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Abstract

A total of 251 bacterial isolates were isolated from blotched mushroom samples

obtained from various mushroom farms in Canada. Out of 251 stored isolates, 170

isolates were tested for pathogenicity on Agaricus bisporus through mushroom rapid

pitting test with three distinct pathotypes observed: dark brown, brovm and

yellow/yellow-brown blotch.

Phenotypic analysis of 83 isolates showed two distinct proteinase K resistant

peptide profiles. Profile group A isolates exhibited peptides with masses of 45, 18, 16

and 14 kDa and fiirther biochemical tests identified them as Pseudomonasfluorescens III

and V. Profile group B isolates lacked the 16-kDa peptide and the blotch causing

bacterial isolates of this group was identified as Serratia liquefaciens and Cedecea

davisae.

Comparative genetic analysis using Amplified Fragment Length Polymorphism

(AFLP) on 50 Pseudomonas sp. isolates (Group A) showed that various blotch symptoms

were caused by isolates distributed throughout the Pseudomonas sp. clusters with the

exception of the Pseudomonas tolaasii group and one non-pathogenic Pseudomonas

fluorescens cluster. These results show that seven distinct Pseudomonas sp. genotypes

(genetic clusters) have the ability to cause various symptoms of blotch and that AFLP can

discriminate blotch causing from non-blotch causing Pseudomonasfluorescens.

Therefore, a complex of diverse bacterial organisms causes bacterial blotch disease.
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Introduction

The button mushroom Agaricus hisporus (Lange) Imbach has become the most widely

cultivated mushroom in the world (Rinker, 1993). In Canada, 190,100 million pounds of

mushrooms were produced in the year of 2001 (Statistics Canada, 2002). Many

provinces in Canada produce mushrooms and according to 2001 statistics Ontario is the

largest producer, followed by British Columbia, Prairie Provinces, Maritimes and

Quebec. Mushroom quality is greatly reduced by microbial colonization of the cap,

resulting in blotches and great economic loss worldwide (Fermor, T.R., 1986). Brown

blotch is one of the main factors in reducing crop yield and quality, thus reducing

economic benefits. Strategies to prevent blotch disease have not been very successful in

eliminating the blotch. Diverse symptoms of blotches (dark brown, brown, yellow and

dark brown with purple outline) are produced on Agaricus bisporus by different

Pseudomonas sp. and variants of P. tolaasii (Wells et al., 1996; Dobbin, 2001).

The purpose of this thesis was to assess the diversity of causal agents responsible for

bacterial blotch disease ofAgaricus bisporus in Canada. It is probable that there might be

only one causal agent of bacterial blotch or a group of diverse species. The objectives of

this study have been divided into two sections and the first chapter of the thesis addresses

the following objectives:

• Collect bacterial isolates from blotched mushrooms samples from mushroom farms in

Canada.

• Screen and describe the isolates through Mushroom Rapid Pitting Test for blotch

causing symptoms.
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The second chapter of the thesis addresses the relationship among the pathogenic and

some non-pathogenic isolates of Agaricus that are subjected to identification. The

objectives of chapter two of the thesis are as follows:

•Identification to biovar (group of strains of a species that shows different phenotypes

such as biochemical or physiological properties) level through morphology, SDS-PAGE

ofproteinase K digested cell soluble proteins and biochemical tests.

• Analysis of the isolates using AFLP and perform comparative analysis through creation

ofdendrogramby using PAUP 4.10b.
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Literature Review

Agaricus bisponis, commonly known as the 'button mushroom' is one of the most

cultivated mushrooms in Canada (Rinker, 1993). The total value in sales for the year of

2001 was $273 million dollars. Economically, this is an important industry increasing in

production and revenue (Statistics Canada, 2002). This review will touch on aspects of

commercial mushroom production and pathology.

Commercial Mushroom Production Techniques

Production of mushrooms can be divided into the following sections: compost

preparation (Phase I and Phase II), spawning, casing, pinning and cropping.

Preparation of compost

Agaricus bisporus is a saprophytic organism that relies on attaining nutrients such

as carbon and nitrogen from compost (Rinker, 1993). Composting is an aerobic process

called lignocellulosis where a series of microorganisms from mesophilic bacteria, yeasts,

moulds, and thermophilic actinomycetes and fungi are involved to produce a substrate

that is uniform in structure and selective for growth of Agaricus bisporus. Wheat straw,

hay, straw-bedded horse manure, animal manure, cereal grains, water and gypsum are the

'basic' ingredients used in mushroom compost (Rinker, 1993).

The composting process is divided into two phases. During Phase I composting,

the straw, hay or straw-bedded horse manure is wetted to soften the material and to

facilitate breakdown. Animal manure and gypsum are added early in the composting

process. The compost is formed into windrows outside or is placed in bulk into chambers.

It is turned periodically to keep the oxygen at high level, to attain a well-mixed substrate

and to adjust moisture of the compost. Turning also allows for optimal decomposition of
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the composting material. The completion of Phase I results in a dark compost material

that is uniform, with a distinct smell of ammonia (Rinker, 1993).

Phase II begins when the compost is filled into trays, shelves or tunnels. Phase II

is a continuation of Phase I where decomposition of the material is carefully managed to

create a compost that is selective for Agaricus growth. Importantly, the compost is

pasteurized to get rid of potential pests and pathogens of the commercial mushroom

(Rinker, 1993). Pasteurization can be started when the temperature of the compost is at

51-55°C and the release of ammonia gas has stopped. Conditioning of the compost

follows the pasteurization period. Here the temperature and oxygen levels are adjusted

and monitored to favor microbes that would convert ammonia and nitrates to a useful

form for Agaricus. This is then followed by cool down period where temperature of the

compost is brought to 25°C in preparation for spawning (Rinker, 1993).

Spawning

Sterilized grain, colonized by Agaricus bisporus mycelium, is used as 'spawn' or

'seed'. Spawn is mixed thoroughly into the compost by the use of spawning machine

(Rinker, 1993). Plastic is placed over spawned compost to prevent moisture loss, achieve

a high CO2 content and protect the compost from pests. Maintenance of the following

conditions: temperature 24-26°C, relative humidity of 90-95% and a high level of CO2

(1-2%) is best for mycelial production. The compost is colonized by Agaricus bisporus

mycelium within 12-14 days after spawning. Once 80-90% of the compost is covered

with mycelium, a casing layer is applied to the compost (Rinker, 1993).
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Casing/Pinning

After completion of spawn-run, the vegetative state of Agaricus myceliiam is

turned to reproductive state by the application of a casing layer. A 5-8 cm layer of one of

pasteurized topsoil, spent compost or peat moss is added to the compost surface. The

casing layer causes changes in O2 level, relative humidity, airflow and temperature

surrounding the mycelium. Once the mycelium has reached the surface of the casing

layer, the mycelium is induced to form primordia or 'pins' by reducing the temperature of

the compost from 25°C to 20°C and the CO2 level to approximately 0.1% (Rinker, 1993).

Cropping

Mushrooms are produced in breaks, flushes or cycles. There is a 7-10 day

interval between each break depending on the temperature (Rinker, 1993). Water is lost

as mushrooms are harvested and so 1 .5 kg of water is added for 1 kg of harvested

mushrooms. Watering is done wdth great caution as maturing mushrooms may develop

discoloration. Ventilation and air circulation is increased to dry the surface of

mushrooms. Mushrooms are picked by hand when the mushroom cap is at its maximum

size v^th the veil under the cap closed. When mushroom production is low and

uneconomical, the production of the crop is terminated. The growing room is steamed to

get rid of any diseases or pests that may pose problems for the next crop (Rinker, 1993).

Mushroom Production Problems

Mushroom production largely depends on the production techniques used by the

grower. Rinker and Wuest (1986) showed that ventilation system type, choice of casing

material, pests, season, and time interval from spawning to first break affect mushroom

yields. These environmental factors can be modified to increase mushroom production.
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Important factors that are hard to control are both insects and disease pests that reduce

mushroom yield. A summary of insects and nematode pests that reduce mushroom yield

is found in Table 1 (Rinker, 1993).

Mushroom diseases are caused by fungi, bacteria species and viruses. The main

focus of this thesis is on bacterial blotch, and so, later parts of the literature review will

closely look at bacterial blotch disease. The following sections will first briefly

summarize the known fungal pathogens, disease caused and the symptoms associated

with each.

Fungal pathogens ofAsahcus bisporus

A varied number of fungal species are naturally found in compost. The

thermophilic fungi are known to help in the composting process by decomposing

cellulose. Many fungal species have been identified to be present in compost during

preparation and during mushroom growth. Some fungal species identified include

Acremonium sp., Aspergillus fumigatus, Humicola grisea, Doratomyces microsporus,

Cladosporium sp., Mucor pusilus, Penicillium oxalicum, Tonila thermophila, and

Myriococcum sp. (Fergus, 1974; 1978).

Harvey et al. (1982) identified that compost molds such as Botryotrichum

piluliferum, Chaetomium olivaceum, Chromelosporumfuha, Coprinus sp., Doratomyces

microsporus^ Oedocephalum sp., Mortierella sp., Paecilomyces sp., Papulaspora byssina

and Scopulariopsisfimicola are potential pathogens to Agaricus bisporus. Also, molds

such as Trichoderma viride, Trichoderma koningii, and Trichoderma aggressivum

(Samuels & W.Gams) Pmown before as Trichoderma harzianum biotype 4 (TH4)] are

pathogenic to Agaricus mycelium. A summary of fungal pathogens associated with
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Agaricus bisporus, the symptoms and problems caused by each pathogen is presented in

Table 2.
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Table 1. Arthropod pests and nematodes causing reduction in yield of Agariciis bisporus

(Rinker, 1993).

Pest
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Table 2. Fungal species causing disease on Agaricus bisporus, symptoms associated with

each fungal pathogen (Fletcher et al., 1989; Rinker, 1993).

Causal Agent



;'}
,

I



18

Fungi also cause spotting of Agaricus bisporus. Many species of Trichoderma

(T. longibrachiatum, T. atroviride, T. virens, T. koningiU T. hamatum, T. viride, T.

aggressivum) have been identified as causal agents of spotting (Gaze, 1999). The

symptoms expressed are reddish-brown or purple-brown coloration similar to blotch

caused by bacteria. Dano (2000) has found that Trichoderma viride (Pers. exs. F. Gray)

produces dark brown/black spot while Trichoderma aggressivum known before as

Trichoderma harzianum (biotype 4) produces larger, light brown spots, and Trichoderma

koningii (Oudem) produces reddish spots. A summary of other fungal pathogens causing

spotting on Agaricus is briefly described in Table 3.
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Table 3. Description of fungal pathogens

on Agaricus (Fletcher et al., 1989; Rinker,

and theu" corresponding symptoms of spotting

1993).

Fungal Pathogen
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Bacterial pathogens ofAsaricus bisvorus

Economic loss from bacterial disease or blotch in U.K. has been estimated as

reduction of 5-10% of mushroom yield (Fermor, 1986). Many bacterial species are

associated with fresh Agaricus bisporus and the casing layer. Doores et al. (1986) found

that there are bacterial counts between 1.7-2.9 x lo^ cfii/g from casing layer. Also, 10^

cfu (colony forming unit)/g of bacteria were found on freshly harvested mushrooms.

The majority of the bacterial population (54%) isolated from freshly harvested

mushrooms phenotypically resembles Pseudomonas fluorescens and Pseudomonas

putida, followed by non-fluorescent pseudomonads, mucoid pseudomonads, Moraxella-

Acinetobacter, Flavobacteria, and a small percentage of the bacterial isolates belonging

to Bacillus, Micrococcus, Staphylococcus and Serratia sp. (Doores et al., 1986).

Mushroom spoilage has been associated with several bacterial species (Table 4);

however, 'brown blotch' caused by Pseudomonas sp. seems to be the 'worst disease'

according to farmers (Soler-Rivas et al., 1999),

Brown Blotch

Pseudomonas tolaasii is the causal agent of brown blotch disease of Agaricus

bisporus (Paine, 1919). The symptoms of typical 'brown blotch' are the occurrence of

brovm or cream lesions on the mushroom cap (pileus) and stem. The blotches are

depressed (pitted) slightly into the mushroom tissue, circular and spread in all directions.

The spots are usually between 1-4 mm in diameter. The spots are darker and more pitted

when the infection is severe. Only the external tissue layer, 2-3 mm below surface of the

cap are affected (Oliver et al., 1978).
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Table 4. Bacterial pathogens and disease symptoms on Agaricus bisporus.

Bacterial pathogen
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Other Pseudomonas species other than Pseudomonas tolaasii may cause blotch on

Agaricus bisporus. Wells et al. (1996) report that Pseudomonas tolaasii, Pseudomonas

'reactans\ and Pseudomonas 'gingeri', respectively, cause pitted dark brown, pitted

yellow brown, and mild light brown discoloration on mushroom caps. Recently, an

unusual post-harvest spotting that was observed on a commercial farm in Ontario,

Canada, was characterized (Dobbin, 2001). The spotting was produced several days after

harvest and the blotch was described as chocolate brown in color with a lighter purple

brown to reddish brown outline. The causal agent of this unusual post-harvest symptom

was found to be a novel pathovar (group of strains that show certain properties of

pathogenicity for certain hosts) ofPseudomonas tolaasii through total soluble cell protein

electrophoresis (Dobbin, 2001). Therefore, there is evidence for diversity in bacterial

blotches with the respective pathogens having close relationships to Pseudomonas

tolaasii.

Pseudomonas tolaasii

Origin

Pseudomonas tolaasii is commonly found in compost and casing soil.

Pseudomonas tolaasii is indistinguishable from Pseudomonas fluorescens (Lelliot et al.,

1966). Fluorescent Pseudomonas sp. contributes to 10% of the bacterial population in

compost and 50% of the bacteria found in the casing soils. These species have been

identified as Pseudomonas putida and Pseudomonas fluorescens. Among Pseudomonas

fluorescens, P. fluorescens biovar V is isolated more frequently than other biovars

(Samson et al., 1986). The source of Pseudomonas tolaasii in casing soil is likely from

the peat and limestone that is added to the casing (Wong and Preece, 1980). It is not
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surprising to find Pseudomonas species in compost as Pseudomonas putida, a bacterium

that is a close relative of Pseudomonasfluorescens is said to be a 'helper' for sporophore

initiation ofAgaricus bisporus. The exact mechanism of this is not clear; however, there

is evidence for the involvement of a plasmid fi"om Pseudomonas in sporophore initiation

ofAgaricus bisporus (Rainey and Cole, 1986).

Taxonomv and Identification

Pseudomonas tolaasii {Pseudomonasfluorescens biovar V) is differentiated fi*om

other biovars including biovar V isolates by the white line test and pathogenicity to

mushrooms (Wong and Preece, 1979; Zarkower et al., 1984; Wells et al., 1996).

Pseudomonas species can be isolated by the use of selective media such as Pseudomonas

Agar F (PAF) and King's B medium (KB). Pseudomonas tolaasii strains will form a

white precipitate on PAF or KB when grown next to a fluorescent Pseudomonas known

unofficially as Pseudomonas 'reactans'. The white line reaction occurs between two

hydrophobic lipodepsipeptides. Tolaasin that is produced by Pseudomonas tolaasii reacts

with white line inducing principle (WLIP) produced by Pseudomonas 'reactans' to

produce the white precipitate (Wong and Preece, 1979).

