DI = 4%) due to

significant changes in the weather between these two dates (increased temperatures

and decreased precipitation: see Appendix 1). Sampling at each time point was from

the same 1x 1 m quadrat ofplants was sampled at each time point.

Analysis of variance found no significant difference between treatments in

terms of leaf infection (Aug. I) (P>O.05), however, there was a significant difference

found between the control treatment and both the fungicide and double application

treatment of PA-23 by the time infection had reached stem (Aug. 9) (P<O.05) (Figure

12).
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being applied at 50% bloom (July 6). Disease incidence was visually assessed on
60 plants per plot in a 1x1 m qudrat in the centre of each plot on both dates. Bars
represent SE at 95% CI (n=60). Plants had reached full maturity by 9 August
2002.
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3.5 Discussion

The most antagonists were isolated from canola stem and from the sub-surface

level of the rhizosphere. However, the best antagonists in terms of inhibition on LBA

plates were those isolated from the root tip of either soybean or canola or from canola

stubble (at various depths - Appendix- 1). This agrees with the previous findings

(Fernando and Linderman 1994) that some soil bacteria are able to control root and

stem diseases effectively. Several growth factors including pH, temperature, carbon,

nitrogen, amino acid sources have been shown to have a significant impact on

biological control (Reddy et al. 1993). This was the case for the plate assays (Table

I), in which a relationship between media composition and degree of antagonism

could be seen. There was significantly more inhibition seen on LBA, which favours

bacterial growth, than on PDA media, which favours the growth of the pathogen. This

can be clearly seen in Figure 3, in which there is a greater degree of inhibition

occurring on LBA (A) than on PDA (B).

Variations in control on the same media type could be attributed to the age of

the media, which has been shown to affect the amount of antibiotic produced

(Thomashow and Weller 1988). The production of green pigmentation in the media

for isoate 41 was postulated to be an antibiotic, since it appeared to be inhibiting

growth of the pathogen in a very symmetrical manner (demonstrated by the circular

inhibition patterns around bacterial growth in Figure 3 (C)), which was highly

consistent, both between repetitions and replications.

Inhibition through volatile production was relatively common in bacteria

isolated from both canola varieties (Cresor and Westar) as well as in those isolated
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from soybean (Appendix - 1). Volatile production by the soybean isolates (PA-23

and PA-23R) is shown in Figure 3 (D). It can be seen that volatile production is

limiting both mycelial growth and sclerotia fonnation, to the control plate. This has

potential practical applications in that volatile-producing organisms may be useful for

controlling sclerotial gennination in the field by tilling them into the soil in the early

spring. It has been found that sclerotia tend to genninate more in high soil moisture

conditions (Teo et al. 1989) and these are the same conditions favouring bacterial

growth (and probably, potentially volatile production). Additionally, Williams and

Stelfox (1980) found that ploughing sclerotia to a depth of 7.6-15 cm reduced

apothecia production the following year, and tilling would likely cause damage to the

external rind of the sclerotia, which has been shown to act as a barrier to soil

microbes (and hence, to antagonists as well (Henis et al. 1983)). Other important

considerations in using this method of control include whether or not the volatiles are

produced at or near the optimum growth temperatures for the pathogen, and the

persistence of the volatiles in the soil.

Oxalic acid has been found to be a good indicator of biocontrol efficacy in

other studies (Noves and Hancock 1981, Dickman and Mitra 1992), recently being

implemented as an indicator of resistance in breeding research (Tu 1985). This was

demonstrated by isolate 115, capable of oxalic acid degradation, exhibited 100%

disease suppression in planta. However, the other OOA+ bacteriua (Appendix 1) did

not exhibit significant biocontrol using either volatiles or antibiotics.

84



Fluorescence on KB media (or identification of the bacteria as a Pseudomonas

spp.) did not appear to have an effect on degree of inhibition, given the random

distribution ofthis characteristic (see Appendix -1).

Some of the organisms isolated have been found to be effective antagonists in

other studies. For example, Stenotrophomonas maltophilia has been implicated in

biocontrol in several different plant pathosystems using a variety of mechanisms

(Dunne et al 1997, Elad et a11994, Naykayama et al. 1999, Zhang et a12000) and has

been previously isolated from the rhizosphere of oilseed rape (Berg et al 1996).

