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ABSTRACT

The study examined the physical and biotic factors which affect 

the host-parasite relationship between the necrotrophic fungus 

Hvcooone perniciosa (Magnus) and its host Anaricus bisporus (Lange)

Sing, in vivo and in vitro and the relevance of these factors to the 

conditions under which A.bisporus is conmercially cultivated.

The effect of environmental variables on growth of H.pemiciqsa 

varied depending on its developmental stage. Mycelial growth j" vitro 

on media developed specifically for this work was optimum at 25°C, 

pH 4.1 and C : N ratio 55 : 1. Growth of the fungus occurred on media 

containing Na-carboxymethylcellulose. sucrose, chitin or galactoroannan. 

The environmental conditions found to be optimum for M.perniciosa 

in vitro closely paralleled the conditions under which A.bisporus is 

cultivated comaercially. Germination trials showed that verticillate 

conidia genainate most readily at 18°C. chlamydospores at 25®C. Relative 

proportions and overall production of the two types of M.perniciosa 

spores was also temperature dependant. Conidia were air dispersed.

H.perniciosa exhibits biotrophic tendencies in the presence of

A.bisporus. Saprophytic ability of H.pernicipja appeared greater in the

absence than in the presence of the host, with a high susceptibility 

to fungtstasis in composts and casing. Inoculation tests in vitro 

and io vivo identified a range of fungi as being potential hosts of

H.pernicio^

A structural study was made of infected host tissue. M. pernicio«
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appeared to cause highly localised host cell wall breakdown. The 

hypothesis that enzymic degradation of host cell walls is an important 

part of disease development was confirmed by ultrastructural observations 

and by the assay of wall hydrolase enzymes.

The development of infected tissue appeared to be dependant on toxins 

and growth promoting substances originating from both the host and the 

pathogen. Disease development was also dependant on antibiosis resulting 

from other organisms colonising the compost and casing layers.

•I*

M y

Attempts were made to control M.perniciosa in cropping beds using 

such antag^nostic bacteria. Isolates showing most potential were 

Pseudomonas bacteria of species group 3 (P..fljlor^cens complex). Disease 

control was expressed as both (i) a reduction in the development of 

infected sporophore tissue, and (ii) an increase in the yield of healthy 

sporophores in the presence of the pathogen. Correlation between 

antagonism of M.perniciosa in vitro and disease control was greatest

in the former case.

The level of disease control achieved by inoculating antagonistic 

bacteria to A.bisporus casing heavily infected with M.perniciosa was 

significant but was highly variable.

fi; ,
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INTRODUCTION AND LITERATURE REVIEW

f L I *

Cultivation of edible mushrooms in the U.K.

Production of edible mushrooms in the U.K. is, with few exceptions, 

concerned with culture of one species. Agarieus bisporus (Lange) Sing.

Mushroom growing, as opposed to the picking of fruit bodies appearing 

in the wild was first started in France, c. 1650, using spent manure and 

straw from hot beds used in the cultivation of melons and cucumbers. This 

was followed by a period in which mushrooms were produced in increasingly 

regulated conditions in the 18th and 19th centuries, both in caves and later 

in specially designed buildings.

Typically mushrooms were grown on a substrate rich in horse manure and 

wheat straw which had been stacked in a yard and left for c. 4 weeks to 

enable 'conditioning* to occur. The composting process was found to be 

aided by turning of the stack by a number of times during the course of 

fermentation. When the grower decided that the compost was ready it was 

laid out in beds on the floor, (usually bare earth), and inoculated with 

colonised compost from the previous crop. The beds were then left for a 

period of time to enable the mycelium to colonise the new substrate. The 

length of time for the complete colonisation of composts under such 

conditions would have been variable depending on the growing conditions

encountered.

The beds were subsequently covered with a layer of soil or marl.

(known as the casing layer). This last treatment was found to be essential

for the successful Initiation of fruit bodies.

Modern mushroom production, comprehensively reviewed by Atkins (1974) 

and Vedder. (1978). Is Increasingly sophisticated with the introduction of

>!•'. ’V i
■ . ■ '
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computerised environmental control within purpose built cropping houses. 

Furthermore the use of mass pasteurisation and conditioning techniques 

within closely monitored 'tunnels' and the introduction of semi-synthetic 

composts with a reduction in the use of manure, together with the 

development of rapid composting techniques has resulted in modern mushroom 

production being more akin to an industrial process than is any other 

horticultural system. The operation of casing as a means of initiating 

fructification is still required however. At present this is done with 

the application of a layer (c. 3.5-4 cm thick) of material to the compost 

surface. The exact composition of this layer varies from country to 

country and from farm to farm. In the U.K. most growers use a mixture of 

ground chalk, or limestone, and moss peat at pH 7.0 - 7.5. This casing 

layer is essential for consistent production of sporophores. The nature 

of this initiation phenomenon has been extensively researched by a number 

of authors.

The microflora of the casing layer, (particularly Pseudomonad. 

bacteria) has been shown to be essential for fructification to occur using 

standard casing material, (Flegg, 1979, Hayes, Randle and Last, 1969) and 

it was shown that in particular P. putida can be responsible for fruit 

body initiation.

The concentration of CO2 in the beds and in the air is also critical 

in determining the point at which vegetative growth will cease and fruit 

body initiation will occur, assuming that other conditions are conducive

to the process, (Long and Jacobs, 1974).

It has been suggested that air and compost temperatures and nutrient

levels in the casing layer are major factors in fruit body initiation, 

(Paranjpe and Chen, 1979, Flegg, 1980). However the exact nature of any



of these influences is far from clear. Initiation of sporophores was 

shown to be possible In the absence of conducive micro-organisms with a 

nutritionally Inert casing layer of activated charcoal In sterile 

conditions by Long and Jacobs, (1974).

-—  Humidity and temperature are also Influential In the successful 

Initiation of sporophores. (Vedder, 1978).

The effect of each of these factors on the process of Initiation in

A.bisporus will vary between Individual strains but the requirement of a 

casing layer for fructification under commercial conditions Is Inescapable.

Disease problems associated with mushroom culture

From the early days of mushroom production growers have been faced, 

until recently not only with the unpredictable nature of the crop Itself, 

but to this day with a number of pests and diseases affecting the mushrooms 

and the substrate on which they are grown.

Notably a disease known as 'La Molle' was recognised as probably the 

growers' most serious problem. Smith (1924) refers to earlier records of 

1888 and 1889 in which the parasitic fungus associated with Infected 

mushrooms was named as Hypoinyces perniciosus. The fungus was renamed 

Mycogone perniciosa (Magnus) by Constantin and Dufour (1892).

V “ 'La Molle', later known as Wet Bubble disease, of Agaricus bisporus

was first accurately described by Smith (1924).

The appearance of the disease was seen not to be related to any 

particular stage In the crop. In some Instances Infection occurring at the 

start of cropping, at other times when the crop ^  well advanced.



Mushrooms affected by the disease show deformity of the gills with the 

presence of a white mycelial covering,.in addition deformity of the cap 

with the appearance of irregular bubbling of the surface may occur. In 

some cases a dense covering of mycelium may be present on the stipe.

In extreme cases the infection may cause total disruption of the 

mushroom tissue, resulting in the formation of 'sclerodermoid' masses, or 

near spherical tissue masses bearing no outward resemblance to a typical 

fruit body of A.bisporus. It was considered that the exact nature of the 

infected material produced is related to the stage in sporophore 

differentiation at which it was infected. Characteristically the 

sclerodermoid tissue exudes droplets of amber coloured liquid (Plate II) 

while producing a characteristically unpleasant smell. It was assumed 

that this exudation was due to enzymic action by the pathogen on the host 

tissue, (Smith, 1924).

The fungus associated with Wet Bubble disease of A.bisporus, Mycogone 

perniciosa, (Magnus) was identified as a separate species from Mycogone 

rosea by Constantin and Dufour, (1892), the latter species later being

shown to parasitize Agaricus hortensis.

A member of the fungi iroperfectii H.perniciosa has no known sexual 

stage, although it is assumed to be the imperfect stage of a member of the

Hypomyces genus, (Brady, 1978).

Both in pure culture and on infected sporophore tissue it produces 

two types of conidia. a phialidic or verticilliun like state, and a blastic 

chlamydospore state. The former are produced singly on whorled 

verticillate conidiophores and are typically uni-septate and thin walled. 

(11-15 X 2-3;,m). (Plate 12). The latter are typically produced on the 

older regions of plate cultures. They are bi-cellular with an upper warty
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PLATE X.l. 8cl«rod«r*old tiumum produced on A.Mnporut 
Pods Infoctod with M.pornicioss. Tho^issuo snrfseo is 
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Note the presence of droplets of liquid, which sre srt>er 
in colour, on the tissue surface (arrowed).
Bar represents 1 cn.
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PLATE X.l. 8cl#rod«r*oid tissu« produced on A.bieporue 
beds infected with M.pemlcioee. The^ieeue eurfece le 
covered with white M.pemlcloee nycellua.
Note the presence of droplets of liquid, which are sube 
in colour, on the tissue surface (arrowed).
Bar represents 1 cn.







and a lower hyaline cell. (13-3 x 16-31 pm and 8-13 x 8-17 jjm respectively).

The presence of the chlamydospore stage, giving both cultures and infected 

sporophores a light brown velvety appearance is generally regarded as 

being diagnostic of Wet Bubble. Vegetative hyphae are typically narrow.

(3-4 pm), frequently septate and with dense multinucleate cytoplasm,

(Smith, 1924).

There are no reports of marked differences between isolates of 

M.perniciosa in terms of pathogenicity, (Gandy, 1979). Differences 

do occur between isolates in terms of levels of viral infection in 

H.perniciosa affecting growth rate in pure culture, but this has no 

apparent effect on pathogenicity, (Atkey and Barton, 1976,.Vincent-

Davies, 1972).

The host range of H.perniciosa has not been extensively Investigated.

Brady and Gibson (1976b) lists five basidlomycete fungi as being potential 

hosts In the*w11d. Parasitatlon of fungi other than A.bisponis by

M.pern1c1olTha‘s*'on^y been recorded In two other Instances (Barron and
^ 0  th t  d i i

Fletcher, 1972, Moore, 1959).

lU'r^'icilon'on.lshrooms In the U.K. has risen from 11.000 ‘<1

tonnes In m O  to'a'ievei oV 50.000 tonnes In 1977. The current 

turnover of the Industry Is c.i63 million, the most economically 

Important protected crop In the U.K.. (Hinton. 1982).

There have been a number of attempts to estimate the value of crop 

losses due to pests and disease. Smith (1924) stated that Het Bubble 

was the single most Important disease problem affecting mushrooms, 

occurring In all districts of England where mushrooms were cultivated.

V  Forer. Wuest and Hagner (1974) looked at the effect of the disease 

on returns for mushrooms crops In Pennsylvania (USA) and estimated a loss 

of 4t due to wet Bubble disease, second only to losses caused by Verticmiunv ,| 

malthousel (syn.V.fungIcola). (10.3t). In the U.K. Het Bubble disease



was, until recently, the principal fungal disease. A questionnaire 

sent to growers revealed that the majority of farms with no Wet Bubble 

had less than 10 cropping houses, with an overall occurrence of 73% 

of farms infected. Of farms with over 100,000 sq.ft, of cropped area/ 

annum, 84% were infected with M.perniciosa, more than with any other 

fungal pathogen. The present situation is likely to be somewhat 

different with Dry Bubble, (VerticiIlium fungicola) apparently causing 

the greatest losses, although there is no recent survey data published. 

(Gaze, 1985). It is apparent however, that losses due to Wet Bubble 

remain significantly high both in the U.K., Western Europe and America, 

as well as in developing countries, (Forer, Wuest and Wagner, 1974).

While there are reports that brown and off-white strains of

A.bisporus are more resistant to Wet Bubble that white strains, (Brady 

and Gibson, 1976b), there is no indication that individual strains of 

'white' mushrooms,as grown predominantly in the U.K.,show any variation 

in resistance to the disease. So long as consumers demand white 

mushrooms for fresh consumption, and the increased resistance to virus 

infection by such strains is an important consideration, the relevance 

of such resistance to fungal infection is of no practical importance.

Infection of A.bisporus by M.perniciosa

Smith (1924) stated that M.perniciosa is unable to grow alongside 

vegetative hyphae of A.bisporus and that the pathogen was rarely found 

in cropping beds below the level of the casing layer. He also noted that 

M.perniciosa was capable of growing and surviving in a range of soil types.



This is in contradiction to observations by other workers, (Fletcher and 

Ganney, 1968, Vincent-Oavies, 1972), who observed that many verticillate 

conidia were lysed within 72h in non-sterile soils, and that M,pemiciosa 

has a generally low competitive saprophytic ability. Furthermore, it has 

been shown that M.perniciosa is unable to grow through the casing layer 

prior to infection, requiring direct contact with A.bisporus initials or 

sporophore tissue before germination of chlamydospores and subsequent 

infection can occur. The presence of an unidentified ‘germination factor' 

in sporophore tissue, and its absence in vegetative mycelium, was

i therefore inferred^ (Vincent-Davies, 1972).

Despite the evidence of Smith, (1924), it seems likely that infection,

on the basis of present knowledge, is the result of the introduction of 

M.pemiciosa chlamydospores to the crop. The role of verticillate comdia 

appears to be that of building up existing infection as they are apparently 

susceptible to lysis in soils, including casing soil, and therefore are 

assumed to have no role in 'carrying over' infection between crops.

Infection of sporophores by actively growing vegetative mycelium is unlikely.

(Vincent-Davies, 1972).

The application of H.Derniclosa conidia to composts prior to casing of 

the crop was shown to have little or no effect In producing disease 

symptoms. (Smith. 1924. Fletcher and Ganney. 1968). Only where Introduction 

of H.pemlclosa conidia occurs at casing or subsequent to It does the 

production of Infected material occur to any great extent. There Is no 

particular size or stage of sporophore development at which Infection

preferentially occurs, (Smith, 1924).

The role of substrate and environment In growth and spread of 

H.perniclosa has not been fully Investigated. Smith. (1924). determined the

'<1
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optimum temperature for growth ^  vitro as between 22®-25 C, with a 

minimum temperature of 10®-17°C, and maximum of 28°-32®C.

Optimum pH was shown to be 5.5-6.5, with glucose the best carbon 

source for vegetative grovrth, (Espinasse and Touze-Soulet, 1968).

Spread of inoculum was shown to occur principally in run-off water 

from infected beds, (Fletcher and Ganney, 1968). Re-inoculation to beds 

was also seen to occur with dust from previous crops and on the hands and 

cutting knives of workers. Cross and Jacobs (1968) considered that casing 

material could become contaminated during storage as a result of contact 

with contaminated dust and water, after steam sterilisation and prior to

usage.

Aerial spread of conidia was considered a possibility by Zoberi, 

(1961). Cross and Jacobs (1968) similarly found evidence of aerial 

dispersal from pure cultures of M.perniciosa. The importance of this 

was questioned by Fletcher and Ganney (1968) who found little evidence 

to suggest that spores could be released from infected beds ^  viv£» 

and concluded that such dispersal was unlikely to contribute to the 

spread of the disease.

The dispersal of spores by flies was examined by Fletcher and Ganney. 

(1968) who found no evidence to suggest that spread of the disease could

occur in this manner.

M.perniciosa appears to have a poor ability to colonise compost 

and casing soil, (Fletcher and Ganney, 1968) and non-cropping soils, 

(Vincent-Davies, 1972). It seems unlikely however, that spread of 

the disease with water as the sole means of dispersal is sufficient 

to account for the rapid spread of the disease that is possible 

in some circumstances, as has been apparent in Taiwan,

(Forer et al, 1974). The means by which M.pernicios^
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may be dispersed is in need of re-appraisal.

Control measures suggested by Smith, (1924), were based on 

disinfection of areas of disease on the beds and of treatment of the 

cropping house with lysol, (1.5-2X), formalin, (2X) and coal-tar, (1.5-2X). 

Similarly, the boots and cutting knives of workers should be disinfected at

regular intervals.

Brady*"flSi6l^%ns1dered that maintaining a low temperature (< 16'C)

In cropping houses was Important in reducing development of the disease. 

Treatment of casing material prior to usage, chlorinated water, formalin 

(2*). or fumigation with methyl bromide was also suggested as a means of

reducing the incidence of disease.

The use of chemical fungicides for the control of Wet Bubble in

mushrooms was reviewed by Gandy and Spencer. (1978). They concluded that 

the best control could be achieved using Chlorthalonil (flowable formulation) 

or more recently Prochloraz manganese may be satisfactory (Van Zaayen and Van 

Adrichem. 1982. Van Zaayen. 1983). Benlate. Zineb and Hancozeb can also be 

effective although Instances of Zineb tolerance and Benlate tolerance have 

been noted for H.perniciosa and other fungal pathogens of A.bisporus. 

particularly V.funqicola. (Brady^.JÎzi^'jfîStcher and Yarham (1976). Gandy and

Spencer, (1976), Samuels and Johnston, (1980).

That the mushroom crop is itself a fungus leads to problems associated

with the use of broad spectrm. fungicides, leading to a balance between 

possible damage to the crop and the need for effective control of fungal

diseases having to be struck.

That control of fungal diseases can be achieved using non-chemical

means has been considered a possibility.^

The whole process of mushroom cultivation has been likened to a complete
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biological control system by Baker and Cook, (1974), who considered the 

highly specific nature of the composting and cropping system to have 

been inadvertently developed as a model for the production of an 

environment suitable for the crop and with the exclusion of non-beneficial 

organisms, with the exception of a small nunber of pests and diseases.

That the system may be further modified to widen the scope of such 

exclusion has been recently shown with the isolation of strains of 

Verticillium lecanii parasitic on sciarid flies, commonly affecting 

mushrooms resulting in successful control of the pests within glasshouse

environments (Hall, 1980, Spencer, 1980).

The extension of such biological control to the control of fungal

diseases of mushrooms was considered a possibility using Tfichoderma virjde 

and Acremonium strictum (Gandy, 1979, Oe Troghoff and Ricard, 1976); 

however, both of these fungi may under some circumstances, adversely affect

mushroom crops.

■ n

Mechanisms of pathogenesis by M.perniciosa

Vincent-Oavles. (1972). observed that chlamydospores only germinated 

in the incediate vicinity of sporophore tissue. Subsequent growth within 

infected tissue is between the cells of A.bisppnjs. (Smith. 1924) and is 

seldom intra-cellular. (Vincent-Davies. 1972). Infection of tissue 

resulting in sclerodermoid mass fonaation induced the death of A.bisporus 

cells at the outer surface. (Smith. 1924). Sclerodermoid mass formation 

was considered to be the result of induced hypertophy and hyperplasia in
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infected tissue with subsequent degradation by a range of enzymes 

resulting in the typical odour and liquid exudation in advanced 

sclerodermoid nasses. (Smith. 1924. Vincent-Oavles. 1972). Vincent-Oavles 

(1972). suggested that the expansion phase of sclerodermoid mass 

development was In some way regulated by vitamins, or by hormones of an 

unknown nature, or more simply by the loss of host cell / cell contact and 

therefore control of cell division by the host. The Agaricus / l^ogoTO 

systen was considered to be the result of Interaction between two 

unidentified factors, ultimately symptom expression being the result of 

Interaction between such mutually contradictory 'factors'. There Is no 

record of ».perniciosa producing hormone-like substances or antibiotics, 

although H.Japll. a mycoparasite of Inocybe rimosa has been shown to 

produce a biologically active red pigment. Hycogonin. (syn. Bikaverin). 

(Terashima Ishlda. Hamasaki and Hatsuda. 1972). Bikaverins are a group of 

fungal secondary metabolites with noted anti-protozoal action and have also 

been shown to affect cell vacuolatlon In some Instances. (Comforth. Ryback. 

Robinson and Park. 1971. BJlock. Detroy. Hostalek and MunIm-al-Shakarchl.

1974). although there Is no record of such compounds having antifungal

activity.

The occurrence of toxins In both saprophytic and parasitic fungi has 

been extensively reported, notably In members of the Eurotlaceae. 

tPénicillium spp. and Aspergillus spp.) where fungi have been shown to 

produce a number of antifungal toxins (Berdy. 1974. Clegler. Kadis and Ajl.

1971).
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Mechanisms of disease resistance

While the success of A.bisporus In colonising commercial substrates 

is self evident, this Is due In the main to the extreme specificity of the 

compost to the needs of A.bisporus rather than any identified means by 

which the fungus can preferentially compete with other saprophytes.

However, there are Indications that A.bisporus is capable of antagonism 

towards other organisms. (Vedder. 1978). Brady»;“fl§ifS?"as previously noted, 

states that brown and off-white strains of A.bisporus are more resistant to 

fungal diseases than are white strains, although the nature of such 

differences is undetermined. Berdy. (1974). noted that antibiotics have
»

been isolated from a number of basidiomycetes. and it is widely known that a 

number of fleshy fungi contain a number of extremely potent mammalian toxins. 

The occurrence of an antibiotic, tentatively named psalliotin was observed by 

Atkinson. (1954). as occurring in Psalliota xanthoderma (syn. Agaricus 

xanthoderma). It is apparent therefore that A.bispom may produce some form 

of antibiotic which could be of importance in determining the competitive 

saprophytic ability within a healthy crop and may ultimately be of 

significance in indicating any possibility of selecting for strains showing

resistance to pathogens.

In the present study attempts have been made to further investigate the 

nature of mycoparasitism in the H ^ i c i o s a  / /LbiSEorus antagonism, in an

effort to determine the exact method of pathogenesis.

Survival and growth of H.perniciosa in mushroom substrates and in the

wild has been investigated and further information relating to

hosts In the wild obtained.
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Mr:

The nature of the host / parasite interface has been examined using 

a range of techniques in microscopy, together with the examination of the 

role of toxins in pathogenesis as a possible means of antagonism and 

disease resistance in the pathogen and in the host respectively.

The possibility of disease control using non-chemical means was 

investigated. The efficacy of micro-organisms antagonistic to the 

pathogen introduced into the casing layer as a means of reducing the 

incidence of disease was examined as part of working towards an integrated 

approach to control of pests and disease within mushroom crops.

I 'J-
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MATERIALS AND METHODS

GENERAL

Source of Agaricus bisporus sporophores

Sporophores of A.bisporus were supplied by Messrs. Dumbreck,

(Freuchie, Fife), Glasshouse Crops Research Institute (G.C.R.l.) 

(Littlehanpton, W. Sussex), or produced at Stirling University. 

Isolates used were all conwercially available strains.

A6 - Sinden

D621 - Darlington

D649 - Darlington

S22 - Sinden

Culture of mushrooms

Mushrooms produced at Glasshouse Crops Research Institute were 

grown on "rapidly prepared compost", cased with peat and chalk, m

containment rooms.(Smith, 1976),

Mushrooms produced at Stirling University were in controlled 

environment growth rooms on/SnTp®iisl’short cycle compost supplied by 

Messrs. Oumbreck, and cased with moss peat/grit/ground limestone.

( 3 : 1  : 1, by volume) pH 7.0. (Vedder, 1978).

Culture was in 16 cm diameter plastic pots or 18 litre plastic 

troughs. In all cases temperature regimes were similar to those used 

under coimnerclal conditions, except where experimental requirements 

dictated otherwise.

Source of Fungal isolates

Mvcooone perniciosa isolates were initially supplied by Central 

Bureau fur Schinmiellcultur. CBS 323.52. and by Miss O.G. Gandy (G.C.R.l.)

< ’ l
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Reisolation of M.perniciosa was carried out from infected 

sporophore material at approximately 10 week intervals.

The following isolates were obtained from the Stirling University

Culture Collection, (S.U.C.C.).

Botrytis cinerea, Pers. ex Pers.

Cladosporium herbarum, (Pers.) Link ex S.F. Gray 

Chaetomium olivaceum, Cooke 4 Ellis

Kunze. ex Fries 

Link ex Pers.

Saito

Wehmer S.L.

Link ex Thom 

Westling 

Pers. ex Fr.

Isolates kindly supplied by Dr. T. Fenaor, Glasshouse Crops Research 

Institute (G.C.R.I.) were as follows.

Coprinus sp ^2 x Hg

Flainnulina velutipes, (Curt, ex Fr.). Karst.

(Vitt.) Peck.

(Bull, ex Fr.) Sing.

Chaetomium qlobosum. 

Geotrichum candidum, 

Rhizopus tritici, 

Mucor hiemalis. 

Pénicillium expansum, 

P. frequentens, 

Trichoderma viride.

Aqaricus silvicola.

Volvaria volvacea, 

Schizophyllum conroune, Fr 

Pleurotus ostreatus,

A. bitorquis,

Psilocybe merdaria,

A. bisporus,

A. macrosporus.

(Jacq. ex Fr.) Kummer (PH) 

(Quel) Sacc. W2, W4 and K32 

(Fr.) Kummer

(Lange) Sing 522, 0621, A6 

(M0ller & Schaeff.) Pilat (B)
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Fulvia fulvum, Cooke

Oedocephalus sp.

Stropharia merdaria, (Fr.) Quel.

Isolates of VertidlUum funqicola G3 and SI were kindly supplied by 

Hr. C. Matthewst Glasshouse Crops Research Institute, (G.C.R.I.)

V. Dsallioatae and V. funqicola 188930 were obtained from the 

Coomonwealth Mycological Institute, (C.M.I.)-

Bacterial Isolates

Bacterial Isolates of Pseudomonas tolaasi and Ps. fluorescens, 1311, 

2325, 387 and 1116 were obtained from the National Collection of Plant

Pathogenic Bacteria (NCPPB).

PS.tolaasi 2312 and Bacillus megaterlum 9376 were kindly supplied by 

Or. J. Mansfield, (Wye College).

Other bacteria used were Isolated by the author at Stirling. Freuchle 

and G.C.R.I.

-  r j

Culture and storage of Isolate^

isolates of M-oerniciosa were routinely cultured on Malt agar or 

Mushroom/Malt agar.

Cultures-of A.bisporus were routinely maintained on Malt agar.

Other fungi were cultured on either Malt agar or Czapek Oox agar. 

Storage was on suitable agar slopes in universal bottles, at 4»C. 

Cultures of r.1adosoori.m. herbarjg were maintained in 250 cm conical 

flasks containing c. 30 cm^ Czapek Oox agar, inoculated with a conidial
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suspension in sterile distilled water (SOW) excess liquid being 

decanted off after wetting of the agar surface. Incubation was 

under long wave ultraviolet radiation (Phillips Black light 

fluorescent tubes, 16h photoperiod) at 18®C for 6-10 days.

Preparation of spore suspensions

Spores were harvested by flooding sporulating cultures with SOW

and lightly scraping the surface with a sterile glass rod.

The resulting suspension was filtered through muslin and the 

spores washed to remove nutrients carried over from the agar by three 

cycles of centrifuging (1000 G for 2 min.), in SOW.

Dry spore harvesting was achieved by inverting sporulating 

cultures in 9 cm. Petri dishes over sterile filter paper and 

repeatedly tapping the plate base to dislodge the spores.

Specific areas of sporulating cultures were harvested with a dry

sterile paint-brush.

Adjustment of spore suspensions

Spore concentration was measured using a haemocytometer. and the

concentration adjusted to specific needs with SDM.

C. herbarum for thin layer chromatography (TLC) plate bioassays

were adjusted to a concentration of c. 1 x 10^ spores cm .

The ratio chiamydospores / verticillate conidia of M.perniclosa 

was altered by centrifuging spore suspensions through a sucrose density 

gradient (SOG). 10-35* (MSE superspeed centrifuge for 15 min.. 9000 

r.p.m.. 10.000 0. 6 x 16.5 swing out rotor), (Hames. 1978).
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PH measurement

Values of pH were measured using a Pye Unicam model p w 9418 pH 

meter.

Spectral analysis

Ultraviolet (U.V.) absorption spectra were obtained with a Pye 

Unicam SP 1800 spectrophotometer. * I

7. Production of Axenic sporophores

A.bisporus was cultured under axenic conditions using a 

modification of the method adopted by Long and Jacobs, (1974).

Growth chambers consisted of 3.5 or 5 1 glass jars fitted with 

air inlet and outlet ports. These contained 550 g (c. 2 1) of compost, 

over 2 cm of coarse grit to assist air circulation. The chambers were 

sterilised for two 1 h periods at 1.4 kg cm"^, sterility being assessed 

by plating out samples of compost on to Nutrient agar and Malt agar and

incubating at 25®C.

Inoculation of the flasks was with four 1 x 1 cm pieces of Malt 

agar cultures of A.bisporus, (strain 0621), to the compost surface.

Incubation was at 22®C t 2°C, in the dark until the compost was fully 

colonised. Flasks were cased with a layer of sterile activated charcoal (BOH) 

c. 1.5 cm thick, 250 g. / flask, when the compost was seen to be fully 

colonised. At casing 35 cm^ of SOW, bacterial or spore suspension, 

prepared as previously described, were added to each flask as necessary.

Subsequent incubation was at ambient temperature. 17®C - 6®C. Five 

days after casing, a sterile humidified air flow was connected

to each flask to induce fructification (Figure Ml).
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8. Culture Hedía

Malt Extract Agar

25 g Malt extract agar, (Oxoid CM59)

1000 cm^ distilled water

Mushroom Malt Agar (MM Agar)

25 g Malt extract (Oxoid L39)

25 g Healthy sporophores (pressed)

15 g Agar, (Oxoid CM3)

1000 an^ distilled water

Czapex Pox Agar

45.4 g Czapek Oox agar (Oxoid CM97)

1000 an^ distilled water

Czapek Pox liquid medium

33.4 g Czapek Dox liquid medium, (Oxoid CM95)

N.B. Half strength » 16.7 g 

1000 cm^ distilled water

.«,’1

Nutrient Agar

28 g Nutrient agar (Oxoid CM3)

1000 cm^ distilled water.

Where necessary, streptomycin sulphate (Sigma) was added to flasks of
_3

cooled media to give a concentration of 100 pg/cm .

All culture media were sterilised by autoclaving for 15 min. at 

-21 kg cm

Specialised media for specific experimental procedures are 

described under the relevant heading.

•I



20

9. Isolation of Mycogone pemiciosa from infected sporophores

Routine re-isolation of M.perniciosa was by dissecting out small 

pieces (c. 2 X 2 mm) of tissue from sporophore cap or sclerodermoid 

mass tissue, under aseptic conditions, and plating out on to Malt agar 

or Mushroom/Malt agar in 9 cm Petri dishes, with streptomycin, and 

incubating at 20°C.

10. Artificial infection of healthy sporophores

Healthy button stage sporophore caps of A.bisporus were inoculated 

with small pieces (c. 2 x 2 mm) of an agar culture of M.pemiciosa,

(c. 21 days old) placed beneath the flap of a V-shaped incision cut
t

with a sterile scalpel.

Inoculated sporophores were placed on plastic grids over moist 

tissue paper in closed plastic sandwich boxes and incubated at 

20®C t 1®C in the dark.

 ̂J

11. Germination tests

Before use, glass microscope slides were placed in stainless steel 

racks and thoroughly cleaned. After soaking in a surface active 

detergent (Haemosol) for 18 h they were rinsed under running tap water 

and finally in three changes of distilled water, followed by drying at 

120°C for 1 h. After wrapping in aluminium foil they were subsequently 

heated to 160®C for 2 h. This cleaning technique gave slides which had 

no deleterious effects on spore germination or spread of bioassay 

droplets, (O'Neill, 1981).

Clean slides were supported on test tubes in closed plastic 

sandwich boxes lined with moist tissue paper. ->
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Three 20 ul droplets of spore suspensions and/or test solutions 

were pipetted on to each slide and incubated at 18®C * 2®C in moist 

chambers, prior to microscopic examination.

II. FACTORS AFFECTING GROWTH OF M.PERNICIOSA IN VITRO AND IN VIVO 

1. Growth and survival of M.perniciosa

A. Growth of M.pemiciosa in liquid cultures

Liquid cultures of M.pemiciosa were grown in 100 cm of medium 

in 250 cm^ conical flasks. The media used varied according to the 

experimental procedure adopted. Inoculation was with three discs 

(4 tm diameter) per flask from the margin of a 6 day old culture of 

M.perniciosa on MM agar. (|n of autoclaved media was determined using 

a Pye Unicam PW9418 pH meter.

M.pemiciosa was grown on a range of media for the determination 

of growth optima. Media consisted of optima determination media 

(OD f f l ’cr

nitrogen sources, and buffered to specific requirements as outlined 

under individual headings. Replicated flasks were normally incubated 

in randomised blocks at 20®C ! 2®C for 10 days, unless otherwise 

stated. Mycelium was collected on tared dry filter papers (Whatman 

No. 1) and dried at 60®C for 18 h prior to weighing.



Table Ml

Optima Determination media (OD Media)

Potassium phosphate KH2pO^ 1 .0 g

Potassium chloride KCl 0.5 g

Magnesium sulphate MgSO^ 7H2O 0.2 g

Calcium chloride CaCl2 2H2O 0 .1 g

Yeast extract (Difco) 0.5 g

Distilled water/citrate-phosphate 
buffer 1000 cm^

-yM

i\

--
‘ ' I

,i

r m
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Optimum temperature

Optimum temperature for grov/th of M.perniciosa was determined 

in liquid OD cultures with the addition of sucrose (20 g I'M 

amnonium sulphate (0.5 g I'M as carbon and nitrogen sources 
respectively.

Flasks were incubated at a range of temperatures (4®, 10®, 15®, 

20®, 25®, 30®, 35®C) in the dark for 10 days, and dry weight of 

fungus produced determined as previously described.

, r

Optimum pH for growth of M.pemiciosa
t

Determination of the optimum pH for growth of M.perniciosa was 

determined in liquid culture, using OD medium with the addition of

0.5 g l'^ ammonium sulphate ((NH^)2S0^) and carboxymethylcellulose

(Sodium salt) - High viscosity (1500 a 400 cP) (BDH) (10 g I'M* 

pH was adjusted using citrate-phosphate buffer, as shown in

table M2. (Hale, 1965).

Optimum pH was determined on the basis of dry weight of fungus 

produced after incubation for 10 days at 20®C - 2®C.

Optimum C:N ratio

Optimum C:N ratio for vegetative growth was determined in 00 

media with sucrose as the sole carbon source (20.192 g 1 M  with the 

addition of varying amounts of calcium nitrate as the sole nitrogen



Table M2

Citrate - Phosphate buffer used for the determination of the optimum pH 

for growth of M.perniciosa (After Hale» 1965).

voi.r^

0.2M Na2HP0^

voi.r^

O.IM Citric Acid

pH before 

autoclaving

pH after 

autoclaving

441.0 559.0 4.4 4.50

493.0 507.0 4.8 4.85

515.0 485.0 5.0 5.05

536.0 494.0 5.2 5.20

557.5 442.5 5.4 5.40

580.0 420.0 5.6 5.60

604.5 395.5 5.8 5.725

692.5 307.5 6.4 6.35
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source to give C:N ratios of lil» 10:1, 21:1, 40:1, 55:1, 77:1, 99:1,

117:1, 146:1, 160:1, at pH 4.1 after autoclaving.

Optimum C:N ratio for growth of M.perniciosa was determined on 

the basis of dry weight fungus produced as previously outlined.

Substrate utilisation

The ability of M.perniciosa in vitro to utilise a range of 

artificial substrates containing a range of carbon and nitrogen 

sources was examined.

) Carbon source utilisation

The ability of M.perniciosa to grow on agar plates containing 

1% available carbon was determined. Plates containing either sucrose, 

Na-carboxymethyl-cellulose (high viscosity, 1500 - 400 cP), pectin 

(apple, 250 grade) supplied by BDH Chemicals Ltd. or glactomannan 

polysaccharide (gum, locust bean), xylan (larchwood), D-xylose or chitin 

 ̂ (crab shell poly-N-acetylglucosamine) supplied by Sigma Chemical Co. Ltd., 

as sole carbon sources were inoculated with single 3 mm diameter discs 

cut from the margin of 10 day old M.perniciosa MM agar cultures and 

incubated at 20°C - 2°C. Growth was determined by measuring the 

extent of colonisation of the agar surface after 10 days.

Utilisation of native cellulose was determined as the ability of 

M.perniciosa to colonise sterile filter paper (Whatman No. 1) soaked 

in 00 media containing 0.5 g 1  ̂ ammonium sulphate.

ii) Nitrogen source utilisation

Optimum nitrogen source for growth of M.perniciosa in liquid

culture was determined as dry weight of fungus produced in 00 media  ̂

containing sucrose as the sole carbon source (20gl )with0 . 1 2 gl  

of available nitrogen, using a range of nitrogen sources as outlined

in Table M3.



Table M3

Nitroffen sources for the determination of optimum for growth of 

M.perniciosa

Nitrogen source g 1'^

Ammonium sulphate (NH^)2 SO^ 0.50

Urea 0.24

Calcium nitrate Ca (̂ 103)2 ^^20 0.885

Sodium nitrate Na NO^ 0.6525 1
\

Ammonium nitrate NH^ NO^ 0.315 j
j

___________________



2. Enzymic activity of M.perniciosa

A. Production of amylase enzymes

The presence of amylase enzymes in culture filtrates from 

M.perniciosa was detected by enzymic breakdown of wheat starch in

agar plates.

Droplets. (50 pi) of filtrates of M.perniciosa cultures, (Czapek 

Dox liquid medium and Czapek Dox liquid medium with the addition of 

0.2 pi cm'^ sterile filtered juice from pressed healthy A.bisporus 

sporophores were placed on the surface of agar plates containing 

1.5X wheat starch and incubated for 4 h at 18®C prior to the agar 

surface being flooded with iodine solution (It w/v). Amylase 

activity was indicated by the presence of a clear zone in the medium

at the site of sample application.

Controls were of droplets of uninoculated sterile medium placed

on the agar surface.

B. Cellulase activity

The presence of cellulose activity In H.perniclosa liquid cultures 

were determined viscometrically. using the method of Domsch and Gams (1969)̂  

H.pemiclosa cultures, grown In OD liquid medium with 

carboxymethylcellulose (1*) as the sole carbon source with the addition 

of 0.5 g of anmonlum sulphate, were filtered and the supernatant

sterilised by filtration.

Sterile supernatant was tested for cellulase activity by mixing 

2 cm^ of the sample with 8 cm^ of Na-carboxymethylcellulose 

(1500 - 400 cP) buffered at pH 5.2 with O.IN sodium acetate :

O.IN acetic actd buffer at 30°C and
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viscosity determined inmediately, and subsequently at 

renular intervals using a 10 cm^ capillary visconeter. (Technico. 