An accurate identification of this gram negative, catalase positive, oxidase

positive and arginine dihydrolase positive organism cannot just depend on the

pathogenicity test and the white line test. Firstly, other species such as Arthrobacter

cause brown blotch; thus, this test may be more suitable for screening general brown

blotch causing organisms (Soler-Rivas et al., 1999). Secondly, the white line test depends

on the interaction between tolaasin and WLIP. However, pathogenic Pseudomonas

tolaasii may spontaneously change to a non-pathogenic (saprophytic) form and stop
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tolaasin production. Therefore, the 'white line test' identifies or helps detect solely

pathogenic Pseudomonas tolaasii (Cutri et al., 1984).

Morphology (saprophvcitv and pathogenicity)

Changes fi"om pathogenic to non-pathogenic state in Pseudomonas tolaasii was

first reported by Olivier et al. (1978). Pseudomonas tolaasii strains (smooth form) are

mucoid, non-fluorescent, glistening opaque colonies with entire margins, produces

tolaasin and is pathogenic. Whereas, the rough form (non-pathogenic) does not produce

tolaasin and its morphology is a non-mucoid, fluorescent, dull, translucent greenish-

yellow colony with irregular margins (Cutri et al., 1984). The phase change occurs

through duplication of a 661 bp element within the Phe N gene that regulates tolaasin

production (Han et al., 1997).

Pseudomonas tolaasii are a highly adaptable group of organisms that grow on

nutrient poor media. Phase variation affects the chemotaxis (ability of motile cell to

respond to chemical changes in environment) of Pseudomonas tolaasii. This response is

important in locating nutrients and avoiding harmfiil environments (Grewal and Rainey,

1991). Pseudomonas presence affects Agaricus mainly during the reproductive phase of

growth, which occurs in water saturated, nutrient depleted environment. The saprophytic

Pseudomonas tolaasii (rough form) is shown to have greater tolerance to nutrient stressed

conditions and moves more rapidly than the pathogenic (smooth) form (Grewal and

Rainey, 1991). However, smooth pathogenic Pseudomonas tolaasii attaches to Agaricus

bisporus mycelium in greater numbers than the non-pathogenic form (Rainey, 1991).
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Factors influencing Pseudomonas tolaasii growth and virulence

Factors other than tolaasin which may play a role in Pseudomonas tolaasii

virulence.

Siderophores

Siderophores are molecules that help transport iron into the cells. The

siderophores produced by Pseudomonas tolaasii are antagonistic to Agaricus mycelium

as they inhibit hyphal growth by depleting the iron supply (Hohnadel and Meyer, 1988).

Pyoverdines are common siderophores in the genus Pseudomonas. Siderotyping of

Pseudomonas tolaasii and Pseudomonas 'reactans' showed that pathogenicity to

Agaricus bisporus might be directly linked to the type of siderophore produced (Munsch

et al., 2000).

Proteinases and Lipases

Baral et al. (1995) have isolated and characterized an extracellular metallo-

proteinase (45-50 kDa) from Pseudomonas tolaasii. Proteinases and lipases have been

noted to spoil foods that are rich in protein and lipids. An extracellular metallo-lipase of

670 kDa has been isolated and characterized (Baral and Fox, 1997). However, the exact

roles of proteinase and lipase excreted by Pseudomonas tolaasii on Agaricus bisporus are

not known.

Toxins

As mentioned before, tolaasin (toxin) is produced by the smooth form of

Pseudomonas tolaasii (pathogenic form). Tolaasin is a lipodepsipeptide (TL) and was

characterized by Nutkins et al. (1991). The toxin is encoded in a 640 kb Pad





26

chromosomal jfragment. This fragment encodes three proteins TLl (Tolaasin

iipodepsipeptide 1) of 465 kDa, TL2 of 440 kDa, and TL3 of 435 kDa (Soler-Rivas et al.,

1999).

The number of live cells of Pseudomonas tolaasii required to cause visible

Q

symptoms of blotch has been reported to be about 10 cells/pilieus (Wong and Preece,

1982). Moquet et al. (1996) have shown that inoculation of extracted tolaasin can induce

blotching; however, the intensity of the blotch was different between bacteria and toxin.

Thus, some factor other than the toxin also contributes to the pathogenicity (Moquet et

al., 1996).

In addition, the presence of a plasmid or 'extra-genomic' factor may contribute to

pathogenicity. Mamoun et al. (1997) has shown that Pseudomonas tolaasii strain that

had lost the plasmid exhibited decreased pathogenicity on Agaricus.

Mechanism of Infection

Infection by Pseudomonas tolaasii

The bacteria migrate towards Agaricus hisporus and attach to the hyphae. The

bacteria secrete polysaccharides that help its adherence to the Agaricus hyphae (Soler-

Rivas et al., 1999). Pseudomonas tolaasii breaks down the membrane of Agaricus

mycelium by release of enzyme or toxin. The breakdown of intercellular matrix between

the mushroom hyphae is followed by cellular distortion. As infection proceeds, the cap

surface darkens. The hyphal walls are thicker, and are filled with granular material

(lipids and proteins). This material forms a barrier to the pathogen. However, the

secretion of tolaasin is proposed to be responsible for the intracellular damage, creating

the significant blotches and pitting by Pseudomonas tolaasii (Soler-Rivas et al., 1999).
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Response to infection by Asaricus bisporus

The browning or darkening of Agaricus surface due to infection is through

pigments production by Agaricus bisporus to inhibit growth of pathogen Pseudomonas

tolaasii (Soler-Rivas et al., 1999). Once the cell disorganization occurs due to bacterial

infection; mushroom proteases become active. The proteases activate tyrosinase by

cleaving a peptide that covers the active site. Active tyrosinase comes into contact with

its substrates [L-tyrosine and Y-glutaminyl-4hydroxybenzene (GHB)] found in shikimate

pathway and oxidizes them into o-diphenols [3,4-dihydroxyphenylalanine (DOPA) and y-

glutaminyl-3,4-dihydroxybenzene respectively (GDHB)]. Tyrosinase again uses the o-

diphenols as substrates and oxidizes them into their respective o-quinones (dopaquinone

and GBQ). The dopaquinone and GBQ are highly unstable and polymerization occurs

quickly to result in the formation of melanins (pigment). Melanins in Agaricus bisporus

can cause yellow to black, purple and red discoloration on the mushroom. Melanins and

quinones produce a chemical barrier against bacteria (Soler-Rivas et al., 1999).

Control

To improve the quality of mushrooms and reduce browning calcium chloride

(0.3%) is added to water treatments of the mushrooms. It has been proposed that the

calcium levels increased in the mushroom membranes add more stability to the

membranes (Simons and Beelman, 1996). Environmental manipulations such as precise

control of relative humidity, temperature, provisions of adequate ventilation system and

maintenance of good sanitary conditions are said to minimize blotch incidence (Rinker,

1993). However, there is no guarantee for successful elimination or prevention of blotch
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disease (Rainey et al., 1992). Mushroom growers use sodium or calcium hypochlorite to

control brown blotch disease (Royse and Wuest, 1980). The lipodepsipeptide, WLIP of

Pseudomonas 'reactans' has been proposed as a compound that may protect the

mushroom against Pseudomonas tolaasii, but this has not been tested at the commercial

level. An antagonistic bacterium against Pseudomonas tolaasii was found; however, it

was not reliable in preventing blotch (Nair and Fahy, 1972).
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Chapter 1. Collection and screening of bacterial pathogens of

diseased mushrooms from various farms in Canada.
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Introduction

Mushroom industry in Canada has flourished to produce a total of 190,000 million

pounds ofmushrooms for the year of 2001 (Statistics Canada, 2002). A 5% loss in

mushroom industry's revenue is caused by bacterial blotch disease (Dr. Rinker, personal

communication). Therefore, 13.2 million dollars is lost due to bacterial blotch disease.

A large number of studies on blotch disease has shown that the main causal agent

of bacterial blotch is Pseudomonas tolaasii. The focus of the studies centered on

Pseudomonas species. Wong et al. (1982) identified a bacterium named Pseudomonas

'gingerV to cause 'ginger' color discoloration that could be distinguished from

Pseudomonas tolaasii by its pathogenic properties on mushroom and few biochemical

tests. In addition. Wells et al. (1996) has shown that three Pseudomonads; Pseudomonas

tolaasii^ Pseudomonas 'reactans' and Pseudomonas ^gingerV cause dark brown, brown

and yellow blotch, respectively. Thus, it is clear that diverse symptoms of blotch exists

and is caused by diverse species. Furthermore, an outbreak of a unique post harvest

symptom of brown blotch with a distinct purple outline was characterized by Dobbin

(2001) to be caused by a variant oiPseudomonas tolaasii.

A combination ofthe interest to know whether more diversity exists in blotch

causing organisms ofAgaricus bisporus and the persistent problem in control of bacterial

blotch disease initiated this study. The purpose of this section was to conduct a

population study of bacterial isolates causing blotch disease on Agaricus bisporus. In

order to assess diversity, it became an objective to collect bacterial isolates from various

farms in Canada. Therefore, farms were contacted and blotched mushroom samples were
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received over the time period June 2001 to June 2002. The bacterial isolates collected

from the discolored mushroom tissue were used in pathogenicity tests to screen for

bacterial pathogens ofAgaricus bisporus.
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Materials & Method

A. Collection of bacterial isolates from blotched mushroom caps.

Mushrooms showing bacterial blotched areas were shipped overnight to Brock University

from various mushroom farms in Canada. On the same day as the mushrooms were

received the tissue was excised from the blemished areas for isolation of bacteria.

"Blotched" tissue sections ofthe mushroom cap with the outer most layer removed were

excised using a sterile scalpel and smeared on Kings B Medium (KB) [20g proteose

peptone (Difco); lOg glycerol; 1.5g MgS04-7H20; 1.5g K2HPO4; 15g agar in IL of

dH20] using sterile forceps. Whenever possible, tissue sections from asymptomatic areas

were also treated as above as controls.

After 48 hours of incubation at room temperature, individual colonies were sub-cultured

on sterile KB agar plate to obtain pure cultures.

B. Glycerol stock cultures

The bacterial isolates were stored in sterile glycerol for use in fiirther analysis. Sterile

glycerol (150 jiL) was added to 850 |iL of overnight liquid culture (Sambrook et al.,

1989). The cultures were then transferred to sterile micro-centrifiige tubes, with one set

of stock cultures stored at -20°C and the other set stored at -80°C.

C. Mushroom Rapid Pitting Test

In order to screen the isolates that could cause blotch symptoms, a mushroom rapid

pitting test was used (Wong & Preece, 1979). This part ofthe experiments was

conducted at Mushroom Research Facility (MRF) at University of Guelph, Vineland

Station, ON. The mushrooms {Agaricus strain. Sylvan 130) used in these tests were

grown by MRF employees. Freshly harvested mushrooms were randomly selected and
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were inoculated with 24-hour bacterial cultures grown on KB agar. Sterile flat edge

wooden toothpicks were used for smearing bacteria onto the cap tissues. Each isolate was

tested on 10 mushrooms. American Type Culture Collection Pseudomonas tolaasii strain

33618 (ATCC 33618) [Wells et al., 1996] and sterile dH20 were used as positive and

negative controls, respectively. Inoculated mushrooms were stored in the same room

from where they were harvested. The temperature in the grovmig room was 20°C and the

inoculated mushrooms were kept there overnight covered by black garbage bags.

Observations were taken the following day. The color and intensity of blotch produced,

level of pitting and sliminess over the inoculated area were estimated visually. Four

levels were used to note the intensity of the color of blotch symptom, pitting and slime

produced by the bacterial isolates applied on the mushroom cap. Each trial was repeated

for each of the three breaks ofthe mushroom crop to check for reproducibility of the

isolates tested.
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Results

Collection and Isolations

A total of 13 samples with a total of 101 mushrooms were collected from six provinces in

Canada and a total of 25 1 bacterial isolates were recovered (Table 5). The table contains

data such as the date of collection (day the mushrooms were received), the location of

farm from which mushroom samples were obtained, number of isolations made out of the

mushrooms received, and the number of isolates stored and tested for pathogenicity.

Mushroom Rapid Pitting Tests

Out of 251 isolates, 170 were tested for pathogenicty on Agaricus bisporus mushrooms

using Wong & Preece (1979) Mushroom Rapid Pitting Test. The bacterial isolates

exhibited three distinct symptoms of blotches: dark brown blotch with severe pitting

(Pathotype A), typical brown blotch with pitting (Pathotype B) that was identical to the

symptom expressed by the American Type Culture Collection Pseudomonas tolaasii

33618 strain (ATCC 33618), and yellow blotch/ yellow-brown blotch with pitting

(Pathotype C) [Fig 1]. Four separate pathogenicity trials, each with three breaks were

conducted. The noted observations such as the color of blotch caused by the bacterial

isolate, the level of pitting, and sliminess could be found in Appendix I. Out of 170

isolates tested through mushroom rapid pitting test, 13 isolates caused the dark-brown

blotch, 39 isolates caused the brown blotch symptoms similar to ATCC 33618

{Pseudomonas tolaasii), 67 isolates caused the yellow blotch symptom and 51 isolates

caused no visible symptom of blotch on mushrooms. This distribution is also represented

in table 6. Majority of the individual isolates when tested for pathogenicity expressed the

same blotch symptom on all ten inoculated mushrooms.
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Furthermore, the ATCC 33618 {Pseudomonas tolaasii, positive brown blotch control),

isolate p57 which causes the dark brown blotch in this study and isolate h3 (yellow-

brown blotch) were tested in three consecutive pathogenicity trials to test for

reproducibility of the Mushroom Rapid Pitting Test. The findings (Appendix I) showed

that the test is highly reproducible.
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Table 5. Collection of bacterial isolates from diseased mushrooms.

#
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Figure 1. Results from the Mushroom Rapid Pitting Tests to determine pathogenic

isolates of Agaricus bisporus. There were three different symptoms of blotches

(pathotypes): (1) Pathotype A- dark brown blotch; (2) Pseudomonas tolaasii (ATCC

33618-positive brown blotch control)-Pathotype B; (3) Pathotype C- yellow/yellow-

brown blotch (isolate h3); (4) Pathotype B (left) & Pathotype A (right) (5) Group D-

sterile dHzO-negative control; (6) 10 mushrooms inoculated with same isolate (h2)-

Pathotype A.

1. 2. 3.
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Table 6. The distribution of 170 isolates inducing various blotch symptoms through

Mushroom Rapid Pitting Tests. Pathotype A (13 isolates), B (39 isolates) and C (67

isolates) correspond to dark-brown, brown and yellow blotch respectively. D indicates

the group of isolates causing no visible symptoms of blotch (51 isolates).

Blotch Symptoms
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Discussion

The bacterial isolates tested showed different symptoms of blotch disease on

Agaricus bisporus: the dark-brown blotch (Pathotype A), brown blotch (Pathotype B),

and yellow/yellow-brown blotch (Pathotype C) [Fig. 1]. The results from reproducibility

of the Mushroom Rapid Pitting Test confirm that the findings are reliable. The results

obtained from the Mushroom Rapid Pitting Tests corresponds with previous studies.

Wells et al. (1996) has previously studied blotches on Agaricus bisporus and found three

pathotypes caused by three different fluorescent Pseudomonas sp. They found that

Pseudomonas tolaasii, Pseudomonas 'reactans' and Pseudomonas 'gingeri' cause the

dark brown, brown and yellow-brown blotch respectively. In addition, Godfrey et al.