There are numerous examples of cases in which organic amendments have

been added to the soil, or C and N sources have been added as substrates to favour the

growth of the antagonist and/or the production of the desired anti-microbial substance

(McFadden and Sutton 1975, Lifshitz et al. 1984, Campbell 1989, Fiddaman and

Rossall 1994). Using results obtained from the Biolog © system, it would be possible

to identify carbon sources specific to particular antagonists and amend the soil or

growth substrate to include increased amounts of that particular substance. It has

been found in some cases that population densities do not have to be as high when

such amendments are added (Liu and Baker 1980).

One hundred percent disease suppression was observed for all four bacterial

strains and for strain 41 at the three concentrations and temperatures tested in the

greenhouse studies. This same high degree of control (80 to 100%) has been reported

in several other studies for bacteria and fungal antagonists (Oedjijono et al. 1993,

Hannusch and Boland 1996, Mercier and Reedeler 1987). Yuen et al. (1991) found

that bacteria applied to bean blossoms at log 3 or 4 cfulml was sufficient to
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completely inhibit colonization through ascospores. A study by Yuen et al. in 1994

found there to be a temperature effect on colonization and control of disease by

bacterial antagonists. There was faster multiplication of bacteria and more inhibition

at 28°C than at 20°C. In their study, though, bacteria were co-inoculated with the

ascospores whereas in our study, the bacteria were applied to the petals 24 h before

the spores, thus allowing ample time for petal colonization before arrival of the spores

and incubation at different temperatures. Control by PA-23R could be attributed to

nutrient competition or to the production of siderophores or volatiles, given that it

was still able to inhibit significantly on both media types and in the volatile

screenings (Appendix 1). In a study by Thomashow and Weller (1988) it was found

that Pseudomonas mutants defective in antibiotic production were still able to

suppress disease significantly more than the control treatments and effectively

colonize wheat roots, thus potentiating the mechanism of nutrient competition.

Rapid tissue colonization and nutrient acquisition by isolates 41, PA-23, PA

23R, and 115 was likely a major contributing factor to the disease suppression

observed, as Pseudomonas spp. are known to have a rapid growth rate and are able to

catabolize a diverse range of nutrients quickly (Kloepper 1993; Weller 1985).

Production of antibiotics by antagonists has been seen as being a critical factor in

successful control of S. sc!erotiorum, as the pathogen is also capable of rapid

colonization of the petals (Yuen et al. 1991, see also Figure 1, this chapter). If this

were the case, isolates 41, PA-23 would then have an advantage over isolates PA-23R

and possibly 115.
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Abundant and rapid infection by S. sclerotiorum was observed in the

greenhouse studies. Sedun et aI. (1989) found that Westar canola had a lesion

expansion rate (LER) of 11 mm d-I using autoc1aved rye kernels infested with S.

sclerotiorum mycelia, whereas we found the same cultivar had an LER of 24.3 mm

d- I using infected petals. Whether this was due to differences in the inoculation

procedures, or the fact that they had no humidity treatment upon inoculation; it does

indicate the high degree of efficacy of our biocontrol agents in that they were able to

completely suppress disease development even given high disease pressure

conditions.

It has been established that the degree of petal colonization by Sclerotinia

sclerotiorum ascospores in the early bloom stage can be directly correlated to disease

development in the field (Ouegel and Morrall 1986). It has also been found that

major biochemical changes occur during flower senescence (del Campillo and Lewis

1992) and that these changes can have dramatic effects on bacterial populations

(Yuen et al. 1994). It is for this reason that we were interested in periodic sampling

of the various plots throughout the course of the field study. Turkington and Morrall

(1991 and 1993) found that petal infestation by S. sclerotiorum is positively

correlated with disease when conditions for infection are favourable. This

relationship was observed in this study in terms of the control and PA-23 (single

application) treatments, which exhibited the greatest consistency of petal infestation

overall (Figure 11) and also had the highest overall disease severity ratings in terms

of stem infection (Figure 12 - Aug. 9).