Cannon-Fenske. Gallenkanp, Loughborough). Results were

expressed as percentages relative to controls of SOW (0* viscosity) 

and untreated 1* buffered carboxymethylcellulose (100* viscosity).

Enzyme spectrum

The range of enzymes produced by H.perniciosa jn vitro was 

investigated using the API ZYM pre-packaged diagnostic system (API 

System S.A.. Paris) consisting of prepared galleries containing 19 

assay cupules each containing a specific substrate for the 

identification of a particular enzyme (Table H4).

Samples of mycelium from H.perniciosa cultures grown in Czapek 

Dox liquid medium, and from those grown in Czapek Oox liquid medium 

with the addition of 0.2 pi cm'^ sterile filtered juice from pressed 

healthy ’button stage’ sporophores, after incubation at ZS'C ! I'C 

for 10 days, together with sterile filtered samples of H.perniciosa 

culture supernatant from Czapek Oox liquid medium with the addition 

of sporophore filtrates, as described above, together with 

uninoculated media as controls were each placed in the cupules of 

separate galleries, (c. 65 pi / cupule) and incubated for 4 h at

37®C t 1®C.



Table M4

Enzymes tested for usin^ the API ZYM Diagnostic System

Enzyme assayed for Substrate

Phosphatase Alkaline) 

Esterase (C4)

Esterase lipase (C8)

Lipase (C14)

Leucine aryl amidase 

Valine arylamidase 

Cystine arylamidase 

Trypsin 

Chymotrypsin 

Phosphatase (acid) 

Phosphoamidase 

a galactosidase 

ß galactosidase 

$ glucuronidase 

a glucosidase 

B glucosidase

N-acetyl-B glucosaminidase 

a mannosidase 

a fucosidase

2-naphthyl phosphate

2-naphthyl butyrate

2-naphthyl caprylate

2-naphthyl myristate

L-1eucyl-2-naphthylamide

L-valyl-2-naphthyl amide

L-cystyl-2-naphthyl amide

N-benzoyl-DL-argi ni ne-2-naphthylamide

N-glutaryl-phenylalanine-2-naphthylamide

2-naphthyl phosphate

Naphthol-AS-BI-phosphodiamide

6-Br-2-naphthyl-aO-galactopyranos i de

2-naphthyl-BD-galactopyranosi de

Naphthol-AS-BI-BD-glucuronic acid

2-naphthyl-aD-glucopyranoside

6-Br-2-naphthyl-BD-glucopyranoside

1- naphthyl-N-acetyl-BO-glucosami ni de

6-Br-2-naphthyl-oD-mannopyranoside

2 -  naphthyl-aL-fucopyranoside



26

After incubation each gallery was 'developed' by the addition 

of one drop of each of two reagents, 25% Tris (hydroxymethyl) 

aminomethane + 10% laurylsulphate in 3.4% hydrochloric acid and 

0.35% Fast blue in 2-methoxyethanol. After exposing the 

incubated galleries to bright light, the colour of individual cupules 

was compared to a standard chart and the presence of specific enzymes 

consequently determined.

3. Factors affecting germination of conidia

Substrate

The Influence of substrate on germination of H.perniclosa 

conidia was investigated by incubating spores, harvested as 

previously outlined, in 20 g1 droplets of liquid substrate 

(Table H5) on clean glass slides and incubating in moist chambers 

for either 72 h (chlamydospores) or 24 h (verticillate conidia) at 

20'C 1 2*C prior to staining with cotton blue in lactophenol and

microscopic examination.



Table M5

Sterile de-ionised water (SDeW)

Sterile distilled water (SOW) pH 6.7

Sterile filtered juice from pressed healthy A.bisporus

sporophores, (button stage)

Chloroform extract of 3

Kethanol extract of 3

Czapek Dox liquid medium (half strength)

0.4 M dihydroxybenzoic acid (OHBA)

0.4 ethylene-diamine tetra acetic acid (EDTA)
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Organic extracts (Samples 4 and 5) were applied directly to 

the glass surface and dried in a sterile air flow immediately prior 

to the application of spores in SOW. Other treatments were applied 

as double strength droplets (10 yl) of substrate and SOW or SOeW

spore suspension where appropriate.

In addition to the effect of substrate on germination of 

conidia the effects of substrate on subsequent germ tube growth was 

determined by measuring the length of germ tubes of conidia incubated 

in substrates as outlined above, using a carnerj, lucida microscope 

attachment, (Leitz).

Temperature

The effect of temperature on germination of M.perniciosa conidia 

was determined by Incubating spores harvested from 10 day old MM agar 

cultures In half strength sterile filtered juice from pressed healthy 

•button stage' A.blsporus sporophores (c. 1 x 10* spores cm ) on 

glass slides In the dark In moist chambers at various temperatures, 

(4®, 15®, 18®, 20®, 25®, 30® and 35®C). Percentage germination was 

determined after 24 h Incubation for verticlllate conidia and after 

72 h incubation for chlamydospores.

Light
The effect of light on germination of conidia was determined by 

placing spores harvested from 14 day old MM agar cultures In 20 pi 

droplets of half strength sterile filtered juice from pressed healthy 

•button stage' A.blsporus sporophores (c. 1 x 10* spores cm *) on
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clean glass slides and incubating sanples in moist chambers in the

dark. Tungsten light (135 Watts m"^) or under ultraviolet light 

(Phillips 'black light* fluorescent tubes).

, Age of conidia

Variation in genaination potential of H.pemiciosa conidia of 

differing ages was examined by harvesting dry spores from 14 day old 

m  agar cultures incubated at 20<>C t 2«C and storing in sterile Petri 

dishes at ambient huaidity for varying lengths of time at 10»C - 1“C.

(10, 21, 28, 42, 54, 62 and 69 days).

Genaination potential of conidia was subsequently determined by

incubating 20 «1 droplets of a spore suspension (c. 1 x 10 spores 

a,-^) in half strength sterile filtered juice from pressed healthy 

■button stage' A.bisporus sporophores on clean glass slides in moist 

chambers at 18«C and 25«C for verticillate conidia and chlamydospores 

respectively. The level of genaination was determined microscopically 

after 24 h (verticillate conidia) and after 72 h (chlamydospores) 

following sUining of samples with one drop of cotton blue in 

lactophenol.

4. Environmental factors affecting sporulation of M.pemicioa

A. The effect of temperature

250 cm3 each containing 100 cm^ of Czapek Dox liquid medium

were inoculated with a single 5 mm diameter disc cut from the margin 

of a 10 day old culture of H.pemiciosa grown on m  agar.
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Flasks were incubated at ambient, (16*C t 3®C), 20*C and 30®C in 

adjacent water baths. When growth of the fungus had extended to the 

flask edge, one drop of Tween 80 was added to each flask and spores 

were removed by shaking on a wrist action shaker for 30 minutes. 

Samples were removed from the flasks and numbers of spores in 

suspension determined using a haemocytometer.

The effect of light

250 cm^ flasks each containing 30 cm^ of Malt agar were 

inoculated with a single disc (3 irnn diameter) of H.pemiciosa cut 

from the margin of 10 day old culture on HM agar. Flasks were 

incubated for 42 days at 20»C t 2»C under adjacent, screened lighting 

conditions. Tungsten light (135 Matts m'^). U.V. light (Phillips 

'black light')16 h photo-period, and total darkness.

100 cm^ of SOW ♦ 1 drop of Tween '80 was subsequently added to each 

flask and this was then shaken for 30 minutes on a wrist action shaker.

Samples of the resulting suspension were subsequently withdrawn and 

examined microscopically, and spores counted using a haemocytometer.

Aerial dispersal of M.pemiciosa spores

Aerial dispersal of H.pemiciosa conidia was examined using a 

Cascade impactor (Cassella Ltd.)(London) with a vacuum pump operating at a 

drawn air flow of 17.5 1 min'^ according to the manufacturer's recom.en-

dations. impaction was on to four glass discs pre-coated with a thin

, -iaiiu' frh. discs being stained with a single layer of melted petroleum jelly, the discs oemj

drop of cotton blue in lactophenol prior to

ti ' w
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microscopic observation. Impaction of conidia was preliminarily 

confirmed by misting a conidial suspension (c. 1 x 10^ spores cm 

in SOW) into the air immediately surrounding the trap using a

chromatography reagent spray.

Spore release from M.perniciosa cultures was examined by

positioning the trap orifice 5 cm from the edge of 12 day old MM agar 

cultures In an air flow of 0.1 m sec  ̂at 55t relative humidity.

Spore dispersal from infected mushroom beds was examined at G.C.R.l. 

using a severely infected crop grown In trays of 0.554 m^ surface area 

and Infected with H.pemiclosa at the time of casing. The impactor 

was positioned 0.6 m above the cropping house floor and 0.5 m from 

the nearest Infected tray. Sampling was for 1 h at Intervals of 24 h.

Determination of theoretical colonisation indices of H.perniclosa

The theoretical colonisation Index (TCI) for H.pemiclosa conidia 

was determined for 10 day old verticlllate conidia and 35 day old 

chlatwdosporeson a range of substrates (Table H6). Droplets (20 u1) 

of spore suspensions (c. 1 x 10® spores cm'^) were applied to 600 urn 

thick water agar strips placed on the substrate surface In closed 

plastic •sandwich-boxes and Incubated at 25»C ! 1»C. Samples were 

removed after 24 h and stained with cotton blue in lactophenol.

Measurements were of t germination and of germ tube length, 

controls were of Inoculated agar strips placed on sterile clean glass 

microscope slides placed on the substrate surface alongside the

experimental samples.
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The TCI as a comparative unit Indicative of the ability of the 

fungus to colonise various substrates is defined as the product of 

percentage germination after 24 h incubation and the mean germ tube 

length at that time, (Mitchell and Oix, 1975a).

Table M6

Substrates used for the determination of comparative TCI values f̂  

M,perniciosa on host and non-host substrates

Control (sterile glass slides)

Woodland soil, mixed deciduous woodland. Hermitage wood

Stirling University campus.

Clay soil, cultivated. University gardens, Stirling.

Unused casing soil, non-sterile.

Casing / compost, mixed. Stored for 9 months post

cropping.

Mushroom casing soil - fresh, post cropping.

Mushr*oom compost - fresh, post cropping.
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Groi^th of M.perniciosa in complex substrates

Survival of M.perniciosa mycelium in soil

The ability of M.perniciosa to survive in casing soil and 

compost was investigated. Barley seeds were soaked in SOW for 48 h 

prior to autoclaving (1 kg cm'^. 30 min.), and subsequently inoculated 

v̂ ith an M.perniciosa spore suspension and incubated for 21 days at

18®C - 2®C.

Colonised seeds were removed at 1 week intervals, surface 

sterilised with mercuric chloride (HgCl2) and plated on to MM agar 

(+ streptomycin) and incubated at 20®C.

»• *1

Germination and qrovfth of conidia in composts

The effect of diffusâtes from compost on germination and growth of

conidia was Investigated in vitro.

Mushroom compost, colonised by A.bisporus was steeped in SOW 

(pH 6.4) for 18 h at d'C and the resultant supernatant separated into 

high molecular weight (HHW) and low molecular weight (L»() fractions 

by dialysis through cellophane (visking dialysis tubing) for 48 h at 

4-C with two changes of diluant. All fractions were concentrated by 

freeze drying and resuspended in SOW to a concentration equivalent to 

the diffusate from 10 g of compost cm'^ Osmotic potential of each

solution was measured using an osmometer, Slls'^ttodei 3300),

The effect of diffusâtes and dialysis fractions on germination and

growth of M.oerniciosa and Cladosoorium herbarum, conidia was examined

by placing droplets (10 u D  of a conidial suspension (from a 14 day
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old and 8 day old culture respectively) together with one 20 pi 

droplet of each of the test fractions on clean glass slides in moist 

chambers and incubating samples for 48 h at 18<>C t I'C. Germination 

levels and germ tube growth was determined after killing sporelings 

by the addition of droplets of cotton blue stain in lactophenol.

Spectrophotometric assessment of fungal growth

Quantitative assessment of fungal growth was made by fluorescein 

diacetate determination of esterase activity using the method of 

Swisher and Carroll (1980).

In order to produce a calibration curve for M.pemicio^ samples 

of M.perniciosa mycelium were shaken for 1.5 h at 20 C - 1 C  

(Gallenkamp orbital incubator. 100 r.p.m.) in 25 cm^ SOM containing 

8 ug cm'^ of fluorescein diacetate (FDA) from a 2 mg cm’^ stock 

solution of FOA in acetone, in 100 cm^ conical flasks. After 

incubation the contents of the flasks were filtered (0.22pmpore size) 

through tared filters and the absorbance (at 490 nm) of the resulting 

supernatant detennined on a Cecil CE 272 UV spectrophotometer. The 

dry weight of the fungus used was then determined by weighing the 

dried filter membranes and a calibration of dry weight of fungus 

against absorbance of resulting fluorescein substrate constructed.

(Figure M2)

D. Growth of M.perniciosa in compost

The ability of H.oerniciosa to colonise mushroom compost was

detennined quantitatively using the fluorescein diacetate technique.
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Flasks containing 250gof sterile compost were Inoculated with a 

conidlal suspension (c.4 x lO^g'^of compost) from a 14 day old 

H.pernlclosa MM agar culture. Compost samples were subsequently 

supplemented with SOW. diffusâtes and dialysis fractions from colonised 

compost at the rate of 0.25 cm^ g'’ of compost, prepared as previously 

described, and Incubated at 20°C - 2°C for 7 weeks. In addition flasks 

of compost previously colonised by A.bisporus and sterilised with ethylene 

oxide were similarly inoculated with M.pernlcl^. Sterilisation procedure 

using ethylene oxide was according to manufacturers’ recommendations (Pern 

Engineering Ltd., Northfleet).

Following Incubation samples (c. 1.0 g) were withdrawn from each 

flask and esterase activity determined as described above. Controls were 

of uninoculated compost and absorbance values at 490 nra deducted from 

experimental values giving an absorbance which could then be directly 

related to the quantity of H.perniciosa mycelium present In the compost.

using the previously prepared calibration data.

In addition. non-ster11e compost Inoculated with M.perniclosa In 

a manner similar to those flasks described above was observed, although 

determination of M.perniclosa mycelium by esterase activity was not

possible for this treatment.

8. Infection of A.bisporus initiaU

The growth stage of A.bisporus sporophores at which Infection by

M.perniciosa can first occur was examined.

Sporophore Initials (strain 0621) grown under axenic conditions 

In 3.5 1 flasks, as previously outlined, were excised under sterile 

conditions and each placed In a 20 droplet of an H.pernlclosj ,

!**i
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conidlal suspension (c. I x 10* spores ci»‘^) in Sorensens buffer (H»’«- 

atpH 6.3, 7.2 or 7.6, on clean glass cavity slides.

The slides were placed in moist chambers and following incubation 

for 5 days at 23°C t 1»C in the dark stained with cotton blue in 

lactophenol for microscopic examination. Results were expressed as 

percentage germination of H.pemiciosa conidia and related to the 

size of A.bisporus initials with which they were incubated.

n„tprmination of Numerical Threshold for Infection (NIL

NTI was determined for chlamydospores of M.pemiciosa using 

untreated mature sporophores of A.bisporus (strain D629 (‘cup stage’).

A chlamydospore suspension was prepared as previously described 

and the concentration determined using a haemocytometer. Serial 

dilutions of this spore suspension stock were diluted to give a range 

of concentrations of between 0 and 250 spores 10 ul'^ Single 

droplets (10 ul) of suspension were applied to the centre of freshly 

picked -button stage- sporophore caps which were subsequently

incubated in moist chambers (6»C Î 1»C) for 10 days.

inoculated caps were examined after incubation under a dissecting 

microscope and assessed for growth and sporulation of H.pemicigsa.

• M

10. Interaction of M.pemicio-̂« with other fungi

The sensitivity of H.pemicioja to other fungi was investigated

using dual cultures on agar plates.

H.oerniciosa and one of a number of fungi were inoculated on to

, - i
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Czapek Dox war. 3.5 cn, apart in 9 cn Petri dishes and incubated at either 

16°C(i2°C) or 20°ci2°c. Grovrth of M.perniciosa from the point of inoculat 

was measured at regular intervals and compared to controls of 

H.oernlciosa grown on Halt agar in the absence of other fungi. Where 

fungi grew more slowly or more quickly than H.perniciosa these were 

inoculated on to agar prior to, and after, inoculation with 

M.pemiciosa respectively.

In addition to growth on agar plates, the growth of M.permcio^a 

in the presence of A.bisporus was investigated in mushroom compost by 

inoculating sterile compost (50 g) in 15 cm diameter glass Petri 

dishes with a single 5 mm diameter disc cut from the margin of a 10 

day old H.oerniciosa HM agar culture at the same time as inoculation 

with similar discs cut from the margin of lA day old A.bisporus 

(strain 0621. A6. 6CRI 431) cultures, 6 cm apart. Plates were 

incubated at 16»C t A'C for 66 days and growth of H.pernicioja 

detennined microscopically. Controls were of sterile compost 

inoculated with H.pemiciosa in the absence of A.bisporus.

Assessment of growth of H.perniciosa in the presence of other 

fungi was based on the conclusions of Gray and Horgan-Jones. (1981).

They considered that the pattern of growth of mycoparasites in the 

presence of the vegetative mycelium of specific fungi was directly 

related to the relationship between the two fungi. They described 

four patterns of growth shown i n ^  by mycoparasites in the presence 

of non-host fungi, a potential host, a mutually antagonistic fungus and

the natural host. (Table H7. Figure H3).

A • M

4: .•I



Table M7

In vitro relatinnship between mycoparasites and host and non-host fun£i

Growth pattern 
(category)

B

Relationship of 
fungus to the 
wycoparasite

non-host

potential host

mutual
antagonist

natural host

Growth pattern of the mycoparasite

Growth is at a uniform rate both 

before and after contact between 

the two fungi.

Growth of the mycoparasite is 

reduced gradually as the two fungi 

come into contact, following 

contact growth is further reduced 

but not stopped.

Following an initial uniform 

growth rate prior to contact 

between the two fungi growth of 

the mycoparasite ceases._______

Following an initial high growth 

rate, growth of the mycoparasite 

is slowly reduced and eventually 

stops altogether following contact 

hotwepn the two fungi.

(After Gray and Morgan-Jones, (1981)).
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Alternative hosts of M.perniciosa

The ability of H.oerhlclosa to Infect fleshy fungi other than

A.bisporus was Investigated. Mature fruit bodies of a range of 

fungi were collected from Stirling University Campus (mixed 

deciduous woodland) and Inoculated artificially with M^pernlclosa- 

Tissue blocks (c. 1.5 x 1.5 cm) were excised aseptically from 

cap tissue of selected sporophores and placed on clean glass slides 

in sandwich boxes lined with moist tissue paper. Inoculation was 

with one 20 vl droplet of an H.pemiclosa SOW spore suspension 

(c. 1 X 10® spores cm'®) on.to the block surface prior to incubation 

at 18°C i 2°c. Blocks were examined at regular intervals using a 

dissecting microscope for evidence of genninatlon and growth of 

M.pemiciosa.

infection of sporophores In the wild was attempted by applying 

single droplets (20 u D  of an H.perniclosa conidlal suspension 

(c. 1 X 10® spores cm'®) directly to the cap surface of selected 

young sporophores and subsequently examining samples jlLlÜu during 

development, and subsequently using a dissecting microscope, for 

evidence of genainatlon and growth of Hjerniçiosa-

HI. MORPHOLOGY OF INFECTED TISSUE

The structure of A.bisporus tissue infected by Mjjerniciosa was 

examined using sporophores cultured in trial plots at G.C.R.I.. or 

in trays or pots at Stirling University, as previously outlined

(Section 12).
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Tissue samples (c. 1 x 1 mm) were routinely excised from healthy

and infected tissue and plated out on to Malt agar. Nutrient agar or

Kings B agar (Table Mil), and incubated at 20”C or ?3°C in order to

determine the fungi or bacteria present in the tissue.

Measurements of the resistance of sclerodermoid masses to

penetration (rheological strength) were made with a hand-held

penetrometer (3 iim diameter probe), (J. Chatillon & Sons, Kew Gardens,
N.Y. USA).
Antagonism of bacteria towards M.pemiciosa

Bacteria were screened for antagonism towards M.perniciosa using

a dual agar culture technique.

Bacteria isolates were each streaked on to Czapek Box agar in 

g cm Petri dishes and the plates iamediately re-inoculated with a 

single 3 am disc of H.perniciosa cut from the margin of a 10 day old 

m  agar culture, 3.5 cm and at rightangles to the bacterial streak. 

Plates were incubated for 10 days at 23»C 1 1»C and growth of 

H.oerniciosa towards the bacteria measured. Controls were of 

H.Derniciosa Czapek Oox agar cultures incubated under identical

conditions in the absence of bacteria.

Antagonism of bacteria towards A.bisporus

Bacteria were screened for antagonism towards A,biS£orus using a 

modification of the technique of Gandy, (1968). Blocks (c. 1 x 1 cm 

X 0.5 cm) of healthy A.bispor^ (strain A6) cap tissue were excised 

under aseptic conditions and placed on clean glass slides in moist 

chambers and inoculated with a single 10 ul droplet of a suspension

***' I
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of bacteria from a 24 h old Nutrient agar culture suspended in SOW 

(c. 1 X 10® bacteria cm“^). Blocks were then incubated for 72 h at 

23®C i 1®C prior to examination. Antagonism of bacteria was 

expressed as a browning of the tissue surface compared to controls 

of A.bisporus tissue blocks inoculated with SOW.

Infection of A.bisporus under axenic conditions

In order to investigate the ability of M.pemiciosa to infect 

A.bisporus under axenic conditions, cultures produced as previously 

outlined (Section 17) were infected with an M.perniciosa conidial 

suspension (c. 1 x 10® spores g‘  ̂of casing) at the time of casing 

with sterile activated charcoal. Flasks were observed dally and the 

appearance of cultures noted.

In order to determine the effect of bacteria on Infection of 

A.blsporus by H.pemlclosa. healthy and Infected A.blsporuj axenic 

cultures described above were also Inoculated with an SDH suspension 

of specific bacteria (c. 1 x 10® bacteria g"' of casing) from a 24 h 

old nutrient broth culture at the time of casing.

Microscopic preparations

Differentiation of A.bisporus and M.perniciosa

Initial preparation of infected A.bisporus tissue was by hand- 

cut sectioning using a sharp razor blade, and by ‘squash' preparation 

of small (c. 1 X 1 mm) tissue samples on clean glass slides, mounted 

In water, or a range of stains. In order to assess differential 

staining, hyphal dimensions and Interactions between host and

pathogen hyphae.

Fresh tissue preparations were immersed in a range of stains.
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detailed in Table M8, for c. 1 min., and examined under the light 

microscope to determine whether it was possible to differentiate 

between hyphae of A.bisporus and M.perniciosa in infected material 

and in dual cultures.

TABLE M8

Water soluble stains used for examination of fresh sections

Water

Clear lactophenol (Laundon, 1968)

Cotton blue/Lactophenol (1% w/v) (Laundon, 1968)

Neutral red 0.06X aqueous (Ikeduigwu and Webster 1970a)

Toluidine blue. (0.05* w/v in 0.1 H Phosg^ate buffer. (pH 6.8)
(O'Brien, Feder and McCully, 1964).

Trypan blue. (1* w/v) (Rossall, Mansfield and Hutson, 1980)

Aniline blue 0.005X in Ethanol (50%) (Currier, 1957).

Acetic Aniline blue, ^% in 7% Acetic Acid, (Jensen. 1962)

Lugol's iodine 1% aqueous iodine in 2% aqueous potassium 
iodide. (Gurr, 1960).

Methylene blue. (0.13% aqueous)(Sirockin and Cullimore, 1969).

B. Autoflourescence

Fresh tissue sections were mounted In water and viewed using 

transmission flourescence microscopy (Reichert Fluoropan microscope, 

excitation filter BG 12. emission filters 06 1. and 669). (Harris

and Hartley, 1976).

Vi|
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C. Tissue fixation

Permanent preparations were prepared using a modification of 

the method of Sabatinl, Bensch and Barnett, (1963). Pieces of 

tissue (c. 2 X 2 nm) were fixed in 2* glutaraldehyde in 25 nli sodium 

cacodylate buffer. pH 7.2. Infiltration of fixative was under 

intermittent vacuum for IB h at 0°C. Dehydration was with three 

changes of 2-methoxy ethanol for 24 h. followed by substitution 

with three changes of absolute alcohol in 24 h.

Embedding was in JB4 Methacrylate resin (Polyscience Inc.

Harrington, Pennsylvania) in rubberised moulds, under oxygen-free 

nitrogen.

Sections were cut on an LKB pyramitome 11800 using glass knives, 

and mounted in water on clean glass microscope slides, and fixed 

by drying on a hot plate.

D. Periodic acid Schiffs stain

Methacrylate embedded sections mounted on clean glass slides 

were placed in di nitro phenyl hydrazine (DNPH) 0.5* w/v in 15*

Acetic acid for 10 min. Slides were then transferred to 1* 

periodic acid (w/v aqueous) for 10 min. and subsequently rinsed in 

running tap water for 10 min. This was followed by placing the 

slides in Schiffs reagent for 25 min. and subsequently transferring 

quickly and directly to three successive baths. 2 min. in each, of

0.5* sodium metabisulphite. The slides were then rinsed in running 

water for 10 min. and dried on a hot plate, a cover slip being 

positioned over the section prior to examination, starch and more 

complex polysaccharides, staining deep red. (O'Brien and McCully. 1981)

E. Toluldine blue

Methacrylate embedded sections were flooded with Toluldine blue



42

IX w/v in 5X aqueous boric acid and warmed on a hot plate to 50®C 

for 1 min., care being taken not to allow the sections to dry out.

The slides were then rinsed in running distilled water for c. 1 min. 

to remove excess stain. After partial drying the sections were 

covered with a cover slip and examined microscopically.

Cytoplasm and walls of fungal material stain dark blue with no

noted tissue specificity.

Host/Parasite interactions

Assessment of cellular interaction and cell death

Healthy and infected sporophore tissue and sclerodermoid 

material was assessed for host cell death using the Trypan blue

method.

Fresh preparations of sample material were mounted in a drop 

(c. 10 ul) of Kw/v Trypan blue (aqueous) and assessed for uptake of 

the stain in Intact cells after c. 1 min. Dead cytoplasm stains 

dark blue. (Rossall, Mansfield and Hutson. 1980).

Microscopic assessment of A.bisponiS / H.pemiciosa biomass

Methacrylate sections of a number of mature sclerodermoid mass 

tissue samples were stained in Toluidine blue {«) in 1» Borax.

Drawings of sections were made using a camera luci^ microscope 

attachment (Leitz) and assessed for * M.pernici^ .  A.bispqrus and 

air space in order to estimate the biomass of individual component

fungi.

• <1
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U/V '

Spatial arrangement and branching within sclerodermoid material

Methacrylate sections of mature sclerodermoid material,

from a point 0 .5 cm below tie "tissue surface, were prepared as 

previously described. Fifty successive sections were stained with 

IX Toluidine blue in 5X Borax and one area of the tissue was 

selected and drawn with the aid of a camera lucida attachment,

(Leitz).

The nature of the spatial relationship between A.bisporus and 

M.pemiciosa cells was assessed in terms of the juxtaposition of the 

two hyphal types, and the form of the individual cells, and the 

positioning of any penetration points.

Ultrastructural studies

Preparation of material for electron microscopy 

Chemicals

Chemicals were either of electron microscopy or analytical grade. 

Correct procedures were adopted in the handling and storage of the 

highly toxic chemicals used, (Muir. 1977. Anonymous 1982).

Transmission electron microscopy. (TEH)

Fixation, dehydration and embedding

Material for transmission electron microscopy (TEM) was cultured

as outlined in Sections II and 12.

Small tissue samples, (c. 1-2 x 1-2 m )  were cut using a sharp

razor blade. The fixative used was either 1* potassim. pennanganate 

(Hanocha. 1965). or 2% glutaraldehyde in 50 mM sodiu. cacodylate

( *1
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buffer, pH 7.2 (Sabatini, Bensch and Barrnett, 1963). The tissue 

was Infiltrated with fixative by intermittent vacuum for 6 h then 

left at c. 20”C for a further 18 h. Following fixation, the 

tissue was rinsed in 50 mM sodium cacodylate buffer, pH 7.2 for 1 

The tissue was then fixed in 2% OsO, in 50 mH sodium cacodylate

buffer, pH 7.2 overnight, (c. 18 h).

Following fixation, tissue was rinsed in 50 mM sodium cacodylate 

buffer, pH 7.2 for 1 h prior to dehydration in a series of increasing 

Eton (BOH chemicals) concentrations. Propylene oxide was used as the 

linking substitution agent between dehydration and embedding of the

tissue.

Tissue was finally embedded in epoxy (low viscosity) resin

(EMscope Laboratories Ltd., EMIX resin kit).

The procedures adopted are outlined in Figure M4.



Figure M4

Preparation of tissue for transmission electron mlcroscopjr

Tissue sampled

Fixation in 1% 
potassium permanganate

20 min.

Fixation in 2% 
glutaraldehyde 
2 h.

Rinse in water. 1 h 
(twice) N

Intermittent vacuum c. 6 h 

Normal pressure c. 18 h

IRinse in buffer c. 4 h.

IPost-fix in 2% OsO^ overnight 

Rinse in buffer, 1 h

' Dehydration series in EtOH 
10, 20, 30, 50X 30 min. each

75, 90, loot (twice) 60min. each

EtOH 50 : 50 propylene oxide 30 min.

Link agent lOoi propylene oxide 
60 min. (twice)

1 cn •Propylene oxide 50 : 50 resin
overnight

Embedding lOOX resin

37®C, 4-5 h rotation

60®C, 16 h polymerisation in moulds

1 . .
Section for light or transmission 

electron microscopy

View



45

ii Sectioning

Resin blocks containing tissue were trimmed using a small 

hacksaw blade and razor blade prior to sectioning. Areas for 

viewing in the transmission electron microscope were selected and 

the block face trimmed with a sharp razor blade to leave the desired 

area on a raised 'mesa' to facilitate the cutting of ultrathin

sections.

Ultrathin sections c. 90 mu thick were cut with glass knives 

using an LKB Ultratorae III. The sections collected as ribbons in a 

plastic trough filled with clean distilled water fitted to the knife 

using dental wax. The ribbons of ultrathin sections were collected 

on coated 80 mesh copper grids (unless otherwise stated) and allowed

to dry.
After staining, sections were viewed using a Jeol JEH lOOC 

transmission electron microscope (60-80 kV accelerating voltage).

Staining

Uranyl acetate / Lead citrate

Uranyl acetate. 2» uranyl acetate (w/v) was dissolved in clean 

distilled water and stored at 4»C. Used by itself uranyl acetate 

gives a general enhancement of contrast in tissues fixed with OsO,

(Glauert, 1965).
Lead citrate. This was prepared by the method of Reynolds (1963) as 

follows:
a) A solution of 86(803)3 (1.33g). Na3(CjH503).2830 (1.76g) in 

30 cm^ distilled water was mixed in a 50 cm^ volumetric flask.
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n

b) The solution was shaken vigorously for 1 min. and then 

allowed to stand for 30 min. to ensure the complete 

conversion of lead nitrate to lead citrate.

c) Carbonate freelN-NaOH (8 an^) was then added and the 

solution made up to 50 cm^ with distilled water and mixed 

by Inversion. The lead citrate dissolved and the 

solution was ready for use (pH 12.0).

Lead citrate singularly, or in conjunction with uranyl acetate

provides a general increase in contrast.

Staining of sections was achieved by placing the grids 

(section on to the stain) on a drop of uranyl acetate maintained on 

a grease-free Parafilm strip in a closed Petri dish for 30 min. The 

grids were then removed, flushed with distilled water and dried 

before being placed on a drop of lead citrate stain maintained in 

the same manner as above. Pellets of NaOH were included in the Petri 

dish with lead citrate in order to absorb free carbonate which would 

otherwise be readily absorbed by the lead citrate and thus impair 

staining. After 30 min. on lead citrate the grids were removed and 

flushed sequentially with distilled water. 0.02M HaOH and finally 

distilled water before drying.

Silver proteinate

r t r T t ^

and inm^rsed in 1* periodic acid for 30 min., washed with distilled 

water and placed in 0.2* (w/v) thiocarbohydrazide (TCH. Agar Aids)
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in 20X acetic acid for 24 h. After washing in series of 15, 10 and 

5* acetic acid solutions. (10 min. each), the grids were then 

washed in distilled water for 30 min. before placing in an aqueous 

IX solution of silver proteinate (Agar Aids) in the dark for 30 min. 

The sections were finally washed twice for 10 min. in distilled

water before drying and viewing.

Silver proteinate staining is derived from the periodic acid-

schiff stain(PAS) and emphasises staining of polysaccharide groups 

(Roland, 1978).

iii Ruthenium Red

The staining procedure adopted was a modification of that 

described by Luft. (1971). Tissue was fixed as previously described 

in 2X glutaraldehyde in buffer containing 0.05X Ruthenium red 

(5 mg/10 cra-3) and then rinsed in buffer containing 0.05X Ruthenium

red.
The tissue was post-fixed in OsO, containing 0.05* Ruthenium red 

prior to dehydration and embedding in the way previously described, 

sections were stained with uranyl acetate / lead citrate prior to

viewing.
Ruthenivm. red has an affinity for polysaccharides which is 

enhanced by the presence of OsO^, (Luft, 1971).

0. Scanning electron microscopy. (S.E.H.)

Material for scanning electron microscopy was cultured as

outlined in Sections II and 12.
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Tissue samples (c. 5 x 5 mm) were cut using a sharp razor * M

blade.

The fixative used was either 2X glutaraldehyde in sodium 

cacodylate buffer. pH 7.2, 2* glutaraldehyde in sodium cacodylate 

buffer. pH 7.2. with post-fixing in 2* OsO,. OsO, vapour or OsO, 

vapour with post-fixing stabilisation in 0.05» thiocarbohydrazide 

(TCH) in sodium cacodylate buffer. pH 7.2. In addition, unfixed

material was prepared for examination. (Hayat.

Samples were washed in sodium cacodylate buffer (3 changes)

and dehydrated through a graded EtOH series. Samples were

substituted with amyl acetate through a graded EtOH/amyl acetate

series using a modification of the method of 0‘Brien and
^rior to critical point drying with liquid CO3. (Polaron model E3000

(Polaron Ltd. Watford)). j 14
Fresh samples were also prepared by immersion in liquid

nitrogen. These were then 'freeze fractured* to expose internal 

areas of tissue.

samples were mounted on stubi with silver paint or double
4. j *4.1. nftiH (SI50 sputter coater, (Edwards 

sided tape and sputter coated with gold,(

Crawley)). Examination was at 15 kV accelerating voltage using a 

Cambridge Mark I or Jeol T20 scanning electron microscope.

The procedures adopted are outlined in Figure M5.



Figure M5

Prpnaration of tissue for scanning electron micros^

• *

2* glutaraldehyde
2.h

OsO- 
Vapour

16 h

in
0.05X TCH

unfixed

Tissue sampled

Fixation in:-

2» glutaraldehyde

2.h ,6 h
1 ♦ ^

Rinse in buffer. Post-fixation

*
2X OsO- —

3 h ^

Rinse in buffer (x3)

Dehydration series in EtOH

10,*20, 30, BOX, 30 min. each

75,*90, lOOX (twice) 60 min. each

Substitution with amyl acetate

10, *25, 50, 75X amyl acetate in EtOH 
lOOX amyl acetate, 30 min. each

« 2  critical point drying SampU%i™"2n^"

Mount on microscope stubs 

Sputter coat with gold

View
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IV. THE PRODUCTION OF ANTIFUNGAL, ANTIBACTERIAL AND GROVfTH PROMOTING 

SUBSTANCES BY M .PERNICIOSA AND A.BISPORUS

1 . Source of material

Experiments on the production of toxic and growth promoting 

substances by either the host or the pathogen were performed using 

isolates of H.perniciosa made at Stirling by the author and with 

A.bisporus strain D621, unless otherwise stated. Healthy and 

Infected material was produced using the methods previously 

described (Sections II and 12).

2. Investigation of presence of toxins

A. Bioassay of extracts from M.perniciosa

H.oem1c1osa. cultures In static liquid malt extract medlun,

(200 cm^ medium In 500 ai.̂  conical flasks) were Incubated at 18«C 

for 10 days. At 2 day Intervals after Inoculation cultures were 

centrifuged (10 min.. 4000G) and filtered (Whatman No. 1). The 

supernatant was then shell frozen In round bottomed flasks in 

liquid nitrogen and freeze dried. (Chemlab SB3 freeze drier). Dried 

filtrates were re-suspended In 20 cm^ of sterile distilled water and 

assayed for presence of toxins using the glass slide bioassay

technique (Section 111).

Incubation of slides was at 20»C for 18 h In moist chambers, at 

Which point spores were killed by the addition of one drop of cotton 

blue in lactophenol to each sample droplet. Measurement was of spore 

germination and germ tube growth, expressed as a percentage relative

to controls.



Conductlometric assessment of antagonism

Tissue samples (0.5 x 1.0 x 0.1 cm) were excised from surface 

sterilised healthy A.bisporus (’button stage’ strain 0621) and 

placed in 250 cm^ conical flasks containing 100 cm^ Crapek yeast

medium consisting of:-

Czapek Dox liquid medium (Oxoid CM95), 16.7 g 

Yeast Extract Difco-Bacto 5 g 

Streptomycin sulphate (Sigma) 0.5 g 

Distilled water 1 litre

The flasks were incubated for 5 days at 22 C - 1 C in

Gallenkamo (Loughborough) orbital incubator at 100 r.p.m.

M.oemiciosa cultures were of either Czapek Dox liquid medium 

or of Czapek Oox liquid medium supplemented with sterile filtpd 

juice from pressed healthy A.bisporus sporophores (0.3 ul cm ^) m  

250 cm^ conical flasks each containing 50 crâ  of medium. Flasks 

were each inoculated with two 3 nm diameter discs cut from the margin 

of a lA day old m  agar culture and incubated for 8 days at 20«C t 1“C.