(2001b) identified thirty-three Pseudomonas sp. isolates to cause eight various symptoms

or discoloration on Agaricus bisporus ranging from light cream to dark-brown.

There are two obvious questions that arise from the results obtained thus far.

What are the identifications of the bacterial isolates causing the diverse blotch symptoms

on Agaricus and their relationship to Pseudomonas tolaasii? Secondly, is there a

correlation between disease symptom expressed and bacterial isolates genetic grouping?
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Chapter 2. Identification of bacterial pathogens of Agaricus

bisporus
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Introduction

Pseudomonas tolaasii is a well-studied pathogen causing brown blotch of

Agaricus and is a member of Pseudomonas fluorescens biovar V according to its

biochemical properties (Wong and Preece, 1979). Pseudomonas 'reactans' is another

fluorescent pseudomonad that also causes blotch on Agaricus bisporus; however, this

pseudomonad is similar to Pseudomonas fluorescens biovar III and V according to

biochemical characteristics (Wells et al., 1996). Bacterial isolations from blemished

mushrooms collected across Canada were previously screened (chapter 1) for blotch

causing symptoms using the Mushroom Rapid Pitting test (Wong and Preece, 1979). The

research presented in this chapter addresses two questions

(1) What is the identification of these bacterial isolates causing the diverse blotch

symptoms on Agaricus?

(2) What are their relationships to Pseudomonas tolaasii?

The identification was performed using biochemical tests and proteinase K resistant

peptide patterns, a modified version used by Sorenson et al. (1992). This method helped

identify the bacterial isolates to biovar level. A fingerprinting analysis was also

performed by the use of Amplified Fragment Length Polymorphism (AFLP). This

technique assessed the genetic relationships among isolates and has been noted to

successfiilly discriminate to sub species level (Zhao et al., 2000). A comparative analysis

was then performed using the AFLP data to assess if there was any relationship between

the genetic groups and the various symptoms of blotch expressed and to determine the

relationship of the identified blotch causing bacterial isolates to Pseudomonas tolaasii.
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Materials & Method

Eighty-three isolates were chosen from the data set in chapter 1 based on the

symptom of blotch expressed on mushroom and geographic distribution in order to

represent various farms and provinces in Canada. Information on the isolates chosen for

identification is found in table 7. The American Type Culture Collection isolates were

also included in the analysis.

Identification and classification of blotch causing isolates.

A modification of the identification procedure developed by Sorensen et al. (1992) was

used for identification of the bacterial isolates. All tests were performed on bacterial

cultures that had been grown for 24h on KB medium at room temperature.

A. Identification Key to Genus Level

Gram negative rods that are motile, fluorescent on KB agar, catalase positive (aerobic),

oxidase positive, and positive for arginine dihydrolase were identified as Pseudomonas

sp. (Thomley, 1960). The materials and methods for the preparation of all biochemical

tests are described in Appendix II. The identification key (Figure 2) illustrates the

identification of an isolate to the genus level.
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Table 7. Source (farm and province) ofthe isolates used for further analysis. Isolate

identification number, the provinces, the farm the isolate was obtained fi'om, and the

pathotype produced by the isolate are listed. Under blotch color 'A'- dark brown blotch; 'B'-

brown blotch; 'C- yellow blotch. D corresponds to isolates that caused no visible symptoms
of blotch.

isolate #
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Figure 2. The method used to identify bacterial isolates to genus adapted from Sorensen

et al. (1992) and Palleroni (1975).
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The identification chart (Fig. 2) mainly takes an isolate to genus level

{Pseudomonas sp.% however; additional information from Palleroni (1975) was added to

identify arginine dihydrolase negative species. Sorensen et al (1992) showed that

bacterial isolates could be further identified to the species level by proteinase K resistant

soluble cell peptide patterns. The presence of 45 & 16 kDa peptides indicates that the

isolate is Pseudomonasfluorescens.

B. Identification to species level through proteinase K- resistant peptide patterns

(SDS-PAGE).

Protein Isolation

Isolates were grown in Luria Bertani broth supplemented with glucose (lOg

tryptone, 5g yeast extract, Ig glucose and lOg NaCl per liter) on a rotary shaker. Cultures

(250 mL) grown to stationary phase (24 h) at room temperature were harvested by

centrifugation at 5000 rpm (JA-14 rotor, Beckman) for 10 min at 4°C. The cell pellet was

washed twice in lOmM phosphate buffer (pH 7.2) containing 10 g NaCl/L and then the

cell pellet was re-suspended in 25 mL ofphosphate buffer. The suspension (10 mL) was

mixed with 5mL of sodium dodecyl sulphate (SDS) lysis buffer (2% SDS, 10% glycerol,

500 mM Tris-HCl, pH 6.8) and was boiled for 5 min. The lysate was cooled to room

temperature and 25 jiL of 25 |ig/|iL proteinase K was added. The sample was heated at

56° C for 1 h, and then boiled for 5 min. The sample was centrifiiged at 14,000 rpm (JA

25.5 rotor, Beckman) for 30 min at 4° C and then the supernatant was removed and stored

in sterile micro-centrifiige tubes at -20° C (Sorensen et al., 1992).
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Sodium dodecvl sulphate Polyacrylamide Gel Electrophoresis fSDS-PAGE)

The digested protein samples were separated by SDS-PAGE. A 6 cm deep and

Inrni thick resolving gel (12% acrylamide/0.4% bis-acrylamide; 0.1% SDS; 0.05%

ammonium persulfate; 0.05% TEMED; 375 mM Tris-HCl; pH 8.8), and a 2 cm deep and

1mm thick stacking gel (4% acrylamide/0.1% bis-acrylamide; 0.2% SDS; 0.1%

ammonium persulfate; 0.2% TEMED; 125mM Tris-HCl; pH 6.8) were used.

Protein concentrations were determined using Bio-Rad protein sissay based on the

Bradford assay (Bradford, 1976). Protein sample (5 |ig) was added to 2X loading buffer

(0.12 M Tris-HCl, pH 6.8; 2% SDS; 10% glycerol; 1% mercaptoethanol; 0.025 %

bromophenol blue). The samples were then boiled for 4 min and then loaded onto the

gel. Electrophoresis buffer (1% SDS; 190mM glycine; 25mM Tris-HCl; pH 8.3) was

added and the gels were run at 90 V for 1 .5 h using Bio-Rad 1 1 minigel apparatus. The

gels were then fixed overnight at 4°C in 40% methanol: 10% acetic acid and then silver

stained using a Bio-Rad protein staining kit. The low molecular weight protein standards

(Sigma) for silver staining were used.

C. Identification Key to sub-species level

Pseudomonas putida may be difficult to separate fi"om Pseudomonasfluorescens

profile; however, Pseudomonas putida isolates can be differentiated by its inability to

grow on sorbitol and meso-inositol.

The Pseudomonasfluorescens isolates were further identified to biotype level by

using three physiological characteristics [Figure 3] (Sorensen et al., 1992). The P.

fluorescens that are levan and nitrate reductase negative are P. fluorescens biotype or

biovar V, and isolates that were levan negative and nitrate reductase positive are
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Psendomonasfluorescens biovar III. Among the P. fluorescens isolates that are levan

positive, the nitrate reductase negative ones are identified as P. fluorescens biotype I,

where as, the nitrate reductase positive isolates can either be P. fluorescens II or IV. The

P. fluorescens II or IV isolates that produce pigment on Kings A (KA) agar are P.

fluorescens IV and isolates that are negative for pigment production on KA agar are P.

fluorescens II. The materials and methods for preparation of all biochemical tests are

listed in Appendix 11.





Figure 3. Identification key to sub-species level, adapted fi-om Sorensen et al. (1992).
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Genetic characterization of pathogenic and non-pathogenic isolates.

A. DNA Extraction

Isolates were grown in 10 mL PF broth (lOg tryptone, lOg proteose peptone, 1.5g

dipotassium phosphate and 1 .5g magnesium sulphate per liter) on a rotary shaker.

Overnight cultures were then centrifuged at 4500 rpm (JA 14, Beckman) for 10 min at

4°C to collect the bacterial cells. The DNA was then extracted using the Qiagen DNeasy

Tissue Kit according to Qiagen' s instructions. DNA extractions were run on 1% agarose

gels to check for quality and purity ofDNA.

B. Agarose gel electrophoresis

One gram ofpowdered agarose was added to 100 mL of IX TAE buffer (SOX TAE: 242

g Tris, 57.1 mL of glacial acetic acid, 100 mL of 0.5 M EDTA, pH 8 per liter). The

agarose was dissolved by heating and poured into the gel tray.

Five \iL ofDNA sample was added to 2 ^iL of 6X loading dye (MB! Fermentas)

and then loaded onto the gel. Electrophoresis was performed for 1 .5 h at 90 V and then

placed in TAE buffer containing ethidium bromide (Ijig/mL). The gel was photographed

under UV light using Gel Doc 1000 (Bio-Rad).

C. AFLP-PCR

The protocol was a modified version of the Gibco AFLP system (Dr.Bidochka, personal

communication)

.

1 . Restriction enzyme digestion step

Approximately 3 ^iL ofDNA solution (250-500 ng) was added to solution containing 0.5

\iL Ecom (10 units/uL), 0.5 |iL Msel (5 units/uL), 1 ^iL lOX NE buffer solution (#2), 1

^L BSA (10 mg/mL) and 5 ^iL dHiO to give a final volume of 1 1 uL. The reaction was
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incubated overnight at 37°C. The reaction was then incubated at 70°C for 15 min to

mactivate the restriction enzymes.

2. Ligation step

This step involves ligating double stranded adapters to the ends of restriction fragments in

order to create target sites for primers for following polymerase chain reaction (PCR).

The adapter solution contains 0.2p.M EcoRJ adapter and 2|iM Msel adapters.

The structure of the EcoRI adapter is as follows:

^'CTCGTAGACTGCGTACC^'
^'CTGACGCATGGTTAA^'

The structure of the Msel adapter is as follows:

^GACGATGAGTCCTGAG^'
^TACTCAGGACTCAT^'

One |iL of T4 DNA ligase (1 unit/jiL), 1 |iL of lOX ligation buffer and 10 |iL of adapter

solution were added to the restriction enzyme digests. This mixture was kept at room

temperature for 2 h, then overnight at 4°C. The ligation mixture was diluted 10 fold with

TE (lOmM Tris-HCl, O.lmM EDTA, pH 8.0).

3. Pre-amplification Step

Five |iL of diluted DNA were added to 3 fxL ofEO primer (recognizing part of the EcoRI

adapter sequence and EcoKL restriction enzyme at 30 ng/uL

(^'GACTGCGTACCAATT^'), 3 \xL ofMO primer (recognizing part ofthe Msel

restriction enzyme sequence and Msel adapter sequence) at 30 ng/uL

(^'GATGAGTCCTGAGTAA^'), 15 ^iL of Qiagen Tag master mix (Qiagen) and 4 |iL of

dHiO and polymerase chain reactions (PCR) were performed under the following

conditions:
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20X: 94°C for 30 sec, 56'C for 60 sec, and 72T for 60 sec.

Once the pre-amplification step was complete, the reaction was diluted 10 fold with TE.

4. Selective amplification Step

Five |iL of diluted pre-amplified PCR reaction was added to 3 ^L ofEO (EA & EGrC) at

30 ng/uL, 3 ^L ofMO (MA, MT & MCAG) at 30 ng/uL, and 1 1 ^L of Qiagen Tag

master mix. The selective primers sequences correspond to the EcoRI (EO) and Msel

(MO) primer with the nucleotide(s) attached to the 3' end. The PCR reactions were

performed under the following conditions:

6X- 94°C for 30 sec, 65°C for 30 sec and 72°C for 60 sec;

6X- 94°C for 30 sec, 60X for 30 sec and 72°C for 60 sec;

23X- 94°C for 30 sec, 56°C for 30 sec and 72°C for 60 sec;

72°C for 5 min and then at 4°C before storage at -20°C. The PCR products were separated

on 1 .7% agarose gel first to confirm whether the reaction was successful before

electrophoresis on a denaturing 5% polyacrylamide gel.

D. Screening for discriminating primer sets.

Twelve primer combinations were screened using twelve isolates. Based on these

preliminary data, primer combinations best discriminating among the isolates were

selected to analyze the rest of the isolates.

E. Reproducibility ofAFLP-PCR.

DNA samples were extracted from a Pseudomonas sp. isolate and AFLP procedure was

conducted on the DNA samples three times separately.
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F. Denaturing polyacrylamide gel electrophoresis

The sequencing gel apparatus from Life Technologies Inc. (Burlington, ON) was used to

perfonn the electrophoresis. Denaturing 5% polyacrylamide gels were made by adding

20 mL of30% acrylamide-bis solution (29.2% acrylamide and 0.8% bis-acrylamide), 45

g of urea, 20 ml of 5X TBE (54g Tris base, 27.5 g boric acid and 20 mL of 0.5M EDTA

per liter, pH 8.3), 7 mL of dH20, 100 pL of 10% ammonium persulfate and 100 fiL of

TEMED. The solution was poured between the glass plates with 0.4mm thick spacers and

was allowed to polymerize for a minimum of 1 h at room temperature to a maximum of

over 2 d at 4°C. The PCR samples were mixed (1:1) with formamide loading buffer (10

mL of formamide, 10 mg of xylene cyanol FF, 10 mg of bromophenol blue, 200 jiL of

0.5M EDTA, pH 8). The samples were then incubated at 95°C for 4 minutes and S\iL of

the sample was loaded onto the gel. The gel was electrophoresed in IX TBE buffer (10.8

g Tris base, 5.5 g boric acid and 4 mL of 0.5 M EDTA per liter, pH 8.3) at 1000 V for 4 h

at -55 °C. Once the electrophoresis was complete, the gel was fixed in 40% methanol:

10% acetic acid and stored overnight.

G. Visualization using Silver stain

The silver stain kit from Bio-Rad (California, USA) for proteins was used to stain the

nucleic acids, except that the acetic acid from the second and third fixing step was

omitted.

H. Comparative analysis ofAFLP-PCR

The gels were scanned and migrating distance of each visual band of every isolate'

s

fingerprint was measured using a ruler. Analysis was limited to fi^agments sizing '300-

1000 bp. A standard marker was separated on every gel and was used to calibrate the
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gels. Files containing distance measurements were then transferred to Excel. Pair-wise

comparisons of DNA fragments for all genotypes and matrices of ' T or '0' indicating

presence or absence, respectively for each DNA marker were perfonned through the

creation of macros in Excel (Appendix III). The 0,1 matrix was then imported into

Phylogenetic Analysis Using Parsimony (PAUP 4,10b) [Massachusetts, U.S.A] software

where a neighbour joining (NJ) tree was created using mean distance (Swofiford, 1998).
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Results

Bacterial isolates (56) that produced blemishes on mushroom caps and 27 isolates

causing no visible blemishes using the Mushroom Rapid Pitting Test (Wong and Preece,

1979) were described according to biochemical identification method adapted from

Sorensenetal. (1992).

Identification and classification of the bacterial isolates.

Among the isolates used in the analysis, there were three morphologically distinct

bacterial isolates. Representative bacterial cultures grown on KB agar for 48 hours

demonstrated the distinctions among the groups (Figure 4). One group of bacterial

colonies produced green pigment when cultured on KB agar that was typical of

Pseudomonasfluorescens isolates. A second group consisting of only three isolates

produced a distinct yellow pigment on KB agar. The difference between typical

Pseudomonasfluorescens isolates and the isolates that emit a yellow pigment on KB agar

(causing imique yellow-brown blotch on mushroom) is shown in Figure 4A. The third

group was mucoid; white and non-pigmented (Figure 4B).