87



The presence of ascospore inoculum in the field was apparent from the petal

infestation results and also from the appearance of numerous apothecia forming under

the crop canopy at early to mid-flowering stages (Figure 10), however, overall petal

infestion levels were low as compared to results obtained in previous studies by

Turkington and Morrall, given similar conditions in terms of temperature and relative

humidity (1991 and 1993).

Colonization of the petals should not have been adversely affected by

temperature, as the mean temperature was within the optimum temperature range (20

25°C (Abawi and Grogan 1975)) for petal infection by S. sc!erotiorum, being 18

25°C throughout the sampling time except on days 1 and 2, when the mean was 14.9

and 14.4°C, respectively (Appendix 3). The relatively large (10-20%) proportion of

diseased petals on day 3 (Figure 11) indicated that this drop in temperature did not

affect petal infestation by the pathogen. The increase in petal infestation on day 13

(16 July) could be partially attributed to a significant (8.70 mm) rainfall event that

occurred on July 13 (Appendix 3), since it has been found that apothecia form more

readily after periods of rainfall (Guegel and Morrall 1986). Additionally, competition

from the bacterial antagonists would likely have been minimal at this time, given that

bacterial populations have been seen to decrease in numbers as much as 100 000 fold

in 4 days (Yuen et al. 1991).

In terms of bacterial colonization of the petals, a rainfall on the day of the fust

and second bacterial sprays (3 July and 6 July, respectively) could have had a

negative impact, resulting in wash-off of some of the applied antagonists.

Nevertheless, periodic rainfall events were reported throughout July (Appendix -3),
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and this, combined with the misting system, would have provided ideal conditions for

colonization and growth of both bacteria and ascospores. Conversely, August saw a

significant decrease in mean precipitation (going from 192.51 mm in July to 22.17mm

August), which was likely a significant contributing factor to the lack of disease

progression into the stem resulting in low disease incidence values observed on

August 9 as compared to August 1 (Figure 12). Results obtained from the field trial

may be ambiguous, then, as it was found by Yuen et al. (1994) that for some bacterial

strains, increases in disease pressure could result in total loss of biocontrol. As well,

humidity and air temperature changes of 4°C and 5%, respectively, have been shown

to cause changes in disease suppression by (fungal) antagonists by 25 to 100% in the

field (Inglis and Boland 1992).

It has been reported that ascospores of S. sclerotiorum can survive 5 to 21

days (Vennette 1998). This may not be a factor when considering plant inoculations,

as it was found in ascospore germination studies that bacteria completely suppressed

germination when applied at log 8 cfu/ml 24 h prior to inoculation with ascospores

(see section 4.4). However, in the field, where spores are deposited on a relatively

continuous basis throughout the flowering stages, bacteria would either have to

remain at competitively high population levels for this period of time or else produce

one or more compounds that are long-lived in the phyllosphere.

Since population levels seen in greenhouse experiments may not be attainable

(at least not for any length of time) in the field (Yuen et al. 1994), and given that

ascospores have been shown to survive up to 12 days on leaves of Phaseolus vulgaris

under field conditions (Abawi et al. 1975) more than one application of the antagonist
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may be necessary for measurable disease reduction to be observed. This deficiency in

effective population levels could explain the significant difference in disease

incidence observed on August 9 between the plots treated with one application of PA

23 and those receiving a double application in our field experiment (Figure 12).

Lindow et al. (1996) found that a double application of Pseudomonas jluorescens

(Strain A506) increased population levels 100 fold on pear blossoms over those

receiving only one application. Using the correct formulation, storage and delivery

system for the biocontrol agent could, however, have a significant impact on efficacy

(Sivan et al. 1994, Colvert et al. 1997, Bryant 1994) and thus eliminate the need for a

second application.

Biological pesticides are known to be effective when the window of

protection is narrow, and this is the case with S. sclerotiorum stem rot of canola.

Results from this study, in which this narrow window was targeted, suggest that

biological control by natural bacterial antagonists might eventually be a supplement

to current disease control strategies, but that further research is needed to verify this.

Significant suppression occurred in the field in terms of stem infection results (Aug.