Prepared A.bisporus tissue, after incubation, was rinsed in 

sterile de-ionised water (SDeW) twice, and placed in 50 cm^ SDeW in 

chromic acid cleaned glass flasks. Sterile filtrates from 

H.perniciosa cultures.prepared as described above were added to 

separate flasks of A.bisporus, tissue in SOeW (1.0 ul cm ) and 

solution conductivity measured over a A8 h period, using a conductivity 

meter (Portland Electronics Ltd.. Model P335 (Bolton)), with samples 

maintained at 2Q-C 1 1«C in an orbital incubator (25 r.p.m.). Sample
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blanks were of M-perniciosa culture filtrates with or without host 

filtrates in the culture medium added to SDeW without A.bisporus 

tissue. Controls were of A.bisporus tissue in SDeW with the 

addition of uninoculated Czapek Oox liquid medium or of 

uninoculatcd Czapek Oox liquid medium containing host filtrates, as 

used for the culture of H.perniciosa test samples.

Microscopic observation of antagonism

Sterile filtrates of M.perniciosa cultures, prepared as 

described above, were added directly to ^ s p o r u s  Czapek yeast 

tissue cultures, grown as described above, (1.0 ul filtrate cm ) 

and samples of host mycelium examined at regular intervals for 

changes relative to controls of flasks of ^ s £ o r u s  tissue cultures 

with the addition of either uninoculated Czapek Oox liquid medium or 

of Czapek Oox liquid medium supplemented with A,biS£orus sporophore

filtrates.

cell death was determined using the Trypan Blue (1* w/v) vital 

staining technique with uptake of the large molecular weight 

indicating membrane disruption in killed cells, (Rosall, Mansfie 

and Hutson, 1980). Comparisons between ¿..bisporiiS. tissue in control 

samples and in samples in the presence of M.perniciosa culture 

filtrates were of hyphal width, the number of cells exhibiting 

vacuolation and cytoplasmic granuolation when observed microscopically,

sniuents for tissue extraction, gel fmration and thin laj ^  

chromatography

All solvents were ANALAR grade, precooled to 4»C before use m
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tissue extraction procedures.

A. Chemicals: TIC spray reagents

Reagents for the identification of compounds directly on TLC 

plates (Table M8), were applied by spraying prepared plates with 

reagents using an aerosol spray (Shandon).

B. Spectral analyses

Ultraviolet (U.V.) absorption spectra were obtained with a Pye 

Uni cam (Canbridne) SP 1800 spectrophotometer.

C. Measurement of pH

Values of pH were measured with a Pye U n i c a m  (Cambridge) model 

PW 9418 pH meter.

4. Preparation of fungal material

Extraction procedures were carried out on a range of healthy 

and infected material.

Healthy sporophores were produced by the methods previously 

described, or supplied by Messrs. Dumbreck, Freuchie. Material was

picked and placed inmediately in plastic bags.

Fungi were cultured in Czapek Dox liquid medium with or without

the addition of sterile filtered juice from pressed healthy 

A.bisporus sporophores (0.5 cm^ 100 cm'^). (0.22/i™ pore size.

Mil 1ipore).

. h, f •
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Fungal material and media were separated prior to solvent 

extraction by centrifugation (5500 G) for 5 min. and filtration 

(0.22pp pore size). Fungal material was subsequently rinsed thrice 

in sterile distilled water and re-centrifuged. Extraction was begun 

within two hours of harvesting. Samples not used immediately were

stored at -20®C.

5. Extraction procedures

Precautions were taken to minimise exposing extracts to light. 

Material was initially extracted in ice-cold methanol in a pre­

cooled pestle and mortar and filtered through four layers of muslin, 

and squeezed to dryness. The resultant liquid was centrifuged for 5 

min. at 5500 G and the supernatant filtered under vacuum, (Whatman 

No. 1). Samples were routinely evaporated to dryness on a rotary 

evaporator (Buchi Rotavapor), small quantities of extracts (less than 

2 cm^) were evaporated to dryness in a stream of oxygen-free nitrogen.

Where applicable, liquid samples were shell frozen in round 

bottomed flasks in liquid nitrogen and freeze dried prior to solvent

extraction.

Preparative column chromatographic purification of solvent 

extracts was on 31 cm columns of Sephadex LH 20. eluting with methanol

3 • “1at a flow rate of 2 cm min .

Detection of antifungal activity in solvent fractions was by 

spotting samples directly on to TLC plates and assaying using the 

Cladosporium spray technique, (Section II 7A).

• . •
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Where applicable, extraction of material was also in methanol : 

chloroform, (1:1) or directly in chloroform (Figures M6 and M7).

Lipidic substances were extracted from tissue and cultures 

using the method outlined by Oeven and Manocha, (1975), (Figure M8).

Lipidic compounds were visualised on TLC plates using a range 

of reagents (Figure M9). (Christie. 1976)

* . • i- .
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Extraction of tissue residue with X20

volume chloroform : methanol, (1 2̂).

______________ - supernatant

Extraction of tissue residue with X20

volume chloroform : methanol, (2:1).

______________________- ♦supernatant

Discard residue

Combine solvent fractions.

Wash fractions with X0.5 volume distilled 

water, and separated, (6 times).

. • I • • •/

Lower lipid phase retained and concentrated 

on a rotary evaporator. ' ' I.
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5 Fractionation of extracts and isolation of toxins

A. Thin layer chromatography (TLC) 

i Analytical

Extracts were applied (2.5 cm origin) to precoated TLC plates 

(Merck 5715 Si Gel F254, 0.25 on thick), using drawn out Pasteur 

pipettes. For two dimensional chromatography, extracts were spotted 

on to a plate 2 cm from one corner. Chromatograms were developed in 

a range of solvents by ascending chromatography. Plates were air 

dried and examined under U.V. light (254 nm and 366 nm) (Universal 

lamp, Camag) and bands observed marked with a pencil.

i i Preparative

Preparative thin layer chromatography was carried out on 

precoated TLC plates (as above). Extracts of tissue were applied to 

the origin at a concentration equivalent to Ig fresh wt. cm and 

chromatograms developed in chloroform:methanol (8:1 or 6:1). Bands 

were scraped from plates with a scalpel blade and compounds eluted

with chloroform.

All chromatograms were developed in closed glass chromatography 

tanks lined with tissue paper soaked in solvent.

7. Bioassay techniques

A. Chromatogram bioassays

i Detection of antifungal toxins

The method devised by klarman and Sanford (1968) was used to 

detect antifungal compounds in thin layer chromatograms of extracts.

«•
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Developed chromatograms were sprayed with a dense suspension 

of Cladosporium herbarum spores in Czapek Dox liquid medium (half 

strength) and incubated at 20”C in moist chambers for 4 days. The 

fungus had been grown on Czapek Dox agar for 8-10 days at 18°C 

under U.V. illumination. Inhibitory compounds were revealed as 

areas of white silica gel where the dark green fungus failed to grow. 

Presence of toxins in sample extracts separated using paper 

chromatography was detected using Cladosporium herbarum in a similar

manner.

Solutions of separated compounds In chloroform were spotted on 

to TLC plates using drawn out Pasteur pipettes. Their antifungal 

activity was assessed on a semi-quantitative basis according to the

clarity and extent of inhibition zones.

In addition, developed chromatograms were sprayed with 

suspensions of cither M.perniciosa or A.bisporu_s spores, in half 

strength Czapek Dox liquid medium and incubated at 23°C for 5 days 

in moist chambers. After incubation, plates were stood in closed 

chromatography tanks containing iodine vapour. Actively growing 

fungus was browned by the iodine vapour, while the pretence of 

inhibitory antifungal compounds was seen as white bands of silica gel 

where the fungus had failed to grow.

I '  •
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ii Detection of antibacterial toxins^

Developed chromatograms were assessed for presence of anti­

bacterial toxins using the method developed by Lund and Lyon (1975). 

Plates were sprayed with a suspension of BaciHus megateHüJ! f™"- ^
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24 h old culture grown in nutrient broth. The culture was 

centrifuged (5 min., 5000 G) and re-suspended in fresh broth prior 

to application. Test chromatograms were incubated at 22°C for 24 h 

in moist chambers prior to spraying with Aesculin, (Aesculm 0.2a. 

w/v. Ammonium ferric citrate 0.1% w/v, yeast extract 0.5% w/v. in

distilled water).

On plates sprayed with the bacterium and subsequently with the 

Aesculin spray, hydrolysis of the Aesculin resulted in the 

development of a brown colour. Zones of inhibition were identified

by the absence of colour.

!• • I
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Sporeling bioassays

A microscope slide bioassay technique was adopted for the 

examination of toxicity of samples derived from chromatographic

separation.

Extracts were assayed against spore germination and germ tube 

length of Cladosporium herbarum. gotrytis cinerea. H.pemicio ^  and 

A.bisporus spores. Tissue extracts were usually tested at a 

concentration equivalent to 0.2 g fresh wt. of tissue cm'^

Glass slides were cleaned, as previously described. (Section

1 11) .
The required amount of extract to be assayed was dissolved in 

chlorofonn and three 20 ul droplets (replicates) were pipetted on to 

each glass slide. The slides were dried in a sterile air flow for 

c. 20 min. and the point of extract application overlain with a 

further 20 „1 droplet of a spore suspension of the test fungus.

'V  ,
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(c. 5 X 10^ spores cm“  ̂ in sterile distilled water). As a control, 

primary droplets of chloroform only were included. After incubation, 

at 18®C for 18-24 h in moist chambers, sporelings were killed and 

stained by adding a single drop of cotton blue in lactophenol.

Germination was assessed and expressed as a percentage relative 

to controls. Where appropriate, the germ tube lengths of at least 24 

sporelings per droplet were measured with a calibrated micrometer 

eyepiece or with a map measurer from camera lucida drawings. The 

total length of all germ tubes produced by each spore were recorded.

• • i
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8. The effect of agar type on toxin diffusability

In preliminary investigations, the suitability of a range of 

proprietary agar preparations for testing the effect of toxins in 

solid media on fungal growth was assessed. A range of commonly 

available agar types were included in Nutrient broth, (Oxoid CMl), as 

detailed in Table M9. The surface of agar plates were seeded with 

Bacillus meqaterium (c. 5 x 10^ cm’^) and air dried in a sterile air 

flow. Droplets (10 ul) of streptomycin sulphate (50 uO cm ) were 

subsequently placed on to the agar surface and plates incubated for 

36 h at 25°C. The diameter of zones of inhibition at the site of 

antibiotic application were measured and agar types compared directly

for restriction of antibiotic diffusion.

Antibiotic activity was significantly better (p < 0.01) in 

plates solidified using either Oxoid agar No. 3 (L13) or Oxoid

* ' • « . *
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purified agar (L28) when compared to other agar types tested.

Oxoid agar No. 3 (L13) was selected as the most suitable 

agar for tests carried out in relation to diffusion in v_i^.

t •
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Table M9

Suitability of agar types for diffusion of antibiotics based on inhibition 

of B.meqaterium by streptomycin sulphate applied to seeded agar pla^ ,  

after incubation at 25°C for 36 h.

(a) = Mean - SEM

Agar type
Diameter of inhibition 

zone (a)

Oxoid L28 1.2% 35.0 - 0.41

Oxoid L13 1.5% 34.2 ! 0.46

Oxoid L12 1.2% 28.7 - 0.46

Oxoid L33 1.5% 24.5 ! 0.67

Oxoid CM409 1.2% 19.1 - 0.45

V »i.r •

, * ̂ «

•V , M

< %

> ' ■



en

9. Investigation of the effect of A.bisporus tissue on growth of 

M.perniciosa

The effect of diffusâtes from A.bisporus sporophore tissue was 

investigated using 'replacement' agar cultures.

Tissue from healthy 'button stage' A.bisporus sporophores was 

excised under sterile conditions (c. 3 g) and placed on sterile 

cellophane discs, (5 cm diameter) on Czapek Dox agar (L13) in 9 cn 

Petri dishes for 72 h at 4°C. Plates were stored during this period 

in sealed jars containing either air or oxygen-free nitrogen. The 

tissue pieces were subsequently removed together with the cellophane 

and the agar surface inoculated with M.perniciosa from a 14 day old 

Malt agar culture; cultures were then incubated at 23”^ - 2°C and 

linear growth recorded. Controls were of M.perniciosa Czapek Dox 

agar (L13) cultures, previously overlain with sterile cellophane.

l”
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Disc bioassay technique for assessment of toxin activity

Antibiotic assay discs (Whatman AA, 1 cm diameter) were loaded 

with extracts from either A.bisporus or M.perni.ciosa mycelium 

(c. 0.2 gm. fresh wt.) in 100 ul chloroform. Discs were then dried 

for at least 1 h in a sterile air flow before transfer to Petri dishes 

containing either Czapek Dox or Malt extract agar (L13). Inoculation 

was either with 200 ul of an M.perniciosa spore suspension (c. 1 x 10^ 

spores cm” )̂ spread over the agar surface with a sterile rod, followed 

by partial drying of the gel surface, prior to placement of the assay 

disc, or by inoculating A.bisporus mycelium to a single point on the 

agar surface. Inhibition zones were measured after incubation for
t

either 14 or 21 days at 18‘̂’C.

* •' '
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V. THE UTILISATION OF ANTAGONISTIC BACTERIA AS A METHOD OF DISEASE 

CONTROL

1. Screening techniques

A. Antagonism towards fl.perniciosa

Bacteria isolated from a range of sources were examined for 

antagonism towards M.perniciosa in vitro.

Czapek Dox agar in 9 cm diameter Petri dishes was inoculated with 

M.perniciosa ( 2 x 2  nm) from the margin of a 14 day old MM agar 

culture to a point 1 cm off centre. Plates were each immediately 

re-inoculated with a bacterial isolate by applying a single streak,

(7 cm long) 3.5 cm from the M.perniciosa inoculum and at right angles 

to it.

Plates were subseguently incubated at 23®C - 1°C and growth of 

M.pemiciosa towards the bacteria measured at periodic intervals.

Results were expressed as a percentage of grov/th of M. perni ci osa 

relative to controls of M.perniciosa grown on Czapek Dox agar in the 

absence of competitors, under identical conditions.

V f
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B . Microscopic observation of antagonism

The nature of antagonism towards M.perniciosa by bacteria was 

examined microscopically by excising small pieces of mycelium 

(c. 1 x 1 mm) from the interaction zone of agar cultures and mounting 

on clean glass slides. Samples were stained with Trypan Blue and \% 

crystal violet, and examined with a Zeiss Universal microscope.

C. Antagonism towards A.bisporus

Bacterial isolates showing antagonism towards M.perniciosj^ were

V. .'.
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screened for browning of healthy sporophore tissue using a 

modification of the techniques adopted by Gandy, (1968).

Blocks of tissue (c. 1.0 x 1.0 cm) were excised aseptically from 

healthy A.bisporus sporophore caps, (Strain A6), and placed on clean

glass slides. Droplets (c. 2 0>jl) of an SDW bacterial suspension.
8 -3(c. 1 X 10 cells cm ) from a 24 h old Nutrient broth culture, 

were aoolied to the upper surface of individual blocks, and samples 

incubated at 25°C - 1°C.

Blocks were observed with a dissecting microscope after 10 min. 

and after 24 h. Antagonism of bacteria towards A.bisporus was taken 

as pitting of the block surface relative to controls inoculated with 

SDW, when observed after 10 min. incubation and of browning of the 

block surface after 24 h.

•; If
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2. The effect of selected bacteria on mushroom production in infected beds

Commercial mushroom compost (short cycle) was inoculated with 

grain spawn (Sinden A6) and incubated in 15 cm diameter plastic pots, 

as previously described.

Pots were cased with 454 t 4 g of a moss peat/lime mixture 

(7:3 w/v) to which coarse grit was added, (7:3 w/v) moisture content 

was initially adjusted to c. 70% with a final pH of 7.4 after storage.

After steaming (1.5 h, 93-53®C temperature gradient), the casing 

material was inoculated with a spore suspension of M.perniciosa 

conidia in SDW from 15 day old Malt agar cuttings to give a 

concentration of 1.32 x 10  ̂spores cm  ̂in test pots.

I «
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Bacteria were applied at a concentration of c. 2.3 x 10^ 

bacteria g  ̂ of soil at the time of casing or at the first sign of 

disease in previously untreated diseased pots.

Controls were of pots inoculated with M.perniciosa in the 

absence of test bacteria, and pots to which bacteria were applied in 

the absence of the pathogen.

Experimental design was of randomised blocks within controlled 

environment rooms at Stirling University.

Results were recorded on a daily basis as numbers and weight of 

healthy mushrooms produced, (at veil break), weight of infected 

material produced at cessation of tissue expansion and assessment of 

numbers of initials in healthy and infected beds.
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Characterisation of bacterial isolates

Isolates exhibiting the ability to antagonise M.perniciosa were 

subjected to a range of tests outlined in Bergey's manual, (Eighth 

edition), (Buchanan and Gibbons, 1974), as well as those suggested by 

Lelliott, Billing and Hayward (1966), Thornley (1960), Bradbury (1970), 

Conn, Jennison and Weeks(1957) and by Wong and Preece (1979). Isolates 

were also examined using the API 2CE pre-packaged diagnostic system, 

(API System S.A. Montalieu Vercieu (France)).

The range of tests employed is shown in Table M 10. Specific 

procedures for tests were as outlined below.

(1) The ability to pit A.bisporus tissue

Antagonism towards A.bisporus was tested using the tissue block 

technique previously described (Section VIC).

V..’.
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Table M 10

Tests employed for the characterisation of bacterial isolates
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Ability to pit A.bisporus tissue
Antagonism towards M.perniciosa
The ability to rot potato tissue
White line test
Fluorescein production
Carotenoid production
Number of flagella
Growth at 41®C
Gram's stain
Oxidase reaction
Nitrate reduction
Catalase reaction
Hydrolysis of starch
Hydrolysis of gelatin
Levan formation from sucrose
6 galactosidase production
Arginine hydrolase production
Lysine decarboxylase production
Ornithine decarboxylase production
H2S production
Urease production 
Deamination reaction 
Indole (Kovac's reaction)
Acetoin production

Utilisation of:- Ci trate
Glucose
Manitol
Inositol
Sorbi tol
Rhamnose
Sucrose
Melobiose
Amygdaline
Arabinose
Trehalose
Geraniol
L - Valine
D L - Arginine

I ,
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(2) Antagonism towards M.perniciosa

The ability of bacterial isolates to antagonise M .perniciosa 

was tested by the methods previously described (Sections VIA, V2).

(3) Soft rot of potato tissue

Sections of firm potato tissue (c. 7 mm thick), prepared under 

aseptic conditions, were placed in sterile Petri dishes containing SDIJ 

(c. 3 mm deep). A heavy inoculum of the test bacterium was then 

streaked across the potato tissue prior to incubation at 25°C for 43 h.

The tissue was examined for soft rotting by pressing with a loop and 

compared to uninoculated controls, (Bradbury, 1970).

(4) White line production in agar

Test isolates were inoculated on to Pseudomonas agar F (PAF)

(Difco), (Table M.ll).

Isolates were streaked in close proximity to known 'reacting' 

isolates of Pseudomonas sp., (NCPPB 387 or NCPPB 1311). Plates were 

incubated at 25°C - l^C for 24 h prior to examination. The production 

of a white line within the agar between the test and 'reacting' isolates 

is indicative of the test bacterium being Ps. tolaasii.

(Wong and Preece, 1979).

(5) Pigment production

The production of diffusable pigments by test isolates was 

determined on Kings' B media for the excretion of yellow-green or blue 

pigments that fluoresce under ultraviolet light (x = 365 nm) and on King s 

f'iedium A for the excretion of orange-red carotenoid pigments, (King,

Ward and Raney, 1954), (Table M.ll).
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Table M 11

Special media for the identification of bacterial isolates

Constituent gi.'̂

Pseudomonas Agar F. (Wong and Preece, 1979)

Bacto-tryptone 10

Bacto-proteose peptone No, 3 10

dipotassium phosphate 1,5
magnesium sulphate 1.5
Bacto-agar 15

Bacto-glycerol 10

Kings’ A medium (King, Ward and Raney, 1954)

Bacto-peptone 20
Bacto-agar 15

glycelol 10
dipotassium sulphate, (anhydrous) 10
magnesium chloride, (anhydrous) 1.4

pH 7.2

Kings' B medium (Kinget^l^. 1954)

Proteose-peptone No. 3 20

Bacto-agar 15

glycelol 10
dipotassium hydrogen phosphate, (anhydrous) 1.5 

magnesium sulphate; septa hydrate 1.5

Nutrient gelatin

' V. •
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Bacto yeast extract 3

peptone (Oxoid L37) 5

gelatin 120
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(6) Number of flngella

The number of flagella arising from each bacterium was determined 

by examining pure culture suspensions directly. Droplets of a 

bacterial suspension were gently dried on to coated copper grids,

(80 mesh), and stained with a drop of lead citrate stain prepared as 

previously described, (Section III 5Ci). Grids were rinsed in SOW 

prior to examination using the transmission electron microscope.

(7) Growth at 41°C

The ability of test isolates to grow at 41°C was determined by 

inoculating isolates to Nutrient broth and incubating cultures for 48 h. 

Where growth did not occur, the media remained clear.

(8) Gram’s stain

Bacterial isolates were each smeared on to clean glass microscope

slides and air dried. Smears were heat fixed and covered with a drop

of crystal violet solution (0.5%) for 3 min. Samples were rinsed with

1% iodine in 2% aqueous potassium iodide and covered with a drop of

iodine. The slides were subsequently rinsed v/ith SOW and EtOH. Slides

were again rinsed with SDl'i and counter-stained with 0.5% safranin.

Gram +ve cells stained purple. Gram -ve cells stained red. (Buchanan and
Gibbons, 1974)

(9) Oxidase reaction

A small amount of a 24 h old bacterial culture was smeared on to 

clean filter paper which had been dampened with a little freshly 

prepared 1% aqueous tetramethyl-p-phenylene diamine dihydrochloride 

using a sterile loop. A dark bluish-violet colour formed at the smear 

within 10s. is a positive result, (Kovacs, 1956).
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(10) Catalase reaction

Droplets of 3% aqueous hydrogen peroxide were dropped on to 

single colonies of test bacteria. The production of oxygen as 

bubbles at the colony surface indicates the presence of the catalase 

enzyme.

{11) Hydrolysis of starch

Bacterial isolates were each streaked on to water agar plates 

containing 1% wheat starch. Plates were incubated for 24 h at 20°C - 1°C 

prior to flooding of the culture with 1% iodine solution. Hydrolysis of 

the starch was indicated by the presence of a clear zone visualised 

within the medium.

(12) Hydrolysis of gelatin

Gelatin hydrolysis was tested on nutrient gelatin, (Table M 11). 

Tubes inoculated with test bacteria were incubated for 72 h at 20°C - 1°C. 

Prior to examination, tubes were cooled to 4°C for 30 min. Liquifaction 

was scored as positive where the medium flowed freely, (Lelliott,

Billing and Hayward, 1966).

(13) Levan formation

Plates of Nutrient agar (Oxoid CM3) containing 3% sucrose were 

streaked with test bacteria. The development of large white mucoid 

colonies were assumed to indicate the production of levan, (Lelliott et 

1966).

(14) Carbon utilisation

For carbon utilisation tests the basal medium of Palleroni and 

Doudoroff (1972) was utilised, (Table M 11). Carbon sources, (Table 

M 10) were included in the media at the concentration of 1/d. Sugars 

were sterilised by filtration prior to incorporation in the cooled media.

I
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EXPERIMENTAL WORK AND RESULTS

CHAPTER I

GROWTH, SURVIVAL AND ECOLOGY OF M.PERNICIOSA IN VIVO AND IN VITRO

The aim of the work described in this chapter was to investigate 

factors influencing symptom development and disease spread, and the 

effect of host and non-host organisms on growth and survival of the 

pathogen.

I. OPTIMA FOR GROWTH OF M.PERNICIOSA JN VITRO

1 . Temperature

The temperature at which liquid cultures of M.perniciosa were

grown significantly affected growth of the fungus.

Optimum temperature for vegetative growth, determined on the

basis of dry weight of mycelium produced in OD media was determined

as 25°C, (Figure 1.1). Temperature range for at least 50% of maximum

growth was determined as between 17°C and 32.5®C. Growth at 16°C,

that temperature recommended as the maximum cropping temperature for

A.bisporus, (Brady «nd was determined as 34% growth rate of maximum. 
---------- Gibson 1976b),

2. Substrate pH

M.perniciosa liquid cultures grown in OD media assessed on a dry 

weight basis showed optimum substrate pH to be 4.1. Growth declined 

markedly at pH values above this figure to 33% of maximum at pH 5.0. 

Changes in substrate pH above pH 5.0 produced no significant further 

decrease of the dry weight of mycelium produced, (Figure 1.2).
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3. The influence of Carbon:Nitrogen (C:N) ratio

Optimum C:N ratio for vegetative growth was determined in OD 

media with sucrose as the sole carbon source and calcium nitrate as the 

sole nitrogen source. Variation in C:N ratio was achieved by 

altering the amount of available nitrogen in order to minimise any 

osmotic effects due to sucrose. Optimum C:N ratio was determined as 

55:1 with a C:N ratio range for at least 75% of maximum growth 

between 10:1 and 77:1. Growth was 97% of maximum at C:N ratio of 

35:1, typical of mushroom casing soil, (Vedder 1978), compared to 

growth of between 78% and 94% of maximum over the C:N range 20:1 to 

11:1, as found in commercial composts at the start and the end of 

the growing cycle, (Vedder 1978), (Figure 1.3).

U t
* #1

$

1 .*

*.>•
*; i. •

II. SUBSTRATE UTILISATION AND ENXYMIC ACTIVITY

The ability of M.perniciosa in vitro to utilise a range of 

artificial substrates containing a range of carbon and nitrogen 

sources was investigated.

Carbon source utilisation was compared on defined media 

containing specific carbon sources. Growth of M.perniciosa was 

measured as radial growth of the fungus on agar plates after 10 days' 

incubation at 20°C - 1°C on media containing 10 g available 

carbon litre’ .̂

M.perniciosa utilised chitin (Crab shell poly-N-acetylglucosamine)^ 

(6.96 “ 1.12 cm), galactomannan polysaccharide (6.59 - 0.40 cm), 

sucrose (6.0 - 0.46 cm), and Na-carboxymethyl cellulose 

(1500 - 400 cP) (5.88 - 0.11 cm) as sole carbon sources about equally. 

Differences were not significant. M.perniciosa was seen not to
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Table 1.2

Enzyme production by M.perniciosa in vitro 

Enzyme Production by M.perniciosa

(a) (b) (c)

Alkaline phosphatase + + +

Esterase C4 - + +

Esterase lipase C8 + + +

Lipase C14 - - -

Leucine aryl ami dase + + +

Valine aryl ami dase + +

Cystine arylamidase - - -

Trypsi n + + -

Chymotrypsi n + -

Phosphatase acid + + +

Galactosidase < - - -

Galactosidase ^ - + -

Glucuronidase - + +

Glucosi dase - - -

Glucosi dase p + + +

N Acetyl B glucosaminidase + + +

Mannosidase + + -

Fucosidase - + -

Amylase + + +

CMCase + + +

- Mycelial sample from Czapek Dox

- Mycelial sample from Czapek Dox

liquid cultures 

+ mushroom liquid cui tures

(c) - Sterile filtered supernatant from (b). 

+ = Enzyme produced

- = Enzyme not produced

* ̂1
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utilise substrates containing native cellulose, (Whatman No. 1 

paper), xylan (Larchwooci), D-xylose or pectin (Apple, 250 grade), 

as sole carbon sources, (Table 1.1).

Growth of the fungus was not significantly affected by the 

variation of the type of nitrogen source present in OD media with 

sucrose as the sole carbon source, with utilisation of urea, nitrate 

and ammonium ion nitrogen sources being equally good.

Further to this, investigations into the enzymic activity of 

M.perniciosa were carried out by assaying culture filtrate samples for 

activity using the API ZYM pre-packaged diagnostic system.

Samples of mycelium from M.perniciosa cultures grown in Czapek Dox 

liquid medium and from those grown in Czapek Dox/mushroom media 

consisting of Czapek Dox liquid medium with the addition of sterile 

filtered juice from pressed healthy 'button stage' A.bisporus sporophores 

(0.2 111 cm ) were withdrawn after incubation for 10 days at 25®C - 1°C. 

In order to differentiate between wall bound and free enzymes samples of 

sterile filtered supernatant from M.perniciosa Czapek Dox/nushroon media 

cultures were also taken. Controls v̂ ere of uninoculated Czanek Dox/ 

mushroom media.

Samples were assayed for the presence of a range of enzymes using 

65 pi of sample suspension or filtrate.

M.perniciosa grown in Czapek Dox liquid medium v/as seen to produce 

a smaller range of enzymes than when grown in Czapek Dox liquid medium 

with the addition of sterile filtrates of juice from pressed healthy 

A.bisporus sporophores, (Table 1.2). Notably, production of B galacto- 

sidase, glucuronidase, esterase C4 and a fucosidase were detected in 

the presence of sporophore filtrates but not in the simple defined media.

«
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The role of these enzymes is likely to be not only in pathogenesis 

against the host but they may have a role in increasing the general 

saprophytic activity of H.perniciosa within the compost and casing 

layers of mushroom beds.

In addition, amylase activity, determined by the ability of

mycelial suspensions and filtrate droplets to hydrolyse starch in agar 

medium, visualised by flooding the plate surface with 1% iodine 

solution after 4 h incubation at 20°C, was noted in M.perniciosa 

cultures grown in media both with and without the addition of host 

sporophore filtrates.

Cellulase activity was determined as the ability of sterile 

filtrates from M.perniciosa liquid cultures to alter the viscosity of 

1% carboxymethyl cellulose, (CMC), buffered at pH 5.2. Cellulase 

activity was identified as a reduction in substrate viscosity with a 

corresponding reduction in flow time through a capillary viscometer.

Supernatant (2 cm^) from M.perniciosa OD media cultures with CMC 

as the sole carbon source, incubated at 20®C  ̂2®C, v;as added to 8 cm 

of 1% CMC and tested for cellulase activity viscometrically.

Viscometers were calibrated with a maximum viscosity (100%) taken 

as the time for 8 cm^ of 1% CMC + 2 cm^ SOW at 30®C to pass through the 

capillary section of the viscometer, the time taken for the same volume 

of SD'.'I being taken as minimum viscosity, (0%).

Viscosity of buffered CMC substrate decreased rapidly following 

the addition of sample filtrates from both 4 days old and 35 days old 

M.perniciosa cultures, (49.22* and 78.5% reduction respectively after 

1 min.). Subsequent reduction in viscosity was then less rapid (79.8%

•• *
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and 97.2% reduction relative to time 0 after 20 min. respectively). 

Overall, data of substrate viscosity in the presence of M.perniciosa 

culture filtrates when plotted against time gave a curved graph 

indicating endo-enzymic cleavage of the long chain molecular substrate 

in media colonised by M.perniciosa, (Figure 1.4).

111 GERMINATION OF M.PERNICIOSA CONIDIA

Conidia produced by M.perniciosa are primarily of two types.

The phialidic or vertici11ium-1ike spores are thin walled and 

uniseptate. It was noted that these spores, in some cases, split at 

the centrally positioned septum resulting in the occurrence of tv;o 

unicellular propagules, (Plate 1.1). Germination was observed to be 

directly by one or more germ tubes from either or both of the coni dial 

cells.

The chiamydospore form, produced in older cultures is 

initially bicellular having a lower hyaline cell and an upper cell 

which becomes melanised and warty on maturation. Young chlamydospores 

contain numerous fat droplets and are multinucleate, with the upper 

cell remaining thin walled until fully expanded prior to rnelanisation, 

(Plate 1.2).

When detached from the mycelium, the lower cell, while capable of 

germination, has a tendency to die and split open resulting in what is 

in reality a single celled spore with the remnants of the lower cell 

attached.

The remaining warty cell has no germ pores and with the only 

apparent weak spot at the point of the septum between the upper and
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lower cells of the original bicellular spore, (Plate 1.3). Germination 

at this point is therefore likely, as suggested by Smith (1924), but 

later discounted by Vincent-Davies, (1972). Germination was observed 

both at this point and as a result of splitting of the chlamydospore 

wall or by production of a secondary vescicle prior to germ tube growth.

Spore germination in various substrates

Germination of M.perniciosa chlamydospores and verticillate conidia 

was investigated in order to determine the factors influencing this 

aspect of growth of the fungus.

Germination of spores was seen to be dependent on the nature of the 

substrate in which they were incubated. Germination of both 

chlamydos pores and verticillate conidia was best in sterile filtered 

juice from pressed healthy A.bisporus sporophores at 66% and 100% 

respectively, (Figure 1.5a). Chlamydospores had a low level of 

germination in other treatments, 0-3.7%, in SOW, sterile de-ionised 

water (SDeW), i strength Czapek Dox liquid medium, methanol and 

chloroform extracts of healthy sporophores. In SDl'/ containing ion­

chelating agents (di-hydroxybenzoic acid (DHBA) or ethylene-diamine 

tetra acetic acid (EDTA)) germination improved slightly to 5% and 4.2% 

respectively such that a possible role for chelating soil microorganisms 

in the germination of M.pemiciosa chlamydospores by affecting general fungal 

metabolism as suggested by Weinberg (1970) cannot be entirely discounted.

Differences in germination of verticillate conidia and chlamydo­

spores indicate differences in the response to the nature of the 

substrate with chlamydospores requiring the presence of host material.

Germination levels for verticillate conidia were higher than in 

all corresponding chlamydospore treatments, (Figure 1.5b).
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PLATE 1.3 Mature 42 day old, heavily melanlsed, 
M.pernlciosa chlamydospores showing the warty cell 
structure with the remains of the lower hyaline cell 
still attached (X).
Note the presence of a possible germ pore at the 
septum between the upper and lower cells of the 
developing spore, (arrowed).

Bar represents 5/im.
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SUBSTRATE

P t r c n ^  griwination of Mjwmicioi« conkli« from 10 day old MM agar culturw, inculwfd «t

2SOC -  20Cin^.
iTSOtST
2) SOW, pH 6.7 ^
3) Stefito f i lt f i l  iuic« from pwmd A.bitponit yorophor—
4) CMoroform extract of (3) -«i n a u  dm ra
5) Mottianol extract of (3) , 6) Half ftrangth Czapak Dox liquid medium, 7) 0.4 M DH .

0.4M EDTA
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Low levels of germination of chiamydospores in methanol and chloroform 

extracts of A.bisporus sporophores indicates the polar nature of the 

stimulating components in extracts of host tissue. That this is not 

simply a nutritional effect is indicated by the low level of 

germination in i strength Czapek Dox liquid medium, suggesting the 

involvement of specific vitamins or amino acids.

Germination of verticillate conidia was similarly best in juice 

from pressed A.bisporus sporophores, although relatively high levels of 

germination in other substrates compared to the level of germination of 

chlamydospores indicates that chlamydospores are heterotrophic for a 

wider range of nutritional components than verticillate conidia.

It is apparent therefore, that verticillate conidia are nutritionally 

less demanding than chian\ydospores and that germination is influenced 

largely by availability of nutrients in the substrate.

Ion chelators have no significant effect on germination of 

verticillate conidia relative to SOW treatments.

*
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2. The effect of substrate on germ tube growth

Growth of germ tubes of verticillate conidia was significantly

reduced after 18 h incubation at 20®C t 2®C in the presence of sterilised

juice from pressed healthy A.bisporus sporophores compared to controls in
figure 1.6)

SOW and to those spores harvested dry and incubated in moist chambers.

This result is in apparent contradiction to those described above 

whereby germination of conidia was reported to be greatest in juice from
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pressed A.bisporus sporophores, indicating a difference in the factors

influencing spore germination and subsequent germ tube growth.

There was no significant difference in germ tube growth in juice

from pressed healthy A.bisporus sporophores where sterilisation was by
-2

filtration or by autoclaving, (15 min. at 1 kg cm ), indicating that 

factors in host tissue capable of inhibiting extension growth of 

M.perniciosa hyphae are fully heat stable, (Figure 1.6).

• * I
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3. The effect of temperature

Germination of 10 day old chlamydospores and verticil late conidi a 

in i strength sterile filtered juice from pressed healthy A.bisporus 

sporophores was examined at various temperatures on clean glass slides 

in the dark. Percentage germination was determined after 24 h for 

verticil late conidia and after 72 h for chlamydospores.

Maximum germination of verticil late conidia, (86.5%), was at 18®C 

and at 25®C for chlamydospores, (70% germination), with at least 75% of 

maximum germination recorded over a range of 13.6®C - 29.0®C and 15.8°C- 

26.3®C respectively, (Figure 1.7). Germination of verticillate conidia 

took place over a wider temperature range than was the case for 

chlati\ydospores. Germination in both cases was seen to occur over the 

complete temperature range adopted in commercial mushroom cropping houses

4. The effect of light

Spores harvested from 14 day old W'i agar cultures incubated at 

20®C ! 2®C were placed in 20 pi droplets of | strength sterile filtered 

juice from pressed healthy A.bisporus sporophores on clean glass slides
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and incubated in moist chambers at 20®C - 1°C under U.V. light,

(366 nm), Tungsten light or in the dark. Germination levels were 

assessed after 24 h for verticillate conidia, and after 72 h for 

chlamydospores.

Germination of verticillate conidia was not significantly 

affected by variation of the light regime.

Germination of chlamydospores was greatest in the dark compared 

to Tungsten or U.V. light, but differences were not significant, 

(Figure 1.8).
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5. The effect of age on spore germination

Spores harvested from 14 day old IW agar cultures, incubated at 

20®C - 2®C were stored at ambient humidity for varying lengths of time 

at 18®C - 1°C. Subsequent germination of verticil late conidia and 

chlamydospores was investigated at 18®C and 25®C respectively in 10 wl 

droplets of 1 strength sterile filtered juice from pressed healthy 

A.bisporus sporophores on clean glass slides in moist chambers.

Verticil late conidia were seen to have a generally high germination 

potential of between 58% and 100% for spores up to 69 days old,

(Figure 1.9). Germination levels were found to vary, with low levels 

occurring after 12 days and 61 days storage. Such variation may have 

been due to unidentified factors other than the age of the spore.

Chlamydospores were seen to germinate readily 7 days after 

harvesting (66% germination). Germination potential decreased rapidly 

to 3% after 14 days with a minimum of 1% after 21 days storage. 

Germination potential subsequently increased to a secondary maximum of
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11% after 42 d storage, with a further decrease in germination levels 

for chiatnydospores stored for longer periods (Figure 1.9). It is 

likely that chlamydospores less than 14 days old have thinner cell walls 

with a lower degree of melanisation than older spores, young spores 

having a correspondingly higher sensitivity to nutritional or environ­

mental factors such as U.V. light. Chlamydospores less than 14 days old 

may be more akin to verticil late conidia than to older chlamydospores 

which apparently go through a maturation phase prior to a secondary peak 

germination potential.