Bacterial isolates that produced green pigment on KB agar is the predominantly

recovered group. Out of 83 isolates subjected to identification, 53 isolates produced green

pigment on KB agar. Of these green pigment producing isolates 39 isolates caused blotch

and 14 isolates did not cause blotch on mushrooms (Table 8). All of the yellow-

pigmented isolates caused blotch; however, only three isolates represented this type.

Also, out of 27 non-pigmented bacteria 14 isolates caused various symptoms of blotch.

This initial finding demonstrated that there were bacterial isolates diverse from

Pseudomonas tolaasii (ATCC 33618) positive control for brown blotch having the ability
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Figure 4. Pictures of48 h. Pseudomonas sp. isolates and some unidentified isolates

grown on Kings B (KB) agar to illustrate the three morphologically different bacteria

found on blotched mushrooms.

Figure 4A. Right - Pseudomonasfluorescens; Left- isolate adbb4x, (Pathotype C-yellow

blotch)

Figure 4B.Right (hackyPseudomonas syringae; Left (back)-isolate MA7; Middle (fi-ont)-

isolate PEI

7
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Table 8.Representative colony types on Kings B causing blotch on mushroom

Colony Morphology on KB
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to cause blotch on mushroom. Identification of the blotch causing isolates was necessary

to determine the relationship among these distinct groups of isolates.

Rapid identification ofPseudomonas fluorescens using SDS-PAGE of proteinase K cell

soluble proteins and biochemical tests

Eighty-three isolates were identified using the method adapted fi-om Sorensen et

al. (1992). The observations made on the isolates' morphology, biochemical properties,

its pathogenicity groupings, and proteinase K digested protein patterns are listed in Table

9. Forty-four of the 83 studied isolates grouped imder protein digest profile group A

(Figure 5i). Figure 5 illustrates the three groups of protein profiles found when total cell

soluble proteins were digested with proteinase K, electrophoresed on SDS-PAGE and

silver stained. Group A showed typical patterns ofPseudomonasfluorescens 45, 18, 16

and 14kDa. The isolates that fell into this peptide profile group were motile, oxidase

positive, catalase positive and arginine dihydrolase positive.

Out of the 44 P. fluorescens isolates, 21 isolates were P. fluorescens biovar III

determined by its inability to produce levan and ability to denitrify; 14 isolates were P.

fluorescens biovar V determined by its inability to produce levan and denitrify; one

isolate dbbwpTyl was identified as Pseudomonasfluorescens biovar II determined by its

ability to produce levan, denitrify and inability to produce pigment on KA agar. Isolate

h32 was identified as Pseudomonasfluorescens biovar I determined by its ability to

produce levan and inability to denitrify. Seven isolates were only identified to the species

level as P. fluorescens.

Out of 83 isolates subjected to this identification method, 25 isolates lacked the

16-kDa fragment that is important for the identification of P. fluorescens isolates

(Sorensen et al., 1992). These isolates were placed under group B (Figure 5ii).
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The method used to identify the isolates according to biochemical tests

discriminated the P. fluorescens isolates to biovar level. Table 10 summarizes the

representation ofblotch and non-blotching isolates according to the isolates'

identification. Out of 21 P. fluorescens III isolates, 13 isolates caused various symptoms

of blotch on mushroom. However, all of the 14 P. fluorescens V isolates caused blotch

symptoms on mushroom. Out of43 P. fluorescens isolates, 34 isolates caused blotch on

mushroom. Eleven ofthe sixteen isolates identified to the genus level as Pseudomonas

sp. caused blotch. Therefore, 76% (45/59) Pseudomonas sp. caused blotch on Agaricus.

Further discrimination was necessary since type strain P. tolaasii (ATCC 33618)

could not be distinguished from type strain P. 'reactans ' type strain (ATCC 14340). Both

ATCC isolates were identified as P. fluorescens V. Also, another method of identification

was necessary to assess whether strain level identification could group isolates according

to expression of blotch symptoms on mushroom. In addition, the group of non-

Pseudomonasfluorescens isolates should be identified as 9 isolates out of 23 caused

similar blotch symptoms as P. fluorescens isolates.





ON





o o o o

a
(A

(0
(0
c
o
E
o
=3

a>
to

a.

o

CQ

c
a>
a>

O) c"
c <1)

(0 >

O)

CO
CO
CO

<D

o
o
E
JO

8

E

o
o
E
CO

8
3
E

OQ

(0
c :=•

(D Oo is
to c® oo3
3

CO (O





61

Table 10. Representative identified isolates (mostly to biovar level) causing blotch on

mushroom.

Identification

(Species/Genus)
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Figure 5. SDS-PAGE analysis of proteinase K digested cell soluble proteins displayed

two varied patterns. Fig. 5(i) Group A showing typical patterns ofPseudomonas

fluorescens had <14 kDa (1), 16 kDa (2), 18kDa (3) and 45 kDa (4) peptides. Fig. 5(ii)

Group B lacked the 16 kDa (2) peptide. Fig. 5(iii) is a SDS-PAGE gel showing peptide

profiles of isolates (names at top of the gel) and with the peptide grouping listed below

the gel.

Figure 5:

(i) Group A
33618 h36

45kDa

18kDa 3

16kDa 2

14kDa 1 y

45kDa 4

18kDa 3

l4kDa 1

(ii) Group B
MA6M24 M9
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Microbial identification at Guelph University using Fatty acid analysis

The unidentified isolates that caused visible symptoms ofblotch were sent for

microbial identification at Guelph University. Fatty acid analysis was used to identify the

bacterial isolates to species level. The results fi*om the fatty acid analysis are listed in

Table 1 1 . This analysis was helpfiil in identifying the unidentified isolate PEI 7 as

Serratia liquefaciens and isolates A13 and A7 as Cedecea devisae (Table 11). As controls

ATCC 33618, isolate adbb4x and hi2 were sent for identification through fatty acid

analysis. The microbial identification is accompanied by a similarity index, which is a

numerical value that shows how precise the fatty acid composition of the unknovm

sample matched with the microbes in the database. A similarity index (SI) of 0.6 to 1 .0

shows that the match was excellent where SI of 1.0 is perfect match. An SI of 0.3 to 0.5

indicates that the match is very likely to be correct and SI value of less than 0.3 indicates

that the unknown isolate is not found in the database.

Two isolates (ATCC 33618) and hi2 were completely analysed using the

biochemical tests adapted fi-om Sorensen et al. (1992). The P. tolaasii strain (ATCC

33618) was identified as P.fluorescens by fatty acid analysis indicating that it is

discriminatory only at the species level and P. tolaasii is not found in the database. The

highlights of the results from this part are as follows: isolate hi2 that caused dark brown

blotch on mushroom and was identified by the method used in the thesis as P. fluorescens

ni was identified as P. putida biotype A; isolate PEI7 was identified as Serratia

liquefaciens caused yellow blotch and isolates A7 and A13 which also caused yellow

blotch were identified as Cedecea devisae. The two species Serratia liquefaciens and

Cedecea devisae have not yet been reported to cause blotch on mushrooms.
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Table 1 1 . Microbial identification results using fatty acid analysis. Group B peptide

profile corresponds to SDS-PAGE of proteinase K digested cell soluble protein profiles

lacking the 16-kDa peptide. SI represents similarity index.

Isolate
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Characterization ofPseudomonas sp. using AFLP

AFLP was utilized here to determine if genetically distinct Pseudomonas sp.

isolates produce different disease symptoms on Agaricus bisporus. First it was necessary

to test the reproducibility ofthe AFLP method and then identify the primer set that would

be best to discriminate the Pseudomonas sp. isolates and aid in comparative analysis of

the results.

Reproducibility Test

Electrophoresis and visualization ofAFLP products from P. tolaasii isolate

(ATCC 33618) showed that the AFLP procedure is highly reproducible (Figure 6). The

AFLP was performed three times independently using primer combination EGC+MCAG

and then run on a 5% denaturing gel and silver stained.
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Figure 6. Denaturing PAGE gel showing reproducibility of AFLP. DNA
fromP.tolaasii (ATCC 33618) was extracted and AFLP procedure was performed
three times independently using primer combination EGC+MCAG.

7 2 3
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Screen for primer combinations .

Twelve primers (Table 12) were first used in selective amplification on 12 isolates

to identify the primer sets usefiil for assessing the variation in blotch causing isolates of

Agaricus hisporus.

For comparative analysis, EGC+MT, EGC+MCAG and EO+MA were selected to

be used on the 50 Pseudomonas sp. isolates. These primer sets resulted in strong signals

and sufficient fragments for comparative analysis. Once the AFLP reactions were

performed, they were subjected to 1 .7% agarose gel electrophoresis (Figure 7) to confirm

the success of the reaction, Genetic variation is already evident through differing AFLP

profiles,

AFLP products are not usually resolved well on agarose gels; however, at this

point it is already evident that band differences are found among these isolates. The

AFLP products were then separated on denaturing 5% polyacrylamide gel and silver

stained to obtain better resolution.

Assessing the genetic relationship among Pseudomonas sp. isolates.

AFLP products electrophoresed on five percent denaturing polyacrylamide gel

revealed a large amount of heterogeneity among Pseudomonas sp. responsible for

causing blotch disease on mushrooms (Figure 8). A representative 5% denaturing gels

illustrates this (Figure 8). Pseudomonasfluorescens V isolates (ATCC 33618, 51309,

14340 and 51314) revealed similar fragment patterns while isolate p57 showed differing

fingerprints (Figure 8a). Comparative analysis was conducted to assess the relationship

among the 50 Pseudomonas sp. isolates.
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Table 12. Primer combinations used for screening and the resulted types of fragments.

Under nucleotide addition, EcoRI and Msel represent the primers that recognize the

sequence of respective restriction enzymes (EcoRI and Msel) and the addition of 0-3

nucleotides for selective amplification.

Primer

Combination



:.:*v
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Figure 7. AFLP ofPseudomonas sp. isolates with the primer combinations EGC+MT.
Electrophoresis was performed on 1.7% agarose gel. M, corresponds to lOObp DNA
marker.

M N13 A13 A7 N8 M24 P.syr P.flu A2 MA9 A14 PEI

3

N2 PEI
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Figure 8. (a) AFLP (EO + MA, primer combination) ofPseudomonas sp. isolates

electrophoresed on denaturing polyacrylamide gel and silver stained.

33618 51309 14340 51314 p57
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Figure 8 (b&c). Representative denaturing polyacryiamide gel picture showing AFLP
fragments. Figure 8(b)-EGC+MT primer set and Figure 8(c)-EGC+MCAG primer set.

Ii30 h38 hi 51314 MAS h22 hll h33 Ii38 h37 h31

(b) (c)

li^
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Comparative Analysis of AFLP products on 50 Pseudomonas sp. isolates collected from

Asaricus bisporus.

Once the AFLP products had been separated on 5% denaturing polyacrylamide gel,

silver stained and scanned, the migrating distance of each visual band from each isolate'

s

profile was obtained. The visible bands ranging from 300-lOOObp were used. The pair-

wise comparison was conducted through the creation of macros (Appendix III) and

neighbour joining (NJ) tree was created in PAUP 4.10b using total distance (Swofford,

1998). The calculated distances are placed in Appendix rV.

Three separate primer combinations were utilized for comparative analysis of

Pseudomonas sp. isolates collected from blemished Agaricus bisporus. A neighbour

joining (NJ) tree was created using each primer combinations. Primer combination

EO+MA is less selective relative to the other two primer combinations used (EGC+MT and

EGC+MCAG) as only one nucleotide is attached to the Msel primer. EO+MA primer

combination yielded 99 AFLP fragments and the dendogram created using this primer

combination showed some agreement in grouping of Pseudomonas sp. together, as

Pseudomonas tolaasii isolates (ATCC 33618 and ATCC 51309) grouped together and

Pseudomonas 'reactans' isolates (ATCC 14340 and ATCC 51314) grouped together;

however, it was not very effective in discriminating among isolates and does not show clear

genetic grouping of blotch symptoms (Appendix V, Figure V.l).

Primer combination EGC+MCAG yielded 54 AFLP fragments and was the most

selective primer set used in this study. The NJ tree created using this primer combination

showed good discrimination between Pseudomonas sp. pathogenic and non-pathogenic to

mushrooms (Appendix V, Figure V.2), however, EGC+MCAG was not as discriminating
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as EGC+MT primer set. The EGC+MT primer combination produced 59 AFLP fragments

and yielded a NJ tree of 50 Pseudomonas sp. isolates that showed discrimination between

pathogenic and non-pathogenic isolates (Figure 9). All of the three primer combinations

when analyzed individually showed that most clusters contained isolates causing various

symptoms of blotch. On the other hand, all three primer combinations did show clustering

of non-pathogenic isolates. The NJ analysis of combined AFLP primer sets EGC+MT and

EGC+MCAG was performed using mean distance but the estimation of genetic variation

among the Pseudomonas sp. isolates would be inaccurate due to some missing characters

(Appendix V, Figure 3). Therefore, the primer combination EGC+MT with intermediate

level of specificity was used and the neighbour joining tree was created (Figure 9).

The NJ dendogram illustrates the relationship among 50 Pseudomonas sp. isolates

(Figure 9). The dendogram was created using 59 Augments and each fragment corresponds

to a character. The letters placed by the node of each group will help in discussion of the

relationship among these genetic groups of Pseudomonads. The neighbour joining tree

shows a division between the P.tolaasii cluster identified with letter B at the node from the

rest of the P. fluorescens group (C). The large P. fluorescens cluster C forms two groups

(clusters) D and E. Cluster E forms two genetic groups F and G. Cluster D then fiirther

divides into terminal group I another cluster H containing two terminal genetic groups (L

and M) and another cluster K. The genetic group K then fiirther divides to form groups N

and O.

Geographic correlation

Blotch symptoms did not group according to the source from where the diseased

mushroom samples were received. For example, brown blotch was found to be caused by
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American Type Culture Collection Pseudomonas tolaasii isolates, bacterial isolates

from Prince Edward Island (PEI 1 1 and PEI 12), New Brunswick (N5) and Ontario (h29).

The same was observed between genetic groups and source of the Pseudomonas sp. isolates

(Figure 9). The main reason for this observation could be due to low level of representation

of each province in the comparative analysis ofAFLP on Pseudomonas sp. isolates

Genetic relationship among Pseudomonas sp. isolates.

Cluster B. The genetic group B consists of the type Pseudomonas tolaasii isolates {ATCC

33618 and ATCC 51309) that grouped well together. This genetic group is more

homogenous as the average genetic distance found among the isolates in this group is 0.08.

These isolates are only 4 fragments apart out of 59 total characters amounting to a genetic

distance of 0.07. Likev^se, the Pseudomonas 'reactans' type isolates (ATCC 14340 and

ATCC 51314) grouped closely together and separated from Pseudomonas tolaasii isolates.

The Pseudomonas tolaasii (ATCC 33618) is only 9 characters out of 59 different from

Pseudomonas 'reactans' (ATCC 14340); therefore, the two type cultures are only distant

by 0.15. This group also contains isolates PEI 11 and PEI 12 showing similarity to both

Pseudomonas tolaasii and Pseudomonas 'reactans ' type cultures. Identification method

used in the thesis described the Pseudomonas tolaasii and Pseudomonas 'reactans' type

cultures as Pseudomonas fluorescens biovar V. However, isolates PEI 11 and PEI 12 were

identified as Pseudomonasfluorescens biovar III.