9, Figure 12), however, these results require at least one more year of data to account

for fluctuations in control caused by varying macro and microclimatic conditions

which could drastically impact bacterial population levels. Studies looking at

bacterial population dynamics in the greenhouse and in the field could be conducted

and subsequently correlated with disease suppression. Yuen et al. (1994) conducted

several such experiments using Erwinia herbicola as an antagonist against S.

sclerotiorum. It was found that population levels in the field were consistently lower
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than those seen in the laboratory, and that such levels were strongly correlated to

blossom development stage, with significantly more bacteria present at certain stages.

As well, temperature had a significant effect on antagonism, both in the laboratory

and in the greenhouse. Taken together, these results suggest that the suppression

observed in the field could have in part been due to the relatively low disease

pressure, and as such a follow-up study should include an ascospore spray inoculation

following the bacterial spray to verify the adequacy of biocontrol given increased

disease pressure and knowing the environmental conditions during which both of the

sprays were applied.

Eventual implementation of a two-fold strategy of disease management could

be envisioned for biocontrol of S. sclerotiorum whereby volatile producing isolates

would be tilled into the soil in the early spring with amendments to increase their

volatile-producing capability, thus reducing the overall sclerotial load in the soil. In

lieu of or in conjunction with fungicides (given that they are fungicide-resistant or

tolerant strains), antibiotic-producing organisms could then be applied at 30% and

50% bloom to target the site of infection ofthe pathogen (the petals).
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4.0 POPULATION DYNAMICS AND RELATIVE COMPETITIVE ABILITY

OF PSEUDOMONAS SPP. AS A BIOLOGICAL CONTROL AGENT OF

SCLEROTINIA SCLEROTIORUM ON CANOLA.

4.1 Abstract

Sclerotinia sclerotiorum (Lib.) de Bary, causal agent of stem rot of canola, is

difficult to control using conventional methods, and as such biological control has

been considered as a potential alternative (or supplement to) these strategies.

Pseudomonas spp. found to be antagonistic in previous studies (lab, greenhouse and

field) were evaluated for degree of inhibition of germination of ascospores of S.

sclerotiorum in a time-course microscopic study, with one bacterium tested at log 4

and log 8 cfulml twice, and another being tested once at log 8 cfu/ml. Population

-
dynamics of one of the isolates (41) was tested in the greenhouse, both in the

presence and absence of the pathogen. Finally, the competitive ability of isolate 41

was assessed using a variety of inoculation regimes in the greenhouse. In all studies,

a petal inoculation technique was used.

Significant inhibition was observed at both concentrations in the microscopic

study, with near total inhibition of ascospore germination occurring with the higher

bacterial concentration. In the population study, the pathogen was found to have no

significant effect on bacterial populations. A significant (P<0.05) increase in

bacterial populations was observed 24 hours after application and a decrease occurred

between 96 and 120 hours in all trials. Isolate 41 completely suppressed disease

when co-applied with ascospores, however only minor suppression was observed

when applied 24 or 48 hours after. Interestingly, significant differences were found
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with respect to timing of ascospore applications in the control treatments (ascospores

only). Results from all studies are discussed as they relate to each other and to

practical implications for biological control of this disease by bacteria in the field.
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4.2 Introduction

The importance of understanding population dynamics of potential biological

control organisms (or antagonists) is fundamental to the implementation of these

organisms into a disease management strategy, and has been recognized in several

reviews and studies (Utkhede 1996, Upper 1991, Yuen et al. 1991). The rapidly

changing environment of the phylloplane often presents a challenge to successful

colonization by antagonists, given that they can be affected by temperature, leaf

wetness, competition from other microbes, pesticide applications, insects, relative

humidity, pH levels, as well as the plant host itself (Clayton and Hudelson 1991).

Bacterial populations are known to fluctuate rapidly as a result of these factors

(Clayton and Hudelson 1991), and can rapidly decline to levels ineffective for

antagonism (Knudsen and Spurr 1987). As well, certain population levels must be

reached to induce production of antibiotics and the formation of biofilms (Pierson et

al. 1994, Swift et al.1999), both of which have been shown to have a significant

impact in terms of competition and survival on the phyllosphere (Mezzola et al. 1992,

Pierson and Pierson 1996, Costerton 1987). In a review of the potential and

problems encountered in developing biological control agents, Utkhede (1996) stated

that there is often a lack of relevant research in the areas of population dynamics and

microbial ecology of the potential antagonists (1996).