Environmental influence on sporulation

The effect of altering light and temperature on sporulation of 

M.perniciosa was investigated. Spores from M.perniciosa Czapek Dox agar 

cultures in 250 cm^ conical flasks of uniform diameter were harvested 

when the agar was completely colonised. SOW (100 cm^) + 10 pi of Tween 

30 was added to each flask and the surface of cultures scraped with a 

sterile glass rod and flasks shaken on a wrist action shaker for 1 h.

The concentration of the resulting spore suspension was subsequently 

measured using a haemocytometer.

Chi any dospore production was seen to be greatest at 18°C. falling 

to 36% of maximum at 20®C, and 8^ of maximum at 30®C. Optimum 

temperature for the production of verticil late conidia was determined

as between 20®C and 25®C, (Figure 1.10).

Relative abundance of chlamydospores and verticil late conidia was 

also affected, with chi any dospore : verticillate conidia ratio greatest 

at 18®C, (2.4:1), the lowest at 25®C, (0.45:1), (Figure 1.11).
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Sporulation was also affected by the light regime under which 

cultures were grown.

Total spore production was greatest in full light with sporulation 

significantly reduced in U.V. light and under dark conditions, (Figure 

1.12). The relative abundance of chiamydospores compared to 

verticil late conidia was increased in U.V. light and under dark 

conditions, (Figure 1.13). This is likely to be due to the increased 

resistance to U.V. light of melanised structures, in addition to a 

possible direct effect of light on spore morphogenesis.

7. Aerial dispersal of conidia

In view of the uncertainty with which the ability of M.perniciosa 

conidia to be dispersed in air currents has been reported, (Zoberi 1961, 

Fletcher and Ganney 1968, Cross and Jacobs, 1968), dispersal of conidia 

within cropping houses infected with M.perniciosa was investigated.

Initial assessment of the suitability of the Cascade Impactor for 

collection of conidia confirmed that spores released from MM agar 

cultures into an air flow of 0.1 m sec.  ̂at 55% R.H., could be trapped 

using this apparatus. Both chlamydospores and verticil late conidia 

were seen to be aerially dispersed under such laboratory conditions. 

While chlamydospores were readily distinguished on impaction discs 

stained with cotton blue in lactophenol identification of verticil late 

conidia was more difficult due to the tendency for them to split at the 

central septum in some cases, resulting in two single celled propagules 

rather than the bi-cellular spore commonly associated with the fungus.

Use of the trap within a cropping house (A.bisporus strain 0621)
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artificially inoculated with M.perniciosa revealed that both 

chi amy dos pores and verticillate conidia were aerially dispersed.
-3

The maximutn spore load measured was 110 propagules m of air, where 

37,7% of sporophores were infected.

Itonitoring of temperature and relative humidity within the 

cropping house indicated that release of both chlamydospores and 

verticillate conidia could not be directly related to either of these 

factors. Spore release was most closely related to the age of the crop 

itself, (r = - 0.89, p < 0.01), (Figure 1.14).

The use of spore trapping apparatus was necessarily restricted to 

the period prior to 'veil break' of healthy sporophores before the 

release of spores by A.bisporus which resulted in all slides in the 

Cascade Impactor being covered v/ith Agaricus spores, such that

identification of M.perniciosa conidia was impossible.

I

• ; •.

IV COLONISATION OF NATURAL SUBSTRATES BY M.PERNICIOSA 

1. Casing soil

Growth in casing soil inoculated with an M.perniciosa coni dial 

suspension, (c. I x 10^ spores g  ̂of soil), in the absence of 

A.bisporus sporophore tissue, was not detected by direct microscopic 

observation under non-sterile conditions.

Routine observation of symptom development in infected beds 

revealed that in some cases ».perniciosa may grow in casing soil in the 

immediate vicinity of infected sporophore and sclerodermoid tissue.

In order to determine whether the ability of M.perniciosa to grow
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from infected tissue into the surrounding casing soil was influenced 

by the microbial population numbers of bacteria and actinomycètes were 

determined using the soil dilution technique.

It was found that the ability of M.perniciosa to grow into the 

casing soil could not be directly related to the total microbial 

population of the substrate. (Table 1.3).

t'‘. ' .1
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2. Theoretical colonisation index (TCI) of M.perniciosa in natural 

substrates

As a comparative measure of the ability of M.pemiciosa to 

colonise a range of natural substrates Theoretical Colonisation Index 

(TCI) values were determined using the method of Mitchell and Dix, 

(1975a).

Verticil late conidi a, (10 day old) and chlainydospores (35 day old) 

were applied to strips of water agar placed on the surface of a range 

of substrates in closed plastic boxes» and incubated at 25®C - 1 C  for 

24 h. Agar strips were subsequently removed from the substrate surface 

and placed on clean glass slides prior to staining with cotton blue in

lactophenol and microscopic examination.

The TCI value is defined as the product of percentage germination 

and the mean germ tube length after 24 h incubation, with a low TCI 

value indicating a poor ability to colonise the substrate examined.

Results indicate a TCI value of zero for chiamydospores in fresh 

used mushroom compost and casing soil and for clay soil substrates with 

no gennination after 24 h. Samples on mixed casing/compost weathered 

for 9 months at ambient temperatures, (between -10®C and +10®C) after

■ "i:
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from infected tissue into the surrounding casing soil was influenced 

by the microbial population numbers of bacteria and actinomycètes were 

determined using the soil dilution technique.

It was found that the ability of M.pemiciosa to grow into the 

casing soil could not be directly related to the total microbial 

population of the substrate. (Table 1.3).
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Theoretical colonisation index (TCI) of M.perniciosa in natural 

substrates

As a comparative measure of the ability of M.pemiciosa to 

colonise a range of natural substrates Theoretical Colonisation Index 

(TCI) values were determined using the method of Mitchell and Dix, 

(1975a).

Verticillate conidia, (10 day old) and chianydospores (35 day old) 

were applied to strips of water agar placed on the surface of a range 

of substrates in closed plastic boxes» and incubated at 25®C - 1 C  for 

24 h. Agar strips were subsequently removed from the substrate surface 

and placed on clean glass slides prior to staining with cotton blue in

lactophenol and microscopic examination.

The TCI value is defined as the product of percentage germination 

and the mean germ tube length after 24 h incubation, with a low TCI 

value indicating a poor ability to colonise the substrate examined.

Results indicate a TCI value of zero for chiamydospores in fresh 

used mushroom compost and casing soil and for clay soil substrates with 

no germination after 24 h. Samples on mixed casing/compost weathered 

for 9 months at ambient temperatures, (between -10®C and +10®C) after
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Table 1.3

The relationship between the ability of M.pemiciosa to colonise casing 

soil and soil microbial populations

(a) * Total population of bacteria and actinomycètes gram of soil

(b) = Growth of M.pemiciosa in casing soil from infected tissue

+ a < 1 cm

-1

•A* i

* I»’ *

11 •: *.

* '  ̂f

^ ..

1
Microbial
Population
X 1Q7 gram'l

(a)

Growth of 
M.pemiciosa

(b)

Microbial 
Population 
X 10' gram"^

(a)

Growth of 
fi.pemiciosa

(b)

0.843 + 1.923
0.916 + 1.968 -

1.051 - 1.970 +
1.070 ++ 1.981 +
1.123 + 1.988 ++
1.188 + 1.989 +
1.264 + 2.043 -

1.277 - 2.176 +
1.298 - 2.242 +
1.314 + 2.310 -

1.327 - 2.326 ++
1.389 - 2.356 -

1.393 - 2.364 +
1.533 ++ 2.408 ++
1.553 - 2.570 +
1.556 - 2.679 -

1.577 2.731 —

1.634 + 2.843 -

1.647 + 2.860 +
1.676 - 3.007 —

1.677 - 3.021 -

1.694 + 3.305 -

1.725 - 3.313 -
1.791 - 3.626 -H-
1.811 ++ 3.676 +
1.846 - 20.220
1.898

1

. ♦ *. • 1
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cropping of A.bisporus was low at 1.38 compared with values for 

woodland soil and unused eating soil, (21.06 and 23.42 respectively).

Verticillate conidia similarly showed lowest TCI values in fresh 

used compost and casing, (316.39 and 372.36 respectively) while TCI 

values for weathered casing / compost mix and unused casing soil were 

higher at 377.11 and 874.0 respectively. TCI values for verticillate 

conidia were greatest in clay soil samples (1351.16) and woodland soil 

samples (2031.74), (Table 1.4). The low TCI values for both types of 

spore in fresh used mushroom substrates suggests that such material 

contains undefined factors capable of inhibiting growth of M.perniciosa. 

Increased TCI values for both types of conidia on weathered casing / 

compost mix indicates that such factors are degradable or that low TCI 

values in fresh substrates are due to the presence of a specific 

microflora antagonistic towards M.perniciosa that is superseded by other 

micro-organisms on older material.

•4 ;•
V •**.

-1.1

3. Longevity of M.perniciosa mycelium in spent compost and casing soil

5 Iiv-order^to investigate the ability of M.perniciosa to survive as

viable nycelium in casing and compost material in ^ e  a^ence of 

actively growing A.bisporus n\yceliumji4^tcr croppin^^Sarley seeds were 

inoculated with a conidial suspension of H.pemiciosa,(after soaking in 

water for 48 h and autoclaving, (30 min. at 1 kg an ^)iand incubated for 

21 days at 18®C Ì 2®C. ^Fully colonised seeds were incorporated into 

spent mushroom compost and casing soil (c. 200 seeds 1 of soil), 

and stored at 4°C and 18°C. Samples were withdrawn, (10 seeds) at 7 day

• ' V, i ■
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Table 1.4

Theoretical colonisation indices (TCI) for H.pemiciosa 30 day old verticlHate 
conidia and 35 day old chlamydospores on a range of substrates after 

24 h at 25°C - 1°C.
w I. »

j

•  ̂t

1
i

Substrate Verticillate conidia

•

Chi ainydos pores

%
Germinati on

Hyphal
length TCI

%
Germination

Hyphal
length TCI

arbitary
units

arbitary
units

CONTROL 98.66 21.15 2086.66 6.33 4.09 25.89

WOODLAND
SOIL 98.82 20.56 2031.74 7.14 2.95 21.06

CLAY SOIL 99.35 13.6 1351.16 0.0 0.0 0.0

UNUSED CASING 100.0 8.74 874.0 5.96 3.93 23.42

CASING/ 
COMPOST 

(9 month post 
cropping)

88.94 4.24 377.11 0.51 2.70 1.38

FRESH CASING 
(post cropping)

90.82 4.10 372.36 0.0 0.0 0.0

FRESH COMPOST 
(post cropping)

1

78.51 4.03 316.39 0.0 0.0 0.0

• V
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intervals, surface sterilised with mercuric chloride, and rinsed in 

three changes of SOW prior to plating on to malt (+ streptoriycin) 

agar and incubated at 20®C - 1®C. In the absence of A.bisporus tissue 

viability of M.pemiciosa inycelium was seen to decrease rapidly,

(Table 1.5). I4ycelium was eliminated from seeds within 7 days in 

casing at 4°C, within 7 days in casing and compost at 18®C and within 

14 days in compost at 4®C.

4. The effect of compost diffusâtes on germination and growth of conidi a

In order to further investigate the effect of compost on fungal 

growth aqueous diffusâtes from compost fully colonised by A.bisporus 

were assayed for the ability to reduce germination and germ tube 

growth of Cladosporium herbarum and H.pemiciosa conidi a. Compost 

diffusâtes were prepared by steeping colonised compost in SOW for 18 h 

at 4®C. The resultant diffusâtes were centrifuged and sterilised by 

filtration. Separation into high molecular weight (HIW) and low 

molecular weight (UW) fractions was by dialysis through cellophane 

into SOW for 48 h at 4®C. Resulting fractions were concentrated by 

freeze drying and subsequently resuspended in SOW. In order to 

eliminate any possible effects on germination caused by differences in 

osmotic potential between treatments all samples were adjusted to an 

osmotic potential of 1200 milliosmols Kg  ̂by the addition of poly­

ethylene glycol 6000.

Dialysis fractions and 'complete* (undialysed) diffusate samples 

were assayed against C. herbarum conidia and M.pemiciosa verticil late 

conidia on glass slides, controls were of conidia in SDW.

■ •’ »
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Table 1.5

Viability of M.perniciosa inycelium jnrubatpH on sterile barley geed at 

18°C for 21 days prior to burial ..in spent mushroom compost and casing

soil with time, .at 4°C and 18^C.

Time after burial X of seeds containing viable nycelium

(Days) 4‘»C 18‘X

Casing Compost Casing Compost

0 100 100 100 100

7 0 30 0 0

14 0 0 0
••.■'vT'.
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Germination of M.perniciosa verticil late conidia and C.herfaarum 

conidia was not significantly affected by 'complete' or Ht4W diffusate 

samples relative to SDl̂  controls. Germination of the conidia of both 

types of fungi was however significantly reduced in the presence of 

the Uii fraction, (p <0.05), (Figure 1.15). The absence of any 

fungistatic or fungi toxic effect of the complete sample suggests the 

presence of undefined factors, possibly nutritional, which may negate 

any adverse effect on germination due to components.

Germ tube growth of C.herbarum Increased in all diffusate samples 

relative to SOW controls, while growth of M.perniciosa germ tubes was 

seen to be reduced by both HMW and LtW fractions relative to controls 

(89X and 85X reduction respectively), although this was not reflected 

in 'complete' samples, (Figure 1.16). The factors influencing the 

processes of spore germination and subsequent growth are therefore 

different, with an apparent specificity against M.perniciosa in the 

host substrate.

Membrane integrity of H.pemiciosa germ tubes in compost 

diffusâtes was determined using the Trypan Blue histochemical stain as 

a measure of germ tube survival, with uptake of the high molecular 

weight stain indicating membrane disruption. Microscopic observation 

of germ tube terminal cells revealed a significant reduction in 

cellular integrity, relative to SOW controls and to non-dialysed 

'complete' diffusâtes, (p <0.05) in both W W  and LM«/ fractions,

(65.5X and 52.0« reduction respectively), (Figure 1.17). This mirrors 

results for germ tube growth discussed above and indicates the fungi- 

toxic rather than fungistatic nature of LMW components.
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Viability of ungenninated M.perniciosa conidi a in diffusâtes,

and dialysis fractions of‘diffusâtes, from sterile compost previously

colonised by H.perniciosa, at uniform osmotic potential, prepared as

previously described, was examined in order to determine whether

spore viability was affected by components of the host substrate.

Spores were maintained at 4®C, in order to prevent germination, in

20 pi droplets of sample diffusâtes on clean glass slides in moist

chambers. In view of the problem associated with germination of

chlan\ydospores, spore viability was determined histochemically using

the Trypan Blue vital staining technique. Uptake of the stain -

indicating disruption of the cell membrane with resultant cell death^ 
(Rossall, Mansfield and Hutson, 1980).

Viability of chlanydospores was reduced in the presence of both

L W  (14.5X viable) and SOW (8.6X viable) compared to 'complete' (66.3«

viable) and HMM (61.Ot viable) fractions, over an eight day period,

(p <0.05X), (Figure 1.18). This may reflect a leaching rather than a

toxic effect in the former two cases.

Viability of verticil late conidi a was significantly reduced in

U U  fractions (72.1» viable) relative to SOW controls (95.32 viable)

and to both 'complete' and HfK fractions, (97.5X and 96.3% viable

respectively), measured over a 48 h period, (p <0.05), (Figure 1.19).

The effect of diffusâtes on verticil late conidi a differs from that

noted for chlan^dospores, particularly in that response to the presence

of diffusâtes is more rapid in the former case and appears to reflect

a susceptibility of verticillate conidia to fungi toxic LMi components

present in compost* colonised by the host.

It is apparent that compost colonised by A.bisporus contains low
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molecular weight components reducing the growth and germination of 

H.perniciosa conidia. This is apparently due to the presence of more 

than one factor, however, in view of the differing response of 

germination and germ tube growth of both C.herbarum and M.perniciosa 

conidia. That such effects are not apparent in 'complete' samples 

suggests that inhibition is due to fungi toxic activity in the low 

molecular weight sample which can be overridden by factors, possibly 

nutritional, present in the high molecular weight phase. • >•

5. Spectrophotometric determination of growth of M.pemiciosa in compost

The ability of M.pemiciosa to colonise mushroom compost has 

previously been the subject of contradictory reports, (Smith 1924, 

Vincent-Davies 1972). Therefore, the ability of M.perniciosa to grow 

in such material was determined quantitatively using a spectrophoto­

metri c assessment of esterase activity in colonised substrates as a 

measure of fungal mass, (Swisher and Carroll, 1980).

In preliminary experiments M.pemiciosa esterase activity was

related to total dry weight of fungus by incubating samples of nycelium

with 25 cm of SDW containing 8 m1 cm of fluorescein diacetate for

1.5 h at 20®C - 1®C in an orbital incubator (100 r.p.m.). Incubation

of the nycelium resulted in production of a green colouration in the

substrate due to hydrolysis of fluorescein diacetate by fungal esterase.

The sample was filtered through tared membrane filters, (0.22 u pore

size) and absorbance of the supernatant at 490 nm determined. Dry

weight of nycelium was also determined. A calibration line relating

esterase activity to dry weight of fungus was constructed (Materials 

and Methods, II 7C), enabling quantitative detennination of M.perniciosa

« ’•
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Itaceli urn present in complex substrates.

Sterile commercial composts were then examined in order to 

quantitatively determine the ability of the fungus to colonise such 

substrates.

In order to differentiate between the effects of compost and

A.bisporus n\ycelium on growth of M. perni ci osa, a range of substrates

were examined. Sterile unused compost, sterile autoclaved compost

supplemented with diffusâtes from A.bisporus compost cultures and

ethylene oxide sterilised compost previously colonised by A.bisporus

were each inoculated with an M.perni ciosa coni di al suspension from 14

day old MM agar cultures, (4.0 x 10^ spores g )̂. Cultures were

subsequently incubated at 20®C t 1®C. Compost diffusâtes, ('complete',

low molecular weight, and high molecular weight fractions) prepared as

previously described and added separately, were included at the rate of 
3 -10.25 cm g of compost.

Growth of M.perni ci osa in treated and untreated compost was 

determined by withdrawing 1.0 g samples of compost and incubating them 

each with fluorescein diacetate in SOW as previously outlined. Blanks 

were of uninoculated sterile compost incubated in the same manner. The 

amount of H.pernici osa mycelium present in the compost was then 

calculated from the calibration line.

Growth of H.pernici osa in unsterile compost was examined by direct 

observation of inoculated compost only, the fluorescein diacetate 

hydrolysis technique being calibrated specifically for M. perni ci osa in 

the absence of any other fungi or bacteria.

Growth of M.perni ciosa was seen to be significantly greater in
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compost with the addition of sterile filtered diffusâtes from compost 

colonised by A.bisporus, and in that supplemented with HMW dialysis 

fractions of compost diffusâtes compared to all other treatments,

(p <0.05). Growth in sterile compost previously colonised by A.bisporus 

prior to sterilisation was reduced however.

• •

The ability of M. perni ci osa to colonise mushroom compost v/as 

clearly demonstrated. Growth of M.perniciosa affected by the presence 

of the host with a 16.8% reduction in growth of M.perni ci osa in compost 

colonised by A.bisporus compared to uncolonised material. 'Complete' 

and diffusâtes increased growth of M.pemiciosa in compost by 74.9% 

with LMW fractions showing no significant effect. (Table 1.6).

These results suggest the presence of anti-fungal components in 

A.bisporus mycelium which are not extracted using the diffusion 

technique, with an increase in growth of M.pemiciosa in the presence 

of compost diffusâtes possibly reflecting the presence of additional 

nutrients leached from compost colonised by A.bisporus.

The balance between nutrition and fungistasis of composted 

material in relation to growth of M.pemiciosa previously observed in 

spore tests was reflected in the ability of the fungus to colonise 

natural substrates. That fungistasis was observed in sterile samples 

previously colonised by A.bisporus suggests that inhibitory activity 

may be due to the host rather than any naturally occurring members of 

the microflora typically associated with A.bisporus in vivo.

. V » .
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Table 1.6

The effect of A.bisporus mycelium (killed) and diffusâtes from compost

colonised by A.bisporus on the ability of M.perniciosa to colonise

mushroom compost assessed by spectrophotometric determination of 

H.perrttCio^A esterase activity.

raq dry weight of M.perniciosa
Substrate mycelium g"^ of substrate, (a)

Comoost colonised by A.bisporus 
and sterilised with ethylene oxide

19.60 t 2.90

Sterile compost with the addition

of SOW (osmotic potential 1200 

milliosmols Kg"^)

23.55 : 4.43

Sterile compost with the addition 
of sterile filtered diffusâtes from 

non-sterile compost colonised by 

A.bisporus, (osmotic potential 1200

41.20 i 3.32

milliosmols Kg"^)

Sterile compost with the addition 
of Hfil dialysis fraction of diffusâtes 

from non-sterile compost colonised by 

A.bisporus (osmotic potential 1200

• 41.20 t 4.95

milliosmols Kg"̂ )'

Sterile compost with the addition of
LMl̂  dialysis fraction of diffusâtes 
from non-sterile compost colonised by 

A.bisporus (osmotic potential 1200 

milliosmols Kg’ )̂

28.92 - 1.19

Non sterile compost Growth observed 
but not quantified

> *
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INTERACTIONS OF M.PERNICIOSA WITH HOST AND NON-HOST FUNGI

Germination of chiamydospores in the presence of A.bisporus initials 

at various pH values

In order to determine whether the stage of development of 

A.bisporus initials affects germination of M.perniciosa chlanydospores.

30 sporophore initials. (A.bisporus Strain D621). were each placed on

sterile cavity slides with 20 pi droplets of a conidial suspension of
-3 u ^XHale. 1965)

the pathogen, (c. 1 x 10^ spores cm in citrate-.phosphate bufffer/at

different pH values, and incubated at 23°C - 1°C for 5 days in moist 

chambers.

(^rmination was determined microscopically after killing sporelings 

with one drop of cotton blue in lactophenol. The level of germination 

of chlainydospores was uniformly low, (<20%). (Sermination levels were 

affected both by pH of the substrate and by the size of the accompanying

A.bisporus initial, (Figure 1.20).

The percentage germination of chlan\ydospores increased with an

increase in the size of A.bisporus initial present.

Germination levels at the pH values investigated, were highest 

overall at pH 7.2, that closest to the pH values of the casing layer of 

a commercial crop; however, this treatment also gave a higher degree 

of scatter in the relationship between initial size and percentage

germination than at pH 7.6, (Table 1.7).

In order to determine the minimum size of A.bisporus initial having

an effect on germination of M.perniciosa chi amydos pores plots of 

percentage germination against initial size were extrapolated to give 

values for the minimum size of initial capable of increasing germinatiqn
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Table 1.7

Relationship between initial size (A.bisporus Strain D62lVn axenic culture 

and gehnination of M.perniciosa chlamydospores at various pH values.

The tabulated values were detemi ned bv extrapolation of recorded data 

to predict the ninimum size of A.bisporiis sporophore initial to increase 

germination of. 45 day old M.perniciosa chlamydospores.

1
pH value for substrate

6.3 7.2 1 7.6

Minimum initial size to 

increase germination of 

chlarnydospores relative 

to SOW controls (raro).

0.062 7 0.0 0.0

Scatter of data (p) 0.37 0.58 0.67

/
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relative to controls of chiamydospores in the absence of A.bisporus 

material, (Figure 1.20). •

At pH 6.3, A.bisporus initials 62 pm in diameter were determined 

as being the minimum able to increase germination of chiaraydospores 

while at pH 7.2 and 7.6, there appears to be no minimum size of 

A.bisporus material capable of increasing germination of M.perniciosa 

chian\ydospores compared to control samples in the absence of A.bisporus 

tissue or mycelium, (Table 1.7).

2. Numerical threshold for infection (NTl) of mature A.bisporus sporophores

The numerical threshold for infection (NTI) of A.bisporus 

sporophore by M.pemiciosa chi amydos pores was determined for button 

stage sporophores, (Strain D621) by the application of 10 pi droplets 

of 10 day old chlamydospore suspensions in SOW of known concentration 

to the cap surface of 10 healthy freshly picked (< 1 h) sporophores at 

each spore concentration.

Inoculated sporophore caps were incubated at 6°C - 1°C for 10 days 

in moist chambers and subsequently examined for evidence of spore 

germination and subsequent infection of the host at the point of 

inoculation.

Infection was seen to occur at all spore concentrations with a 

minimum NTI value for lOOX infection of 2 spores/inoculation site,

(Table 1.8).

3. Growth of M.perniciosa in the presence of host and non-host fungi 

Growth of M.perniciosa in the presence of a range of fungi 

(cofiinonly found in soils and composts) was determined jn vit_ro using
• *
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Table 1.8

Infection of healthy A.bisporus sporophores (button stage) at differing 

M.perniciosa spore loads. 10 day old chlamydospores were applied to 

cap surfaces prior to incubation for 10 days at 6°C prior to microscopic 

examination of inoculation sites.

*

Spores / inoculation site 
(10 pi droplet)

% infection of healthy sporophore 
caps

1 50

2 100

5 100

10 100

50 100

100 100

250 100
i___________ ________ ______ ________

• • *1

* .• i
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dual cultures on agar plates in order to determine which fungi are 

capable of antagonising M.-pemiciosa. In addition, the growth of 

M.perniciosa in the presence of different strains of host (A.bisporus) 

mycelium was also investigated.

The patterns of growth of mycoparasites in the presence of host 

and non-host fungi in vitro was investigated by Gray and Morgan- 

Jones, (1981). They found that the growth of mycoparasites in the 

presence of vegetative mycelium of other fungi could be placed in one 

of four categories, (Table 1.9).

In order to examine the pattern of growth of M.pemiciosa in the 

presence of host mycelium, commercial strains of A.bisporus (D621 and 

A6) and an experimental strain (G.C.R.I. 431) were inoculated on to 

separate Czapek Dox agar plates in 9 cm Petri dishes. Strain 431 

conmonly forms initials in sterile culture while the commercial strains 

do not. After establishment of growth of A.bisporus, (c. 2-3 mm) 

plates were inoculated with M.pemiciosa and linear growth of the 

pathogen from the point of inoculation recorded at regular intervals.

Growth rate of M.perniciosa in the presence of all A.bispor^ strains

tested was seen to fall off from 6.4 mm - 0.53 mm day before contact 

between the two fungi, to 0.2 mm t 0.09 ram day  ̂on contact, (Growth 

pattern D, with no apparent difference between strains of A.bisporu^), 

(Figure 1.21).

Growth of M.perniciosa in the presence of A.bisporus was further 

investigated using glass Petri dishes, (15 cm diameter), filled with 

sterile compost, (c. 50 g) and inoculated with a single 5 mm disc cut 

from the margin of a 10 day old M.pemiciosa Malt agar culture at the

ft

.••• I
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Table 1.9

Patterns of growth of mycoparasltes in the presence of host and non-host 

fungi in vitro

(After Gray and iiorgan-Jones, 1981)

't.

ri- ■

Category A

Growth of a rnycoparasite in the presence of non-host fungi is 

unaffected with a uniform linear growth rate both before and after 

contact between the two fungi.

Category B

Where a mycoparasite is in the presence of mycelium of a potential 

host, the growth rate of the pathogen decreases gradually, both before 

and after contact between the two fungi, although growth of the 

mycoparasite does not stop altogether.

Category C

Where the fungi are mutually antagonistic, growth of the mycoparasite 

is initially uniform, with a sudden cessation of growth on contact 

between the two fungi.

Category D

In the presence of vegetative mycelium of natural host fungi myco- 

parasites exhibit an initial reduction in growth rate, ultimately 

leading to a cessation of growth of the pathogen following contact

between the two fungi.

•S . " '
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same time inoculation with similar discs cut from the margin of 14 day 

old A.bisporus cultures, placed 6 cm apart.

Controls were of the two fungi inoculated separately to dishes 

containing compost and incubated under identical conditions.

Growth of M.perniciosa was examined after 66 days incubation at 

16°C t. 4®C, the extent to which the pathogen had colonised the 

substrate being determined microscopically. In the presence of 

A.bisporus mycelium, gravth of M.perniciosa was significantly less than 

in controls, (Strain D621 p <0.05, Strain 431 p <0.01), (Table 1.10).

That A.bisporus (Strain 431) produces initials in sterile culture 

has no significant effect on growth reaction of M.perniciosa to host 

mycelium suggesting that the onset of pathogenesis is related to 

factors such as substrate and environment rather than simply the

availability of susceptible tissue.

The growth reaction of H.pemiciosa towards vegetative mycelium 

of a number of other Agaricus species, was examined in paired cultures, 

as previously described.

It was noted that growth rate of M.perniciosa gradually declined 

as the other fungus was approached in all cases examined, with an 

eventual cessation of growth of the pathogen following contact between 

the two colonies, a pattern of growth considered typical of a myco- 

parasite in the presence of a host fungus, (Gray and Morgan-Jones, 1981). 

(Figure 1,22). This has indicated that H.pemiciosa is likely to

infect Aqaricus macrosporus, A.bitorquis and A.silvicoU in addition to 

the natural host, A.bisporus.

The growth reaction of M.perniciosa towards basidiomycete fungi

. .V



Table 1.10

Growth of M.perniciosa in sterilised compost with and without A.bisporus 
at 16^C after 66 days incubation.
(a) = Mean - SEM

** p <0.01

Compost/A.bisporus strain Linear growth of M. perni ci osa 

(mm) (a)

Sterile compost

Sterile + A.bisporus (0621)

Sterile + A.bisporus (431)

68.5 - 7.2-, 

10.4 t 3 . 9 J *  

9.2 t 3.2 __

- **

- i
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other than Agaricus species in paired culture was examined using the 

dual culture technique previously described.

Growth of M.perniciosa was seen to decrease steadily in the 

presence of Flatwnulina velutipes, Stropharia merdaria and Schizophyllum 

comnune, with cessation of growth of M.pemiciosa following contact 

between the two fungi in each of the cultures, typical of growth 

pattern D as outlined above, indicating an ability of M.perniciosa to 

parasitise these fungi.

In the presence of Coprinus sp. and Volvariella volvacea,

M.pemiciosa exhibited a steady decline of growth rate, both before and 

after the point of colony contact in each case, with the pattern of 

growth of M.perniciosa resembling that previously defined as Category B, 

indicating a possible role for these two fungi as hosts for

M.pemiciosa under some conditions.

The pattern of growth of H.perniciosa in the presence of Pleurotus 

ostreatus could not be placed in any of the four categories previously

described.

The extent of growth of H.pemiciosa in the presence of P.ostreatus, 

following an initial tailing off of growth rate, was seen to be reduced 

after contact between the two fungi indicating extreme antagonism of 

P.ostreatus towards M.perniciosa. Such reduction in the extent of 

colonisation was considered to be a separate growth reaction to those 

described above and was termed Category E. (Figure 1.23).

Growth patterns of M.perniciosa in the presence of a range of fungi

other than basidiomycetes was also investigated.

In the presence of Chaetomium globosum, C.olivaceuro, Geotrichujn

.••• •

• S  .



I (

LINEAR
GROWTH

OP
M JERN ICIO SA

(mm)

4

*

• /

f ig u r e  1.23

#  Copfinua (H^Hb )
,  ,  Flimtmilina vdutip— (Curt, tx Fr.) Kant 
0 - 0  Plaurotus ottruitut (PII) (Jaeq. ax Fr.) Kumimr 
Q _a  Piilocvba mardaria Stropharia mardaria. (fr.) Qual Syn. Pulocyba 

Schtiopfiylluin communa Fr.
____ Voixarialla aoixacaa (Bull ax Fr.) Singar
0 " 0  Control;* Mjamidoaa in tha abaanca of othar fungi

.'•I



92
I  •

candito, Gliocladium roseum. Penici 111 urn expansum, P.frequentens and 

Vertici Hi urn fungicela the growth rate of H, pernici osa was uniform with 

a sudden cessation of growth, indicating mutual antagonism between the 

fungi, (Figures 1.24, 1.25). In addition, H.perniciosa was seen to be 

self-inhibitory.

M.perniciosa was inhibited to an extreme degree by Trichoderma 

viride, Mucor hiemalis, Rhizopus tritici and Botrytis cinerea. 

Inhibition may be due wholly or in part to the rapid growth rate of 

these fungi, which rapidly colonised the entire plate surface.

Differing relationships betv/een H.perniciosa and a range of fungi

were therefore observed (Table 1,11).

Antagonism towards M.pernici osa was frequently expressed as a

reduction in the extent of substrate colonisation by M. pernici osa, 

(Category E), (Figures 1.23 to 1.25). Zones between M. pernici osa and 

challenge fungi were noted as being clear with little or no contact 

between the two fungi in some cases, (Plate 1.4).

‘ 4

Infection of fruit body tissues of basidiotnycete fungi

In order to investigate the ability of M.pemiciosa to infect, and 

sporulate on, fleshy fruit bodies of fungi other than the natural host, 

A.bisporus, tissue samples and complete sporophores were artificially 

inoculated in the laboratory and in the field with M.pemiciosa.

Tissue blocks, c. 1.5 x 1.5 cm, from mature fruit bodies collected 

primarily in the grounds of Stirling University, were excised under 

sterile conditions and inoculated with a single 20 ul droplet of an 

H.pemiciosa conidial auspension. (c. 1.0 x 10^ spores cm'^). Blocks

• %
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Table 1.11

The relationship between M.perni cl osa and a range of fungi in vitro

•• I*

j Species

A.bitorquis 
A.bitorquis 
A.siivi cola

A.bisporus (Lange.)Sing. (A6)

A.bisporus (D621)
A.bisporus (S22)
A.bisporus (6.C.R.I. 431)
A.macrosporus (flííller & Schaeff.) Pilât (B) 

A.bitorquis (Quel) Sacc. (W2)

(W4)
(K32)
(Vitt.) Peck

Coprinus sp.
FI ammulina velutipes (Curt, ex Fr.). Karst. 
Pleurotus ostreatus (Jacq. ex Fr.)Kumraer (Pll) 

Stropharia merdaria (Fr.) Quel 

Schizophyllum commune Fr.
Volvariella volvacea (Bull, ex Fr.)Sing.

Botrytis cinerea Pers. ex Pers.

Chaetomium globosum Kunze. ex Fries.

Chaetomium olivaceuro Cooke & Ellis 
Cladosporium herbaruro (Pers.)Link ex S.F. Gray 

Geotri chum candidum Link ex Pers.
Gliocladium roseum Bainier 
liucor hiemal is Wehraer S.L.
Pénicillium expansuro Link ex Thom.
Pénicillium frequentens Westling 

Rhizopus tritici Saito 
Trichoderma viride Pers. ex Fr.

Vertici Hi urn fungicela

Relationship towards 
M.perni ci osa

host
host
host
host

host
host

host
host
host
potential host 

host
antagonist

host
host
potential host 
mutual antagonist 

mutual antagonist 
mutual antagonist 
mutual antagonist 
mutual antagonist 
mutual antagonist 

antagonist 
mutual antagonist 
mutual antagonist 
antagonist 
antagonist 
mutual antagonist

« *•

\ *
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were subsequently Incubated on clean glass slides In moist chambers

at 18®C t 2®C and examined periodically for growth of M.perniciosa.

In addition, fruit bodies of a range of fungi were inoculated

in the field, subject to availability, with 20 ul droplets of an
5 -3M.perniciosa conidial suspension, (c. 1.0 x 10 spores cm ) applied 

directly to the cap surface and observed periodically for evidence of 

growth and sporulation of the pathogen.

Members of the Agaricales, Boletales and Russulales(classified 

according to Hawksworth, Sutton and Ainsworth, (1983)), were seen to 

be potential hosts for the pathogen in the field. Infection of 

Agaricus campestris (L.ex Fr.), Agaricus macrosporus (Mdller A 

Schaeff.) Pilat, Lepista nuda (Bull, ex Fr.) Cooke,

Paxillus involutus (Fr.) Fr., Lactarios pubescens (Fr. ex Krombh.) Fr., 

Russula atropurpúrea (Krombh.) Britz. and R.ochroleuca (Pers. ex Seer.) 

Fr. was noted with growth and sporulation of M.perniciosa occurring 

both in tissue blocks in the laboratory and on sporophores in the field, 

although Wet Bubble disease symptoms of cap distortion, typical of 

M.perniciosa infection of A.bisporus sporophores, were not observed. 

(Table 1.12).

.r
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Table 1.12

Alternative host species of fleshy fungi for M.pemiciosa under laboratory

and field conditions. M.Perniciosa conidial suspensions from a IJ day old 
malt agar culture were applied to sporophore tissues and examined at intervals

* • #1
• I

‘ t-

p c

• t

Classification, (Hawksworth, Sutton and
Ainsworth, 1983). ( a ) (b)

ORDER
Family

Growth of 
M.perniciosa

Infection 
of mature

Species
on excised 
tissue blocks

fruit bodies

AGARICALES

Agaricaceae

Agaricus campestris (L. ex Fr.) + +

A.macrosporus (Mailer & Schaeff.) Pilat + +

Amanitaceae

Amanita rubescens ((Pers.)Fr.)S.F.Gray - -

Coprinaceae

Coprinus plicatus (Fr.)Fr. - -

Coprinus micaceus (Bull, ex Fr.) Fr. - -

Psathyrella lacrymabunda Syn. - -

Psathyrella candalleana (Fr.)Maire • + +

Strophariaceae

1 Hypholoma fasciculare (Hud S. ex Fr.)
Kummer

- •

1 Pholiota squarrosa (Muller ex Fr.)
Kunmer

- —

Tricholornataceae

1 Armillaria mellea (Vahl. ex Fr.) Kummer -

Collybia peronata (Bolt, ex Fr.) Kummer - -

1 Mycena galericuiata (Scop, ex Fr.)
----- 2-----------  S.F.Gray

•
»

1 Mycena pura (Pers. ex Fr.) Kummer •

•I ,
i> .



Table 1.12 (Continued)

♦i,"

Classification, (Hawksworth, Sutton and
Ainsworth, 1983). (a) (b)

ORDER
Growth of Infection

Family M.perniciosa of mature |
on excised fruit bodies

Species tissue blocks

Tricholomataceae (cont.)