Main Cluster C. This large group is more heterogeneous which separates into cluster D

and cluster E. Cluster C contains most of the Pseudomonas fluorescens isolates. The

identified Pseudomonas fluorescens III and V are found throughout the sub clusters not
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grouping together. Clusters D and E further sub-divides to show more distinct genetic

grouping.

Cluster L. Isolate hi2 from this genetic group was identified as Pseudomonas fluorescens

III through biochemical analysis used in this study. Fatty acid analysis identified this isolate

as Pseudomonas putida biotype A. The average genetic distance among the isolates in this

group is 0.15, which is higher than the variation foimd among Pseudomonas tolaasii cluster

B. There are 21 character differences out of 59 characters used between cluster B node {P.

tolaasii group) and cluster L node corresponding to genetic distance of 0.35. For discussion

purposes, this cluster L may also be referred as Pseudomonas putida biotype A group.

Cluster M. The genetic distance fi*om Pseudomonas tolaasii cluster (cluster B) to isolates

grouped in cluster M is 0.34. The isolates in this cluster (M) also show larger genetic

variation Ad=0. 14 among each other than cluster B.

Cluster I. This cluster of isolates is genetically distant fi^om Pseudomonas tolaasii cluster

B by 0.58. This cluster is far more distant fi*om Pseudomonas tolaasii cluster B than

Pseudomonas putida biotype A group (cluster L). The average genetic distance among the

isolates in this cluster is 0. 1 7.

Cluster O. Seven isolates comprise this cluster, which is genetically distant fi-om

Pseudomonas tolaasii cluster (B) by 0.55. The isolates in this group show the largest

average genetic distance (Ad= 0.22) variation among each other.

Cluster I. The genetic distance fi-om Pseudomonas tolaasii cluster (B) node to genetic

group I node is 0.19. This group contains isolates having an average genetic distance of

0.13.
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Cluster F. The genetic distance from Pseudomonas tolaasii cluster (B) node to genetic

group F is 0.18. The average genetic distance among these isolates is calculated to be 0.13.

Cluster G. This cluster consists of four isolates that have an average genetic distance of

0.16 among each other. This cluster G is genetically distant from Pseudomonas tolaasii

cluster B by 0.26.

Assessing the relationship among the Pseudomonas sp. isolates highlights that

Pseudomonas tolaasii cluster B is homogenous in comparison to genetic groups forming

cluster C and forms a distinct group from the rest of the clusters. Pseudomonas putida

biotype A groujp (Cluster L) is genetically closer to Pseudomonas tolaasii cluster B when

compared to Pseudomonas fluorescens cluster M and N that is genetically distant from

cluster B by 0.58 and 0.55, respectively. Also, genetic variation among Pseudomonas

fluorescens isolates (cluster C genetic groups) is high ranging from average genetic

distance of 0.13 to 0.22 for terminal genetic groups. Furthermore, Pseudomonas

fluorescens biovar V and III did not group into separate genetic clusters.
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Figure 9. Dendrogram of 50 Pseudomonas sp. isolates created by NJ method using PAUP
4.10b. This figure contains 39 isolates that cause various blotch symptoms and 11 isolates

that do not cause any visible symptom of blotch on mushrooms. The genetic distance can

be estimated through the amount of character changes between isolates of interest. The

branch length is proportional to the character changes. Each character corresponds to an

AFLP fragment. The dendrogramwas created using 59 characters obtained fi*om EGC+MT
primer combination. Under blotch color: ^^- dark brown blotch (pathotype A),

^i- brown blotch (pathotype B), I h- yellow blotch (pathotype C), and I f-

no blotch (group D).

Blotch Color

b c

c c

I 3

k L L L I. I I. 1. 1.
I
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Genetic groups vs. pathogenic and non-pathogenic Pseudomonas sp. isolates.

In order to determine whether AFLP discriminates between isolates that are

pathogenic (causing blotch) on mushrooms and non-pathogenic on mushrooms, the genetic

grouping shown in the NJ tree (Figure 9) was assessed individually for blotch and non-

blotch causing isolates (Table 13). The blotch causing isolates were described to the

various symptoms of blotch they produce on mushrooms. Each genetic group were distant

from each other by at least 0. 1

.

Cluster B consisting of two Pseudomonas tolaasii type isolates (ATCC 33618 &

ATCC 51309), two Pseudomonas 'reactans ' isoXoiQS (ATCC 14340 and ATCC 51314) and

two isolates PEI 11 and PEI 12 caused brown blotch on mushroom. All of the six isolates

found in this group caused brown blotch.

Cluster D contains cluster L {Pseudomonas putida biotype A), M, N, O and I.

Cluster L has five isolates and three of the five isolates cause dark brown blotch, one isolate

caused brown blotch and another isolate caused yellow blotch. In cluster M there are six

isolates and out of which five isolates cause blotch and one of the isolate is found in this

cluster to cause no visible symptoms of blotch. Out of the five blotch causing isolates, three

isolates caused yellow blotch, one isolate caused dark brown blotch and the other isolate

caused the brown blotch. Under cluster D, cluster N consisted of three groups a, b and c.

Subgroup Na is formed by two isolates, one isolate causing brown blotch and another

isolate causing no visible symptom of blotch. It is interesting to note that of the yellow

blotch causers in the sub group Nb, isolates h3, h432, and adbb4x found in this group

produce a distinct yellow pigment on KB agar. Sub group Nc is formed by two isolates,

one causing brown blotch and the other causing yellow blotch.
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Table 13. Genetic grouping identified by AFLP on isolates causing various blotch

symptoms on mushroom. Under cluster, the letters represent the sub divisions or genetic

groupings that are evident from the dendrogram 'Figure 9). Under blotch color, A represents

dark brown blotch, B represents brown blotch, C represents yellow blotch and D represents

isolates that did not cause any blotch symptoms on mushroom.
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Cluster O is formed by seven isolates that were non-pathogenic (causing no visible

symptoms of blotch on mushrooms). Furthemiore, cluster I is formed by five isolates and

the entire five isolates cause various blotch symptoms. Therefore, thirty-one Pseudomonas

fluorescens isolates are represented in the main cluster D and twenty-two isolates out of

thirty-one causes various symptoms of blotch and only nine isolates (mainly represented by

cluster O) did not produce blotch symptoms on mushroom.

Main cluster E fiirther divides into clusters F and G. hi cluster F there are nine

Pseudomonas fluorescens isolates and out of which five isolates produced dark brown

blotch, two isolates developed brown blotch and one isolate produced yellow blotch and

one isolate did not produce any blotch symptom on mushroom.

Cluster G is formed by four isolates and three isolates caused blotch symptoms

while one isolate was found to cause no visible blotch symptom on mushrooms. Therefore,

main cluster E consists of thirteen isolates, out of which eleven isolates were pathogenic to

mushrooms and two were non-pathogenic.

In summary, AFLP shows clustering of blotch symptoms to some degree as

evidenced by genetic groups B, and Nb. Also, cluster O contains isolates that do not cause

blotch, however, groups L, M, I, F and G contain isolates causing various symptoms of

blotch, hi order to confirm that incorporation of non-pathogenic Pseudomonas fluorescens

isolates did not prevent grouping of the isolates according to the symptoms of blotch color

it produces on mushroom, the eleven non-pathogenic isolates were removed fi"om the NJ

analysis (Appendix V, Figure V.4). The NJ tree produced fi:om this analysis supported the

findings fi-om Figure 9 that there are two clusters that show grouping according to blotch
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symptoms; however, most groups contained isolates representing various sjonptoms of

blotch.

Four genetic sub groups can be supported through NJ bootstrapping analysis of

isolates representing genetic groups from Figure 9 (Appendix V, Figure V.5) and main

genetic clusters were not resolved and give support that all of the isolates are in fact closely

related. However, Figure 9 shows that there are eight genetic groups (B, L, M, N, I, F, G

and O) that cause blotch on Agaricus bisporus. Seven of the eight genetic groups cause

blotch on mushroom. From the ancestral node (A), the blotch causing genetic groups (B, L,

M, N, I, F and G) with the exception of four isolates have diverged to form distinct genetic

groups and the non-pathogenic cluster O with the largest genetic distance of 0.65.

Therefore, AFLP can discriminate pathogenic Pseudomonas sp. isolates from non-

pathogenic isolates and various blotch symptoms can be caused by genetically variant

Pseudomonasfluorescens isolates.
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Discussion

Identification of bacterial isolates collected from discolored Agaricus bisporus using

biochemical characteristics

Previous studies on bacterial blotch primarily focused on Pseudomonas sp. mainly

Pseudomonas tolaasii. Thus far, studies have indicated that three Pseudomonas species,

Pseudomonas tolaasii, Pseudomonas 'reactans' and Pseudomonas 'gingeri\ cause the

dark brown, brown and yellow blotch, respectively (Wells et al., 1996). This study found

similar findings as majority of the isolates that was collected were Pseudomonas sp. and

75% of the Pseudomonas isolates cause blotch on mushroom.

The Pseudomonas tolaasii (ATCC 33618 and 51309) and Pseudomonas

'reactans' isolates (ATCC 14340 and 51314) that have been previously studied were

identified as belonging to Pseudomonas fluorescens V (Table 10). All of the 14 isolates

identified as Pseudomonasfluorescens V were pathogenic to mushrooms, while 13 of the

21 isolates identified as Pseudomonasfluorescens III were pathogenic. This corresponds

with past studies as Pseudomonas tolaasii strains belong to P. fluorescens biovar V and

P. 'reactans ' belong to P. fluorescens III or V. The heterogeneity of P. 'reactans ' has

been reported several times (Goor et al., 1986; Wells et al., 1996; Munsh et al., 2000).

The non-Pseudomonas fluorescens isolates identified by Group B peptide profile

(Figure 5) that were causing blotch on mushrooms were identified through fatty acid

analysis to be Serratia liquefiiciens (isolate PEI 7) and Cedecea davisae (isolates A7 and

A 13). These two bacterial species have not been reported to cause blotch disease. S.

liquefticiens and C davisae are in the family Enterobacteriaceae. iS". liquefijciens is an

oxidase negative, arginine dihydrolase negative, motile, catalase positive and reduces

nitrate. S. liquefiiciens is reported to suppress sporulation of the fungus Botrytis cinerea
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on irradiated grape leaf tissue (Whiteman and Stewart, 1988). C davisae is also an

oxidase negative species that was found as an intermediate type between typical Serratia

sp. and Serratia fonticola. Bergeys Manual reports that Cedecea was also found to be

similar to Ewingella americana that has been found by Inglis et al. (1996) to cause blotch

on mushroom. Moreover, recently a novel Pseudomonas isolate (NZ17) in New Zealand

causing brown blotch disease ofAgaricus was characterized using 16S rRNA (Godfrey et

al., 2001a). This novel pathogen produces white line reaction when grown next to a

indicator (P. 'reactans ') strain, a property thought to be exclusive to P. tolaasii. The 16S

rRNA results showed that this pathogen was genetically distant from P. tolaasii but

closely related to P. syringae. Since the authors had evidence that the NZ17 pathogen

produced a toxin highly (95.2%) homologous to tolaasin, the authors hypothesized that

the gene for tolaasin synthesis might have been transmitted to P. syringae through

horizontal gene transfer (Godfrey et al., 2001a). Thus, it is a possibility that S.

liquefaciens and C. davisae isolates acquired the blotch virulence factors for

pathogenicity from Pseudomonas sp. through horizontal gene transfer.

It would be usefiil to determine if the virulence factors of the newly discovered

bacterial species causing blotch were similar to those found in Pseudomonas tolaasii.

Primers designed by Godfrey et al. (2001 a) may be used to search for tolaasin gene or to

determine whether similar genes to tolaasin gene could be found in the blotch causing

isolates identified as S. liquefaciens and C. davisae. Further studies on enzymes secreted

by the blotch causing bacterial species may identify similar enzymes or various ones that

may be responsible for production of blotch on Agaricus. If it were the case that the

blotch causing isolates share secretion of a common enzyme that induces blotch then it
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would allow for discovery of protectants to apply for inactivating the virulence factors

(enzymes).

In addition, isolate hi2 was identified by the method used in this thesis as P.

fluorescens biovar III, however, isolate hi2 was identified as P. putida biotype A through

fatty acid analysis. This isolate caused dark brown blotch on mushroom. This finding is

interesting since P. putida is usually thought of as a beneficial bacterium of Agaricus

(Rainey and Cole, 1986). P. putida has been found to help sporophore initiation of

Agaricus bisporus and two theories has been proposed. The P. putida bacterium could

produce a compoimd that induces sporophore fonnation or the bacterium could remove

the 'fi-uiting' inhibitor compounds produced by A. bisporus during growth (Rainey and

Cole, 1986). The relationship of the hi2 isolate along with other P. fluorescens isolates

to P. tolaasii type cultures were assessed through AFLP fingerprinting.

Comparative analysis ofPseudomonas sp. isolates using AFLP

This study shows that AFLP is highly discriminatory among P. fluorescens

isolates. The primer combination EGC+MT was helpful in generating markers that

showed discrimination among the isolates studied and was useful for estimation of

genetic variation present among the blotch causing isolates and between blotching and

non-blotching isolates.

Genetic relationship among Pseudomonas sp. isolates

P. tolaasii (cluster B) separates out and forms a distinct genetic cluster from the

rest of the P. fluorescens clusters (Figure 9) with a genetic distance of 0.18-0.58. This

shows that P. tolaasii can be differentiated from P. fluorescens isolates and demonstrates

that it can be separated fi-om P. fluorescens biovars. Thorn and Tsuneda (1996) through
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PIEP-PCR banding patterns and 16S rDNA analysis concluded that P. fluorescens and P.

tolaasii are separate species.

The significant amount of genetic variation observed through genetic distances

between distinct P. fluorescens clusters (Figure 9) shows that P. fluorescens requires

better identification keys. The method used in this thesis, which was adapted fi-om

Sorensen et al. (1992), failed to discriminate beyond the species level, for instance, the

lack of relationship between P. fluorescens biovars and AFLP clusters (genetic groups).

This observation confirms findings fi"om study by Wells et al. (1996) who found that the

isolates genetically similar to P. fluorescens V, however, phenotypically belonging to P.

fluorescens III, are variable for the nitrate reductase reaction.

Isolate hi2 identified as P. putida biotype A foimd in cluster L is genetically

closer to P. tolaasii cluster B than P. fluorescens genetic cluster M (Figure 9) indicating

that there is a need for revision in taxonomy between P. fluorescens and P. putida

complex. Lemanceau et al. (1995) studied the diversity of fluorescent pseudomonads

from soil, rhizosphere, and root tissue of flax and tomato grown in same soil. These

authors conducted detailed biochemical and physiological tests on fluorescent

pseudomonads and found P. fluorescens biovar II to be more closely related to P. putida

biotype A than other P. fluorescens biovars. The finding from the Lemanceau et al.

(1995) study demonstrates that there is a continuum between P. fluorescens and P.

putida.