Sclerotinia sclerotiorum (Lib.) deBary is one of the most important diseases

of canola in Western Canada (Martens et. al 1994) and can now be found world-wide,

causing infection on more than 400 species of plants (Dickson and Pedzolt 1996).

Research on biocontol of S. sclerotiorum continues to be focused primarily on control
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of carpogenic germination or apothecia production (Huang et al. 1997, Huang and

Erickson 2000), and on hyperparasitism by fungal antagonists to reduce sclerotial

load in the soil (McLaren et al. 1996). However, a reduction in the number of

sclerotia in a field does not necessarily eliminate the risk of significant yield losses.

Davies found (1986) that the presence of only a few apothecia can still cause

considerable damage in terms of yield loss. There exsists, then, a need for research

into biocontrol of S. sclerotiorum on canola through application of antagonists to the

site of entry for this pathogen, the petal. This was the conclusion drawn by Mercier

and Reeleder prior to their studies conducted in 1987, in which they looked at the

inhibition of S. sclerotiorum by fungal antagonists on canola petals. Previous studies

have demonstrated, firstly, that this fungus can be effectively controlled by

application of bacterial antagonists to the phylloplane (Yuen et al. 1991, Inglis and

Boland 1992), and, secondly, that the degree of control may be strongly affected by

population levels and time of application of such antagonists (Yuen et al.1994).

Preliminary screenings for natural antagonists of Sclerotinia sclerotiorum

were carried out in a previous study (Chapter 3). In these studies, several promising

antagonists were identified, two of which have been chosen for use in this study.

Isolates 41 and PA-23 both demonstrated significant inhibition in vitro, in the

greenhouse, and in the field and were initially isolated from canola (cv Cresor) root

tips (1998) and soybean root tips (1995), respectively (Chapter 3). They were both

found to be pseudomonads, PA-23 was identified as Pseudomonas chlororaphis

(fluorescent biotype D), and 41 was identified to the genus level only (Chapter 3).
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The objectives of this study were to detennine the degree of variability of

populations of two potential antagonists on the phylloplane, and the effect of S.

sclerotiorum on this variability. The population variability was then related to the

degree of inhibition given different competition levels of the pathogen (by use of

different inoculation regimes). Experiments were conducted to observe the degree of

antagonism occurring at the microscopic level given different initial concentrations of

the antagonist.
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4.3 Materials and methods

4.3.1 Cultivation of antagonists and pathogen

The production of antagonists and pathogen used in this study, were as

previously described (Chapter 3). The bacterial antagonists used in this study were:

1) isolate 41, a Pseudomonas spp. and isolate PA-23, identified as P. chlororaphis

(biotype D) as previously described (Chapter 3).

S. sclerotiorum was stored and prepared as previously described (Chapter 3).

4.3.2 Greenhouse study

The significance of the control by strain 41 on the ascospores of S.

sclerotiorum was investigated using a petal inoculation technique. Petals that had

been randomly collected from plants grown in the greenhouse were dipped into either

strain 41 or ascospore suspension and placed onto potato dextrose agar (PDA, Difco

Laboratories, Detroit, Mich., U.S.A.) plates for 24-72 hours before being used to

inoculate the plants. Eight different inoculation regimes were analyzed for efficacy

using differential timing of application of both organisms. The treatments were

arranged in a completely randomized design (CRD) as shown in Table 1. Incubation

temperature was always 22°C and petals were placed onto new PDA plates after each

spore or bacterial treatment.
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Table 1. Timing of inoculation of canola petals (B. napus) with
S. sclerotiorum and/or bacterial isolate 41.