Lepista nuda (Bull, ex Fr.) Cooke + + 1

SOLETALES

Boletaceae

Boletus badius (Fr.) KUhn - -

B.edulis (Bull, ex Fr.) - -

B.subtonentosus L.ex Fr. - -

Paxillaceae

Paxillus involutus (Fr.) Fr. + +

RUSSULALES

Russulaceae

Lactarius pubescens (Fr. ex Krombh)Fr. +

Russula atropurpúrea (Krombh.)Britz + +

R.mairei Sing. - -

R.nigricans (Bull.ex Merat)Fr. - -

R.ochroleuca (Pers. ex Seer.) Fr. + +

APHYLLORALES

Polyporaceae

Meripilus qiganteus (Pers. ex Fr.)Karst -

Pleurotus ostreatus (Jacq. ex Fr.)Kumme
S.F. Gray

"
*
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Table 1.12 (Continued)

Classification, (Hawksworth, Sutton and
Ainsworth, 1983) (a) (b)

ORDER

Family

Species

Growth of 
M.pemiciosa 
on excised 
tissue blocks

Infection 
of mature 
fruit bodies

APHYLLORALES (cont.)

Thelephoraceae

Stereum hirsutum (Wide ex Fr.)
S.F. Gray

- -

GASTEROMYCETALES

Lycoperdon perlaturn Pers.

• I

a ;-'- ■
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CHAPTER 2

STRUCTURAL FEATURES OF INFECTED TISSUE

This chapter describes work aimed at determining the nature of 

diseased tissue in infected beds under controlled conditions. The 

morphology of infected sporophores and of sclerodermoid tissue was

examined, and host/parasite interactions investigated using light and*

electron microscopy.

The exact nature of antagonism at the host/parasite interface was 

examined.

Gross morphology of sclerodermoid tissue

In the presence of M.pemiciosa development of A.bisporus 

sporophores can be extensively disrupted, with infection of tissue 

resulting in the production of malformed sporophores and the appearance 

of sclerodermoid masses, (Smith, 1924, Vincent-Davies, 1972). In some 

cases apparently healthy sporophores may arise from sites closely 

surrounded by sclerodermoid tissue, (Plate 2.1). Some sclerodermoid 

tissue may possess features reminiscent of healthy sporophore tissue, 

such as cap, gill or stipe. In some cases complete but infected 

sporophores may arise from the surface of sclerodermoid tissue at a 

point clear of the casing surface, (Plate 2.2), indicating that each 

sclerodermoid mass is not the result of unchecked growth of a single 

undifferentiated initial but is the result of the combining of a number 

of such initials. That this is the case is further suggested by the 

fact that undifferentiated sclerodermoid tissue appears to be made up 

of numerous joined tissue spheres'.

I .••• .
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PLATE 2.2. Development of A.blsporue tiesue (strain A6) 
in healthy (h) and Infected (i) cropping 'beds'. Note 
the development of complete but Infected sporophore tissue 
clear of the casing layer In some instances, (arrowed). 
Cultivation was using standard ccsnmercial compost and 
casing at commercial temperatures (Vedder 1978^.
Pots were infected with M.pemiciosa (2.4 x 10, spores cm ) 
at the time of casing.
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PLATE 2.2. Development of A.blsporus tissue (strain A6) 
in healthy (h) and infected (i) cropping 'beds’. Note 
the development of complete but Infected sporophore tissue 
clear of the casing layer in some Instances, (arrowed), 
(hiltivatlon was using standard commercial compost and 
casing at commercial temperatures (Vedder 1978^.
Pots were infected with M.perniciosa (2.4 x 10 spores cm ) 
at the time of casing. «•
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clear of the casing layer in some instances, (arrowed). 
Cultivation was using standard commercial compost and 
casing at commercial temperatures (Vedder 1978^.
Pots were infected with K.perniciosa (2.4 x 10 spores cm 
at the time of casing.
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Sclerodermoid tissue, harvested by cutting level with the 

casing layer when the tissue was seen to have ceased expanding, 

coinciding with browning of the tissue due to the presence of 

M.perniciosa chian^ydospores, was assessed for the number of 'tissue 

spheres' assumed to represent one A.bisporus initial each. The 

validity of this assumption was tested by the determination of dry 

weights of such tissue and calculating dry weight values per assumed 

initial. Data values of dry weight per initial for sclerodermoid 

tissue showed a lower statistical variability (SEM » 17.6X) than for 

healthy 'cup stage' sporophores, (SEM « 18.6X) indicating that the 

surface features of sclerodermoid tissue give a consistent 

representation of the number of initials developing on infected beds.

On the basis of visual assessment of the number of initials 

developing in heavily infected and healthy beds, it was determined 

that the number of A.bisporus initials that develop is not 

significantly affected by either the presence or absence of 

M.perniciosa.

The ratio of fresh weight : dry weight was determined for healthy 

and infected 'cup stage' sporophores and for mature sclerodermoid 

tissue. Ratios were found not to be significantly different,

(15.0:1, 18.0:1 and 16.9:1 respectively). Conversion of fresh weights 

to dry weights on the basis of these ratios indicated that the total 

dry weight biomass produced in either healthy or infected beds is not 

significantly different.

Infected tissue was structurally variable, with rheological
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strength, determined using a hand-held penetrometer, of between 0.0 
- 2  ‘  +  - 2and 53.8 g mm , (mean 16.7 - 2.4 g mm ). Internally, tissue was 

mainly cream in colour with a spongy texture, interspersed with areas 

of dark brown or rust colour which were often wet in appearance, 

(Plate 2.3).

,

2. The occurrence of bacteria in sclerodermoid tissue

Routine isolations from sclerodermoid tissue under aseptic 

conditions on to Malt agar. Nutrient agar and King's B agar, commonly 

yielded not only M.perniciosa but also a number of species of bacteria. 

The occurrence of bacteria within apparently entire tissue was 

unexpected and isolations from healthy sporophore caps under identical 

conditions did not yield bacteria.

A number of possible roles of bacteria within infected tissue were 

considered.

i Bacteria may be antagonistic towards A.bisporus in their own right 

but play no part in the development of Wet Bubble disease symptoms per 

se.

ii Bacteria may be antagonistic towards M.pemiciosa, playing no 

direct part in the development of disease symptoms.

iii Bacteria may be antagonistic towards A.bisporus and may act in 

association with M.perniciosa in the development of disease symptoms, 

implying that Wet Bubble disease may in fact be of complex etiology.

1v Bacteidai may-be saprophytic^ and may take no direct part in

disease development.
In order to determine the nature of the relationship between 

bacteria and constitutive fungi in sclerodermoid tissue, a number of

■ihr-V
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characteristics of the bacterial isolates and the tissue from which 

they were isolated were considered.

The percentage of sclerodennoid masses infected with bacteria was 

less than 100 (71%), with 18% having more than one type of bacteria 

present. This indicates that bacterial infection is not a pre­

requisite for the development of the disease, but the possibility that 

the full range of symptoms previously described are expressed only in 

the presence of bacteria, cannot be discounted at this stage.

The strength of sclerodennoid tissue was measured using a hand­

held penetrometer and the occurrence of bacteria determined by plating 

out tissue samples on to Nutrient agar under sterile conditions.

It was observed that bacteria were typically isolated from 'weak'

tissue (mean strength 15.3 g ram compared to that from which bacteria
»2

were not isolated, (mean strength 30.8 g ram ).

Strength of tissue and the presence or absence of bacteria 

appeared to be inter-dependent, (x^ * 39.9, p <0.01), with more 

bacteria occurring in 'weak' tissue than predicted using an assumption 

of independence between tissue strength and the occurrence of bacteria, 

(Figure 2.1).

Bacterial isolates were tested for antagonism towards A.bisporus 

using the tissue block technique. Bacterial suspensions in SOW from 

24 h old Nutrient agar cultures were applied to tissue blocks of 

healthy sporophore cap tissue, (Strain Sinden A6), (c. 1 cm x 1 cm x 

0.5 cm), excised under sterile conditions and incubated in moist chambers 

for 3 days at 20®C t 2®C. Some bacterial isolates from sclerodermoid
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tissue were capable of causing browning of healthy A.bisporus tissue,

(37.5X), although the distribution of such bacteria could not be 

related to the strength of the tissue from which they were isolated.

This suggests therefore that the role of bacteria is related to 

factors other than the ability to antagonise A.bisporus within 

sclerodermoid tissue.

In order to determine whether bacteria occurring in sclerodermoid

tissue were antagonistic towards M.pemiciosa bacterial isolates were

each streaked on to Czapek Dox agar and the plates immediately

reinoculated with M.perniciosa prior to incubation at 23®C * 1®C for

10 days. Some isolates reduced growth of the fungus, relative to

controls grown under identical conditions in the absence of bacteria.

It was observed that those isolates antagonising M.pemiciosa in vitro

were predominantly isolated from weaker tissue, ( <35 grams mm ).

Bacterial isolates not antagonistic towards M.perniciosa were evenly

distributed over the entire strength range of sclerodermoid tissue.
“2(between 0 and 60 grams ram ), (Figure 2.2).

Within sclerodenaoid tissue specific areas of wet/dark tissue 

occur in many instances. Specific isolations from such areas commonly 

yielded bacteria antagonistic towards M.pemiciosa and not to A.bisporus, 

(71.4X).

Overall, it is apparent that some bacteria may be associated with 

disease symptoms, although the relationship between bacteria and host

and pathogen fungi remains unclear.

The influence of the mushroom bed microflora on disease development 

in vivo has not previously been considered.
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Routine isolations both from commercial casing material and from 

infected tissue yielded bacteria v/hich in some instances were 

antagonistic towards H.perniciosa in vitro. The effect of such 

bacteria, and of those from similar sources that did not affect growth 

of the pathogen, on disease development was investigated.

Axenic cultures of A.bisporus, produced in 3.5i flasks using a 

modification of the method of Long and Jacobs, (1974), (Materials and 

Methods 17) enabled investigation to be carried out on the ability of 

M.perniciosa to infect sporophore tissue in the absence of the 

microflora commonly found in commercial casing soil and the role of 

bacteria in the development of Wet Bubble disease.

Following colonisation of sterile compost by A.bisporus cultures 

were cased with sterile activated charcoal and infected with a 

conidial suspension of M.perniciosa (c. 1 x 10^ propagules g”  ̂of

casing), at the time of casing. Cultures were then inoculated with an 

SDH suspension of bacteria (c. 1 x 10® g"^ of casing) from a 24 h old 

nutrient broth culture. Baterial isolates were either those 

antagonistic towards H.pemiciosa in vitro, or those showing no effect 

in dual culture tests. Control flasks were either inoculated with 

H.pemiciosa alone or uninoculated healthy axenic A.bisporus cultures. 

All control and inoculated flasks received the same volume of SDW.

In axenic A.bisporus cultures infected v/ith M.pemiciosa in the 

presence of bacteria antagonistic towards the pathogen, the tine 

between casing and development of initials was significantly greater 

than that for cultures infected with M.perniciosa in the presence of 

•-antagonistic bacteria, (62.2 days after casing t 17.3 days and
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30.0 days - 1.8 days respectively, p <0.05).

The time between casing and development of Initials In cultures 

Infected with M.pemiclosa only was 24.4 days t 2.5 days, (Table 

2 . 1).

Cultures Infected with M.pemiciosa alone resulted in the 

development of featureless sclerodermoid masses which exuded liquid, 

both brown and clear, and produced the smell commonly associated 

with Wet Bubble disease in commercial beds.

Flasks infected with M.perniciosa in the presence of antagonistic 

bacteria produced no healthy sporophores, but 4.5% of sclerodermoid 

initials exhibited some features of normal sporophore tissue, (i.e. 

cap stipe or gill).

It is apparent from this work, therefore, that bacteria 

antagonistic towards M.pemiciosa may delay the development of disease 

symptoms on infected beds, but that the role of bacteria in disease 

development per se is secondary. M.pemiciosa can produce the 

extreme symptoms of Wet bubble disease of A.bisporus under axenic 

conditions, in the absence of naturally occurring micro-organisms, and 

as such the disease is unquestionably of simple etiology. The 

presence of bacteria antagonistic towards M.perniciosa in the casing 

layer may modify the development of symptoms by direct antagonism of 

the pathogen prior to infection. Any resultant slowing of the growth 

rate of M.perniciosa, as exhibited vitro, may enable the host to 

differentiate cap, stipe or gill tissue.

The possibility that bacteria may antagonise M.perniciosa to such a
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degree that disease development could be significantly reduced on a 

commercial scale is discussed elsewhere, (Chapter 4).

II THE FINE STRUCTURE OF INFECTED SPOROPHORE AND SCLERODERIiOID TISSUE

The structure of infected tissue was examined in order to 

determine the relationship between M.pemiciosa and A.bisporus iji vivo.

Previous descriptions have been restricted to light microscope 

studies of tissue, (Smith, 1924) and electron microscope studies of 

enzymic degradation of host and pathogen cell walls, (Vincent-Davies, 

1972).

Smith, (1924), described the infection of A.bisporus sporophores 

occurring with penetration of the tissue by M.pemiciosa between the 

host cells. Subsequent growth was seen to be both inter and intra­

cellular. Most of the cellular disruption was considered to be caused 

by enzymic degradation, although this was not defined.

Vincent-Davies, (1972), investigated the role of enzymes in the 

development of symptoms. He demonstrated the production of a range of 

enzymes by M.perniciosa capable of degrading A.bisporus cell walls.

The role of enzymes in disease development was not fully determined and 

it was suggested that enzymic action could not satisfactorily account 

for the full range of 'Wet Bubble disease' symptoms observed.
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1. Selection of methods

The relationship between M.pemiciosa and A.bisporus has been 

examined here both with light and electron microscopy.

Initially, experiments were carried out to select fixation and
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Staining methods most suitable for the determination of spatial 

arrangements of the two fungi and of their ultrastructure.

The use of fresh sectioned and 'squash preparation' material 

was found to be unsatisfactory. The use of such techniques did not 

clearly differentiate between the host fungus and the pathogen. Of 

those tested, (Materials and Methods III 3A), 0.06% Neutral red gave 

the best differentiation, the comparatively fine pathogen hyphae 

taking up the stain to a greater extent than the host.

Accumulation of the stain by the pathogen indicates that such 

cells are living, (Ikeduigwu and Webster, 1970a). Reduced uptake of 

the stain by A.bisporus is indicative of cell death although it is 

likely that the difference in cytoplasmic density between host and 

pathogen hyphae would commonly result in the fine dense pathogen 

hyphae taking up stain to an apparently greater extent than the host 

which tends to have more diffuse and extensively vacuolated hyphae, 

(Plate 2.4).

In order more closely to examine the relationship, by light micro­

scopy, between the two fungi, tissue was embedded in methacrylate resin 

following fixation in 2% glutaraldehyde. Sections were either stained 

in 1% toluidine blue in 5% boric acid or with periodic acid - Schiff's 

reagentjboth techniques gave good staining. Periodic acid-Schiff s 

reagent clearly showed the cell walls of the two fungi, although inter­

actions between the two fungi were not as clear as in samples examined 

using the scanning and transmission electron microscopes.

Material was prepared for scanning electron microscopy, (SEM), by
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PLATE 2.4. Light nicrographs of A.blsporus (Ab) gill 
tissue at veil break, 7 days after infection with 
M.pernlciosa (Up), and incubation at 16 C in eolst chambers

i) Staining is of fresh material with 0.06% neutral red. 
Accumulation of stain is in the pathogen hyphae.

li) Staining of embedded transverse sections is with 1% 
toluidine blue in 5% boric acid.

Bar represents 5(^m.
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PLATE 2.4. Light micrographs of A.bisporus (Ab) gill 
tissue at veil break, 7 days after infection with 
M.perniciosa (Mp), and incubation at 16 C in moist chambers

i) Staining is of fresh material with 0.06% neutral red. 
Accumulation of stain is in the pathogen hyphae.

ii) Staining of embedded transverse sections is with 1% 
toluidine blue in 5% boric acid.

Bar represents 50pm.
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fixing tissue in either 2% glutaraldehyde with post-fixing in 1% osmium 

tetroxide, osmium tetroxide vapour or osmium tetroxide vapour with post­

fixing in 0.05X thiocarbohydrazide. In addition, unfixed material was 

examined by rapid freezing of tissue in liquid nitrogen immediately 

prior to examination. Fixed material was dehydrated through a graded 

ethanol series and substituted with amyl acetate. Samples were 

critical point dried prior to coating with gold and subsequent

exami nati on.

While all preparation regimes gave good tissue preservation, 

minimum distortion was caused by fixing material with osmium tetroxide 

vapour and post-fixing with thiocarbohydrazide. (Hayat, 1978).

High resolution investigations of healthy and infected tissue were 

made using the transmission electron microscope, (T.E.M.). Tissue was 

prepared by fixation in 1% potassium permanganate {Manocha, 1965) or in 2% 

glutaraldehyde with post-fixina in IX osmium tetroxide (Sabatini, et al 

1963). Samples were dehydrated in a graded ethanol series and substituted

with propylene oxide and resin.

Samples fixed using potassium permanganate Were granular in 

appearance when examined using the T.F.M. Samples fixed with 

glutaraldehyde / osmium tetroxide and stained with uranyl acetate / lead 

citrate showed improved resolution and this technique was adopted for 

all T.E.M. work.

. • • .1
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Host cell morphology in infected tissue

Host cells were affected by H.pemiciosa in two distinct phases of

sporophore development. Infection may occur at an early stage in
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development, in which case, cellular disruption was extensive. Where 

infection occurred late in sporophore development, the effect of the 

pathogen was less marked. Where cellular differentiation was complete, 

as was the case with fully developed sporophores, the effects of 

infection were largely that of altering individual host cells either by 

disrupting cytoplasmic organisation or by rupturing the cells. Where 

infection of developing fruit bodies occurred, the effect was primarily 

in altering host cytoplasm and differentiation. Total cellular 

disruption in such cases was rare.

•i, ,
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A.bisporus initials

Observation of infected and healthy initials using the T.E.M. 

showed an alteration In host cells In the presence of the pathogen.

While all cells In healthy tissue appeared Intact, a small proportion 

In Infected tissue appeared dead due to the total lack of cytoplasm or 

to the breakdown In the plasmalemma. Cell wall degradation was not 

observed In host tissue. (Table 2.2). Host cells were extensively 

vacuolated In the presence of the pathogen, (52.7< of cells showing 

greater than 50* vacuolatlon across sections measured under theT.E.M.). 

In contrast, healthy A.bisporus cells In Initials of a comparative size 

showed only 18.0* of cells with In excess of 50* vacuolatlon. Numbers 

of mitochondria, fat droplets and Woronin bodies within host cells were 

not significantly different In healthy and Infected A.bisporus cells 

and as such, the overall metabolic activity appears similar in healthy 

and Infected Initials. The primary effect of Infections Is. therefore, 

on the vacuolatlon of host cells within developing sporophore initials.
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in agreement with the previously noted rapid rate of expansion of 

infected tissue on cropping beds. In addition infected initials 

show a high incidence of cytoplasmic abnormality, particularly in 

granulation and membrane development (Table 2.2). Early infection 

of developing initials results in the development of undifferentiated 

cells, where cell types cannot be identified.

Mature sclerodermoid tissue

In order to define clearly the physical nature of sclerodermoid 

tissue, embedded material was sectioned (5 gmsections) and observed 

under the light microscope following staining in IX toluidine blue.

One area of sclerodermoid tissue was selected and drawn on to acetate 

sheets using a camera lucida attachment, (Leitz). Diagrams were 

compiled to give a three dimensional image of the types of cells 

present in infected tissue and the spatial relationship between host

and pathogen, (Figure 2.3).

A.bisporus cells within mature sclerodermoid tissue do not appear 

directly to resemble any tissue type found in normal sporophores. 

Sclerodermoid tissue was found to be made up of predominantly 

A.bisporus cells, (Table 2.3), (A.bisporus : M.perniciosa - 4.05:1 by 

volume). Air or water space accounting for 46.9X of the volume of 

fully expanded tissue, in comparison to healthy A.bisporu_s cap tissue 

consisting exclusively of A.bisporus cells with c. lOX of air or water 

space. A.bisporus hyphae had no apparent orientation within scleroder­

moid tissue and were made up of a range of cell types, from apparently 

normal cells through to rounded hypertrophic cells, (range 2.6y - 22.On.,
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mean diameter 7.9 - l.Oy); (Plate 2.5). The extensive hypertrophy of 

individual cells together with the high percentage of air / vater 

spaces resulting in the spongy nature of the tissue.

Examination of host cells in sclerodermoid tissue revealed an

increase in cell death compared to immature tissue, (Table 2.2). In

some instances the plasmalemna appeared broken or poorly defined under

the T.E.M. More commonly, cells appeared to lack cytoplasm altogether,

possibly reflecting a breakdown of the cell wall or plasmalemroa at a

specific point remote from individual cross sections, (Table 2.2). In

contrast to infected and healto "«^abolism,
indicated by the numbers of mitochondria per cell profile,
appears similar, examination of host cells in mature sclerodermoid 

tissue revealed an alteration in host metabolism compared to healthy 

cells. Cells exhibited an increase in granulation, vacuolation and 

inclusion of membranes within the cytoplasm when compared to those 

healthy 'button stage' sporophores, (Plate 2.6). Of those occurring at 

the surface of sclerodermoid tissue, 52.3/» were affected, with 44.75» 

showing cytoplasmic abnormality within the tissue.

f

Infected sporophore tissue

It was noted that where sporophore development and differentiation 

has occurred, the effect of infection by M.pemicios^ on host cells is

less marked than in developing initials.

Healthy sporophores. (button stage), were Inoculated with a conidial

suspension in SDH either to the stipe base or directly to the cap 

surface. Samples of stipe, cap and gill tissue were prepared for 

examination using the TEH after 3 days incubation in moist chambers. ,
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PLATE 2.5. Scanning alactronnlcrogrnph of an Internal 
area of nature sclerodermoid tissue. A.blsporus (Ab) 
hyphae appear to consist of apparently nomal cells and 
hypertrophic cells, (X). Also present are M.pernlclosa 
hyphae shown here with developing conidlophores, (arrowed) 
Note the high proportion of alr/water space which appears 
to contribute to ^he spongy nature of the tissue.

yixatlon was in osnlun tetroxlde vapour with post fixing
in thiocarbrohjrdrazide.

Bar represents 10 jim.
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PLATE 2.5. Scanning electronmicrograph of an internal 
area of mature sclerodermoid tissue. A.bisporus (Ab) 
hyphae appear to consist of apparently normal cells and 
hypertrophic cells, (X). Also present are M.perniciosa 
hyphae shown here with developing conidiophores, (arrowed) 
Note the high proportion of air/water space which appears 
to contribute to J:he spongy nature of the tissue.

Fixation was in osmium tetroxide vapour with post fixing 
in thiocarb'ohydrazide.

Bar represents 10 pm.
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PLATE 2.6. Transmission electronmicrographs ol A.blsporus cells in
healthy and infected tissue at various stages of 
development. Cultivation was at 16 C post initiation.

1) Healthy ’button stage* cap tissue shoving normal 
cell development.
Staining was with uranyl acetate/lead citrate.

ii) Sclerodermoid tissue cells shoving increased production 
of membranous material. Cm), 4 days after emergence 
under commercial conditions. (Vedder, 1978).
Staining was with uranyl acetate/lead citrate.

ill) Sclerodermoid tissue cells shoving extensive
vacuolation, (V), 10 days after emergence under 
commercial conditions, (Vedder, 1978).
Staining was in silver proteinate. ’
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PLATE 2.6. Transmission electronmicrographs of A.bisporus cells in 
healthy and infected tissue at various stages of 
development. Cultivation was at 16 C post Initiation.

i) Healthy ’button stage' cap tissue showing normal 
cell development.
Staining was with uranyl acetate/lead citrate.

ii) Sclerodermoid tissue cells showing increased production 
of membranous material, Cm), 4 days after emergence 
under commercial conditions. (Vedder, 1978).
Staining was with uranyl acetate/lead citrate.

iii) Sclerodermoid tissue cells showing extensive 
vacuolation, (V), 10 days after emergence under 
commercial conditions, (Vedder, 1978).
Staining was in silver proteinate.
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UninocuUted sporoRhore tissue was also prepared in an identical «»nner.

Where infection was at the stipe base, the host cells renained 

largely intact with no evidence of cell wall breakdown. (Table 2.2).

There was a significant increase in the number of cells without visible 

cytoplasm at the plane of the sections examined. (54.8X increase, 

p <0.01). This may indicate wall breakdown, with resultant loss of 

cytoplasm, at a point other than that visible in the sample.

Within live cells vacuolation. the occurrence of fat droplets and 

Woronin bodies was unaffected although there was a slight increase in 

the occurrence of mitochondria. (p<0.01). There was a slight but non­

significant increase in the number of cells showing cytoplasmic

abnormality.
Where H.perniciosa was directly inoculated on the cap surface 

infection of both cap and gill tissue occurred. In both cases, cell 

wall degradation was noted with an increase in the extent of cytoplasm,c 

and plasmalamna breakdown. (Table 2.2). The occurrence of cells 

apparently lacking cytoplasm in healthy tissue, indicates that both cap 

and gill tissue may have been senescent at the time of examination. Host 

cells within cap tissue showed a marked increase in vacuolation in the

presence of H.pemicjo^. (35.4* increase. P ^

increase in the number of mitochondria per cell/'ln the presence 

pathogen indicating an increase in the rate of cell metabolism, alth g

*n Increase in cytoplasmic abnormality in terms 
this was associated with an increase m a n

of granulation and membrane development.
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mitochondria per cell compared to other types of tissue within healthy 

sporophores, showed a decrease in the number of organelles per cell,

(Table 2.2). The number of mitochondria per cell profile and the 

percentage of cells containing Woronin bodies and fat droplets was 

significantly reduced, (p<<0.01).

3. M.perniciosa hyphae in infected tissue

Examination of M.perniciosa hyphae within infected tissue 

revealed that hyphae are made up of a number of different forms of 

cells.

Using the T.E.M. actively growing apices were seen to contain a 

prominent apical body of 'spitzenkorper' (Hawksworth, Sutton and 

Ainsworth, 1983) found in association with wall vescicles,

(Plate 2.7). In observations of more mature hyphae, M.perniciosa 

septa were seen to be perforated but with no complex pore apparatus, 

commonly having Woronin bodies in close association, (Plate 2.8).

The majority of hyphal cells were seen to be electron dense and 

highly granular in nature. Some M.perniciosa cells were present 

which were less dense. Such cells contained little granulation and 

had an apparent high metabolic activity, with numerous mitochondria 

and multiple vescicles, (lomasomes (Bracker, 1967)), (Plate 2.9i).

Lomasomes were observed to be closely associated with the plasmalemma, 

apprently discharging their contents to the environment outside the cell, 

(Plate 2.9Ü). These cells may, therefore, have a role in enzyme transport 

across the cell wall. The rare occurrence of such cells, (18.1Ï) agrees 

closely with the observed frequency of host cell wall breakdown at 

specific A.bisporuS/H.perniciosa contact points, (12.6X). These cells
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PLATE 2.7. Tran«ml8slon •lectroimicrograph of M.perniciosa 
hyphae In Infected A.blsporus 'cup stage* sporophore cap 
tissue 6 days after Inoculation with the pathogen and 
Incubation at 16°C. An accumulation of vesclcles (arrowed) 
Is associated with the developing hyphal tip.

Note the variation In granulation between cells of the 
pathogen within the same hyphal strand.

Staining was In uranyl acetate/lead citrate.

Bar represents 1 )ud.

• * %

■«I ‘ir ■*.?

\n

■*

'li:--



\ A

m

A»'',

PLATE 2.7. Transmission electronmicrograph of M.perniciosa 
hyphae in infected A.bisporus ’cup stage’ sporophore cap 
tissue 6 days after inoculation with the pathogen and 
incubation at 16°C. An accumulation of vescicles (arrowed) 
is associated with the developing hyphal tip.

Note the variation in granulation between cells of the 
pathogen within the same hyphal strand.

Staining was in uranyl acetate/lead citrate.

Bar represents 1 pm.
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PTJiTE 2 8 Transmission olectronmicrogrsph ol s septum
; ;.mlc“ .. in -cup .!.,«• A^MiEoru. cnp tl..»e 

isolated from comercisl beds. No complex pore apparatus 
i: .pplieir Th. ..ptu. 1. PTlornt. .1th .oronln bodl.. 
(w) and mitochondria (m) in close association.

Staining was in uranyl acetate/lead citrate.

Bar represents 0 . 5  jm.
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PLATE 2.8. Transmission electronmicrograph of a septim 
within M.nerniciosa in ’cup stage’ A.bisporuj^ cap tissue 
Isolated ?rom co^iircl»! beds. No complex pore a P P « « “* 
is apparent. The septum is perforate with Woronin bodies 
(w) and mitochondria (m) in close association.

Staining was in uranyl acetate/lead citrate.
Bar represents 0.5 pn.
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PLATE 2.9. Transnlssion elactronaiicrograph of M .pornlclo»* (Mp) 
in Infected 'button stage’ A.blsporus, (Ab) sporophore tissue, 8 days 
after inoculation to the cap surface and incubation at 16 U

il M.oemiciosa cell showing little granuolation with an apparent 
high metabolic rate and containing numéros “ **
l<»..o... a ) . Sflnlng ... 1» ur«.yl •'•*«•^^••<■^'¿^” ^ ^ * 566.
Bar represents 3pm.

ii) Lomasome discharging contents to the .
between M.nerniciosa and neighbouring host cells. At this Point 
the host cill walTTs unclear with possible
,  ̂ M \  stalnina was in uranyl acetate/lead citrate^layers, (arrowed). Staining was in j Ruthenium Red.
Bar represents 0.1 pm.
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I PLATE 2.9. Transmission electronmicrograph of M.pernlclosa (Mp) 
in infected 'button stage' A.bisporus (Ab) sporophore tissue, 8 days 
after inoculation to the cap' surface and incubation at 16 C,

i) M.perniciosa cell showing little granuolation with an apparent 
high metabolic rate and containing numerous mitochondria (m) an 
lomaso.es (1). Staining .as In uranyl
Bar represents 3pm.

ii) Lomasome discharging contents to the extracellular matrix 
between M.perniciosa and neighbouring host cells. At this point 
the host cell wall is unclear with possible
, / stainine was in uranyl acetate/lead citrate/^layers, (arrowed). Staining was i r Ruthenium Red.
Bar represents 0.1 pm.
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may represent a specific site of the production of enzymes utilised in 

pathogenesis.

Course of infection of A.bisporus sporophore tissue

Sporophore tissue artificially inoculated with M.perniciosa was 

incubated in moist chambers at 20"C t 2-C. Examination of the tissue 

using the S.E.M., revealed that initially following infection, growth 

of the pathogen was intercellular within the tissue and not directly on 

the sporophore surface. This was followed by the emergence of 

verticillate conidiophores through the tissue surface. Colonisation of 

the host surface subsequently occurred, together with the production of

chlamydospores.

Morphology of the host/parasite Interface within sclerodermoid tissue 

The exact nature of any cell/cell interactions at the host/parasite 

interface was investigated using the T.E.M. and S.E.M. Examination by

S.E.M. of internal areas of infected sporophores tissue prepared by 

freeze fracture (Materials and Methods III 50). enabled the observation 

of M.perniciosa hyphae within the sporophore tissue. Pathogen hyphae 

were seen to ramify intercellularly with penetration of host hyphae 

occurring apparently at random. (22.7* of cells penetrated). (Plate 

2.10). Penetration of host hyphae was by fine H.pemiclosa hyphal 

strands. (Plate 2.11i). S.E.M. examination of internal freeze fractured 

and surface samples of sclerodermoid tissue revealed that host cells 

were hypertrophic in the presence of the pathogen. Host cells were 

generally smooth walled. (Plate 2.12). In some instances there was 

localised host cell wall degradation at specific host / pathogen contact
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PLATE 2.10. Scanning alactronnicrograph of unfixed freeze 
fractured A.bieporue (Ab) 'cup etage’ eporophore cap tieeue 
4 days after inoculation with an M.pernicioea (Mp)^conidial 
suspenaion to the cap surface and incubation at 14 C. The 
pathogen hyphae ranlly Intercellularly with penetration ol 
boat hyphae occurring apparently at randon. Canbrldge Mkl, 
15 kV accelerating voltage.
Bar represents 20 pn.
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PLATE 2.10. Scanning electronmlcrograph of unfixed freeze 
fractured A.bisporus (Ab) ’cup stage’ sporophore cap tissue 
4 days after inoculation with an M.perniciosa (Mp)^conidial 
suspension to the cap surface and incubation at 14 C. The 
pathogen hyphae ramify intercellularly with penetration of 
host hyphae occurrJLng apparently at random. Cambridge Mkl, 
15 kV accelerating voltage.
Bar represents 20 ^m.
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PLATE 2.11. TransmisBlon electronmicrograph« of penotration of 
A.biaporus (Ab) hyphae by M.pernlcloaa (Up) In sporophore (button 
stage) cap tissue 4 days after inoculation of the pathogen to the 
cap surface and incubation at 14°C. Pathogen cells are typically 
Bore granular than those of the host and enter A .bisporus cells by 
means of fine hyphal strands.
Staining was in 1% potassium permanganate.

i) Penetration point of M .pemiciosa hyphal strand entering an 
A.bisporus h]rpha, in infected sporophore cap tissue (button stage) 
Bar represents 3 )im;

il) M.pemiciosa hypha growing within an A.bisporus cell in 
infected sporophore cap tissue, (button stage).
Bar represents 1
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PLATE 2.11. Transmission electronmicrographs of penetration of 
».bisporus (Ab) hyphae by M.perniciosa (Mp) in sporophore (button 
stage) cap tissue 4 days after inoculation of the pathogen to the 
cap surface and incubation at 14°C. Pathogen cells are typically 
more granular than those of the host and enter A.bisporus cells by
means of fine hyphal strands.
Staining was in 1% potassium permanganate.

i) Penetration point of M.perniciosa hyphal strand entering an 
A.bisporus hypha, in infected sporophore cap tissue (button stage)
Bar represents 3 >im;

ii) M.perniciosa hypha growing within an A.bisporus cell in 
infected sporophore cap tissue, (button stage).
Bar represents 1 )im.
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PLATE 2.12. Scanning electronmicrograph of the surface 
of sclerodermoid tissue produced on commercial cropping beds 
35 days after casing, showing M.pemlclosa (Up) hyphae In 
close association with A.blsporus (Ab) hyphae. A.blsporus 
hyphae show no sign of extensive cell wall breakdown.
Note the present of bacteria (b) associated both with the 
host and with the pathogen.
Fixation was In osmium tetroxlde vapour, Cambridge Mkl SEM 
15 kV accelerating voltage.

Bar represents 10 pn.
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PLATE 2.12. Scanning electronmicrograph of the surface 
of sclerodermoid tissue produced on commercial cropping beds 
35 days after casing, showing M.perniciosa (Mp) hyphae in 
close association with A.bisporus (Ab) hyphae. A.bispor^  
hyphae show no sign of extensive cell wall breakdown.
Note the present of bacteria (b) associated both with the 
host and with the pathogen.

Fixation was in osmium tetroxide vapour, Cambridge Mkl SEM 
15 kV accelerating voltage.

Bar represents 10 yim. ^
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points where M.perniciosa was seen to be sunken into A.bisporus hyphae, 

(Plate 2.13). Ultrathin sections were stained with silver proteinate, 

or at the time of fixation with ruthenium red, (Materials and Methods 

5IIIB,C). While healthy sporophore hyphae showed no evidence of cell 

wall breakdown in the sections examined, cells from gill tissue, (7%), 

and stipe tissue, (12X), from sporophores of the same age but Infected 

with M.pemiclosa showed cell wall breakdown^ 0

Wall breakdown was highly localised, affecting discreet sections 

of individual cell walls. Initially, small areas of wall material were 

seen to be swollen, (Plate 2.14i). Followinn this separation of the 

component layers was noted, (Plate 2.14ii). Subsequent layer breakdown 

appeared to be by perforation of the chi tin / glucan v/all layer, 

followed by splitting across the cell wall, (Plate 2.1411i).

Where the pathogen was sunken into host hyphae wall breakdown was

extremely localised, (Plate 2.1111).

In sclerodermoid mass Initials cell walls appeared to be intact 

compared to healthy controls. In mature sclerodermoid tissue 39.6% 

of cells In the tissue Interior showed some evidence of cell wall 

breakdown. At the surface of mature sclerodermoid tissue 61.8% of host

cell walls were degraded to some extent.

The specific nature of this process In Individual cells was 

apparent by the occurrence of wall fragments within Infected tissue, 

(Plate 2.15). Such fragments were degraded only at the point of 

breakage and not over the entire section. The wall breakdown process 

occurs at precise M.perniciosa / A.bisporus contact points and not

* %
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PLATE 2.13. Transmission electronmicrograph of a transverse 
section of A.bisporus (Ab) hymenial cells in gill tissue in­
fected with M.perniciosa (Up). Host tissue was inoculated 
with an M.oerniciosa conidlal suspension at ’veil break and 
incubated for 6 days at 16°C prior to fixation and aectlonlng 
Note the locallaed cell wall degradation at the epeclflc hoet/ 
pathogen contact point, (arrowed).

Staining was in uranyl acetate/lead citrate.

Bar represents 1 pm.
•
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PLATE 2.13. Transmission electronmicrograph of a transverse 
section of A.bisporus (Ab) hymenial cells in gill tissue in­
fected with M.perniciosa (Mp). Host tissue was inoculate 
with an M.perniciosa conidial suspension at 'veil break and 
incubated for 6 days at 16°C prior to fixation and sectioning 
Note the localised cell wall degradation at the specific host/ 
pathogen contact point, (arrowed).

Staining was in uranyl acetate/lead citrate.

Bar represents 1 )im.



PLATE 2.13. Transmission electronmicrograph of a transverse 
section of ^l^sjp^rj^s (Ab) hymenial cells in gill tissue in­
fected with M.£eî i_(̂ i_osa (Mp) . Host tissue was inoculated 
with an M.perniciosa conidial suspension at 'veil break’ and 

■ '' days at 16°C prior to fixation and sectioning
Note the localised cell wall degradation at the 
pathogen contact point, (arrowed).
Staining was in uranyl acetate/lead citrate.
Bar represents

specific host
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PLATE 2.14. TransBls«io& «iBCtron Bicrofraphs of soctions across 
A.blsporus call walls in cap tissue (button stags) inoculatsd with 
an M.perniciosa conldlal suspension to the cap surface. Incubation 
was at 14°C In BOlst chaBbers. SaBples were of cap pseudoparfnehyn« 
0.5 CB'froB'the Inoculation site. (Ab ■ A.blsporus)

Staining was In Uranjl acetate/lead citrate.

Bars represent 0.1 pB.