Wayne et al. (1987) proposed that isolates constitute a species if the isolates show

a similarity of 70% by DNA-DNA hybridization with a difference in denaturing

temperature of their DNA of less than 5° C. Though taxonomy of P. fluorescens was not
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the focus of this thesis, the results from this thesis suggest in accordance with previous

studies (Lemanceau et al., 1995 and Goor et al., 1986) that there is great amount of

genetic variation as some clusters differ by 59%. For future research, performing 16S

rRNA sequence analysis studies or DNA-DNA hybridization along with an extensive

physiological test such as Analytical Profile Index (API) 20 NE strip analysis kit which

contains biochemical and carbohydrate assimilation tests on the P. fluorescens isolates

studied in this thesis may help determine if P. fluorescens clusters observed here (Figure

9) are separate biovars and whether the groups represent different species.

Identification of genetic groups causing blotch disease on Asaricus bisporus

Wells et al. (1996) reported that there is a 'dichotomy' between P. tolaasii

causing dark brown blotch, P. 'gingeri ' (yellow blotch) and P. 'reactans ' strains (brown

blotch). Therefore, it was expected that the phenotypes the bacterial isolates caused on A.

bisporus would correspond with genetic grouping through AFLP. Comparative analysis

on 50 Pseudomonas sp. isolates (Figure 9) showed that there are some genetic clusters of

isolates that produce similar blotch symptoms; however, most of the genetic clusters

contain isolates causing varying blotch symptoms. Importantly, a few non-pathogenic P.

fluorescens isolates were found in the blotch causing genetic clusters showing that these

isolates have lost the ability to cause blotch on mushrooms. Godfrey et al. (2001b) in

New Zealand found through characterization of blotch causing and few non-blotch

causing Pseudomonads through 16S rRNA analysis that the isolates causing various

blotch symptoms were spread throughout the P. fluorescens intrageneric cluster and the

non-pathogenic organisms were very closely related to the blotch causing organisms.
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The lack of perfect correspondence between pathotype groups and AFLP genetic

clusters could be due to one of the following reasons. Firstly, it is possible that it is not

only the pheN gene that regulates the production of tolaasin and that the other genetic

elements such as the plasmid described by Mamoun et al. (1997) could be factors.

Mamoun et al. (1997) have shown that there is reduction in virulence level through loss

of a plasmid in P. ^o/aa^/z.

Secondly, siderophores secreted by Pseudomonas sp. isolates may facilitate blotch

development indirectly. Siderophores aid bacterial survival through efficient iron

acquisition and hence increase the population of the bacterium. Pyoverdines are the

jfrequently seen siderophores in Pseudomonas sp. and the pyoverdine transport system is

strain specific (Hohnadel and Meyer, 1988). If this were true then the pathotypes

observed in this thesis may be grouped with siderotyping. The virulent isolates causing

various blotch symptoms could produce siderophores that are less efficient in iron

acquisition than the non-pathogens; thus, the need for the virulence genes to be turned on

and production of toxin (tolaasin).

Moreover, proteinases and lipases produced by P. tolaasii have been suggested to be

involved in the pathogenicity observed on mushrooms (Baral et al, 1995; Baral and Fox,

1997). Further study is required to verify the actual effect of the isolated metallo-

proteinase (45-50 kDa) and metallo-lipase (670 kDa) fi-om P. tolaasii on A. bisporus.

Finally and importantly, preliminary results (not reported) of light reflection fi-om

different blotch symptoms attained from Mushroom Rapid Pitting Test using the Hunter

Lab Color Machine showed that observations of different blotch colors (pathotypes) may
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be subjective. This method should be used in parallel to the noted observations in order

to assess whether characteristic blotch symptoms are different.

A group of isolates that formed sub group Nb produced the yellow blotch with a

golden sheen. It is probable that these isolates could be similar to P. 'gingeri '. However,

the blotch seen here is markedly different from the description obtained from previous

studies. Wong et al. (1982) characterized the ginger blotch as being different from the

typical brown blotch. Ginger blotch was noted as being pale yellowish-red-brown that

becomes reddish, ginger in color. The ginger blotch is found to be superficial never

extending 1-2 mm below the surface of the mushroom. A majority of the mushrooms

affected never show distortion of the cap and the ginger blotch symptom cannot be

reproduced through the Mushroom Rapid Pittmg Test (Wong et al., 1982). Contrary to

this, the yellow-brown blotch observed in this study was not red-brown and the blotch

was deeply pitted. Furthermore, the ginger blotch organism was characterized by Wong

et al. (1982) as lipase negative; however, the cluster Nb isolates in this thesis was positive

for lipase production. In order to verify further that these isolates are different from F.

'gingeri ', the bacterium should be obtained from American Type Culture Collection and

the analyses used in this study should be performed for comparison.

The main objective of this study was to examine the diversity of Pseudomonas sp.

causing blotch disease on Agaricus bisporus and in that respect AFLP with the few

exceptions discussed above can discriminate pathogenic and non-pathogenic

Pseudomonas fluorescens isolates. This study identified seven genetic clusters (B, L, M,

N, I, F and G) including Pseudomonas tolaasii cluster (B) that cause blotch on Agaricus

bisporus and cluster O is non-pathogenic Pseudomonas fluorescens (Figure 9). Further
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research should be conducted on detemimmg the virulence factors that these genetic

clusters use to cause blotch and for comparison of the isolates from the non-pathogenic

cluster O and the non-pathogenic isolates found within the blotch causing cluster can be

used. Control measxires can then be studied to eliminate specific pathogenic genotypes.
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Conclusion

Examining the diversity of blotch causing organisms ofAgaricus bisporus in

Canada showed that Pseudomonas tolaasii is not the main causal agent. Identification of

blotch causing isolates led to the discovery that two bacterial species Serratia

liquefaciens and Cedecea davisae have the ability to cause blotch on Agaricus bisporus.

AFLP analysis identified six genetic groups to cause blotch disease highlighting

the existence of great genetic diversity in Pseudomonasjluorescens. AFLP can also

discriminate between pathogenic and non-pathogenic groups, proving to be a high

resolution fingerprinting technique. This suggests the need for more investigation into

the virulence factors that the diverse bacterial species and diverse Pseudomonas

genotypes use for causing blotch on Agaricus bisporus.
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Appendix I- Mushroom Rapid Pitting Test Results

The scale (-) means no symptom was observed and (+) indicates the presence of symptom
from scale of 1 -3 indicated by the number of (+) signs.

Pathogenicity test #1 - Break #1

Each isolate was tested on ten mushrooms and similar blotch symptom was produced by each isolate on all

ofthe ten mushrooms.

Color
Isolate #





Pathogenicity test #1- Break 2





Pathogenicity test #1- Break 3





Pathogenicity trial #2

Pathogenictiy Trial #2 (Break 1)

Isolate Color of Blotch Intensity Slime Pitting Out of 10

33618 B +++ +++ ++ 10

P57 A +++ +++ +++ 10

M#2, d.bbp D - - - 10

M#5 D - - - 10

M#6-1 D ... 10

M#6-2 D - - - 10

M#7 D - - - 10

M#8 D - - - 10

M#11 B + + + 4
M#12 B + + + 5
M#13 B + + + 5
M#16 D - - - 10
M#17 B ++ ++ + g
M#18 D ... 10
M#19 C ++ ++ + 7
Alb#1 D . _ . 10

Alb#2 B +++ +++ ++ 10

Alb#3 C +++ +++ +++ 8

Alb#6 D - - - 10
Alb#7 D - - - 10
Alb#8 D - - - 10

Alb#9 D - - - 10
Alb#10 D ... 10
Alb#11 D - - - 10
dH20 - - - - 10

Pathogenictiy Trial #2 (Break 2)

isolate Color of Blotch Intensity Slime Pitting Out of 10

33618 B ++ 1/2 ++ ++ 10

P57 A +++ ++ +++ 10

M#2,dbbp D - - - 10

M#5 D - - - 10
M#6-1 D - - - 10
M#6-2 D ... 10

M#7 B + + + 10

M#8 B + + + 9

M#11 D - - - 10

M#12 D - - - 10

M#13 ++ 1/2 ++ ++ 10

M#16 D - - - 10

M#17 B ++ 1/2 +++ +++ 10

M#18 D - - - 10





M#19





Isolate (





Pathogenicity trial #3

Pathogenic





Isolate Color of Blotch Intensity Slime Pitting Out of 10
A15 C ++ ++ +++ 10
A16 C ++ ++ +++ 8
A17 C ++ +++ ++ 10
PEI6 C ++ ++ + 3
PEI4 C +++ +++ +++ 3
PEI2 C +++ +++ +++ 10
dH20 D - - . 10

Pathogenictiy Trial #3 (Break 2)

Isolate Color of Biol

adbbM4x





isolate



M



Isolate





Pathogenicity trial #4

Pathogenictiy Trial #4 (Break 1

Isolate Colour of Blotch

BC1 D
BC2 D
BC3 D
BC4 D
BC5 D
BC6 D
BC7 D
BC8 D
BC9 D
N23 D

MA28 C/D

MA27 C
MA25 D
MA21 C
MA20 D
H4Yel1,1 C
MA26 C
14340 B

33618 B

P57 A
«3 C
51309 B

M29 D
M28 D
M27 C
M26 C
M25 D
M24 D
M23 C
M22 D
H43,2 C
Yel1,1*h4 B

H4-4.2(33) C
Vstem 3646#1 B

)

Intensity Slime Pitting

A32
A31

A30

dbbwp2,1

dbbwp2,2

A28

A27

A20

B

B

C
c
c
c
B

D

+

+

+

+

+

+

+

+

+

+

++

+

++

+

++

++

+++

+++

++++

+++

+++

+

+

++

++

+

+

++

+

+++

+++

++

+++

+

+

+

+

+

+

+

+

+

+

++

+

++

++

++

++

++

++

++

++

+

+

+

+

++

++

+

+

++

+

+

+

+

++

+

+

+

+

++

++

++

++

+++

+++

++++

+++

+++

++

+++

+++

+

+++

+

+

++

++

+

++

++

Out of 10

10

8

8

10

10

10

10

8

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

8

10

10

10

10

8

10

10

8

10

10

10

8

8

10





Isolate
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Appendix II- Preparation of Biochemical Tests

Gram Stain- differential staining procedure

Step 1- flood heat fixed smear with crystal violet for 1 min.

Step 2- add iodine solution for 3 min.

Step 3- decolorize with alcohol briefly for about 20sec.

Step 4- counter-stain with safranin for 1-2 min.

Gram positive- purple cells

Gram negative- red cells

Fluorescence on KB agar

Colonies grown on Kings B (KB) agar are tested for fluorescence under UV light

(Lelliottetal., 1966).

Aerobic Test (Catalase Test)

A loop full of bacterial cells is placed on a glass slide and then drops of hydrogen

peroxide are added to it. If catalase positive, then a lot of bubbles will be formed and the

test shows that the organism is an aerobe or a facultative aerobe (Lelliott et al., 1966)

Oxidase Test

Loop full of bacterial cells was smeared on to a filter paper and drops of p-

aminodimethylaniline oxalate (Difco) were added to the bacterial cells (Lelliott et al.,

1966).

Oxidase positive if purple color develops in 10 sec.

Oxidase negative if no color develops
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Motility Test

Stab cultures of Motility Test Medium (3g Beef extract, lOg pancreatic digest of gelatin,

5g NaCl and 4g of Agar, pH 7.3 +/- 0.2) were incubated at room temperature for 2-3

days. Growth away from stab towards the glass of the tube shows that the isolates are

motile.

Arginine dihydrolase Test

Stab cultures of Arginine Medium 2A [Ig Bacto-peptone (Difco), 5g NaCl, 0.3 g

K2HPO4, 3 g Agar, 0.01 g Phenol Red, lOg Arginine HCl, pH 7.2 per liter] m 5 mL

screw-capped bottles were incubated after covering with Vaseline for 3 d at room

temperature. This test detects the presence of arginine dihydrolase by looking for

formation of alkali from arginine anaerobically (Thomley, 1960).

Levan Test

Bacterial samples to be tested were streaked on Nutrient Agar (Difco,MD,USA)

containing 5% sucrose. If large, white, domed mucoid colonies were produced within 3 d

of incubation at room temperature then the organism was recorded positive for

production of levan (Lelliott et al., 1 966).

Denitrification Test

Stab cultures of nitrate medium (lOg glucose; 5 g KNO3; 1 g yeast extract, 2g K2HPO4;

0.1 g MgS04-7 H2O and 15 g agar per liter) were incubated at room temperature. Within

2-7 days, 1 mL of reagent A (Difco) [8g sulfanilic acid in thylamine in 1000 mL 5N

acetic acid] and 1 mL of reagent B (Difco) [5g napthylamine in 1000 mL 5N acetic acid]

were added to the individual stab cultures. If a cherry-red color develops then it indicates

that there is presence of NO2. Ifno color develops with 30 min. then zinc dust was added.
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Lack of color development after Zn dust addition indicates complete denitrification

(Zarkower et al., 1984).

Lipase Test

Bacterial isolates were streaked on bacto Spirit blue agar g/L [10 g Bacto tryptone 5g

Bacto yeast extract, 20g Bacto agar, 0.15 g of spirit blue containing 30 ml of bacto lipase

reagent (Difco)]. Clearing of blue color of the spirit blue agar indicates that the bacterial

isolate is positive for lipase enzyme.

Growth on /w-inositol and (^-sorbitol

Carbon source solutions m-inositol and (^-sorbitol (0.1%) was filter sterilized before

adding to sterilized minimal medium (Difco) g/L (7g dipotassium phosphate, 2g

monopotassium phosphate, 0.5g sodium citrate, O.lg magnesium sulfate, Ig ammonium

sulfate and 15g agar, pH 1+1- 0.2) before pouring into petri plates. Negative control was

minimal medium without any carbon source and positive control was minimal media with

0.8% yeast extract (Zarkower et al., 1984).

Kmgs A (KA) Agar

This mediimi was developed for identification of pyocyanin and pyorubrin production.