Day

Treatment 1 2 3 4

A ascospores

B ascospores bacteria IC bacteria ascospores
plant

D ascospores bacteria inoculations

E ascospores 1F bacteria ascospores

G ascospores

H bacteria and
ascospores

Ten plants were used for each treatment, each having 2 leaves inoculated with

one petal placed into the axil of the leaf. Plants were incubated in a humidity

chamber for 24 hours following inoculation and then placed in the greenhouse and

grown at 18°C with a 16-h photoperiod for the duration of the experiment. Disease

severity ratings, taken on days 1, 3, 6, 9, 12, and 14, were based on the scale used

previously (Chapter 3). The experiment was repeated once. Results from both

studies were analyzed using Analysis of Variance (SAS Institute), looking at

differences between each treatment on each day Disease severity rating's were carried

out (SaIl and Lehman 1996). When applicable (based on Tukey-Kramer Honestly
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Significant Differences (HSD)), data from different treatments were grouped for

further analysis.

4.3.5 Monitoring changes in bacterial populations

To study the fluctuations in bacterial populations on canola petals in the

greenhouse, a destructive sampling technique was used in combination with plating

on selective LBA media containing 150 ppm rifampicin (95% a.i. 3-[4

methylpiperazinyliminomethyl], SIGMA®, St. Louis, Miss., U.S.A) (LBA-R).

Spontaneous rifampicin-resistant mutants of strain 41 were generated on LBA-R.

The plating efficiency on LBA-R was determined to be equivalent to that on non

amended media, by growth curve comparison, which was repeated 3 times for

accuracy. In the first trial (I), canola petals were dipped into a log 8 suspension of

rifampicin resistant (RR) bacterial strain 41 (RR41) and placed onto PDA plates for

3d before being used in plant inoculations. A control treatment was also carried out

for this trial in which the petals were dipped in a solution ofTween 20 and water, and

populations were monitored on 10 petals on days 1, 3, 5, 6, and 7 in the manner

described below for the bacterial treatments. This was done in order to verify the

validity of the populations obtained for bacterial treatments. The second trial (II),

included a treatment with bacteria, and another treatment having bacteria and

ascospores present on the petals in addition to the initial treatment (with bacteria).

Petals were dipped into the ascospores 24 h after bacterial inoculation and 48 h before

plant inoculation (BPI). There were 10 plants used for each treatment each having 2

leaves inoculated with one petal placed into the axil of the leaf. Plants were

incubated in a humidity chamber for 24 h following inoculation and then placed into
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the greenhouse and grown at 18°C with a 16-h photoperiod for the duration of the

experiment.

Petal sampling for population levels was carried out right after bacterial

inoculation (at 0 h) (Day -3), at 24 h (Day -2), at 48 h (Day -1), on the day of

placement onto the leaves (Day 0), and on days 1, 3, 5, 7, and 10 (from plants that

were in the greenhouse). Six petals were sampled (prior to plant inoculation), from

which bacteria were quantified by sonicating the petals in a flask of sterile, distilled

water; one flask per 6 petals. From this, six separate serial dilutions were carried out

using half strength nutrient agar (NA, Difco Laboratories, Detroit, Mich., U.S.A.)

amended with rifampicin and nystatin (mycostatin, 4 460 USP units mg- I
, SIGMA,

St. Louise, Miss., U.S.A.). For the remaining days, destructive sampling was carried

out on the plants in the greenhouse. Three leaves per plant were used (one petal per

leaf) with a total of 10 plants being sampled for each treatment each day (30 petals

were bulked together and and assessed for population levels for each treatment).

Leaves from each plant were bulked assessed for populations as previously described

for days -3 to-I.

Population means were derived from the logw-transformed populations of 6 or

30 replicate blossoms (6 for days -3, -2, and -1). Similar results were found for each

trial; therefore the data from each trial were tested for homogeneity of variance (SaIl

& Lehman 1996) within treatments and the trials combined for statistical analysis.

Statistically significant differences were determined using the Student's t test.
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4.3.6 Ascospore germination

The effect of bacterial strains 41 and PA-23 on inhibition of ascospore

germination and germ tube elongation was investigated using microscopic techniques.