I )  S b s I I  areas of cell wall Baterlal (w) were seen to be 
swollen ower a United area. (x).

II) This was followed by separation (arrowed) of the wall (w) 
dOBponent layers.

III) Larger breakdown within the wall (w) was by perforation
’ (arrowed) of the Inner chltln/glucan layer prior to

splitting of the cell wall.
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PLATE 2.14. Transmission electron micrographs of sections across 
A.bisporus cell walls in cap tissue (button stage) inoculated with 
an M.perniclosa conldlal suspension to the cap surface. Incubation 
was at 14^C in moist chambers. Samples were of cap pseudoparenchyraa 
0.5 cm from the inoculation site. (Ab = A.bisporus)

Staining was in Uranyl acetate/lead citrate.

Bars represent 0.1 }un.

i) Small areas of cell wall material (w) were seen to be 
swollen over a limited area, (x).

ii) This was followed by separation (arrowed) of the wall (w) 
component layers.

iii) Larger breakdown within the wall (w) was by perforation
(arrowed) of the inner chitin/glucan layer prior to
splitting of the cell wall.
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PLATE 2,14. Transmission electron micrographs of sections across 
A,bisporus cell walls in cap tissue (button stage) inoculated with 
an M.perniciosa conidial suspension to the cap surface. Incubation 
was at 14°C in moist chambers. Samples were of cap pseudoparenchyma 
0.5 cm from the inoculation site. (Ab = A.bisporus)
Staining was in Uranyl acetate/lead citrate.
Bars represent 0.1 )im.
i) Small areas of cell wall material (w) were seen to be 

swollen over a limited area, (x).
ii) This was followed by separation (arrowed) of the wall (w) 

component layers.
iii) Larger breakdown within the wall (w) was by perforation

(arrowed) of the inner chitin/glucan layer prior to
splitting of the cell wall.

Ab

ii)

^  ■ ' ■ ■

Ab

, V ' \  , >

■ ' . rc)"'
♦V , f:

. ; 1* . 1, Wt







■ . 1 '• » . , ‘‘.fi- ̂



Ab

PLATE 2.15. Transmission electronmicrograph of sclerodermoid 
tissue from commercial cropping beds 28 days after casing. 
Inoculation with M.perniciosa was at the time of casing. 
M.perniciosa (Mp) hyphae with dense granular cytoplasm ramify 
throughout the tissue, predominantly inter-cellularly between 
less dense A.bisporus (Ab) hyphae. The specific nature of 
host cell wall degradation (arrowed) is demonstrated by the 
presence of discrete host cell wall sections 
tissue.
Staining was in uranyl acetate/lead citrate.
Bar represents 2 |im.

(X) within the
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PLATE 2.15. Transmission electronmicrograph of sclerodermoid 
tissue from commercial cropping beds 28 days after casing. 
Inoculation with M .perniciosa was at the time of casing. 
M.perniciosa (Mp) hyphae with dense granular cytoplasm ramify 
throughout the tissue, predominantly inter-cellularly between 
less dense A.bisporus (Ab) hyphae. The specific nature of 
host cell wall degradation (arrowed) is demonstrated by the 
presence of discrete host cell wall sections (X) within the 
tissue.
Staining was in uranyl acetate/lead citrate.
Bar represents 2 |ira.
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PLATE 2.15. Transmission slectronmicrograph of sclerodermoid 
frMB commercial cropping beds 28 days after casing. 

Inoculation with M.perniciosa was at the time of casing.
M.perniciosa (Up) hyphae with dense granular cytoplasm ramify 
throughout the tissue, predominantly inter-cellularly between 
less dense A.blsporus (Ab) hyphae. The specific nature of 
host cell wall degradation (arrowed) is demonstrated by the 
presence of discrete host cell wall sections (X) within the 
tissue.

Staining was in uranyl acetate/lead citrate.

Bar represents 2 |im.
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unifomly throughout infected tissue.

The majority of cell / cell contact points showed no evidence of

host cell wall breakdown however (87.4X). Most contact points where 

A.bisporus cells were closely aligned to M.pemiciosa hyphae consisted 

of apparently unaffected host cell walls closely abutted to pathogen

hyphae, (Plate 2.16).

This observation is in apparent contradiction to previous theories 

relating to the role of cell wall degrading enzymes in development of 

Wet Bubble disease. Smith, (1924), considered that the action of cell 

wall degrading enzymes was the primary cause of disease symptom 

development. Observations reported here indicate that, while cell wall 

degradation does occur, not all host/parasite contact points are 

affected. It is unlikely, therefore, that pathogenesis is solely 

related to the occurrence of such cell wall degrading enzymes.
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PLATl 2.16. Tran»*l»»lon •l«ctronmicrogr«ph» of host/pathog«n contact

In tha Mjoritj o£ casca In which M.perniciosa (Up) calls wars closely 
aligned to A.bispoms CAb) call walls^host call wall degradation was
not obsarwad. ^

Staining was in uranyl acatata/laad citrate.

1) M.parniciosa/A.bisporus contact point in sclarodamoid tissue 
(nature), isolated Iron connercial cropping beds 21 days alter 

-casing, r Inlectlon o£ beds with M.perniciosa was at the tine of 
casing. Bar represents 1.5 pn

Close up of (1). Circled area of above showing closely 
aligned host and pathogen cell walls with no evidence of host 
cell wall degradation at the interface, (arrowed), 
p ■ plasnalenna

c “ nicrofobrillar chitin
• •

g ■ pi.3, ^1.6 glucan*. (After Vincent-Davies 1972).

Bar represents 0.1 yat.
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PLATE 2.16. Transmission electronmicrographs of host/pathogen contact

In^th^majority of cases in which M.perniciosa (Mp) cells were closely
aligned to A.bisporus CAb) cell walls,host cell wall degradation was

not observed.

Staining was in uranyl acetate/lead citrate.

i) M.perniciosa/A.bisporus contact point in sclerodermoid tissue 
(mature), isolated from commercial cropping beds 21 days after 
casing. Infection of beds with M.perniciosa was at the time of 
casing. Bar represents 1.5 )im

Close up of (i). Circled area of above showing closely 
aligned host and pathogen cell walls with no evidence of host 
cell wall degradation at the interface, (arrowed), 
p = plasmalemma

c = microfobrillar chitin

ii)

g = pi.3, ^1.6 glucan. 

Bar represents 0.1 ^m.

(After Vincent-Davies 1972)
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PLATE 2.16. Transmission electronmicrographs of host/pathogen contact
points. , ,In the majority of cases in which M.perniciosa (Mp) cells were closely
aligned to A.bisporus (Ab) cell walls,host cell wall degradation was 
not observed.
Staining was in uranyl acetate/lead citrate.
i) M.perniciosa/A.bisporus contact point in sclerodermoid tissue 

(mature), isolated from commercial cropping beds 21 days after 
casing. Infection of beds with M.perniciosa was at the time of 
casing. Bar represents 1.5 )ira

ii) Close up of (i). Circled area of above showing closely 
aligned host and pathogen cell walls with no evidence of host 
cell wall degradation at the interface, (arrowed).
p = plasraalemma
c = raicrofobrillar chitin
g = pi.3, pi.6 glucan. (After Vincent-Davies 1972).

Bar represents 0.1 pm.
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CHAPTER 3

THE PRODUCTION OF ANTIFUNGAL AND GROWTH PROMOTING SUBSTANCES BY 

M.PERNICIOSA AND A.BISPORUS

This chapter describes experiments designed to investigate the 

mechanisms of pathogenicity in M.perniciosa and to examine the possible 

means by which A.bisporus may maintain a level of defence towards 

potential pathogens. In addition, the possible production of compounds 

capable of increasing fungal growth by both the host and the pathogen 

was investigated. The ability of some of these compounds to inhibit

bacterial growth was also investigated.

The initial approach was to demonstrate the antifungal or growth 

promoting activity of A.bisporus sporophore tissues and of M.perniciosa 

culture extracts. A.bisporus tissue infected by H . p e m i c i ^  was also 

examined and the origin of active compounds consequently deduced by 

comparisons with extracts from the individual fungi.

•*' ̂  *É

* I •

H.pemici os a

The production of biologically active inhibitory compounds by 

H.pemiciosa was investigated initially by bioassaying crude culture 

filtrates against Cladosporium herbarum. Sterile filtrates from liquid 

malt cultures, incubated for 23 days at 18»C t 2»C. were concentrated 

by freeze drying and resuspended in c. 5 cm of SDH. Droplets of 

filtrate (20 ul) were placed on clean glass slides with C.herbarum 

conidia from an 8 day old Czapek Oox agar culture. Germination of 

conidia in the presence of sample filtrates from M.pemicioa  cultures 

after incubation in moist chambers for 18 h at 20 C - 2 C was

•• t
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significantly reduced relative to controls in uninoculated freeze dried 

liquid malt media, (76.5* t 0.5* reduction, p <0.001), indicating that 

antifungal compounds produced by H.pemiciosa were present in the 

culture medium.

In order to investigate whether the presence of antifungal 

substances in H.pemiciosa cultures was Influenced by the age of the 

culture, conical flasks (250 cm^). each conUining 100 cm^ of liquid 

malt media were inoculated with three 3 mm diameter discs cut from the 

margin of 14 day old H.pemiciosa HH agar cultures and incubated at 

20°C t 1°C. At regular intervals, cultures were filtered and 

the supernatant freeze dried, resuspended in 20 cm of SOU and 

sterilised by filtration. Sample filtrate droplets (20 ul) were placed 

on clean glass slides and assayed for antifungal activity by the addition 

of 20 ul droplets of a conidial suspension of either Botrytis cmerea or 

CladosDorium herbarum. Samples were incubated for 18 h in moist chambers 

at 20°C t 2'C. prior to microscopic examination. The antifungal activity 

of H.perniciosa culture filtrates increased with the age of the culture.

C.herbarum showed a higher degree of sensitivity to H.pemicigsa culture 

filtrates than did B.cinerea. Germination of C.herbarum conidia, 

relative to controls in SDH, was not significantly reduced in filtrates 

from 2 day old cultures, but germination was significantly reduced in 

those from 4.5 day old cultures. (32.7* t 1.0* reduction) and in 

filtrates from 6 day old cultures. (100* reduction. p < 0.001).

Germination of B.cinerea conidia was not affected however in the 

presence of filtrates from 4.5 day old H . p e m i c i ^  cultures, but was 

reduced in the presence of those from 6 day old cultures, (100* reduction, 

p <0.001), (Table 3.1).

•« •
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Table 3.1

The effect of filtrates of M.perniclosa liquid malt cultures incubatfid 4t-20°C

on germination and genn tube growth of C.herbaruw and B.cinerea conidia on 

gla$$'slides after incubation at 18^C for 18 h in moist chambers.

(A) * Germ tube length as a percentage relative to controls.

% • • • *

. Age of M.perni ci osa 

culture (days)

Uninoculated liquid 
malt controls

Clndosporium herbarum Botrytis cinerea 1

-----ir------ r~M I
germination

Germ 
tube 
length 
(A)_______

1
germi nati on

uerni 
tube 
length 
(A) 1

97.3 ± 0.4 100 ± 0.0 100 ± 0.0 100 ±0.0

98.6 ± 0.9 244.3 ±25.3 100 ±0.0 112.6±12.5

95.3± 1.5 320.0± 3.5 100 ± 0.0 105.0± 2.6

65.5 ± 1.0 48.0± 4.8 100 ±0.0 91.6±7.0

0.0 i 0.0 0.0± 0.0 0.0 ± 0.0 O.OtO.O

0.0 t 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0±0.0

0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0±0.0

I •
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Germ tube length of B.cinerea conidia was slightly increased 

relative to controls, in the presence of filtrates from M.pemicios^ 

cultures. (0 and 2 day old. 12.6X and 5.0% increase respectively).

In older samples, germ tube length was reduced, (8.4* reduction in 

filtrates from 4.5 day old cultures), with no germination of conidia 

in filtrates from 6 day old cultures reflected in an absence of germ

tubes, (100* reduction).

The effects of H.Demiclosa culture filtrates on genn tube length 

was emphasised using C.herbarum. Germ tube length was markedly 

increased relative to controls, of uninoculated media, in the presence 

of filtrates from 0 day old and 2 day old H.pemiciosa cultures.

(144.3* and 220.0* respectively). In filtrates from older cultures 

g e m  tube length was. however, reduced with a 52.0* reduction, relative 

to controls, in filtrates from 4.5 day old M.pemiciosa cultures and 

100* reduction in filtrates from 5 day old cultures reflecting a

complete lack of germination, (p <0.001).

This indicates the presence of stimulants of an undefined nature 

in young (4.5 day old) cultures. Such stimulatory effects, additional 

to the effect of unused nutrients from H.pemiciosa cultures, are 

however, subsequently overcome by the production of fungistatic or 

fungitoxic substances in older cultures. (Table 3.1).

The manner in which M.perniciosa is able to antagonise A.bisporus 

hyphae was consequently investigated. Four factors were examined, the 

ability of H.oemiciosa culture filtrates to kill host cells, the 

alteration of the level of host cell vacuolation and cytoplasmic 

granulation, changes in host cell width, and the extent of electrolyte

leakage from host tissue.
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Germ tube length of B.cinerea conidia was slightly increased 

relative to controls, in the presence of filtrates from H.perniciosa 

cultures, (0 and 2 day old, 12.6X and 5.OX increase respectively).

In older samples, germ tube length was reduced, (8.4X reduction in 

filtrates from 4.5 day old cultures), with no germination of conidia 

in filtrates from 6 day old cultures reflected in an absence of germ 

tubes, (lOOX reduction).

The effects of M.perniciosa culture filtrates on germ tube length 

was emphasised using C.herbarum. Germ tube length was markedly 

increased relative to controls, of uninoculated media, in the presence 

of filtrates from 0 day old and 2 day old M.perniciosa cultures,

(144.3X and 220.OX respectively). In filtrates from older cultures 

germ tube length was, however, reduced with a 52.OX reduction, relative 

to controls, in filtrates from 4.5 day old M.perniciosa cultures and 

lOOX reduction in filtrates from 5 day old cultures reflecting a

complete lack of germination, (p <0.001).

This indicates the presence of stimulants of an undefined nature 

in young (4.5 day old) cultures. Such stimulatory effects, additional 

to the effect of unused nutrients from M.perniciosa cultures, are 

however, subsequently overcome by the production of fungistatic or

fungitoxic substances in older cultures, (Table 3.1).

The manner in which M.perniciosa is able to antagonise A.bisporus 

hyphae was consequently investigated. Four factors were examined, the 

ability of M.perniciosa culture filtrates to kill host cells, the 

alteration of the level of host cell vacuolation and cytoplasmic 

granulation, changes in host cell width, and the extent of electrolyte

leakage from host tissue.
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Tissue strips, c. 0.5 cm x 1.0 cm x 1.0 cm, were excised from 

healthy 'cup stage* sporophore caps, under sterile conditions, and 

incubated for 5 days in Czapek Dox / yeast extract media, (c. 0.5 g 

tissue, 50 cm"^ media) at 22®C t 1®C in an orbital incubator, (100 

r.p.n.). Growth of A.bisporus hyphae resulted in spheroidal flocular 

growth from the inoculum. This was taken as being biologically similar 

to mature sporophore cap tissue within the limits of the requirement 

for undamaged A.bisporus hyphae.

In order to investigate the possibility that production of toxins 

by M.perniciosa may vary in the presence or the absence of the host, the 

effect of filtrates from two types of M.pemiciosj^ cultures on 

A.bisporus was investigated, those grown on Czapek Dox liquid medium and 

those grown on Czapek Dox liquid medium supplemented with 0.3 yl cm of 

sterile filtered juice from pressed healthy A.bisporus 'button stage 

sporophores (Czapek Dox + mushroom liquid medium). M.perniciq^ 

cultures were of 50 cm^ media inoculated with two 3 mm diameter discs 

cut from the margin of 14 day old Malt agar cultures, and incubated for 

8 days at 20®C * 1®C. Extracts were collected by filtration and the 

supernatant sterilised by filtration 0.2 pm pore size prior to as y 

against A.bisporus. Controls were sterile uninoculated Czapek Dox media

with and without filtrates frtxn pressed healthy sporophores.

The effects of filtrates from H.pemiciosa cultures on A.bisporus 

were tested by the incorporation of sterile filtered medi«» from the two 

types of n.pemiciosa cultures, and from control samples, into separate 

A.bisporus test flasks. (1.0 ul cm*^) prepared as described above, and 

the host mycelium examined periodically for changes relative to controls.

At intervals following the inclusion of sample filtrates into

‘f •
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growth media, samples of A.bisponjs inycellum were withdravm from the 

culture flasks and mounted on clean glass slides and examined micro­

scopically. Cell death was determined using the Trypan blue vital 

staining technique, with uptake of the large molecular weight stain 

indicating membrane disruption in killed cells.

After 4.5 h incubation, c. 30% cell death had occurred in flasks 

containing filtrates from M.pemiciosa cultures grown both with and 

without the addition of host filtrates in the culture medium, relative 

to controls, (p <0.01). After 24 h cell death had increased to 78.0« 

t 0.9« in the presence of filtrates from M.perniciosa cultures 

containing host filtrates, while in those flasks containing filtrates 

from H.pemiciosa Czapek Dox cultures without the addition of host 

filtrates, cell death was increased to 73.0« - 5.0«, relative to 

controls, (p <0.01). This indicates that the presence of host 

components is not a prerequisite for the production of toxic substances 

capable of antagonising A.bisporus by M.pemiciosa, (Figure 3.1i).

Live cells of A.bisporus were examined microscopically following 

the inclusion of antagonistic H.perniciosa culture filtrates for 

evidence of cytoplasmic granulation and vacuolation. While controls, 

with the addition of uninoculated media, as used for the culture of 

H.perniciosa, showed a maximum level of 21.8« - 6.2« of cells showing 

extensive vacuolation after 24 h, test samples with the inclusion of 

H.pemiciosa culture filtrates showed a marked increase to 97.9« - 1.2« 

cells vacuolated after 9.5 h in the presence of filtrates from 

H.pemiciosa cultures containing host filtrates in the growth media. 

Samples with the addition of filtrates from unsupplemented M.perniciq_s^ 

Czapek Dox cultures similarly showed an increase in the level of
t
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vacuolation. rising to 97.7% t 3.2% of cells vacuolated after 9.5 h.

(p <0.01), (Plate 3.1, Figure 3.1ii).

The width of host hyphae was seen to increase significantly in the 

presence of M.perniciosa culture filtrates. In the presence of filtrates 

from M.pemiciosa cultures grown on Czapek Dox medium supplemented with 

host filtrates A.bisporus hyphal width was increased, relative to 

controls, by 65.5% i 13.3%, while for those samples in the presence of 

filtrates from M.perniciosa cultures grown on unsuppleraented Czapek Dox 

liquid medium, hyphal width increased by 124.0% ~ 15.3% relative to

controls.

For the assessment of electrolyte leakage from antagonised 

A.bisponjs tissue, cap tissue samples were prepared as previously 

described and rinsed in sterile deionised water, (SDe'nl), twice and placed 

in 50 cm^ SOeW in chromic acid cleaned flasks prior to the addition of 

sample filtrates prepared as described above. Sterile filtrates from 

H.perniciosa cultures grown on Czapek Oox liquid media supplemented with 

sterile filtrates of juice from pressed healthy sporophores and those 

from cultures grown on Czapek Dox liquid medium without host filtrates 

were added to A.bisporus tissue in SDeW and solution conductivity 

detenained at regular intervals. Flasks were maintained at 20<-C - 1»C 

in an orbital incubator, (25 r.p.m.). Sample blanks were of correspond­

ing H.pemiciosa culture filtrates with or without host filtrates in the 

culture medium added to SOeM without A.bisponii tissue, with controls of 

A.bisporus tissue in SDeW with the addition of uninoculated Czapek Oox 

medium containing host filtrates, and of unsupplemented Czapek Oox 

medium.

•' ■*
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PLATE 3.1. Light «icrographs of A.blsporu« hyphae from 
shake cultures incubated at 22 C for 5 days, 9.5 hours 
after the inclusion of:
i) Filtrates (0.2 >u pore size) from M.perniciosa Csapek 
Dox cultures Incubated at 20 C for 8 days, causing extensive 
vacuolation in the host.
ii) Uninoculated Csapek Dox liquid medium as control for (1). 

Bar represents 10 )im.
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PLATE 3 1. Light micrographs of A.bisporus hyphae from 
shake cultures incubated at 22 C for 5 days. 9.5 hours 
after the inclusion of:
i) Filtrates (0.2 >im pore size) from M.pernixjosa Czapek 
Dox cultures incubated at 20 C for 8 days, causing extensive 

vacuolation in the host.

ii) Uninoculated Czapek Dox liquid medium as control for (i) 

Bar represents 10 ^m.
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PLATK 3.1. Light micrographs of .A. bisporus hyphac from 
shake cultures incubated at 22°C for 5 days, 9.o hours 
after the inclusion of:

i) Filtrates (0.2 >im pore si/.e) from M.perniciosa Czapek 
Dox cultures incubated at 20 0 for H days, causing extensive 

vacuolation in the host.

ii) Uninoculated C/.apek Uox liquid medium as contiol lor (i) 

Bar represents 10 jjm,
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Solution conductivity for flasks containing A.bisporus tissue in 

SDeW following the inclusion of filtrates from ».perniciosa cultures 

increased rapidly. Conductivity increased by 34.6S t 4.7% min. after 

the inclusion of filtrates from ».perniciosa Czapek Dox / sporophore 

filtrate cultures, while those flasks containing A.bipsorus in SDeW 

with the addition of ».perniciosa unsupplemented Czapek Dox culture 

filtrates showed an increase of solution conductivity after 30 min. of 

23.8% ~ 4.9%, (Figure 3.2, Table 3.2).

•.* .

A.bisporus

Activity of A.bisporus sporophore tissue was investigated initially 

by assaying freeze dried sterile filtrates from pressed sporophores, 

resuspended in methanol, against Cladosporium herbaruro. Samples were 

spotted bn to TLC plates and sprayed with a conidial suspension of 

C.herbarum conidia in J strength Czapek Dox liquid medium. Plates were 

then incubated in moist chambers for 48 h at 20® - 2®C. Antifungal 

activity appeared as white areas on the plate where C.herfaaruro had 

failed to grow. Antifungal activity was noted both in healthy A.bispor^ 

sporophore samples and in samples from sporophore tissue infected with 

».perniciosa, prepared in a similar manner, (Plate 3.2). In addition, 

both of these samples exhibited antibacterial activity when assayed 

against 8acillus meqaterium using the aesculin spray technique by 

spraying samples on TLC plates with a nutrient broth suspension of

B.megateriurn from a 24 h old culture and incubating plates for 24 h at 

23®C in moist chambers. Plates were then resprayed with 0.2% aesculin 

in 0.1% ferric citrate containing 0.5% yeast extract. After a further

•, .
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PLATE 3.2. Plate bloassay of solvent extracts of healthy 
and Infected tissue.

Extracts equivalent to 0.5 gram fresh weight of tissue were spotted
onto a TLC plate and air dried prior to bioassay against Cladosporiug_
herbaruM. (Extent of antifungal zone arrowed).

Sample No. , .
1. Methanol extract of healthy A.bisporus 'button stage sporophores

2. Methanol extract of A.bisporus 'button stage' aporophores 
infected with M.perniciosa

3. Methanol phase of partitioned extract of healthy A.bisporus 
'button stage' sporophores.

4 . Chloroform phase of partitioned extract of healthy A.bisporus 
'button stage* sporophores.

5. Chloroform phase of partitioned extract of sclerodermoid tissue.

6. Methanol phase of partitioned extract of sclerodermoid tissue.

>
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PL̂ 'j'g 3.2. Plate bioassay of solvent extracts of healthy 
and infected tissue.

Extracts equivalent to 0.5 gram fresh weight of tissue were spotted 
onto a TLC plate and air dried prior to bioassay against Cladosporium 
herbarum. (Extent of antifungal zone arrowed).
Sample No. .1. Methanol extract of healthy A.bisporus 'button stage sporophores.
2 .

3.

Methanol extract of A.bisporus 'button stage' sporophores 
infected with M.perniciosa 
Methanol phase of partitioned extract of healthy A.bisporu^  
'button stage' sporophores.
Chloroform phase of partitioned extract of healthy A.bisporus 
'button stage' sporophores.
Chloroforn. phase of partitioned extract ot sclerodermoid tissue. 
Methanol phase ot partitioned extract of sclerodermoid tissue.
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PLATK 3.2. l-’lato bioassay of solvent extracts of healtln 
and infected tissue.

Kxtracts equivalent to 0.5 ^ran fresh 'Aei^ht of tissue wer.,- spotted 
,nto a TLC plate and air dried prior to bioassay against C 1 ado.spor i u- 
hcrharum. (Kxtent ol antifunp^al /.one arrowed).

Sample No. 
1 . Methanol extract of healthy A-bisp_o_rus 'button sta-e' sporophores
2 . Methanol extract of /̂ ._b i_sporus 'button sta^te spoiophoies

infected with P c/Ji i

3. Methanol phase of partitioned extract of healthy A.bisporus 
'button st age’ sporophores.

‘1. Chloroform phase of partitioned extract of health> A.bispoius 
'button stage' sporophores.

5. Chloroform phase of partitioned extract of sc 1 e i ode i mo i d tis.sm.

6. Methanol phase of partitioned extract of sc 1 eiodeimoid tissui.
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period of incubation. (24 h at 23°C). hydrolysis of the aesculin by 

actively growing bacteria, resulted in a brown colouration with zones 

of inhibition appearing as colourless areas on the plate.

A.bisporus antifungal components were further investigated by 

extracting from tissues with methanol:chloroform (1:1), (Materials and 

Methods IV 5). Solvent fractions were partitioned prior to concentration 

on a rotary evaporator. Samples were then spotted on to TLC plates and 

assayed for activity using the Cladosporium spray technique. Antifungal 

activity was confined to the non-polar chloroform-fraction, with no 

apparent activity in the methanol phase. (Plate 3.2). Antifungal activity 

of the non-polar chloroform fraction from extracts of healthy A.bisporus 

sporophores. A.bisporus cap tissue infected with H.pemiciosa. and from 

A.bisporus vegetative mycelium were tested on agar plates against 

M.perniciosa. A.bisporus and Cladosporium herbarum by the application of 

extracts to Whatman AA discs. (13 mm diameter) at the rate of extract from 

I g fresh weight of tissue per disc. Malt agar plates were inoculated 

with the fungus used in the test either by seeding the plate surface with 

a conidial suspension in SOW. (M.pemiciosa or C.herbarumland allowing the 

agar surface to dry in a sterile air flow, or by a single inoculation 

directly on to the agar. (A.bisporus). prior to the positioning of the 

loaded AA disc centrally on the agar surface. Antifungal activity was 

greatest in healthy A.bisponis sporophore tissue. Antifungal activity was 

also present, at a reduced level, in tissue infected with M.pemicjosa but 

A.bisporus vegetative mycelium showed no activity. (Table 3.3, Plate 3.3). 

The antifungal compounds observed in ^.bisporus sporophore tissue were 

active against M.pemiciosa. C.herbarum and. surprisingly. A.bisporus ,

••• .
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Table 3.3

Inhibition of fungal growth pn naît agar plates, incubated at 18°C for 10 days

by chlorofom extracts of healthy 'button stage* A.bisporus sporophores, similar 

tissue infected with M.pernlciosa and of vegetative A.bisporus mycelium.

(a) * Extract of 0.5 g fresh weight of tissue / 13 mm AA disc

(b) * Mean width of inhibition zone, (mm), Î SEM

Extract origin - Level of inhibition of extracts against test
fungus (b)________________________ _

Tissue type (a)
M.pemi dosa A.bisporus C.herbarum

Healthy A.bisporus 

sporophore cap tissue
10.65 ± 0.30 7.50 ± 0.0 9.28 ± 0.29

A.bisporus cap tissue

infected with 8.59 t 0.34 0.00 ± 0.0 0.00 ± 0.0

M.pemiciosa

A.bisporus vegetative
•

0.00 ± 0.0
mycelium

0.00 ± 0.0 0.00 ± 0.0

if •
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PLATE 3.3. Unit sgsr plstn blosnssys of chlorolora «xtrsetn 
hnnlthy and Infactad A.biaporua aporgphoraa and A.biapoinM ▼agatative 
■jcaliua incubatad for 10 days at 18 C.

Extract. aq«lTsl«it to 0.5 gr«i fraab walght of tl.au. wars p l w ^  
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Test fungus
Extract on AA discs 
from:
Healthy A.blsporui< 

sporophore.
A.blsporus tissue 
infected with 
M.per niciosa

A.hisporus
vegetative
mycelium

9̂ r

M.perniciosa

< I

•I

A.bisporus

I-

PLATE 3.3. Malt agar plate bioassays of chloroform extracts of 
healthy and infected A.bisporus sporophores and A.bisporj ^  vegetat 
mycelium incubated for 10 days at 18 C.

Extracts equivalent to 0.5 gran fresh .eight of tissue were placed 
onto AA discs which were positioned centrally onto malt 
seeded with M.pernlclosa or Cladosnorlun herbaria or **
A.blsporus. Antifungal activity was greatest In healthy A.blaporu_ 
sporophores and least in vegetative mycelium.

Bars represent 2 cm.
C.herbariun

Healthy A.bisporus 
sporophore

o

A.bisporus tissue 
infected with 
M.perniciosa

C .herbarum • • ;
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PLATE 3.3. Malt agar plate bioassays of chloroform extracts of 
healthy and infected A. bisporus sporophores and ^ ^ spor^  vegeta 
mycelium incubated for 10 days at 18 C.

Extracts equivalent to 0.5 gram fresh weight of tissue were placed 
onto AA discs which were positioned centrally onto malt agar plates 
.;peded with M.perniciosa or C ladosporium herbarum or inoculated with 
A.bisporus. Antifungal activity was greatest in healthy A^_yjporus 
sporophores and least in vegetative mycelium.

Bars represent 2 cm.

Healthy A.bisporus 
sporophore

A.bisporus tissue 
infected with 
M.perniciosa

C.herbarum
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vegetative mycelium. Indicating a lack of specificity in their action.

The activity of diffusâtes from the different tissues from

A.bisporus sporophores on the growth of M.perniciosa v/as examined in order

to identify any variation in antifungal activity within different parts

of sporophores. Tissue from freshly picked 'button stage' sporophores,

(c. 3 g) was excised under sterile conditions and placed on sterile

cellophane over Czapek Oox agar in 9 cm Petrf dishes for 72 h at 4"C.

The sporophore tissue and cellophane was subsequently removed and the

agar inoculated with M.pemiciosa on the site previously covered by the

A.bisporus tissue. Cultures were then incubated at 23"C t 2°C, and

linear growth recorded. Growth of M.perniciosa was significantly

reduced in the presence of diffusâtes from gill tissue, 30.5% t 1.1%

reduction relative to untreated controls, (p <0.01), after 360 h, while

diffusâtes from cap and stipe tissue had no significant effects. In a 
modification of this experiment in order to test for active compounds 
whiclî may.be inactivated when exposed to air, diffusion through cellophane

from cap and stipe tissue was carried out under nitrogen at prior to 

inoculation of the agar with M.pemiciosa. This resulted in the 

stimulation of growth of M.perni ci osa of 36.6% -'5.0% and 33.5% t 2.7% 

relative to controls from cap and stipe tissue respectively, (Figure 3.3), 

indicating the presence of both inhibitory and stimulatory compounds 

within healthy sporophore tissue.

In order to determine whether antifungal activity present ir) 

sporophore tissue is in fact due to synthesis by A.bisporus and not to 

the surface microbial population, healthy sporophores grown under axenic 

conditions in 3.5 i glass containers, as previously described, (Materials 

and flethods, 17), were extracted directly in chloiroform at 4®C and tested

t •

. . .

'■ «



I

Growth of 
Mjomidowi
(%r*l«liv«to
Gontrolt)

.  ...
>« •

, I

u.

I * ' . *

\

FIGURE 3^ M—n chaw9» in lin—r
oontainiiM diffuwtw thr

Gill tiaMM diffusMM 

•  Cap tiaMM diffuaataa 

A—A Stipa tiaaua diffuaataa 

0 —0  Cap tiaaua diffuaataa (N2) 

Stipa tiaaua diffuaataa (N2)

licioaa raiativa to 1 
of AjMiDorus

cowtrola on Caapafc Pox_j 
tisaua awd incubatad at 239Ci



121

.. \

for antifungal activity by spotting sample extracts on to TLC plates. 

Plates were then sprayed with a C.herbarum conidial suspension (c. 1 x 

10^ spores cm"^) in i strength Czapek Dox liquid medium and incubated 

for 48 h in moist chambers at 20®C Í 2®C. Antifungal activity was noted 

as white areas where C.herbarum had failed to grow. Extracts from axenic 

tissue samples showed antifungal activity against C.herbarum and>in 

addition, showed antibacterial activity against Bacillus megaterium when 

assayed on TLC plates using the aesculin spray technique, indicating 

that activity is due to preformed compounds and is not induced in the 

presence of potential antagonists.

The overall level of antifungal activity in healthy sporophores at 

different stages of development was also investigated. Freshly picked 

A.bisporus initials, "buttons" and developing sporophores were extracted 

directly in chloroform at 4®C and tested for antifungal activity by 

spotting samples equivalent to the extract from 1 g fresh weight of 

tissue on to TLC plates, (spot diameter 0.5 cm). Plates were then 

assayed for antifungal activity against C.herbarum using the Cladosporium 

spray technique as described above. Assuming identical compounds to be 

present in extracts of sporophores at different growth stages, the extent 

of diffusion of antifungal compounds present and therefore the width of 

the resulting inhibition zone on TLC plates will be directly related to 

the concentration of the compounds in the applied extract. Measurement 

of antifungal zone widths directly on TLC plates was, therefore, used as 

a measure of the overall antifungal activity of the sporophore extracts. 

Antifungal activity was seen to decline with sporophore maturation, 

(Figure 3.4), with initials showing the highest level of inhibition.

j
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This is likely to be due to an Increase In the ratio of fresh weight : 

dry weight on expansion of the fruit body giving a dilution of antifungal

activity*

The distribution of non-polar antifungal and antibacterial 

substances In 'button stage* sporophores was Investigated. Chloroform 

extracts of cap, stipe and gill tissue, prepared as described above, were 

spotted on to TLC plates and assayed against C.herbarum and B.megaterlum 

using the Cladosporlum and aesculln spray techniques respectively.

Results Indicated that activity occurred In each of these tissue types.

In addition, solvent extraction of mature spores and vegetative inycellura 

revealed the presence of non-polar antifungal and antibacterial activity 

In such tissue. Activity was, therefore, demonstrated In all growth 

stages of A.bisporus.

In order to Investigate the effects of filtrates from A.blspqnjs 

tissue Infected with M. perniciosa on growth of A.bisporus vegetative 

nycellum, sterile filtered and autoclaved juice from pressed A.bisporus 

Infected sporophore cap tissue was Incorporated Into cool Halt agar,

(50 ul cra“^) and poured Into 9 cm Petri dishes. Solidified agar plates 

were subsequently Inoculated with a single 0.3.x 0.3 cm section cut from 

the margin of a 15 day old A.bisporus (Strain D62I) Malt agar culture 

and Incubated at 20®C - 1®C. Linear growth of A.bisporus was not 

affected by the presence of filtrates of either healthy or Infected 

sporophore tissue whether sterilised by filtration or by autoclaving, 

relative to controls of A.bisporus grown on Malt agar In the absence of 

tissue filtrates, (Figure 3.5). The general nature of growth of 

A.bisporus was, however, altered, with cultures on media containing
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filtrates from healthy sporophores of an apparently sparser nature than 

those containing filtrates from A.bisporus tissue infected with 

H.perniciosa, (Plate 3.4).

Fractionation of antifungal and stimulatory substances

Samples showing antifungal and stimulatory activity were extracted 

from healthy A.bisporus tissue and M.pemiciosa mycelium in a range of 

solvents prior to chromatographic separation. Fractionated compounds 

were subsequently subjected to a number of tests in order to determine 

the nature of active compounds.

• • •

t

'0

f-o

Extraction of M.perniciosa mycelium

M.pemiciosa mycelium was extracted initially using ice cold 

methanol, followed by fractionation of extracts, following concentration 

on a rotary evaporator, in Sephadex LH 20 on a 31 cm column, (flow rate 

2 cm^ min.”^). Sample volume was 2 crâ . Fractions were tested for 

antifungal activity by spotting on to TLC plates and assaying using the 

Cladosporiuro spray technique. Active fractions were subsequently 

separated on TLC plates, eluting in chloroforrairoethanol, (6:1 or 8:1), 

with the position of antifungal activity being determined on developed 

chromatograms using the Cladosporium spray technique. A number of 

modifications of the extraction procedure were tested and it was found 

that separation was equally good with a simplified procedure of 

extraction of M.pemiciosa mycelium directly in chloroform and 

subsequently partitioning the solvent extract in methanol. Antifungal 

activity was retained in the chloroform fraction which was pale yellow

4 •
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PL^TE 3.4. plate culture* of A.blsporu* (strain D621) incubated at 
20 C for 15 days:<-

i) on malt agar

il) on malt agar containing sterile filtrate* frcm A.bisporus 
sporopbores Infected with M.perniciosa, at the rate of (5(^1 cm ). 
Note the abundance of aerial growth of A.bisporus in the presence of 
low concentrations of extract* from Infected tissue.
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i)

ii)

PL^TE 3.4. Plate cultures of A .blsporus (strain D621) incubated at 
20 C for 15 days:-

i) on malt agar

ii) on malt agar containing sterile filtrates from A .bisporus 
sporophores infected with M .perniciosa, at the rate of (50}il cm ). 
Note the abundance of aerial growth of A.bisporus in the presence of 
low concentrations of extracts from infected tissue.