KA medium is prepared as follows (g/L): 20 Bacto peptone, 15 agar, 10 glycerol, 10

K2SO4, 1.4 MgCl2, pH 7.2 (King et al., 1954).
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Appendix III- Macros for Excel

Dim startrow, startcol, loopcounter, innerloop As Integer

Dim valuerow, valuecol, valuecolputback As Integer

Dim populatecol, popuiaterow As Integer

Dim comparevaluel, comparevalue2 As Double

Dim range, difference As Double ' Decimal value

Dim numberofinatch As Integer

startcol = 57

startrow = 2

valuerow = 2

valuecol = 75 ' Change this to different column
valuecolputback = 75 ' Change this to different column

populatecol = 77 ' This has 1 for match and for no match
' and populatecol +1 which ones are used from valuecol
' and populatecol +4 has the total number of matches

popuiaterow = 2

range = 0.05

numberofinatch =

difference = 0#

Sheetl.Cells(populaterow - 1, populatecol) = "1 or 0"

Sheetl.Cells(populaterow - 1, populatecol + 2) = "used value"

For loopcounter = 1 To 36 ' Goes from 1 ... 36 end data

comparevaluel = Sheetl.Cells(startrow, startcol)

If comparevaluel > Then

For innerloop = 1 To 36

comparevalue2 = Sheet l.Cells(valuerow, valuecol)

If comparevalue2 > Then
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If comparevalue2o -99 Then

difference = 0#

difference = Abs(comparevaluel - comparevalue2)

If difference <= range Then

Sheet 1 .Cells(populaterow, populatecol) = 1

Sheetl.Celis(populaterow, populatecol + 2) = comparevalue2

Sheet! .Cells(valuerow, valuecol) = -99

numberofinatch = numberofinatch + 1

Exit For

Else

Sheetl.Cells(populaterow, populatecol) =

End If

End If

End If

valuerow = valuerow + 1

Next

valuerow = 2

End If

startrow = startrow + 1

populaterow = populaterow + 1

Next

Sheet l.Cells(l, 1) = numberofinatch

For loopcounter = 1 To 36

Sheet l.Cells(valuerow, valuecolputback) = Sheet3.Cells(valuerow, valuecolputback)

valuerow = valuerow + 1

Next

End Sub
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Appendix IV Pair wise distances between taxa- primer set EGC+MT

Pairwise distances between taxa

Below diagonal: Total character differences

Above diagonal: Mean character differences

12 3 4 5 6 7 8

1 H4yel - 0.30508 0.38983 0.271 19 0.33898 0.30508 0.30508 0.44068

2ATCC33618 18 -0.22034 0.10169 0.20339 0.16949 0.23729 0.44068

3ATCC51314 23 13 -0.18644 0.05085 0.22034 0.25424 0.35593

4ATCC51309 16 6 11 -0.16949 0.23729 0.30508 0.40678

5ATCC14340 20 12 3 10 -0.20339 0.23729 0.37288

6PEI12 18 10 13 14 12 -0.10169 0.37288

7PEI11 18 14 15 18 14 6 -0.37288

8p57 26 26 21 24 22 22 22

9h2 20 20 21 18 20 20 20 16

10hl2 21 21 22 19 21 21 23 13

llhl6 22 24 19 22 20 24 24 18

12hl8 22 22 25 22 26 22 24 20

13h41 21 25 24 23 25 23 19 19

14 N5 24 20 23 20 22 26 28 20

15 h7 20 24 23 22 24 22 18 20

16h21 26 30 31 32 30 30 28 26

17h22 21 25 26 27 27 25 25 21

18h35 21 25 26 27 23 25 23 23

19h36 22 26 25 28 22 26 26 22

20h29 21 27 24 25 25 23 23 23

21h34 22 22 23 26 22 24 20 24

22h32 17 19 20 21 21 15 15 21

23h23 20 24 21 22 22 22 22 22

24h20 18 24 23 22 24 22 22 20

25h33 21 25 22 23 23 21 21 23





26h38 22 22 27 28 26 22 20 24

27h37 23 21 20 23 19 21 23 21

28h31 20 24 19 22 18 22 18 24

29h30 27 31 34 33 33 33 33 21

30 h4 17 21 20 19 21 17 21 21

31 h8 21 23 18 21 17 17 17 23

32 h6 19 27 24 25 25 25 23 17

33hl3 13 19 20 19 21 17 17 19

34 h3 23 29 32 29 29 27 25 25

35h432 22 28 31 28 28 26 24 26

36A29 28 26 31 30 30 28 30 24

37adbb4x 24 26 31 30 28 26 28 26

38 hi 19 15 18 17 19 15 19 25

39hl5 20 22 23 22 24 20 18 18

40hl7 18 20 17 18 18 16 16 20

41 hlO 20 24 21 20 22 22 22 20

42hl4 19 23 18 21 19 21 19 21

43hl9 21 19 20 19 21 19 17 21

44 h9 17 15 20 19 21 15 17 19

45 h5 18 18 19 20 20 18 16 26

46hll 19 21 20 19 21 19 15 21

47dbbwp7yl 21 25 18 23 19 21 21 21

48 3641in2 19 33 30 29 29 31 29 27

49MA18 19 25 22 27 21 19 21 19

50MA12 21 23 28 27 25 21 19 25

51 MAS 21 31 32 27 31 29 33 23

Pairwise distances between taxa (continued)

Below di^onal: Total character differences

Above diagonal: Mean character differences





9 10 11 12 13 14 15
'

16

1 H4yel 0.33898 0.35593 0.37288 0.37288 0.35593 0.40678 0.33898 0.44068

2 ATCC33618 0.33898 0.35593 0.40678 0.37288 0.42373 0.33898 0.40678 0.50847

3 ATCC51314 0.35593 0.37288 0.32203 0.42373 0.40678 0.38983 0.38983 0.52542

4 ATCC51309 0.30508 0.32203 0.37288 0.37288 0.38983 0.33898 0.37288 0.54237

5 ATCC14340 0.33898 0.35593 0.33898 0.44068 0.42373 0.37288 0.40678 0.50847

6 PEI12 0.33898 0.35593 0.40678 0.37288 0.38983 0.44068 0.37288 0.50847

7 PEIl 1 0.33898 0.38983 0.40678 0.40678 0.32203 0.47458 0.30508 0.47458

8 p57 0.271 19 0.22034 0.30508 0.33898 0.32203 0.33898 0.33898 0.44068

^h2 - 0.08475 0.40678 0.40678 0.22034 0.271 19 0.23729 0.37288

1 h 1 2 5 - 0.32203 0.35593 0.23729 0.288 14 0.25424 0.35593

11 hi 6 24 19 -0.20339 0.32203 0.37288 0.30508 0.44068

12hl8 24 21 12 -0.28814 0.40678 0.30508 0.44068

13h41 13 14 19 17 -0.38983 0.01695 0.38983

14 N5 16 17 22 24 23 -0.37288 0.47458

15 h7 14 15 18 18 1 22 -0.40678

16h21 22 21 26 26 23 28 24

17h22 23 22 19 19 22 25 21 15

18h35 17 20 27 29 20 25 21 17

19h36 20 19 26 30 21 28 22 18

20h29 17 20 19 19 20 19 19. 21

21 h34 22 21 24 24 23 20 22 24

22h32 17 18 21 19 16 21 17 27

23h23 20 19 18 16 13 24 14 22

24h20 16 19 20 22 15 14 14 22

25h33 21 20 17 15 12 25 13 23

26h38 16 21 30 24 21 18 22 20

27h37 19 22 27 31 26 23 25 21

28h31 14 19 24 26 19 20 18 22

29h30 21 22 29 29 24 21 25 15





30 h4 15 18 23 23 22 15 21 27 .

31 h8 19 24 19 17 20 21 i9 27

32 h6 13 16 21 23 12 19 13 21

33hl3 17 16 19 19 14 19 13 27

34 h3 17 18 25 25 20 23 19 17

35h432 18 19 26 24 21 22 20 18

36A29 22 23 30 30 29 22 28 18

37adbb4x 18 17 26 26 25 20 24 20

38 hi 21 22 19 19 18 21 17 29

39hl5 16 19 20 18 15 16 14 28

40hl7 18 21 22 16 15 20 14 24

41 hlO 16 17 18 16 9 22 10 26

42hl4 21 24 15 21 20 17 19 31

43hl9 15 18 19 17 12 19 11 25

44 h9 17 18 17 13 18 19 17 23

45 h5 20 21 20 18 17 22 16 22

46hll 19 16 21 21 8 23 7 27

47dbbwp7yl 19 24 19 19 22 19 21 25

48 3641m2 21 22 25 21 22 27 23 19

49MA18 21 22 21 19 24 21 25 25

50MA12 19 20 29 25 20 25 21 19

51MA8 23 20 23 19 24 21 23 25

Pairwisc distances between taxa (continued)

Below diagonal: Total character differences

Above diagonal: Mean character differences

17 18 19 20 21 22 23 24

1 H4yel 0.35593 0.35593 0.37288 0.35593 0.37288 0.28814 0.33898 0.30508

2 ATCC33618 0.42373 0.42373 0.44068 0.45763 0.37288 0.32203 0.40678 0.40678





3 ATCC51314 0.44068 0.44068 0.42373 0.40678 0.38983 0.33898 0.35593 0.38983

4 ATCC51309 0.45763 0.45763 0.47458 0.42373 0.44068 0.35593 0.37288 0.37288

5 ATCC14340 0.45763 0.38983 0.37288 0.42373 0.37288 0.35593 0.37288 0.40678

6 PEI12 0.42373 0.42373 0.44068 0.38983 0.40678 0.25424 0.37288 0.37288

7 PEIl 1 0.42373 0.38983 0.44068 0.38983 0.33898 0.25424 0.37288 0.37288

8 p57 0.35593 0.38983 0.37288 0.38983 0.40678 0.35593 0.37288 0.33898

9 h2 0.38983 0.28814 0.33898 0.28814 0.37288 0.28814 0.33898 0.271 19

10 hl2 0.37288 0.33898 0.32203 0.33898 0.35593 0.30508 0.32203 0.32203

1

1

hl6 0.32203 0.45763 0.44068 0.32203 0.40678 0.35593 0.30508 0.33898

12 hl8 0.32203 0.49153 0.50847 0.32203 0.40678 0.32203 0.271 19 0.37288

13 h41 0.37288 0.33898 0.35593 0.33898 0.38983 0.271 19 0.22034 0.25424

14 N5 0.42373 0.42373 0.47458 0.32203 0.33898 0.35593 0.40678 0.23729

15 h7 0.35593 0.35593 0.37288 0.32203 0.37288 0.28814 0.23729 0.23729

16 h21 0.25424 0.28814 0.30508 0.35593 0.40678 0.45763 0.37288 0.37288

17 h22 - 0.40678 0.32203 0.271 19 0.38983 0.33898 0.35593 0.35593

18 h35 24 - 0.15254 0.33898 0.35593 0.40678 0.38983 0.28814

19h36 19 9 -0.35593 0.37288 0.38983 0.37288 0.37288

20h29 16 20 21 -0.32203 0.30508 0.25424 0.15254

21h34 23 21 22 19 -0.42373 0.30508 0.30508

22h32 20 24 23 18 25 -0.22034 0.28814

23h23 21 23 22 15 18 13 -0.27119

24h20 21 17 22 9 18 17 16 -

25h33 20 24 23 16 19 14 3 17

26h38 19 17 20 19 20 15 20 20

27h37 20 14 13 22 27 22 25 21

28h31 17 23 20 15 24 19 24 20

29h30 18 14 13 20 21 28 27 17

30 h4 22 24 27 14 21 18 21 11

31 h8 22 24 27 12 19 18 13 17

32 h6 20 16 17 12 21 14 15 11

33hl3 16 22 19 14 19 10 11 15





34 h3 20 16 17 16 19 26 27 15 .

35h432 21 15 18 15 18 25 26 14

36A29 21 21 22 19 20 31 28 18

37adbb4x 21 19 18 17 16 25 24 18

38 hi 20 22 21 18 25 10 17 15

39hl5 19 25 24 15 22 11 18 16

40hl7 19 25 28 17 18 17 14 14

41 hlO 25 19 22 17 22 13 10 14

42hl4 24 24 27 14 21 20 21 13

43hl9 20 22 23 16 21 12 17 17

44 h9 18 22 23 12 19 14 17 15

45 h5 21 21 24 19 18 13 14 20

46hll 24 24 25 22 21 18 17 17

47dbbwp7yl 18 22 23 6 23 16 19 11

48 3641m2 20 18 21 14 25 24 23 19

49MA18 24 18 19 18 23 18 21 17

50MA12 20 20 21 18 19 22 21 19

51MA8 22 26 25 16 21 26 21 17

Pairwise distances between taxa (continued)

Below diagonal: Total character dififerences

Above diagonal: Mean character dififerences

25 26 27 28 29 30 31 32

1 H4yel 0.35593 0.37288 0.38983 0.33898 0.45763 0.28814 0.35593 0.32203

2 ATCC33618 0.42373 0.37288 0.35593 0.40678 0.52542 0.35593 0.38983 0.45763

3 ATCC51314 0.37288 0.45763 0.33898 0.32203 0.57627 0.33898 0.30508 0.40678

4 ATCC51309 0.38983 0.47458 0.38983 0.37288 0.55932 0.32203 0.35593 0.42373

5 ATCC 14340 0.38983 0.44068 0.32203 0.30508 0.55932 0.35593 0.28814 0.42373

6 PEI12 0.35593 0.37288 0.35593 0.37288 0.55932 0.28814 0.28814 0.42373





7 PEIl 1 0.35593 0.33898 0.38983 0.30508 0.55932 035593 0.28814 0.38983

8 p57 0.38983 0.40678 0.35593 0.40678 0.35593 0J5593 0.38983 0.28814

9 h2 0.35593 0.271 19 0.32203 0.23729 0.35593 0.25424 0.32203 0.22034

10 hl2 0.33898 0.35593 0.37288 0.32203 0.37288 0.30508 0.40678 0.271 19

1

1

hl6 0.28814 0.50847 0.45763 0.40678 0.49153 0.38983 0.32203 0.35593

12 hl8 0.25424 0.40678 0.52542 0.44068 0.49153 0.38983 0.28814 0.38983

13 h41 0.20339 0.35593 0.44068 0.32203 0.40678 0.37288 0.33898 0.20339

14 N5 0.42373 0.30508 0.38983 0.33898 0.35593 0.25424 0.35593 0.32203

15 h7 0.22034 0.37288 0.42373 0.30508 0.42373 0.35593 0.32203 0.22034

16 h21 0.38983 0.33898 0.35593 0.37288 0.25424 0.45763 0.45763 0.35593

17 h22 0.33898 0.32203 0.33898 0.28814 0.30508 0.37288 0.37288 0.33898

18 h35 0.40678 0.28814 0.23729 0.38983 0.23729 0.40678 0.40678 0.271 19

19 h36 0.38983 0.33898 0.22034 0.33898 0.22034 0.45763 0.45763 0.28814

20 h29 0.271 19 0.32203 0.37288 0.25424 0.33898 0.23729 0.20339 0.20339

21 h34 0.32203 0.33898 0.45763 0.40678 0.35593 0.35593 0.32203 0.35593

22 h32 0.23729 0.25424 0.37288 0.32203 0.47458 0.30508 0.30508 0.23729

23 h23 0.05085 0.33898 0.42373 0.40678 0.45763 0.35593 0.22034 0.25424

24 h20 0.28814 0.33898 0.35593 0.33898 0.28814 0.18644 0.28814 0.18644

25 h33 - 0.35593 0.44068 0.38983 0.47458 0.33898 0.23729 0.271 19

26h38 21 -0.32203 0.33898 0.32203 0.28814 0.32203 0.32203

27h37 26 19 -0.25424 0.27119 0.40678 0.44068 0.33898

28h31 23 20 15 -0.38983 0.35593 0.28814 0.28814

29h30 28 19 16 23 -0.40678 0.50847 0.30508

30 h4 20 17 24 21 24 -0.27119 0.30508

31 h8 14 19 26 17 30 16 -0.37288

32 h6 16 19 20 17 18 18 22

33hl3 12 21 20 15 26 18 16 12

34 h3 26 19 20 15 14 20 22 20

35h432 25 18 21 16 15 19 21 21

36A29 29 16 23 22 17 21 27 23

37adbb4x 27 20 21 18 15 21 23 21





38 hi 18 21 24 23 30 20 16 18

39hl5 19 18 21 12 25 19 17 11

40hl7 15 16 25 18 25 13 7 19

41hlO 11 20 25 22 25 17 13 17

42hl4 22 21 26 19 24 16 14 18

43hl9 18 19 22 13 26 20 16 12

44 h9 18 17 24 19 26 12 12 18

45 h5 15 18 23 16 25 21 15 19

46hll 16 25 28 21 28 22 22 18

47dbbwp7yl 20 19 22 17 22 12 12 14

48 3641m2 24 19 24 17 20 24 22 20

49MA18 24 21 22 23 20 18 18 18

50MA12 22 17 24 23 20 20 22 22

51 MAS 20 25 24 23 18 18 22 24

Pairwise distances between taxa (continued)