Petals were inoculated in the same manner as that used for the second trial of the

population study. In each of the three trials carried out (I, II, III), the control

treatments were petals inoculated with ascospores only. Treatments in the trials were

as follows: I (1) strain 41, (2) strain PA-23 (both at log 8 cfu/ml), and (3) control; II

(1) strain 41 at log 8 cfu/ml, (2) strain 41 at log 4 cfu/ml, and (3) control; III (1) strain

41 at log 4 cfu/ml, (2) control. At 0, 6, 14, and 24 h, 25 petals were randomly

sampled from the PDA plates and treated and stained as described in Fernando et al.

(1994). Briefly, petals were transferred from the PDA plates onto filter papers in

glass petri plates that had been placed on absorbent cotton wads previously soaked in

a 50:50 mixture (v/v) of 95% ethanol and glacial acetic acid (Fisher Scientific,

Nepean, Ont., Canada). Plates were sealed with parafilm and incubated at room

temperature for approximately three days, or until all of the pigment had left the

petals. Cleared petals were then placed onto 25x75mm microscope slides and stained

with a drop of 0.01 % cotton blue in lactoglycerine (1 :2: 1 water:glycerol:lactic acid).

Ascospores were considered to have germinated when the germ tube was longer than

the lenth of the ascospore itself.

4.3.7 Germ tube elongation

One hundred ascospores were randomly selected per treatment per sampling

time for all trials. Germ tube length was measured using a compound light

microscope (Wild M20 Heerbrugg (Made in'Switzerland), Microtech scientific sales,
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67 Rockcliffe Rd., Winnipeg, Man., Canada). Genn tube lengths were classified into

four categories as follows: 0- 40J.lm, 41 J.lm - 90J.lm, 91 J.lrn- 180J.lffi, and > 180J.lffi.

The Pearson Chi-Squared (Sall and Lehman 1996) test statistic was used to

test for differences in genn tube initiation and growth between treatments at each

sampling time.
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4.4 Results

4.4.1 Greenhouse study

Statistical evaluation of results from both greenhouse trials revealed that they

were not statistically different, and as such, only the results from the first trial are

reported here.

Infestation of the petals just prior to plant inoculation can be seen in Figure 1.

Disease progressed at the highest rate when the ascospores were present on the petals

before the bacteria (B, D, Figure 2), or when there were no bacteria present at all (E,

A, G, Figure 2). When bacteria were inoculated prior to or at the same time as S.

sclerotiorum (co-inoculation), there was complete inhibition of disease (DSR = 0 at

day 14). Analysis of variance of the results found there to be a significant difference

(P<O.05) between the treatments on all of the days.

Treatments E, B, and D (in which petals were inoculated with ascospores 24 h

BPI, ascospores 72 h BPI and bacteria 48 h after ascospores, and ascospores 48 h BPI

and bacteria 24 h after ascospores) had the highest Disease Severity Ratings (DSR)

overall and showed a similar pattern of disease progression over the 14-day period

(Figure 2). Sclerotinia stem rot symptoms were visible as water soaked lesions on the

leafaxils of these plants (at the point of petal placement) immediately upon removal

from the humidity chamber for all three of the treatments. Lesions had progressed

into the stem by day 3 (DSR ~ 2), and DSR ratings were either 9 or 10 by day 14.

Treatment A, in which the ascospores were applied 72 hours before plant inoculation

(BPI), exhibited intermediate levels of disease, with stem infection visible by day 6

and reaching a maximum DSR of 5, while G'(with ascospores applied 24 hours BPI)

103



Figure 1. Colonization of canola petals. (A, E, G) had only ascospore inoculum
(applied 72, 48, and 24 h before plant inoculation (BPI) respectively), (B, D) had
ascosporic inoculation 48 and 24 h prior to inoculation with bacterial isolate 41,
respectively, while in (F, C) bacterial inoculation preceded ascospores by 24 h ,
with ascospore inoculations being carried out 48 and 24 hours BPI, repectively.
(H) was a co-inoculation treatment with both bacteria and ascospores.
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Figure 2. Effect of inoculation time on Sclerotinia sclerotiorum disease
development. (A, E, G) had only ascospore inoculum (applied 72, 48, and 24 h
before petals were placed onto leaves, respectively), (B, D) had ascosporic
inoculation 48 and 24 h prior to the addition ofbacterial isolate 41, respectively.
In treatments (F) and (C) bacterial addition preceded ascospores by 24 h , with
ascospore inoculations being carried out 48 and 24 hours prior to petal placement
on leaves, repectively. (H) was a co-inoculation treatment with both bacteria and
ascospores. All plants were inoculated on the same day. Points represent the
mean DSR of 10 plants. Error bars represent SE at the 95% CI.
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had stem infection present on only one of the 10 replicate plants (hence the average