PI.ATF. 4 Plate cultures of A.bisporus (strain D621) incubated at o ■ ■
20 C for 15 d a y s :-

i) on malt agar

ii) on malt agar containing sterile filtrates from A :__bi_spoj''is
sporophores infected with jpe r a t e  of (50|il cm ).
Note the abundance of aerial growth of A.bisporus in the presence of 
low concentrations of extracts from infected tissue.
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in colour and had no distinguishing smell. Samples exhibited a 

characteristic U.V. absorption spectrum over the range 239.5 nm - 

367.4 nra, (Figure 3.6). Chloroform extracts were separated directly on 

TLC plates. The assay of chloroform extracts of i:\ycelium from 

F4.perniciosa liquid malt cultures incubated for 10 days at 20®C t 2®C 

using the Cladosporium spray technique revealed the presence of a number 

of biologically active compounds. Zones inhibiting fungal growth were 

observed on chromatograms of mycelial extracts, developed in chloroform : 

methanol (4:1) over the band Rf. 0.13 - 0.52. Overall antifungal 

activity was seen to be greater in cultures grown in media containing 

sterile filtered juice from pressed healthy 'button stage' A.bisporus_ 

sporophores than in cultures grown on defined media, (Plate 3.5). Lipid 

extraction of M.perniciosa mycelium using the method of Deven and 

fianocha, (1975), (liaterials and l4ethods IV 5), retained antifungal 

activity in the chloroform fraction. Development of chromatograms of 

chloroform extracts in toluene : acetic acid : water, (4:1:5) resulted 

in antifungal activity remaining on the base line, indicating that 

activity is not due to the presence of phenolic substances. Development 

of chromatograms in chloroform:methanol (6:1) showed antifungal activity 

to occur in a single band at Rf. 0.24, (Plate 3.6). This active zone 

exhibited peak U.V. absorption at 234.2 nm, (Figure 3.7). In addition, 

this antifungal zone was seen to have antibacterial activity when assayed 

against Pseudomonas tolaasi. (NCPPB 1116). using the aesculin spray 

technique.

Chlorofonn fractions from H.pernlciosa myceliun lipid extracts 

prepared as described above were tested with a range of spray reagents

t • '
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PLATE 3.5. TLC Cladosporlun bioassay ol 10 day old M.pernlclosa 
culture filtrates.

Note the presence of two antHungal bands in uninoculated Csapek Dox 
liquid medium containing filtrates from healthy A.blsporus 
sporophores. (3). One of these bands appears to have been metabolised
by M.perniciosa.

Antifungal activity is greatest in M.perniciosa culture filtrates 
containing sterile filtered extracts of healthy A.bisporus sporophores 
(1), when compared to culture filtrates from M.pemiciosa grown on 
defined Czapek Dox media, (2).

Chromatogram developed in Chloroform Methanol 4 ; 1.

Sample volume:— 100 jil of extract equivalent to 0.5 gram fresh weight 
of tissue was spotted onto 2.5 cm origins.
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PLATE 3.5. TLC Cladosporlum bioassay of 10 day old M .perniciosa 
culture filtrates.

Note the presence of two antifungal bands in uninoculated Czapek Dox 
liquid medium containing filtrates from healthy A . b i s p o r ^  
sporophores. (3). One of these bands appears to have been metabolised

by M.perniciosa.

Antifungal activity is greatest in M.perniciosa culture filtrates 
containing sterile filtered extracts of healthy A.bisporus sporophores 
(1), when compared to culture filtrates from M.perniciosa grown on 
defined Czapek Dox media, (2).

Chromatogram developed in Chloroform Methanol 4 : 1 .

Sample volume;- 100 pi of extract equivalent to 0.5 gram fresh weight 
of tissue was spotted onto 2.5 cm origins.



TLC Cladosporium bioassay of 10 day old M .perniciosa 
culture filtrates.

Note the presence of two antifungal bands in uninoculated Czapek Dox 
liquid medium containing filtrates from healthy A.bisporus 
sporophores. (3). One of these bands appears to have been metabolised
by M.perniciosa■
Antifungal activity is greatest in M .perniciosa culture filtrates 
containing sterile filtered extracts of healthy A.bisporus sporophores 
(1), when compared to culture filtrates from M,perniciosa grown on 
defined Czapek Dox media, (2).
Chromatogram developed in Chloroform Methanol 4 . 1 .
Sample volume;- 100 pi of extract equivalent to 0.5 gram fresh weight 
of tissue was spotted onto 2.5 cm origins.



bioassay of M.perniciosa mycelium
in ; -

Water 
Methanol
Methanol partitioned fraction.
Chloroform partitioned fraction.

Chromatogram development was in chloroform : methanol 6 . 1 .
A single band of antifungal activity was retained in the 
chloroform fraction, (arrowed).
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PLATE 3.6. TLC Cladosporlum bioassay of M.pernlciosa mycelium 
extracted in;-

1. Water

2. Methanol

3. Methanol partitioned fraction.

4. Chloroform partitioned fraction.

Chromatogram development was in chloroform : methanol 6 : 1 .

A single band of antifungal activity was retained in the 
chloroform fraction, (arrowed).
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PLATE 3.6. TLC Cladosporlum bloassay ol M.perniciosa mycelitun 
extracted in:-

1. Water

2. Methanol

3. Methanol partitioned fraction.

4. Chloroform partitioned fraction.

Chromatogram development was in chloroform : methanol 6 : 1  

A single band of antifungal activity was retained in the
chloroform fraction, (arrowed).
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directly on TLC plates inorder to determine the nature of the anti­

fungal zone, (^bterials and fiethods IV 5). Developed chromatograms 

were sprayed with 50% concentrated sulphuric acid prior to heating to 

180®C for 30 min. The antifungal band at Rf. 0.24 did not coincide 

with bands visualised using this method, nor with those noted on 

standing developed chromatograms in a closed chromatography tank 

containing iodine crystals indicating that the active zone contains a 

compound of low molecular weight.

The antifungal band at Rf. 0.24, on untreated chromatograms was 

noted as not coinciding with bands fluorescing under U.V. light,

(366 nm and 254 nm) indicating an absence of unsaturated bonds within 

the antifungal band. In addition, TLC plates were tested with a range 

of spray reagents, (fiaterials and fiethods IV 3), in order to identify 

chemically active groups within the antifungal zone. A positive 

reaction was observed only on spraying the active zone with 3% vanillin 

in ethanol containing 0.5% sulphuric acid followed by heating the sample 

to 120®C, resulting in a blue colouration of the active zone, indicating 

the presence of a higher alcohol group.

In addition to antifungal activity of M.pemiciosa mycelial 

extracts, it was observed that M.perniciosa may produce stimulatory 

compounds, demonstrated on a single unreplicated TLC plate bioassay. 

Chloroform extracts of M.pemiciosa mycelium showed stimulatory activity 

at Rf. 0.63 and 0.45 on chromatograms developed in chloroform : methanol, 

(8:1) when assayed against C.herbarum, (Plate 3.7).

H.pemiciosa was seen, therefore, to produce a number of biologically 

active compounds. While no attempt was made to determine the nature of
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PLATE 3.7. TLC CladOBporltm bioassay of 10 day old M.gernlclosa 
culture filtrates extracted directly in chloroform at 4 C.

Chromatogram was developed in chloroform : methanol 8 : 1 .

Note the presence of stimulatory zones on this unrepllcated 
TLC plate.
Samples grown in Czapek Dox liquid medium with the addition of 
sterile filtrates from healthy A.bisporus sporophores showed 
stimulatory activity, (arrowed) which was not noted in filtrates 
of uninoculated media.
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PLATE 3.7. TLC Cladosporium bioassay of 10 day old M .gerniciosa 
culture filtrates extracted directly in chloroform at 4 C .

Chromatogram was developed in chloroform ; methanol 8 . 1.

Note the presence of stimulatory zones on this unreplicated 
TLC plate.

Samples grown in Czapek Dox liquid medium with the addition of 
sterile filtrates from healthy A.bisporus sporophores showed 
stimulatory activity, (arrowed) which was not noted in filtrates 
of uninoculated media.
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PLATE 3 7 TLC C 1adosporium bioassay of 10 day old M .gerniciosa 
culture filtrates extracted directly in chloroform at 4 C.

Chromatogram was developed in chloroform methanol 8 . 1 .

Note the rroscnce of stimulatory zones on this unreplicated 

TLC plate.

Samples grown in Czapek Dox liquid medium with the addition of 
sterile filtrates from healthy A _t)i_spoi^us snorophores showed 
stimulatory activity, (arrowed) which was not noted in filtrates 
of uninoculated media.
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stimulatory substances the antifungal activity of M.pemiciosa, 

increased in the presence of the host and was seen to be due to the 

production of a small molecular weight alcoholic substance.

. T

B. Extraction of antifungal substances from healthy sporophores

Activity was detected in chloroform fractions following solvent 

extraction in chloroform and partitioning in methanol. In order to 

reduce the level of impurities in the sample and itaprove partitioning 

the procedure subsequently adopted was of extraction of the tissue 

'directly in chloroform, (4®C, X30 volume), over anhydrous sodium sulphate 

(1 g g"^ fresh weight of tissue) with subsequent partitioning in methanol. 

The retained chloroform fraction was than concentrated on a rotary 

evaporator. Resultant extracts were straw coloured, and with a 

distinct mushroom smell, having a characteristic U.V. absorption spectnin, 

(Figure 3.8), with peak absorption at 245.6 nm.

Initially, all extraction procedures were performed in the dark, as

was subsequent development of chromatograms and bioassay of extracted

material, in order to ensure the demonstration of activity ®*̂ y

compounds unstable when exposed to light. All antibiotics were, however,

fully light stable and no activity was lost in extraction under normal

laboratory conditions. Chromatograms of chloroform extracts from healthy

A.bisporus sporophores on TLC plates were initially separated in hexane :

acetone, (1:1.5), resulting in antifungal activity occurring at Rf. 0.21,

0.53 and 0.66, activity being identified using the Cladosporiura spray

technique. In order to facilitate comparisons between extracts eluted in
•

different solvent systems, the three bands noted above were termed

> •
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•Active Component' (AC) I; ACII and ACIII respectively. Separation was 

further inproved by adopting chloroform-.methanol, (6:1) as the elutant. 

Examination of developed chromatograms under U.V. light revealed a 

nurtber of bands able to fluoresce at either 366 nra or 254 nm. Removal 

of these bands and of Intermediary non-fluorescing bands by scraping the 

silica from the developed chromatogram followed by resuspending the 

extract components from Individual bands In chloroform, with filtration 

of the suspension to remove any residual silica. Antifungal activity 

occurred at Rf. 0.29, 0.75 and 0.95, corresponding to the three bands 

noted above, all other bands Increased germination of C.herbarun conidia 

relative to controls, when assayed using the glass slide bioassay

technique, (Figure 3.9, Table 3.4).

On assaying developed chromatograms against M.perniclosa using the 

conidial suspension spray technique followed by visualisation of anti­

fungal zones by browning of the H.perniclosa mycelium In the presence of 

Iodine vapour In closed chromatography tanks, band ACIII (Rf. 0.95) only 

was seen to Inhibit the pathogen. ACIII also showed antibacterial 

activity against Bacillus megaterlum and Pseudomonas tolaasH when

assayed using the aesculln spray technique.

Active compounds were characterised using a range of reagents. 

Extraction prior to testing was by the lipid extraction procedure of 

Deven and tonocha, (1975), (Materials and Methods IV 5), retaining 

antifungal activity In the chloroform fraction with the advantage of 

higher purity of unfractionated samples compared to previous procedures. 

Development of chromatograms was In chioroform:methanol, (6:1), resulting 

In antibiotic activity of ACI, ACII and ACIII as described above.
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Table 3.4
Pharacteristlcs of fractionated components of healthy »buttpn stage/. AJ)is£orus 

sporophores.sepdrated by TLC following extraction in chloroform

(a) * Chromatograms developed In chloroformimethanol 6 . 1 .

(b) . Gen»lnat1on as a » of controls. (63.75S Î 1.65* germination) on glass

slides In moist chambers after Incubation at 18**C for 24 hours In the 

absence of sample fractions. Mean Value - SEM.

Rf. zone 
value (a)

ACI

ACll

Peak absorbence 

(nm)

ACI II

O.D. gram 

of tissue

-1 Germination of 
C.herbarum as a % 
of controTs (b'

155.25 ± 8.08 

155.60 ± 0.21
144.30 t 0.58

152.31 ± 0.56 
93.53 ± 1.09
149.34 ± 0.28 

156.03 ± 0.44 

139.83 ± 2.40

156.35 ± 0.52 
137.90 ± 3.48 

152.06 ± 1.35 

143.09 ± 0.49 

111.50 ± 7.82 

143.29 ± 1.00 

130.01 ± 3.74

70.46 ± 3.23 
154.28 ± 0.29 

150.52 ± 2.66 
153.33 ± 0.22 
36.60 ± 7.60 
99.06 ± 2.42
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Visualisation of lipidic substances was achieved by spraying 

developed chromatograms with 50% concentrated sulphuric acid and 

charring plates in an oven at 180®C for 30 rain. ACI, ACII and ACIII 

were each seen to char with indicating that they are each lipid

substances. Further characterisation of antifungal bands performed 

using the lipid identification scheme, (Materials and Methods IV 5), 

showed that ACI is a glycolipid substance, on the basis of its reaction 

to the Orcinol reagent and the ganglioside stain, giving a purple colour 

and a yellow colour respectively.

ACII was seen to be a gangliosidic compound by its reaction to the 

Orcinol reagent and the production of a violet colour with the 

ganglioside stain.

Compound ACIII was characterised as a Hinhydrin +ve phospholipid 

on the basis of its reaction to the Zinadze reagent, giving a blue 

colouration, and its red colouration after treatment with the Ninhydrin

reagent.

The identification of antifungal and stimulatory compounds in scierò^ 

dermoid tissue

Extraction of sclerodermoid tissue in chioroforra:methanol as 

previously outlined, (Materials and Methods IV 5), yielded chloroform 

fractions reddish orange in colour, with a characteristic 'oily mushroom 

smell. Samples had a characteristic U.V. absorption spectrum in the 

range 240 nm - 350 run, (Figure 3.10). This was seen to be unique to 

sclerodermoid tissue and could not be mimicked by the combination of 

chlorofonn extracts from healthy 'button stage' sporophores and from

if- •
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H.perniciosa mycelium from 10 day old liquid Czapek Dox / mushroom 

filtrate medium cultures, (20°C t 2°C) in either 1:1 or 4.05:1 ratios.

(g g"^ fresh weight), (Figure 3.11), indicating novel metabolism of 

sclerodermoid tissue compared to the two constitutive fungi alone.

Investigation of antifungal activity by spotting samples directly 

on to TLC plates and testing for activity using the Cladosporium spray 

technique indicated that antifungal activity was retained in the 

chloroform fraction, (Plate 3.2). Initial separation of chloroform 

extracts from sclerodermoid tissue using ascending paper chromatography, 

(chloroform:methanol, 6:1) with assay of developed chromatograms using 

the Cladosporiurn spray technique revealed the presence of both antifungal 

and stimulatory bands, (Rf. 0.95 and 0.90 respectively), (Plate 3.8).

TLC separation of chloroform fractions in chloroform:methanol (6:1) 

with subsequent assay using the Cladosporium spray technique gave better 

resolution with the demonstration of two further antifungal bands at 

Rf. 0.64 and 0.77, in addition to antifungal activity at Rf. 0.95 which 

corresponded with the activity observed in healthy tissue extracts,

(Plate 3.5).

All bands on developed chromatograms of chloroform extracts of 

sclerodermoid tissue corresponding to sectors seen to fluoresce under 

U.V. light, (366 nm and 254 nm) in addition to intermediary non­

fluorescing bands were removed • resuspended separately in chloroform, 

and filtered to remove residual silica, prior to quantitative assessment 

of individual zones for antifungal or stimulatory activity against

C.herbarum conidia, (Figure 3.12, Table 3.5). The increased sensitivity 

of the glass slide bioassay demonstrated a greater range of stimulatory

* *1

* •• ?

 ̂ > *•



5:6 i ̂ }

‘ t

V f '. • • ‘i i

i - {bnr

■ &<ji5rt. 3

-Teif» ®iU

Optical 
dMMity (a)
(1 cm
path length)

Optical 
daniity (b) 
(1 cm
path length)

F IG URE 3.11

•j.i •

V •



%

Af

■ 1 :

r

PLATS 3.8. ri.do.norliu. bloM.ay of a paper chromatograai 
of cblorofona~extraeta ^  healthy A.blaporua aporophore and 
Bclerodemold tissue.
Note the presence of sntifungsl (A£) end simulstory <s) xones 
in sclerodemold tissue, the letter none not occurring in
healthy tissue.
Chromatogram developed In chloroform : methanol 6 : 1 .

1 ■ extract of mature sclerodermoid tissue

2 » healthy sporophore (button stage) extract.
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p l a t e  3.8. CladosEi2iiilim bioassay of a paper chromatogram 
of chloroform extracts of healthy A.blsporus sporophore and
sclerodermoid tissue.

Note the presence of antifungal (Af) and simulatory (s) zones 
in sclerodermoid tissue, the latter zone not occurring in 
healthy tissue.

Chromatogram developed in chloroform methanol 6 . 1.

1 = extract of mature sclerodermoid tissue

2 = healthy sporophore (button stage) extract.



PLATE 3.8. CladosjiQxiim bloassay of a paper chromatogram 
of chloroform" extracts of healthy A.bisporus sporophore and
sclerodermoid tissue.
Note the presence of antifungal (Af) and siraulatory(s) zones 
in sclerodermoid tissue, the latter zone not occurring in 
healthy tissue.
Chromatogram developed in chloroform : methanol 6 : 1 .
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PLATE 3.9. TLC Cladosporium bioassay of healthy 
A.bisporus 'button stag7' sporophores(1) and mature 
sclerodermoid tissue (2) chloroform extracts showing 
antifungal activity in both healthy and infected tissue, 
(inhibitory zones arrowed).
Chromatogram developed in chloroform : methanol 6 . 1.
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PLATE 3.9. TLC Cladosporium bioassay of healthy 
A.bisporus 'button stage’ sporophores(1) and mature 
sclerodermoid tissue (2) chloroform extracts showing 
antifungal activity in both healthy and infected tissue, 
(inhibitory zones arrowed).

Chromatogram developed in chloroform : methanol 6 1.
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PLATE 3.9. TLC Cladosporlun bioassay of healthy 
A.biaporua 'button stage* oporophores(1) and nature 
sclerodermoid tissue (2) chloroform extracts showing 
antifungal activity In both healthy and Infected tissue, 
(Inhibitory zones arrowed).

Chromatogram developed In chloroform ; methanol 6 : 1 .
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and Inhibitory substances than initially indicated using the TLC spray 

technique. Sclerodermoid tissue extracts contained five bands reducing 

germination of C.herbarum conidia by at least 50%, at Rf. 0.19, 0.25,

0.67, 0.76 and 0.94. In addition, five zones capable of increasing 

germination of C.herbarum conidia were demonstrated, at Rf. 0.23, 0.34 

0.73, 0.79 and 0.90, although changes in germination % for these 

compounds was small, 3.5% - 13.5% increase, compared to those giving a 

reduction in germination, (Figure 3.12). The remaining fourteen bands 

tested each gave a reduction in germination of conidia, (4.5% ~ 48.5%).

The work reported here demonstrating a number of specific antifungal 

and stimulatory substances separately in both the host and the pathogen, 

enabled comparisons between the occurrence of such biologically active 

substances in sclerodermoid tissue and its constitutive fungi.

Antifungal activity of samples at Rf. 0.25, 0.76 and 0.94 was assumed to 

be due to compounds of host origin, corresponding closely to bands ACI, 

ACII and ACIII respectively, while antifungal activity at Rf. 0.19 were 

seen to correspond closely to that previously noted in M.pemiciosa 

mycelial extracts. It is likely that antifungal activity at Rf. 0.67 was 

similarly originated from M.perniciosa although not detected using

previous methods.

Of the bands exhibiting stimulatory activity, those at Rf. 0.23 and 

0.90 corresponded closely to those shown to be present 1n healthy 

sporophores. while those at Rf. 0.34, 0.73 and 0.79 were assumed to

originate from M.perniciosa.

Individual zones were further examined using the lipid identification 

scheme, (Materials and Methods IV 5), and the test reagent schedule.
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(Materials and Methods IV 3), in order to determine the nature of the 

active compounds. Tests confirmed that antifungal activity at Rf. 0.25, 

0.76 and 0.94 was due to the presence of glycolipid, ganglioside and 

ninhydrin +ve phospholipid compounds indicating that these bands did 

indeed coincide with the presence of compounds ACI, ACII and ACIII from 

A.bisporus respectively. Antifungal activity at Rf. 0.19 was seen to 

coincide with the presence of a compound reacting only to the vanillin 

test for a higher alcohol group, indicating the presence of an active 

compound previously noted in M.perniciosa mycelial extracts. The 

stimulatory band at Rf. 0.23 failed to react positively to any of the 

test reagents, while the remaining bands tested were seen to be

principally lipidic in nature, (Table 3.6).

This work has demonstrated, therefore, the occurrence of antifungal

and stimulatory substances produced by both the host and the pathogen.

That these substances are present in infected (sclerodermoid) 

tissue indicates continued active metabolism by both the host and the 

pathogen in mature infected tissue and as such suggests that symptom 

development and the production of infected tissue may ultimately be 

affected by the relative proportions of such compounds.

I •
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Table 3.6

The occurrence of antifungal (AF) and stimulatory (S) compounds in 

chloroform extracts from sclerodermoid tissue developed in chloroform : 

methanol, (6:1) determined using the methods of Christie (1976).

(a) = Antifungal (AF) or stimulatory (S) activity assayed against C.herba r ^  
on glass slides after 24 hours incubation at 18°C in moist chambers.

• «

-------- - T
Rf. zone Acti vi ty

(a)
Chemical group Likely origin - 

(Host or Pathogen)

0.19 AF higher alcohol P

0.23 s unknown H

0.25 AF glycolipid H

0.34 S phospholipid P

0.67 AF phospholipid
(ninhydrin +ve)

P

0.73 S phospholipid P

0.76 AF gangli osi de H

0.79 S gangli osi de H

0.9 S phospholipid
(dragendorff +ve)

H

0.94 AF phospholipid
(ninhydrin +ve)

H

i •

«•
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CHAPTER 4

I BIOLOGICAL CONTROL OF M.PERNICIOSA

Control of mycoparasitic diseases of A.bisporus is typically 

restricted to the adoption of sanitation procedures and the application 

of fungicides to the crop itself. The use of fungicides on mushroom 

beds is by nature undesirable because the crop itself is a fungus, and 

in view of the likelihood of mycoparasites building up resistance to 

fungicides in common usage (Gandy and Spencer 1976, Samuels and Johnston, 

1980, Fletcher and Yarham, 1976). Further, fungicides may fail to 

control susceptible fungi in some situations, (Fletcher. Connolly. 

Mountfield and Jacobs, 1980).

In an attempt to avoid the problems associated with the application 

of fungicides to mushroom crops, the possibility of biological control 

of mycoparasites of A.bisporus has previously been investigated using 

fungi antagonistic towards Verticillium fungicola and to M.perniciosa, 

(Gandy, 1975, 1979). The use of fungi antagonistic towards mushroom 

pathogens as a method of disease control is, however, in contradiction 

to the continued development of mushroom production which has as one of 

its prime objectives, the growth of A.bisporus as a mono-culture in the

absence of competitive fungi.

At the present time, it is accepted that the microbial population 

of the casing layer is an inescapable prerequisite for successful 

conmercial sporophore production and it seems likely therefore that 

bacteria capable of surviving as part of the casing microflora are most 

likely to be of practical value in controlling mycoparasitic diseases .
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such as Wet Bubble disease with a minimum of interference of healthy 

sporophore production.

Bacteria were isolated from a range of sites, principally mushroom 

cropping beds, either from compost or casing, or from healthy and 

infected tissue and screened for the ability to antagonise M.perniciosa.

Samples were initially plated out on to Nutrient agar (+ sucrose) 

or Kings' B agar and incubated at 25®C - 1°C. All isolates were 

subsequently subcultured from single cell colonies and tested for 

fungi toxic activity on growth media, without the presence of A.bisporu£ 

components, as a model for the environment in the casing layer prior to

the development of sporophore initials.

Bacterial isolates were tested against M.perniciosa using the dual 

culture technique on Czapek Dox agar in 9 cm Petri dishes by streaking 

plates with a pure bacterial culture at the same time as inoculating the 

agar surface with M.perniciosa, prior to incubation, (23®C t 1®C).

Growth of M.pemiciosa was measured and expressed as a percentage of mean 

growth of controls of identical M.pemiciosa cultures in the absence of

bacteria.

Antagonism towards H.pemiciosa was characterised as a reduction in 

growth of the fungus, and in some cases, although vegetative growth was 

barely affected, sporulation was reduced in the presence of antagonistic 

bacteria, (Plate 4.1). In all cases where fungal growth was 

significantly inhibited in the presence of bacteria, this occurred in the 

sector closest to the antagonistic bacteria, suggesting the presence of 

non-volatile, rather than volatile, toxins.

4
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9cm dual plate cultures (Czapek Dox agar) 
of M.perniciosa (Mp) in the presence of antagonistic bacteria 
(b) in 9 cm petri dishes. Incubation was at 23 C for 12 days

Note that in some instances sporulation of the fungus is 
reduced relative to overall fungal growth in some of the 
examples illustrated, (arrowed).



9cm dual plate cultures (Czapek Dox agar^ 
of M.perniciosa (Mp) in the presence of antagonistic bacteria 
(b) in 9 cm petri dishes. Incubation was at 23 C for 12 days

Note that in some instances sporulation of the fungus is 
reduced relative to overall fungal growth in some of the 
examples illustrated, (arrowed).
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Those isolates showing antagonism towards M.perniciosa were 

subsequently screened for compatibility with A.bisporus. Isolates were 

tested for their ability to brown blocks of A.bisporus (Strain Sinden 

A5) cap tissue (c. 1.0 x 1.0 cm) freshly excised under sterile 

conditions, initially using the rapid pitting technique adopted by 

Gandy, (1968).

Bacterial isolates were grown on Nutrient agar at 25®C t 1®C for
8 "324 h and harvested in SOW to give a suspension of c. 1 x 10 cells cm 

and inoculated to the outer surface of the tissue block with the outer 

layer peeled off. One 10 pi droplet of bacterial suspension was applied 

to each block and samples were then placed on clean glass slides in moist 

chambers and incubated at 25®C - 1®C. The surface of each tissue block 

was examined microscopically 10 min. after the application of bacteria. 

The conspicuous pitting of A.bisporus cap tissue in the presence of 

Pseudomonas tolaasii noted by Wong and Preece, (1979), was not 

consistently observed using any of the bacterial isolates examined, 

including Ps.tolaasii NCPPB 1116, 2325, 387 and 1311 included as 

comparisons. Observation of tissue blocks 24 h after inoculation with 

bacteria at 25®C - 1®C as suggested by Gandy (1968), revealed a number of 

isolates capable of browning cap tissue indicating a degree of 

antagonism towards A.bisporus. Isolates able to cause browning of 

A.bisporus tissue blocks were subsequently discarded, (Plate 4.2).

This selection procedure identified seventeen isolates capable of 

significantly inhibiting growth of M.perniciosa in agar culture while 

showing no effect on host tissue. The possibility of using these

< *
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Isolate« fron 24 hour old nutrient agar cultures were streaked 
onto the upper surface of tissue blocks of 'button stage* 
A.blsporus sporophore cap tissue with the outer layer peeled 
off, prepared under aseptic conditions.

Tissue blocks were exaalned after 24 hours Incubation at 
25°C In nolst chanbers. Those bacteria shown to cause 
brosnlng (arrowed) of A.blsporus tissue were discarded.

In this saaiple of Isolates Pseudomonas tolaasl (NCH’PB 2325)
Is Included alongside controls of tissue blocks Inoculated 
with SOW.
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PLATE 4.2. Screening of bacteria for tbe ability to brown 
Buahroon tissue.

Isolates from 24 hour old nutrient agar cultures were streaked 
onto the upper surface of tissue blocks of 'button stage'
A.bisporus sporophore cap tissue with the outer layer peeled 
off, prepared under aseptic conditions.

Tissue blocks were examined after 24 hours incubation at 
2S^C in moist chambers. Those bacteria shown to cause 
browning(arrowed) of A .bisporus tissue were discarded.

In this sample of Isolates Pseudomonas tolaasi (NCPPB 2325) 
is included alongside controls of tissue blocks Inoculated 
with SDW.



T not I

S3b

« 1 «  I I  » ■ ■ ■

m  •  m  m n n t l
39 42 43 46«ic 47i

^  B D FI -i? ^
I.- »  »  ‘  ^  ■ n  \i I

S4b S4d EF

PLATE 4.2. Screening of bacteria for tbe ability to brown 
mushroom tissue.

Isolates from 24 hour old nutrient agar cultures were streaked 
onto the upper surface of tissue blocks of 'button stage' 
A.bisporus sporophore cap tissue with the outer layer peeled 
off, prepared under aseptic conditions.

Tissue blocks were examined after 24 hours incubation at 
25°C in moist chambers. Those bacteria shown to cause 
browning (arrowed) of A .bisporus tissue were discarded.

In this sample of isolates Pseudomonas tolaasi (NCPPB 2325) 
is included alongside controls of tissue blocks inoculated 
with SOW.
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bacteria as a means of control of Wet Bubble disease v/ithin mushroom 

crops as subsequently tested in small scale trials.

Experimental crops of A.bisporus (Sinden A6) were grown in 

controlled environment rooms at the University of Stirling as 

previously outlined, (Materials and Methods 12). Experimental design 

was of 6 randomised blocks each comprising of 18 treatments of pots 

inoculated with M.pemiciosa and one of 17 bacterial antagonists at 

the time of casing. The remaining treatment acting as a control 

infected with M.pemiciosa but without the addition of bacterial 

antagonists. Casing soil prior to usage was steamed to give an initial 

bacterial population of c. 2.3 x 10^ bacteria g"^ (fresh weight at 

c. 70X moisture holding capacity, (mhc)).

Prior to use, test bacteria were cultured in nutrient broth 

(+ sucrose) in an orbital incubator at 23®C - 1®C, 100 r.p.m. for 24 h. 

Cultures were subsequently centrifuged, (6000 r.p.m., 5500G) for 15 

min., resuspended in SOW and recentifuged, twice. Isolates were finally 

resuspended in SOW and suspension concentration adjusted to 1.0 x 10^ 

bacteria cm” .̂

Experimental crops were infected with M.pemiciosa by mixing casing 

soil with a conidial suspension immediately prior to application to the 

crop. SDVi conidial suspensions were prepared from 15 day old Malt agar 

cultures and applied at the rate of 1.32 x 10 spores g fresh weight 

of casing soil, equivalent to 2.4 x 10^ spores cm'^ of surface area.

SOW bacterial suspensions were each applied to separate pots, giving an 

initial concentration of selected bacteria of c. 2.3 x 10® bacteria g '

4*

• •
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Results were recorded as fresh weight of healthy sporophores, 

picked by cutting of the stipe, level with the casing layer, at Weil 

break'. Sclerodermoid tissue was assessed as fresh weight at maximum 

size picked by cutting level with the casing layer. Cutting implements

were sterilised in methanol, between treatments.

Results for the production of healthy sporophores in infected pots 

were seen to be normally distributed. Comparisons between treatments 

and controls grown in the absence of test bacteria on the basis of least 

significant differences (LSD) showed significant increases in the 

production of healthy sporophores in the presence of 5 of the 17 

selected bacteria. (Table 4.1). Isolate I giving the maximum increase. 

(108.5S increase relative to controls, p <0.01). Isolates B. E. G and Q 

also gave significant increases, (p <0.05). These levels were not clearly 

reflected in the analysis of variance table, due to the variability 

between blocks, (Table 4.2i).

The level of production of sclerodermoid material in infected pots 

was not normally distributed, with sample variance increasing with sample 

mean values. Consequently, analysis was of log 10 transformed data. On 

the basis of LSD comparisons, significant reductions in the production of 

infected tissue were seen in the presence of 4 of the 17 test bacter' 

(Table 4.3). Maximum reduction was with the addition of bacterial 

isolate J (83.IS reduction relative to controls, p <0.05) 

and F also showed significant reductions in the production of infected

• • • ♦
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Table 4.1

Yield of healthy cup stage A.bisoorus sporophores fron infected plots in 
presence of selected bacterial' isolates applied-at the time of casing.
Growing room air remperature:- 16°C post-initiation, (g fresh weight 200 cm— )

•• •



Table 4.2i

Analysis of variance for healthy 'cup stage* A.bisporus sporophore production 
in the presence of bacteria antagonistic to M.perniciosa in infected plots 

(Yield g. fresh weight)

Source of variation d.f. Suras of squares Mean sums of 
squares

Treatments 17 28921.954 1701.291

Blocks 5 3953.971 790.994

Residual 85 100991.30 1188.133

Corrected total 107 133867.230 • • • •

Table 4.2ii

Analysis of variance of sclerodernx)id mass production (loQ 10 transformed 

data) in the presence of bacteria antagonistic towards M.perniciosa in 

infected plots (Yield q. fresh weight)

Source of variation d.f. Suras of squares fiean sums of 
squares

Treatments 17 10.905 0.642

Blocks 5 3.279 0.656

Residual 85 37.184 0.437

Corrected total 107 51.368



Table 4.3

Yield of sclerodermoid tissue from A.bisporus plots infected with M.perniciosa 
at the time of casing in the presence of selected bacterial isolates applied at

the time of casing, (g fresh-weight 200 cm~ ).
Growing room air temperature:- 16*̂ C post-initiation.
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tissue, (p <0.05). Levels of significance were not reflected in the 

analysis of variance table as noted for the production of healthy tissue.

(Table 4.2ii).

Isolates I and J were seen, therefore, to give the highest levels of 

disease control within the context of the experimental crop grown under 

the outlined conditions.

The manner in which control of Wet Bubble disease using bacteria 

was expressed, differed for bacterial isolates I and J. In the presence 

of isolate I the level of production of healthy A.bisporus_ sporophores 

in samples infected with M.perniciosa was increased when compared to 

untreated plots, such that control was expressed as an increase in yield. 

In contrast, the application of isolate J to infected plots, although 

apparently not affecting the yield of healthy sporophores when compared 

to infected plots without the addition of antagonistic bacteria resulted 

in a reduction of the amount of infected tissue developing on infected 

beds and may in reality be of more practical value by reducing 

sporulation of the pathogen, and decreasing the probability of infection

to adjoining and subsequent crops.

Isolates B. E, F, G. I, J and Q were tested for compatibility on

agar plates using the cross inoculum technique in order to identify pairs 

of bacteria that are mutually antagonistic. No such inhibition was 

Observed, suggesting that disease control may be further increased using 

combinations of these bacteria, with the use of isolates I and J

together most likely to be of practical value.

In addition to the recording of the quantities of healthy and

* • 1
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diseased tissue produced from infected experimental plots the ability 

of antagonistic bacteria to establish stable populations within the 

casing layer was examined. At regular intervals samples of casing soil 

(c. 1.5 g, c. 70% mhc) were removed from pots, similar to those 

previously described, with antagonistic bacteria incorporated into the 

casing layer, infected with M.perniciosa at the time of casing, and 

from uninfected pots, (3 samples per treatment). Replicate samples were 

combined and bacterial populations determined using the plate dilution 

technique. The determination of populations of individual test bacteria 

was on the basis of culture morphology. Isolates B, E, F, G, I, J and Q 

each attained stable populations in infected and uninfected casing soil, 

(Table 4.4). For all of these isolates, except isolate G, populations 

were higher in healthy plots than in the presence of M.perniciosa, 

possibly indicating a degree of mutual antagonism between M.perniciosa 

and test isolates. Consequently, where such bacteria are able to 

establish themselves in casing soil free from M.pemiciosa, it may be 

that subsequent infection would result in a higher degree of control than 

in the experimental system.

Isolates I and J, those showing most potential for disease control, 

were seen to achieve stable populations in both healthy and infected 

casing soil in approximately 17 days. This closely followed the pattern 

of development of natural microbial populations in both healthy and

infected casing soil, (Figure 4.1).

The use of bacteria antagonistic towards M.perniciosa appears to be

a potentially useful method of biological control of Wet Bubble disease



Table 4.4

Populations of selected bacteria, antagonistic towards M.perniciosa, in 

infected and healthy A.bisporus casino soil followinn application to cropping

beds, and incubating at 22°C for 3 days and 37 days at 16^C.
5 " -1(initial bacterial pooulation 2.3 x 10 bacteria g )

(a) = Mean values - SEfi.

Isolate code Bacteria g”  ̂of casing soil,
(c.70% mhc), in plots infected 
with M.perniciosa at the time 
of casing after 45 days.(a)

Bacteria g”  ̂of casing soil, 

(c.70% mhc), in the absence 

of M.perniciosa, 45 days 
after casino, (al.

B 1.56 X 10® ± 1.18 X 10® 1.14 X 10® t 1.08 X 10®

E 3.40 X 10^ ± 9.90 X 10® 8.46 X 10® ± 1.81 X 10®

F 4.20 X 10^ ± 3.20 X 10® 5.20 X 10® ± 2.08 X 10®

G 9.40 X 10® ± 1.10 X 10® 8.47 X 10® ± 1.87 X 10®

I 5.90 X 10® ± 5.60 X 10^ 1.20 X 10® ± 1.30 X 10®

J 8.90 X 10® ± 1.14 X 10® 1.91 X 10® ± 3.95 X 10®

Q 3.00 X 10® ± 5.30 X 10® 1.25 X 10® ± 2.38 X 10®

•’ll
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of A.bisporus. While not ensuring total control of the disease at high 

inoculum levels, the use of bacteria as antagonists may enable the use 

of fungicides as an additional means of disease control in severe cases 

without affecting the balance of antagonistic populations within the 

casing layer.

II INHIBITION OF H.PERNICIOSA IN VITRO AS A MEASURE OF INHIBITION jjj VI,V̂

Inhibition of M.perniciosa on agar plate cultures by bacteria was 

necessarily used as an initial method of screening for organisms capable 

of antagonising the mushroom pathogen. Comparisons between results for 

inhibition in vitro with disease levels in infected plots containing 

antagonistic bacteria in the casing layer were made in order to assess 

whether inhibition of M.pemiciosa on agar plates could in reality be 

used as an indication of the suitability of a particular bacterial 

isolate for control of Wet Bubble disease in infected cropping beds.

Correlation between inhibition in vitro and the effect of bacteria 

on the production of healthy sporophores in infected beds, was poor.

(r - 0.415), (Figure 4.2), with a high degree of scatter, (S = 15.84), 

indicating that inhibition of M.perniciosa jjl a POOr indication

of the ability of test bacteria to influence the production of healthy

sporophores in infected plots.