Below diagonal: Total character differences

Above diagonal: Mean character differences

33 34 35 36 37 38 39 40

1 H4yel 0.22034 0.38983 0.37288 0.47458 0.40678 0.32203 0.33898 0.30508

2 ATCC33618 0.32203 0.49153 0.47458 0.44068 0.44068 0.25424 0.37288 0.33898

3 ATCC51314 0.33898 0.54237 0.52542 0.52542 0.52542 0.30508 0.38983 0.28814

4 ATCC51309 0.32203 0.49153 0.47458 0.50847 0.50847 0.28814 0.37288 0.30508

5 ATCC 14340 0.35593 0.49153 0.47458 0.50847 0.47458 0.32203 0.40678 0.30508

6 PEI12 0.28814 0.45763 0.44068 0.47458 0.44068 0.25424 0.33898 0.271 19

7 PEIl 1 0.28814 0.42373 0.40678 0.50847 0.47458 0.32203 0.30508 0.271 19

8 p57 0.32203 0.42373 0.44068 0.40678 0.44068 0.42373 0.30508 0.33898

9 h2 0.28814 0.28814 0.30508 0.37288 0.30508 0.35593 0.271 19 0.30508

10 hl2 0.271 19 0.30508 0.32203 0.38983 0.28814 0.37288 0.32203 0.35593

1

1

hl6 0.32203 0.42373 0.44068 0.50847 0.44068 0.32203 0.33898 0.37288
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12 hl8 0J2203 0.42373 0.40678 0.50847 0.44068 0.32203 0.30508 0.271 19

13 h41 0.23729 0.33898 0.35593 0.49153 0.42373 0.30508 0.25424 0.25424

14 N5 0.32203 0.38983 0.37288 0.37288 0.33898 0.35593 0.271 19 0.33898

15 h7 0.22034 0.32203 0.33898 0.47458 0.40678 0.28814 0.23729 0.23729

16 h21 0.45763 0.28814 0.30508 0.30508 0.33898 0.49153 0.47458 0.40678

17 h22 0.271 19 0.33898 0.35593 0.35593 0.35593 0.33898 0.32203 0.32203

18 h35 0.37288 0.271 19 0.25424 0.35593 0.32203 0.37288 0.42373 0.42373

19 h36 0.32203 0.28814 0.30508 0.37288 0.30508 0.35593 0.40678 0.47458

20 h29 0.23729 0.27 1 1 9 0.25424 0.32203 0.288 1 4 0.30508 0.25424 0.288 14

21 h34 0.32203 0.32203 0.30508 0.33898 0.271 19 0.42373 0.37288 0.30508

22 h32 0.16949 0.44068 0.42373 0.52542 0.42373 0.16949 0.18644 0.28814

23 h23 0.18644 0.45763 0.44068 0.47458 0.40678 0.28814 0.30508 0.23729

24 h20 0.25424 0.25424 0.23729 0.30508 0.30508 0.25424 0.271 19 0.23729

25 h33 0.20339 0.44068 0.42373 0.49153 0.45763 0.30508 0.32203 0.25424

26 h38 0.35593 0.32203 0.30508 0.271 19 0.33898 0.35593 0.30508 0.271 19

27 h37 0.33898 0.33898 0.35593 0.38983 0.35593 0.40678 0.35593 0.42373

28 h31 0.25424 0.25424 0.271 19 0.37288 0.30508 0.38983 0.20339 0.30508

29 h30 0.44068 0.23729 0.25424 0.28814 0.25424 0.50847 0.42373 0.42373

30 h4 0.30508 0.33898 0.32203 0.35593 0.35593 0.33898 0.32203 0.22034

3

1

h8 0.271 19 0.37288 0.35593 0.45763 0.38983 0.271 19 0.28814 0.1 1864

32 h6 0.20339 0.33898 0.35593 0.38983 0.35593 0.30508 0. 1 8644 0.32203

33 hl3 - 0.40678 0.38983 0.49153 0.38983 0.20339 0.15254 0.25424

34 h3 24 - 0.01695 0.22034 0.1 1864 0.40678 0.35593 0.35593

35h432 23 1 -0.23729 0.13559 0.38983 0.37288 0.33898

36A29 29 13 14 -0.20339 0.45763 0.44068 0.40678

37adbb4x 23 7 8 12 -0.38983 0.37288 0.40678

38 hi 12 24 23 27 23 -0.28814 0.25424

39hl5 9 21 22 26 22 17 -0.27119

40hl7 15 21 20 24 24 15 16

41hl0 13 21 20 30 22 15 16 14

42hl4 16 24 23 25 23 20 17 15





43hl9 12 20 21 27 21 16 3 15

44 h9 12 20 19 21 19 14 \3 13

45 h5 13 19 18 26 20 17 12 14

46hll 12 22 21 29 27 18 19 15

47dbbwp7yl 18 20 19 23 21 16 17 15

48 3641in2 20 18 17 21 21 26 21 21

49MA18 22 22 21 25 17 18 23 19

50MA12 22 18 17 21 21 24 27 21

51MA8 20 18 17 21 17 28 23 21

Pairwise distances between taxa (continued)

Below diagonal: Total character differences

Above diagonal: Mean character differences

41 42 43 44 45 46 47 48

1 H4yel 0.33898 0.32203 0.35593 0.28814 0.30508 0.32203 0.35593 0.32203

2 ATCC33618 0.40678 0.38983 0.32203 0.25424 0.30508 0.35593 0.42373 0.55932

3 ATCC51314 0.35593 0.30508 0.33898 0.33898 0.32203 0.33898 0.30508 0.50847

4 ATCC51309 0.33898 0.35593 0.32203 0.32203 0.33898 0.32203 0.38983 0.49153

5 ATCC14340 0.37288 0.32203 0.35593 0.35593 0.33898 0.35593 0.32203 0.49153

6 PEI12 0.37288 0.35593 0.32203 0.25424 0.30508 0.32203 0.35593 0.52542

7 PEIl 1 0.37288 0.32203 0.28814 0.28814 0.271 19 0.25424 0.35593 0.49153

8 p57 0.33898 0.35593 0.35593 0.32203 0.44068 0.35593 0.35593 0.45763

9 h2 0.271 19 0.35593 0.25424 0.28814 0.33898 0.32203 0.32203 0.35593

10 hl2 0.28814 0.40678 0.30508 0.30508 0.35593 0.271 19 0.40678 0.37288

1

1

hl6 0.30508 0.25424 0.32203 0.28814 0.33898 0.35593 0.32203 0.42373

12 hl8 0.271 19 0.35593 0.28814 0.22034 0.30508 0.35593 0.32203 0.35593

13 h41 0.15254 0.33898 0.20339 0.30508 0.28814 0.13559 0.37288 0.37288

14 N5 0.37288 0.288 14 0.32203 0.32203 0.37288 0.38983 0.32203 0.45763

15 h7 0.16949 0.32203 0.18644 0.28814 0.27119 0.11864 0.35593 0.38983

16 h21 0.44068 0.52542 0.42373 0.38983 0.37288 0.45763 0.42373 0.32203
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17 h22 0.42373 0.40678 0.33898 0.30508 0.35593 0.40678 0.30508 0.33898

18 h35 0.32203 0.40678 0.37288 0.37288 0.35593 0.40678 0.37288 0.30508

19 h36 0.37288 0.45763 0.38983 0.38983 0.40678 0.42373 0.38983 0.35593

20 h29 0.28814 0.23729 0.271 19 0.20339 0.32203 0.37288 0.10169 0.23729

21 h34 0.37288 0.35593 0.35593 0.32203 0.30508 0.35593 0.38983 0.42373

22 h32 0.22034 0.33898 0.20339 0.23729 0.22034 0.30508 0.271 19 0.40678

23h23 0.16949 0.35593 0.28814 0.28814 0.23729 0.28814 0.32203 0.38983

24 h20 0.23729 0.22034 0.28814 0.25424 0.33898 0.28814 0.18644 0.32203

25 h33 0.18644 0.37288 0.30508 0.30508 0.25424 0.271 19 0.33898 0.40678

26 h38 0.33898 0.35593 0.32203 0.28814 0.30508 0.42373 0.32203 0.32203

27 h37 0.42373 0.44068 0.37288 0.40678 0.38983 0.47458 0.37288 0.40678

28 h31 0.37288 0.32203 0.22034 0.32203 0.271 19 0.35593 0.28814 0.28814

29 h30 0.42373 0.40678 0.44068 0.44068 0.42373 0.47458 0.37288 0.33898

30 h4 0.28814 0.271 19 0.33898 0.20339 0.35593 0.37288 0.20339 0.40678

31 h8 0.22034 0.23729 0.271 19 0.20339 0.25424 0.37288 0.20339 0.37288

32 h6 0.28814 0.30508 0.20339 0.30508 0.32203 0.30508 0.23729 0.33898

33 hl3 0.22034 0.271 19 0.20339 0.20339 0.22034 0.20339 0.30508 0.33898

34 h3 0.35593 0.40678 0.33898 0.33898 0.32203 0.37288 0.33898 0.30508

35 h432 0.33898 0.38983 0.35593 0.32203 0.30508 0.35593 0.32203 0.28814

36 A29 0.50847 0.42373 0.45763 0.35593 0.44068 0.49153 0.38983 0.35593

37 adbb4x 0.37288 0.38983 0.35593 0.32203 0.33898 0.45763 0.35593 0.35593

38 hi 0.25424 0.33898 0.271 19 0.23729 0.28814 0.30508 0.271 19 0.44068

39 hl5 0.271 19 0.28814 0.05085 0.22034 0.20339 0.32203 0.28814 0.35593

40 hl7 0.23729 0.25424 0.25424 0.22034 0.23729 0.25424 0.25424 0.35593

41 hlO - 0.25424 0.22034 0.22034 0.23729 0.25424 0.28814 0.32203

42 hl4 15 - 0.30508 0.23729 0.35593 0.33898 0.20339 0.30508

43hl9 13 18 -0.20339 0.15254 0.30508 0.30508 0.37288

44 h9 13 14 12 -0.22034 0.37288 0.23729 0.37288

45 h5 14 21 9 13 -0.32203 0.35593 0.38983

46hll 15 20 18 22 19 -0.37288 0.37288

47dbbwp7yl 17 12 18 14 21 22 -0.30508





48 3641m2 19 18 22 22 23 22 18 -

49MA18 23 18 24 18 23 26 "

14 24

50MA12 25 24 28 20 25 22 20 24

51 MAS 19 20 24 20 23 24 20 14

Pairwise distances between taxa (continued)

Below diagonal: Total character differences

Above diagonal: Mean character differences

49 50 51

1 H4yel 0.32203 0.35593 0.35593

2 ATCC336 1 8 0.42373 0.38983 0.52542

3 ATCC51314 0.37288 0.47458 0.54237

4 ATCC5 1309 0.45763 0.45763 0.45763

5 ATCC14340 0.35593 0.42373 0.52542

6 PEI12 0.32203 0.35593 0.49153

7 PEI 1 1 0.35593 0.32203 0.55932

8 p57 0.32203 0.42373 0.38983

9h2 0.35593 0.32203 0.38983

10hl2 0.37288 0.33898 0.33898

1 1 h 1 6 0.35593 0.49 1 53 0.38983

12hl8 0.32203 0.42373 0.32203

13h41 0.40678 0.33898 0.40678

14 N5 0.35593 0.42373 0.35593

15 h7 0.42373 0.35593 0.38983

16h21 0.42373 0.32203 0.42373

17h22 0.40678 0.33898 0.37288

1

8

h35 0.30508 0.33898 0.44068

19 h36 0.32203 0.35593 0.42373

20h29 0.30508 0.30508 0.27119

21 h34 0.38983 0.32203 0.35593

22 h32 0.30508 0.37288 0.44068





23h23 0.35593 0.35593 0.35593

24h20 0.28814 0.32203 0.28814

25h33 0.40678 0.37288 0.33898

26h38 0.35593 0.28814 0.42373

27 h37 0.37288 0.40678 0.40678

28h31 0.38983 0.38983 0.38983

29 h30 0.33898 0.33898 0.30508

30 h4 0.30508 0.33898 0.30508

31 h8 0.30508 0.37288 0.37288

32 h6 0.30508 0.37288 0.40678

33 hl3 0.37288 0.37288 0.33898

34 h3 0.37288 0.30508 0.30508

35h432 0.35593 0.28814 0.28814

36A29 0.42373 0.35593 0.35593

37adbb4x 0.28814 0.35593 0.28814

38 hi 0.30508 0.40678 0.47458

39 h 1 5 0.38983 0.45763 0.38983

40hl7 0.32203 0.35593 0.35593

41 hlO 0.38983 0.42373 0.32203

42hl4 0.30508 0.40678 0.33898

43 h 1 9 0.40678 0.47458 0.40678

44 h9 0.30508 0.33898 0.33898

45 h5 0.38983 0.42373 0.38983

46 h 1 1 0.44068 0.37288 0.40678

47 dbbwp7yl 0.23729 0.33898 0.33898

48 3641m2 0.40678 0.40678 0.23729

49MA18 -0.30508 0.40678

50MA12 18 -0.40678

51 MA8 24 24
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Appendix V.

Figure V. 1. Dendrogram ofAFLP fragment differences from primer combination EO+MA
for Pseudomonas sp. isolates created by NJ method using PAUP 4.10b. NJ tree was

created using 99 characters obtained from EO+MA primer combination. Under blotch

color: I^HHH- dark brown blotch (pathotype A), ^^mm- brown blotch (pathotype B),

1 I- yellow blotch (pathotype C), and I h no blotch (group D).

Blotch Color
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Figure V.2.DendrogramofAFLP fragment differences from primer combination

EGC+MCAG for Pseudomonas sp. isolates created by NJ method using PAUP 4.10b.

The NJ tree was created using 49 characters (fragments) obtained from EGC+MCAG
primer combination. Under blotch color:- dark brown blotch (pathotype A),- brown blotch (pathotype B), \ \- yellow blotch (pathotype C), and

'

no blotch (group D).

Blotch Co
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Figure V.3 Dendrogram ofAFLP fragment differences from primer combinations

EGC+MT and EGC+MCAG for Pseudomonas sp. isolates created by NJ method using

PAUP 4.10b. The NJ tree was created using 113 characters (fragments). Under blotch

colour:- dark brown blotch (pathotype A), wm^^m- brown blotch (pathotype B),

I I- yellow blotch (pathotype C), and i h no blotch (group D).

Blotch Colour
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Figure V.4. DendrogramofAFLP fragment differences from primer combination

EGC+MT for pathogenic Pseudomonas sp. isolates created by NJ method using PAUP
4. 1 Ob. The NJ tree was created from 59 characters (fragments) obtained from EGC+MT
primer combination. Under blotch colour: wa^^m- dark brown blotch (pathotype A),

brown blotch (pathotype B), and I h yellow blotch (pathotype C).

Blotch Colour
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Figure V.5. Bootstrapped dendrogram :)fPseudomonas sp. isolates representing distinct

clusters from Figure 9 (chapter 2). The resulting tree is from NJ search of 1000 trees.

This analysis contains 1 8 isolates that cause various blotch symptoms and 3 isolates that

do not cause any visible symptom of blotch on mushrooms. Under blotch color:-
dark brown blotch (pathotype A), i^i- brown blotch (pathotype B), i \- yellow

blotch (pathotype C), and dZZZH- no blotch (group D).

Blotch Color
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