DSR never reached 2). Treatments A, E, and G were significantly different (P<0.05)

from each other at all of the time points tested according to Tukey-Kramer HSD as

were treatments A and B. D and E were significantly different (P<0.05) at all time

points except day 14. Treatments Band D were compared to C, F, and H on days 1,

3, 9 and 14 (as the groups of treatments were found to be statistically comparable

based on Tukey-Kramer HSD and on homogeneity of variance), and there was found

to be a significant (P<0.05) difference between the groups of treatment for all of the

aftorementioned days.

4.4.2 Population dynamics

Bacteria that could be tentatively characterized as isolate RR41, based on

morphological characteristics on the rifampicin plates, were significantly greater on

inoculated petals than on the control petals on days 1 and 3, but were almost identical

by day 5 (192 hours after bacterial inoculation) (Figure 3 (1)). Therefore, it can be

concluded that for the first five days that the petals were on the leaves the bacterial

inoculant was present.

After inoculation, bacterial populations decreased, with an initial bacterial

suspension of log 8.0 cfulml resulting in a per petal amount of log 4.8 and log 3.8

cfu/petal at time 0 (Figure 3, (1) and (II)). Populations increased to log 7.5 and 7.7

after 24 hours for trials I and II, respectively, with a second increase to log 9.8

cfulpetal by 96 hours for trial 1. In trial II, populations of isolate 41 inoculated alone
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Figure 3. Bacterial populations on canola petals placed onto PDA media and then
onto leafaxils ofBrassica napus (cv Westar) at 72 h. (1) isolate RR41 inoculated
alone, control petals having no bacterial inoculation (.), (II) isolate RR41 alone
(.), and with ascospores of S. sclerotiorum at 48 hours after (m). Bars represent
the mean population of 6 (time 0, 24, and 48 hours) and 10 (72-144 hours) petals.
Error bars represent SD.

107



remained relatively stable for 96 hours before it rapidly declined. In the first trial

populations steadily decreased after 96 hours and were at log 2.8 cfulpetal by 192

hours (5 days). In the second trial (II), populations decreased to log 0.9 cfulpetal by

144 hours (3 days) and then increased to log 1.6 cfulpetal by 192 hours. Populations

of putative isolate RR41 on petals, where S. sclerotiorum ascospores were present

(Figure 3 (II)), appeared larger than those with the bacteria in isolation, following the

same patterns of growth throughout the five sampling periods, but the differences

were not significant at the 5% level.

In examining population variations within each treatment over the sampling period

(Figure 3), it can be seen that there was a significant (P<0.05) increase in the bacteria

only treatments from 0 to 24 hours and a significant (P<0.05) decrease from 96 to 120

hours for all three treatments. Populations were relatively stable for all treatments

between 48 and 96 hours with the exception being trial 1 (isolate RR41 only) where

there was a significant (P<0.05) increase between 72 and 96 hours. Placement of the

petals on the leaves did not seem to have an immediate impact on the bacterial

populations. In addition, putative RR41 were apparently present on the petals during

the critical stages of ascospore infection (prior to spore addition and during the first

three days after petals were placed on the leaves).

4.4.3 Ascospore germination and germ tube growth

A complete table of results of ascospore germination and germ tube growth

can be found in Appendix 4. These results are graphically represented in Figure 4, in

which it can be seen that ascospores on petals treated with bacteria exhibited

significantly less germination than those growing in isolation on the petals.
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Figure 4. Effect ofPseudomonas isolate 41 at 2 different concentrations (RR41-8= log 8
cfulml, RR41-4= log 4 cfulm1) on ascospore initiation and elongation. Growth after
24 h incubation on PDA plates. 0 = 0-40~m, ~ = 41-90 ~m,5J = 91-180~m,.

= >180~lm. SE was found to be <1 % for all trials.
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