The correlation between inhibition of M.perniciosa, jn v i W  and the 

production of infected tissue in infected plots in the presence of
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antagonistic bacteria incorporated into the casing layer, (log 10 

transformed data) was greater, (r = 0.649), (Figure 4.3), with reduced 

scatter, (S = 9.045). It is apparent, therefore, that the inhibition 

of M.pemiciosa, by bacteria, in vitro can be related to a potential 

for the test bacteria to influence the development of infected tissue 

from infected cropping plots and as such the use of agar plate tests 

for screening of potential antagonists appears to have been based on 

valid assumptions. The relationship between in vitro antagonism of 

bacteria towards M.pemiciosa and the production of healthy sporophores 

appears to be more obscure however, and the screening technique adopted 

cannot apparently be related to the likely level of healthy sporophore 

production in infected beds in the presence of bacterial antagonists.

III. CHARACTERISATION OF BACTERIAL ISOLATES

Isolates exhibiting the ability to control M.pernicio^ in 

(isolates I and J), were subjected to a range of identification tests, 

(Materials and fiethods, V 3 ). Tests were those outlined in Bergey's 

Manual, (Buchanan and Gibbons, 1974) and those suggested by Lelliot, 

Billing and Hayward, (1966), and by Wong and Preece, (1979). Isolates 

were also examined using the API 20E pre-packaged diagnostic system,

(API Systems, S.A. France).

Differences between the two isolates were apparent in agar plate 

cultures. Isolate 1 produced entire edged, flat, mucoid colonies.
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credin / belQC in colour» after 24 h incubation at 25**C - l^C on Nutrient 

agar. The colony produced a brown pigmentation in the agar after 48 h - 

72 h incubation. When bacteria of this isolate were washed and 

concentrated by centrifugation for 'bulk' use on A.bisporus cropping 

beds they appeared salmon pink in colour.

Isolate J produced domed mucoid entire edged colonies after 24 h 

incubation at 25®C t 1®C. Colonies were cream with a greenish tinge, 

having a 'ringed' appearance after 72 h incubation. Washed 'bulk' 

samples, prepared by centrifugation, were also salmon pink in colour.

Both bacterial isolates were Gram negative, oxidase positive rods. On 

the basis of identification tests relating to chemical reactions and 

carbon source utilisation both isolates were identified as members of 

species 3 - 5 of the genus Pseudomonas. The only detected differences 

between the two isolates were in their appearance on culture plates, 

described above, and in the number of flagella. Isolate I being motile 

by either one or two flagella and Isolate J by one. (Tables 4.5, 4.6).

The two isolates may be distinguished from Ps. chlororaphis and 

Ps. aureofasciens by the lack of green or orange non-fluorescent 

pigments and are. therefore, both members of the Pseudomonas fluorescejis

complex.

The two isolates examined are both members of the group containing 

Ps. tolaasii and the 'Ginger Blotch Organism', (GBO). identified by 

Wong. Fletcher. Unsworth and Preece. (1982). Both of these organisms 

are known to cause 'blotch' of cultivated mushrooms. (Wong et. al. 1982). 

The isolates examined in this study can however be readily distinguished 

from these pathogens on the basis of colony appearance. (Wong et. al. 

1982), the white line reaction (Wong and Preece, 1979) and the 

of isolates I and J to cause blotching of A.bisporus sporophore tissue.

4 •
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Table 4.5

Colony charactristies and reactions of bacterial isolates I and J 
which, of those examined in the study were shown to have the greatest 
ability to reduce the severity of Wet Bubble Disease in A.bisoorus beds 
infected with M.perniciosa by increasing production of healthy sporophores 
and by reducing production of sclerodermoid tissue respectively, relative to 

(+ = positive test reaction) controls.

(- = negative test reaction)

• ^

Test reaction Isolate I Isolate J

Ability to pit A.bisporus tissue 

Antagonism towards M.pemiciosa 

Potato rot 
White line
Fluorescein production 

Carotenoid production 

No. of flagella 

Growth at 41®C 

Gram’s stain 
Oxidase reaction 

Nitrate reduction 

Catalase
Hydrolysis of starch 

Hydrolysis of gelatin 
Levan formation from Sucrose 

8 galactosidase 
Arginine dihydrolase 
Lysine decarboxylase 
Ornithine decarboxylase 

H2$ production 

Urease 
Deamination
indole (Kovac's reaction) 

Acetoin

1 or 2



Table 4.6

Carbon source utilisation of bacterial isolates I and J exhibiting 

antagonism towards M.pernldosa

(+ = Carbon source utilised by test bacteria)

(- = Carbon source not utilised by test bacteria)

• .1

. • ■

II
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DISCUSSION

CHAPTER 1

GROWTH SURVIVAL AND ECOLOGY OF M.PERNICIOSA

The environment in which M.perniciosa is commonly found is that of 

mushroom cropping beds. The environment in which mushrooms are 

typically cultivated is unique in horticulture in the degree to which 

it is controlled both in terms of substrate uniformity and the aerial 

environment within the growing house. In order to parasitise the host 

successfully, M.perniciosa must be able to tolerate the conditions 

under which A.bisporus is cultivated.

The process of commercial mushroom production is based on empirical 

development of the substrates and environments which are optimum for the 

growth of A.bisporus. Commercial cultivation of A.bisporus necessitates 

the use of specific composts containing a mixture of straw, horse manure, 

gypsum and deep litter poultry manure as the principal constituents.

The exact nature of the mix varies from farm to farm. The processes 

involved in composting and conditioning have been extensively reviewed 

by Vedder, (1978) and by Gerrits, Bels-Koning and Muller (1967), who 

state that the substrate should, at spawning, be of the following form:-

Total nitrogen: 1.8-2X, Ammonium nitrogen: O.IX, C:N Ratio: 14-20.1, 

pH 7.5 or below. Moisture content 70-73% and Temperature 25°C.

The conditions required within the casing layer are for an open 

structured mix of, typically, peat and chalk which, for successful 

initiation of A.bisporus sporophores, is otherwise nutritionally inert.

Moisture content of the casing layer should be c.70% at c. pH 7.0-7.5.

In most cases the temperature in the compost after casing is kept within 

the range 25-27*C with air temperatures of 22-23®C. After a stage during
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which vegetative colonisation of the casing layer takes place, 

sporophore initiation is induced at the time of lowering of air and 

compost temperatures to 15-17®C and 18-19®C respectively, with casing 

temperature tending to fall between these two levels.

The relationship between M.perniciosa and its environment has not 

previously been studied in depth. In most studies it has been 

considered that M.perniciosa is unable to grow successfully in compost 

(Smith, 1924, Vincent-Davies, 1972). The absence of infection result­

ing from inoculation with M.perniciosa spores of compost colonised by 

A.bisporus prior to casing suggests that germination may be prevented 

by substrate fungi stasis.

Germination and growth of M.perniciosa may be prevented by biotic 

factors derived from existing fungal and bacterial populations, (Lloyd 

and Lockwood, 1966, Lockwood 1977). The ability of M.perniciosa to 

colonise compost is clearly important in terms of the possibility that 

the fungus may colonise used mushroom substrates which may then act as 

a source of infection for crops of A.bisporus.

This study has examined the effect of the environment on 

M.perniciosa at different stages of the life cycle, encompassing 

vegetative growth, survival and spread together with environmental 

influences on infection of A.bisporus, the natural host, and the 

relationship with fungal competitors and potential hosts in natural 

reservoirs of infection.

Experiments conducted in this study have demonstrated that the 

effect of environmental parameters varies depending on the growth stage 

of the pathogen. M.perniciosa reacts differently to a range of

* -I

mi
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environmental factors during vegetative growth and at the time of 

sporulation and spread.

It is of interest that at different stages of mushroom culture the 

environmental conditions required for healthy sporophore production are 

related to the optimum conditions for development of the pathogen.

GROViTH AND SURVIVAL OF M.PERNICIOSA

Theoretical optima for growth of M.perniciosa were determined in 

this study by growing the fungus in plate cultures and in liquid 

culture in a range of differing media and under differing environmental

conditions.

These results tie in with the apparent requirements for successful 

growth of the fungus in vivo.

The three aspects considered here to be most appropriate in 

determining the optimum condition for growth of M.pernicipsa were 

temperature, pH and C:N ratio. Optimum levels were identified in this 

investigation to be 25'C. pH 4.1 and C:N of 55:1 respectively.

With respect to temperature the determined optimum value of 25'>C 

agrees closely with that previously determined by other workers. 

Espinasse and Touze-Soulet. (1968) considered the optimum to be 23«C and 

Vincent-Oavies (1972) considered it to be in the range 22-25 C. The 

temperatures under which mushrooms are commercially cultivated are 

likely to be between 15- and 27»C depending on the growth stage of the
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changes in substrate C:N ratio above 15:1 was slight however, and 

differences between the optimum for growth in vitro and substrate C:N 

ratios in vivo are unlikely to greatly influence growth of 

M.perniciosa.

Of all the parameters examined in this study pH appears to be the 

most significant in determining the growth rate of M.pemicio^ within 

the ranges found in mushroom cropping environments, and as such growth 

is likely to be sub-optimal under conditions typically found in mushroom

beds.

Under sub-optimal growth conditions some fungi have been shown to 

increase production of secondary metabolite toxins and antibiotics 

(Durbin, 1983, Smith and Berry. 1975. Weinberg. 1970) and It 1s likely 

that sub-optimal growth of H.pemiclosa follows a similar pattern.

Toxin production by H.pemiclosa under sub-optimal conditions In the 

presence of the host may have the net effect of increasing the 

aggressiveness of the pathogen therefore. This is discussed more fully

elsewhere (see Discussion Chapter 2.1).

In this study. H.oernlclosa was shown to be capable of growing 

saprophytically in vltm on a wide range of substrates, confirming 

observations by previous workers. (Vincent-Davies. 1972. Barnett and 

Binder. 1973). Despite this the pathogen Is rarely found In nature In

the absence of the host.

The ability of H.oernlclosa to survive and compete is likely to 

depend not only on the physical environment but also on the microflora 

of the substrate to be colonised. At any one point In the cropping 

cycle the chemical composition and the microflora of compost and 

casing tends to be fairly uniform. (Vedder 1978. Hayes. 1969.
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Fergus 1978), but this tends to change to some degree between compost­

ing and cropping, (Fergus, 1964, Chanter and Thornley, 1978, Hayes, 

Randle and Last, 1969). The presence of antibiotics derived from the 

associated microflora in mushroom composts has been alluded to in 

reviews of composting procedures. (Sinden, 1971, Vedder, 1978),and 

many of the organisms present in normal composts are known antibiotic 

producers (Fergus, 1978, Eicker, 1980, Wilkins, 1946, Berdy, 1974).

This is likely to influence the ability of M.pemiciosa to colonise 

natural substrates therefore.

The ability of M.pemiciosa to compete successfully and survive in 

natural substrates was examined by the determination of Theoretical 

Colonisation Index (TCI) values as a measure of saprophytic ability.

The concept of the TCI has typically been used to predict the 

ability of fungi to germinate and colonise substrates, based both on 

levels of germination and subsequent germ tube growth (Mitchell and 

Dix, 1975a,Dix and Mitchell, 1976). The inhibition of fungal spores by 

soil is a well known phenomenon called fungistasis. Saprophytic 

ability of susceptible fungi being restricted by the prevention of 

spore germination and germ tube growth, (Dix, 1972, Ko and Lockwood, 

1967). With respect to M.perniciosa in the presence of the host the 

concept of competitive saprophytic ability, determined as TCI values is 

irrelevant, as growth is. except in exceptional circumstances, within

A.bisporus tissue.

In the absence of the host there is however an ecological require­

ment for the fungus to shift from parasitic to saprophytic growth and 

TCI values can be used as an indication of the ability of M.pemiciosa 

to survive. Verticillate conidia germinate freely in a wide range of

9 %

4 •
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conditions and are normally produced before chlamydospores in culture.

Of the two types of spore produced by M.perniciosa it is 

verticillate conidia which are likely to be the most important in 

determining the ability of M.perniciosa to infect natural substrates 

therefore.

The saprophytic ability of a fungus is inextricably linked to a 

number of factors. It is considered to be directly related to the 

substrate which a fungus attempts to colonise (Garrett, 1970), both 

in terms of available nutrients and of the presence of antibiotics 

produced by other colonisers. Such antibiotics are likely to be 

secondary metabolites produced when vegetative growth is slow or has 

ceased in nutritionally poor substrates, (Bu'Lock, Detroy, Hostalek 

and Munim-Al-Shakarachi, 1974). Nutritionally poor substrates are 

therefore more likely to have high levels of fungistasis. In order to 

compete in the absence of the host M.pemiciosa must have higher TCI 

values on nutritionally poor soils where competition for nutrients is 

higher than on nutritionally rich substrates such as mushroom composts.

TCI values detennined in this study indicated that M.pernicio^ 

does indeed follow this pattern with higher TCI values, in natural 

soils than in mushroom composts, t̂ajor changes in substrate fungistasis 

are also likely to occur with the presence or the absence of the host.

In this study A.bisporus was shown to produce a number of anti­

fungal substances active against M.pemiciosa and this is also likely 

to reduce the saprophytic ability of the pathogen. In mushroom 

substrates that have been weathered (stored for nine months post 

cropping), TCI values for M.pernicio_sa were slightly higher than in 

fresh mushroom compost or casing. This may reflect an increase in

4
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saprophytic growth as host niyceliuin and the associated microflora are 

superseded by other organisms. TCI values for H.pemiciosa were shown 

in this study to be highest in natural soils relative to mushroom 

compost and casing substrates and this matches the ecological require­

ment of the fungus, with saprophytic growth in the absence of the host.

While determination of TCI values clearly demonstrated in this 

study that H.perniciosa has a theoretical capability to grow saprophytic- 

ally in natural substrates growth in previously been

reported £er Experiments conducted in this study determined

saprophytic growth of H.perniciosa quantitatively in natural substrates 

as measured by fluorescein diacetate determination of H.pemiciosa 

esterase activity. This method indicated that the fungus is capable of 

considerable growth in mushroom compost under sterile conditions.

Direct observation of mycelium and sporulation demonstrated that 

H.pemiciosa is also capable of saprophytic growth in non-sterile 

mushroom compost. In the latter quantitative assessment was not possible 

because of the presence of other organisms with an associated esterase

activity.
These observations contradict assumptions by previous workers 

(Smith. 1924. Vincent-Davies. 1972. Fletcher and Ganney. 1968) who did 

not observe saprophytic gmwth of the pathogen in natural substrates. 

This may be due to differences between the microbial populations of 

samples used in this study compared to other sources, with associated 

differences in the level of fungistasis influencing the extent to which

M.perniciosa may grow.

The level of fungistasis in host substrates on growth of 

H.pemiciosa was examined more closely, and in experiments to investi,-
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gate the effect of the host on growth of the pathogen it was noted 

that the response of M.perniciosa conidia to components of mushroom 

compost differs with respect to germination and to subsequent germ 

tube growth.

Germination of M.perniciosa was reduced by the presence of LMW 

fractions from diffusâtes of composts colonised by A.bisporus, 

although this was not observed in ‘complete’ (unfractionated) samples. 

This suggested the occurrence of fungistatic factors in LMW compost 

diffusâtes which may be overcome by the presence of factors, possibly

nutritional, in HMW fractions.

Germ tube growth follows a different pattern from germination, 

with growth reduced both in LMW and HMW fractions compared to controls, 

with a corresponding increase in the number of ge m  tubes killed in

these treatments.

A range of toxins appears to be present in A.bisporus substrates 

which are active against M.pemiciosa. They appear to have a degree 

of selectivity against ».perniciosa in that C.herbarum. a saprophyte 

frequently used in studies of antifungal toxins because of its high 

sensitivity (Klarman and Sanford. 1968) was not affected to the same 

degree as ».perniciosa. It is likely that activity is primarily 

fungistatic rather than fungitoxic, with activity which was not 

detected in unfractionated compost diffusâtes being overcome by high 

availability of nutrients, the fractionation of H»W and L»W samples 

possibly separating nutrients from fungistatic substances.

Screening trials to investigate the effect of microbial popula­

tions on saprophytic growth of ».perniciosa indicated that growth of
t

the fungus is not simply related to total population levels.



151

M.pemiciosa was shown in plate cultures to be susceptible to 

antagonism by a number of soil fungi and conversely is antagonistic 

against others. This indicates that the susceptibility of 

M.pemiciosa to soil fungi stasis is likely to vary dependent on the 

make up of soil populations.

M.pemiciosa is clearly capable of saprophytic growth but is 

susceptible to soil fungistasis which varies depending on the substrate 

to be colonised.

Growth of the pathogen as mycelium, and by inference survival, is 

better in the absence than in the presence of the host. This may 

explain to some extent the high incidence of Wet Bubble disease in past 

years where growers used loam and soil for crop casing (Gandy, 1983).

In some instances growers incorporate old casing and compost, which 

has been weathered, into new casing material, (Vedder, 1978). It has 

been demonstrated in this study that M.perniciosa may under such 

conditions, survive as mycelium and may infect A.bisporus crops as a 

result. The storing of used material for considerable periods of time 

prior to reuse will not reduce the risk of infection as the levels of 

M.perniciosa will not decrease.

Weathering and long tenn storage of once used material is clearly 

an inadequate means of ensuring freedom from M.pemiciosa and other 

means of disinfection, such as the use of steam, are clearly essential.

In addition there is a risk of infection of fresh compost or casing 

material with M.perniciosa prior to colonisation by A.bisporus with 

saprophytic growth of the pathogen following chance infection.

In order to minimise the risk of colonisation by H.pemiciqsâ fresh
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casing or compost materials should not be stored for long periods 

prior to use therefore.

II. RESERVOIRS OF INFECTION

In the course of this study the ability of M.perniciosa to grow 

saprophytically has been demonstrated. This may lead to the build up 

of natural reservoirs of infection in soils and in used compost and 

casing substrates in the vicinity of mushroom growing sheds.

Another possible source of infection which has not previously been 

considered in depth is the ability of M.pemiciosa to infect basidio- 

mycetes other than the natural host which may facilitate both spread 

and survival of the pathogen in the wild. M.perniciosa has been classed 

as a necrotrophic mycoparasite (Barnett and Binder, 1973) and as such is 

likely to have a wide host range. In previous studies the ability of 

H.perniciosa to infect fungi other than A.bisporus was limited to the 

observation of infection of A,arvensis,(Moore, 1959)» Pluteus sp., 

sp. Panaeolus campanulatus and P.campestris,(Brady and Gibson, 1976b)and of 

Rhopalomyces elegans, (Barron and Fletcher, 1972).

In the course of this study the ability of M.perniciosa to infect 

fungi other than A.bisporus has been investigated using antagonism 

between fungi in plate culture, inoculation of tissue blocks from 

sporophores of potential hosts and inoculation of developing sporophores 

of a range of fungi, in the wild, as a measure of the likelihood of 

fungi to act as hosts of M.pemiciosa under natural conditions.
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Examination of antagonism and growth patterns of M.perniciosa and 

a range of fungi in plate cultures indicated that Agaricus macrosporus, 

A.bitorquis and A.silvicola together with Flammulina velutipes,

Stropharia merdaria and Schizophyllum commune are likely to be 

susceptible to infection by M.perniciosa. In addition Coprinus sp. and 

Volvaria volvacae may be host fungi under certain conditions.

Investigations into the ability of M.perniciosa to infect tissue 

blocks and sporophores of fleshy fungi in the wild resulted in the 

observation of infection of a number of species by M.perniciosa for the 

first time. In addition to A.bisporus, A.campestris, A.macrosporus, 

Lepista nuda, Paxillus involutus, Lactarius pubescens. Russula 

atropurpúrea and R.ochroleuca were all infected by M.perniciosa under 

field conditions. With the exception of A.bisporus this is the first 

report of infection of any of these species.

Some of the potential hosts, A.macrosporus, A.bitorquis and 

Flaninulina velutipes, are fungi which are grown commercially (Vedder, 

1978, Fermor, 1982) while the remainder are fungi commonly occurring in

the wild in the U.K.

With respect to A.roacrosporus. A.bitorquis and F.veiutipes, no 

measure could be made of any likely crop losses resulting from 

infection by H.oemiciosa in the present study but this may prove to be

significant commercially.

Dispersal of the pathogen by sequential sporulation from infected 

sporophores in the wild as well as from those in cultivation would help

to ensure the survival of the pathogen.

In some instances mushroom crops other than A.bispor^  may be 

grown as ‘break crops’ to assist in eradicating epidemic disease.
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particularly virus. The use of the Agaricus species, in particular, 

those which have here been shown to be susceptible to M.pemiciosa may 

be considered in the U.K. for this purpose (Vedder, 1978, Gaze, 1985), 

While this may reduce or eliminate viral infection the level of Wet

Bubble disease may be unaffected.

In this study M.oerniciosa has not been shown to parasitise mycelium of 

any fungal species tested on plate cultures, although various fungi 

were seen to be mutually antagonistic. In the event of M.perniciosa

growing in natural soils it is unlikely to parasitise non-fleshy fungi 

with the ability of M.perniciosa to grow being governed by the presence

of antagonist?within the substrate.

It has been the commonly held view that M.perniciosa survives, in 

the main, as resting chlamydospores, (Vincent-Davies, 1972, Fletcher 

and Ganney, 1968). This study has clearly shown that the fungus has a 

number of possible alternatives. Survival may be by saprophytic colonis 

sation of natural substrates, with growth being comparatively good in 

natural soils when compared to commercial composts. Survival may 

alternatively be by colonisation of sporophores of wild fleshy fungi or 

in some cases by infecting cultivated mushroom other than the natural 

host. M.pemiciosa is better equipped for spread and survival than is 

generally accepted in the literature and this is likely, m  part, to 

explain the rapid spread and wide distribution of the fungus throughout 

the world, (Forer, Wuest and Wagner, 1974, Liao, 1981, You, Byun, Park

and Shin, 1981).
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III. INFECTION OF A.BISPORUS

For disease to develop to the fullest extent within a commercial 

crop early infection of host sporophore initials immediately after 

casing is necessary, (Fletcher and Ganney, 1968). The primary means 

by which M.perniciosa infects crops of A.bisporus has generally been 

considered to be by the germination of chiamydospores in the immediate 

proximity of A.bisporus sporophore tissue, (Vincent-Davies, 1972, 

Fletcher and Ganney, 1968), with little or no infection of the host 

occurring under any other circumstances.

Secondary infection was assumed to result from germination of 

verticillate conidia produced on neighbouring sporophores infected with 

M.perniciosa, (Vincent-Davies, 1972). This assumption centres on the 

presumed short life of verticillate conidia in contrast to thick walled 

chlamydospores which have been considered to be the principal resting 

spores, (Fletcher and Ganney, 1968, Vincent-Davies, 1972). Experi­

ments conducted in this study have however demonstrated that this is 

not entirely the case with verticillate spores remaining viable for at 

least 69 days with a germination potential of between 58X and \00%. 

While chlamydospores germinate readily when young, (less than 10 days 

old), germination levels decrease as they mature .suggesting that these 

spores become unsuitable for rapid build up of disease.

At the early stage of A.bisporus sporophore initiation during 

which infection with M.perniciosa chlamydospores is likely to lead to 

the maximum level of disease, the temperature within the cropping 

house is typically in the range 22-27-0 in the air and in the casing

layer.
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Results of experiments carried out in this study indicate that 

this agrees closely with the optimum temperature for germination of 

chlamydospores which was determined as 25®C.

Verticil late conidia are typically produced on young conidio- 

phores, in advance of chiamydospores. In addition the former germinate 

rapidly and are more likely to contribute to a rapid build up of 

disease during the later stages of cropping of A.bisporus than are 

chlamydospores, confirming the opinion of Smith, (1924). During the 

cropping phase of A.bisporus temperatures within cropping houses are 

generally lower, at 16®C-18®C, than during sporophore initiation and it 

is of interest that the optimum temperature for germination of 

verticil late conidia was observed in this study to be correspondingly 

lower than that for chlamydospores, at 18®C. Thus the optimum 

conditions for the two types of spore are closely aligned to the 

conditions under which A.bisporus is typically cultivated, and with 

the conditions likely to be prevalent at the time of the cropping 

cycle when the two types of spore are each most important in spread of

M.pemiciosa.

By contrast, Verticinium funqicola also myco-parasitlc on 

A.bisporus. produces a single spore type which has an optimum temper­

ature for germination of 20°C, in contrast to the two optimum 

temperatures for germination of the two more specialised H.pemicio a

spores, {Brady and Gibson, 1976a).

In this study H.oemiciosa was not observed to parasitise 

conmercial strains of A.bisporus in plate cultures. This confirms 

previous observations of the relationship between the two fungi in
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culture, (Vincent-Davies 1972, Espinasse and Touzé-Soulet, 1969, Gray 

and Morgan-Jones, 1981). Growth of M.pemiciosa in plate cultures was 

seen in this study to follow a consistent pattern in the presence of 

A.bisporus, irrespective of the A.bisporus strain. Most A.bisporus 

strains remain vegetative in plate culture, (e.g. A6, S22, D649 used 

in this study), while some experimental strains may produce sporophore 

initials (e.g. Strain 431). The latter type, considered to be 

comparable to early stages of sporophore development in vivo (Elliott 

and Wood, 1978), similarly failed to elicit a parasitic response from 

M.pemiciosa in culture.

The presence of susceptible tissue is not in itself sufficient to 

ensure pathogenesis and other factors in the biological and physical 

environment and in substrates are likely to be important.

Vincent-Davies (1972), considered that successful infection of 

A.bisporus could only be achieved where M.pemiciosa spores were in 

direct contact with A.bisporus sporophore tissue and that chlamydospore 

germination was initiated by specific ’factors' present in such tissue. 

In experiments conducted in this study to determine the effect of 

A.bisporus initials of varying sizes on germination of M.pemicio^ 

chlamydospores it was shown that there is no minimum size of A.bisporj^ 

initial which can increase germination, relative to controls. This 

indicates that any such 'factor' that may be involved could be present

both in initials and in vegetative mycelium.

In addition to the influence of the presence of host tissue the 

ability of M.pemiciosa chlamydospores to infect A.bispor^  is
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influenced both by the viability of spores and by any possible inter­

actions between spores. The maximum level of germination of 

M.perniciosa chlamydospores in this study was 65t ^  vitro for young 

spores and 14% for spores greater than 14 days old. Similar germina­

tion levels for mature chlamydospores were determined by previous 

workers, (Vincent-Davies, 1972, Liao, 1981). The actual infection 

potential of young spores, (10 days old) was lower in vivo than the 

germination potential in vitro, with BOjof sporophores inoculated with 

single chlamydospores being colonised by M.pemiciosa.

Where chlamydospores are aggregated infection may not be 

significantly greater than where single spores occur,as spores appear 

to be mutually inhibited (Vincent-Davies, 1972). This possibly 

reflects mutual inhibition of M.pemiciosa in plate cultures as 

observed in this study.

SPREAD OF M.PERNICIOSA

While M.pemiciosa is able to survive in the wild as mycelium, 

the production of spores is of considerable importance in facilitating

spread of the pathogen.

The pattern of sporulation of H.perniciosa is typically with the 

production of verticillate conidia preceding the production of 

chlamydospores on older culture sections (Smith, 1924).
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Verticillate conidia have been considered to represent 

propagules suited to an early build up of infection of the host, 

(Vincent-Oavies, 1972). Experiments conducted in this study 

demonstrated that verticillate conidia have a generally higher 

germination potential than chlamydospores and germinate freely on a 

wide range of substrates. This supports the view that these spores

are suited to a rapid build up of disease.

The factors influencing the pattern of sporulation of M.perniciosa 

have not previously been considered in depth and may have implications 

in the manner in which infection of A.bisporus crops with M.perniciosa 

should be prevented.

Results from this study indicate that sporulation of M.perniciosa 

is influenced by the environment and relates to the situation found 

within mushroom cropping houses. Production of verticillate spores is 

greatest at 25°C agreeing closely with the temperatures employed 

within cropping houses In the early stages of production Imnedlately 

following sporophore Initiation. This Is In agreement with the 

assumed role of verticillate conidia In an early rapid build up of 

disease. At lower temperatures a higher proportion of chlamydospores 

are produced. Ecologically this fits In with a requirement during the 

later stages of cropping, when lower temperatures of 16°C are employed.

In trials designed to determine the effect of light on 

sporulation of H.perniciosa the relative abundance of chlamydospores 

compared to verticillate conidia was Influenced by the light regime 

under which cultures were grown. Chlamydospores are preferentially
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produced under U.V. light and under dark conditions.

The overall level of production of both chiamydospores and 

verticillate conidia is however greater in light than in dark 

conditions, although germination is unaffected by the light regime.

It is clearly of benefit to mushroom growers to ensure that crops are 

grown in the dark in order to minimise sporulation and by inference 

disease spread.

The means by which M.perniciosa spores may be spread has been the 

subject of a number of studies. Spread of the fungus between crops 

has generally been attributed to dispersal of chlamydospores,

(Fletcher and Ganney, 1968, Vincent-Davies, 1972, Van Zaayen and 

Rutjens, 1981). The means by which this occurs was investigated by 

Fletcher and Ganney (1968), who considered the primary means of 

dispersal to be by water spread. The possibility that spores may be 

carried by insects was also considered by these workers but no evidence 

that this is the case was found.

Monitoring of cropping environments in the course of this study 

demonstrated that both chlamydospores and verticillate conidia can be 

aerially dispersed. This complements previous observations by Zoberi 

(1961) who observed that spore release from M.perniciosa cultures may 

occur, although he failed to distinguish between the two types of 

spore. Cross, (1971), concluded that M.pemiciosa is not aerially 

distributed, although Fletcher and Ganney (1968), had earlier 

succeeded in obtaining cultures of M.pemiciosa on agar plates exposed 

1n a wind tunnel to an air flow of 500 ft rin."’ passed over infected
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sporophore tissue. This work was not successfully replicated by these 

workers however. Efforts by these workers to identify M.pemiciosa 

spores on slides exposed on nine consecutive days, using a Hirst spore 

trap, in a heavily infected crop were hampered by the presence of 

large numbers of A.bisporus spores on exposed slides. The high spore 

load of air in mushroom cropping environments is well recognised 

(Kleyn, Johnson and Wetzler, 1981) and the success of this study in 

trapping M.pemiciosa spores is attributable in part to the sampling 

of air within cropping houses in the period immediately prior to 'veil 

break' and sporulation of A.bisporus.

The present study has demonstrated that aerial dispersal may 

significantly contribute to disease spread in vivo, with both 

verticil late conidia and chlamydospores being detected using the 

Cascade Impactor Spore Trap. The most important factor influencing 

spore release appeared to be the age of infected tissue on infected 

cropping beds, although this is not typical of spore release in some 

other fungi. In some instances spore release may be influenced by a 

number of factors, including humidity and temperature (Ingold 1967, 

Zoberi, 1961), and diurnal cycles (Ayres, 1983). Environmental 

changes within mushroom crops are generally slight however when 

compared to field conditions, and the changes in environment 

encountered in the course of this study are unlikely to be significant.
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CHAPTER 2

INTERACTIONS BETWEEN A.BISPORUS AND M.PERNICIOSA

The relationships between fungal parasites and their hosts has 

been the subject of a number of extensive studies.

In particular, host/parasite relationships with plant pathogenic 

fungi, have been a large field of study comprehensively reviewed by 

various authors, (Wheeler, 1975, Callow, 1983).

The complexity of plant/pathogen relationships has been con­

sidered to hinder the understanding of the mechanisms of parasitism 

and host reaction.

However, Manocha and Lee, (1971) considered that relationships 

between mycoparasites and their hosts are less complex than those 

between plants and their pathogens. This view was supported by 

Barnett and Binder, (1973), who proposed that mycoparasites could be 

studied to determine the general principles of fungal parasitism. 

Generally, studies of mycoparasites have examined hyphal / hyphal 

interactions and. not interactions between filamentous fungi and fungal 

tissue such as A.bisporus sporophores, (Manocha and Golesorkhi, 1979, 

Manocha and Letourneau, 1978, Evans and Cooke, 1982, Dennis and 

Webster, 1971 a,b,c, Pachenari and Dix, 1980, Ikeduigwu and Webster,

1970 a, b, Ikeduigwu, Dennis and Webster, 1970).

The complexities of interactions between filamentous fungi and 

large fleshy sporophore tissue of members of the Agaricales have not 

been considered in depth in most cases. Hawksworth, (1981) observed 

that although there are many reports of parasitisation of sporophores 

of Agarics only some of those of economic importance have been stud* 

extensively. Because of the limited information available interactions
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between mycoparasites such as M.pemiciosa and host fungi such as 

A.bisporus cannot be automatically assumed to follow the patterns 

found in typical hyphal / hyphal mycoparasitic relationships. Despite 

this uncertainty M.pemiciosa has been classed as a necrotrophic 

mycoparasite (Barnett and Binder, 1973). Such organisms typically 

have no special nutrient requirements and are capable of colonising a 

wide range of substrates. In most cases necrotrophs are capable of 

indefinite saprophytic growth in addition to having an ability to 

parasitise and grow on host fungi. Necrotrophs are facultative or 

opportunistic parasites and in many cases have a broad host range.

This may be a reflection of the commonly noted production of enzymes 

and toxins by such fungi. (Barnett and Binder, 1973). which have been 

considered to serve two functions in mycoparasites.

On the one hand, enzymes or toxins may antagonise competitors in 

order to prevent access to common substrates. Compounds such as anti­

biotics may contribute to soil fungistasis, (Lockwood, 1977, Lloyd and 

Lockwood, 1966). Alternatively, mycoparasites may produce enzymes and 

toxins in order to antagonise fungi directly prior to parasitisation 

and utilisation of the target fungus as a source of nutrition, (Dennis

and Webster, 1971,a,b, Manocha and Lee, 1971).

Such a view of the dual role of enzymes and toxins was considered 

by Lewis (1973, 1974), as evidence that necrotrophic mycoparasitism may 

be part of an evolutionary progression from saprotrophy to parasitism 

representing an intermediary stage between saprotrophy and biotrophism 

where, unlike biotrophs the presence of the host is not essential for

successful growth and survival of the pathogen.

Interactions between necrotrophic mycoparasites and their hosts ■
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may be in advance of physical contact via the production of toxins or 

enzymes by the pathogen. Subsequent physical interaction may take 

various forms depending on the fungi involved. In some cases physical 

interaction may result in coiling of pathogen hyphae around the host. 

This type of response to the presence of host hyphae was demonstrated 

in a number of Trichoderma species in response to a range of fungi by 

Dennis and Webster, (1971c) and appears to be common in mycoparasites, 

(Arora and Dwivedi, 1980, Rai, Singh and Singh, 1980, Upadhyay, Rai 

and Gupta, 1981) although the extent of coiling may be slight in some 

cases, (Pachenari and Dix 1980). In necrotroohicmycoparasites 

infection of host hyphae generally leads to the death of the host 

fungus.

Dennis and Webster, (1971c) interpreted the coiling of myco- 

parasites around host fungi as being indicative of a high degree of 

aggressiveness in the pathogen. Deacon, (1976) by contrast suggested 

that coiling may be in response to host resistance, with coiling of 

pathogen hyphae enabling attack of host hyphae at a greater nunber of

loci than would otherwise be the case.

Microscopic examination of A.bisporus tissue infected with 

M.perniciosa in this study showed that the development of pathogen 

hyphae appears to be at random, with no obvious coiling of the pathogen 

around the host. H.pemiciosa appears to be largely unaffected by the 

presence of individual host hyphae and growseither around or penetrates 

through host cells. This may be due to the nature of the tissue in 

that no single host hyphae is more closely aligned to particular 

pathogen hyphae than its imnediate neighbours. H.pemiciosa is 

therefore unable to recognise single hyphal strands around which it
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might otherwise coil. Physical interaction may involve penetration 

of the host.

Penetration of host fungi by biotrophic mycoparasites may be by 

the production of complex appressoria and haustoria prior to 

penetration oi the host» (Tsuneda and Hiratsuka» 1980, Manocha and 

Golesorkhi, 1979, Manocha and Letourneau, 1978). with, in some 

instances, the formation of complex haustoria at the interface of 

host and pathogen cells in biotrophs, (Manocha and Golesorkhi, 1981).

By contrast penetration of A.bisporus hyphae by M.pemiciosa was 

observed to be by undifferentiated hyphal strands, in some instances 

with a slight constriction at the point of penetration. In this 

respect, M.perniciosa follows the pattern typical of necrotrophic 

mycoparasites, (Dennis and Webster, 1971c, Hawksworth, 1981).

The relationship between M.pemiciosa and the natural host 

A.bisporus is somewhat unusual in that while M.pemiciosa is clearly 

capable of growing saprophytically and has a wide potential host range 

it is seldom found in the absence of the host. Luttrell, (1974), 

considered that biotrophs are organisms, which, regardless of the ease 

with which they can be cultured, in nature obtain food from living 

tissue on which they complete their life cycles. It is conceivable 

therefore that M.pemiciosa could be considered a necrotrophic 

mycoparasite with biotrophic tendencies. A tendency towards variable 

modes of parasitism has been noted for mycoparasitic hyphomycetes in 

general. (Gray and Morgan-Jones, 1981, Rudakov, 1978, Hawksworth,

1981).
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I. TOXIN PRODUCTION BY M.PERNICIOSA AND A.BISPORUS

Action of toxins on hosts has been described in a number of 

instances, (Rudakov, 1978).

In some cases toxin activity may be highly specific, causing for 

instance, extensive host cell granuolation (Arora and Dwivedi, 1980) 

or vacuolation (Bu'Lock, Detry, Hostalek and Munim-Al-Shakarachi,

1974, Skidmore and Dickinson, 1976).

In some cases, growth may simply be stopped by toxins produced by 

mycoparasites, but in extreme cases host cells may actually burst when 

exposed to such toxins. This was seen to occur in hyphae of Fomes 

annosus and Rhizoctonia solani in the presence of Trichoderma isolates 

by Dennis and Webster (1971c). In this study attempts to examine 

interference phenomena between M.pemiciosa and A.bisporus showed that 

in plate cultures mycelium of the two fungi do not generally make 

contact, with the zone between colonies of the two fungi sparsley 

colonised. This confirmed previous observations that the two fungi are 

mutually inhibitory, (Vincent-Davies, 1972, Espinasse and Touzé-Soulet, 

1969). Espinasse and Touzé-Soulet, (1969) considered that mutual 

inhibition may be due to the presence of toxins, although no compounds 

were isolated. In addition there was an indication from their work 

that growth promoting substances capable of stimulating growth of young 

cultures of A.bisporus were produced by the pathogen.

In this study, time course investigations of the effect of 

M.perniciosa culture filtrates on A.bisporus demonstrated that 

antagonism of host cells may be severe under some circumstances. Where 

A.bisporus was grown as shake cultures, producing mycelial clumps 

resembling sporophore tissue, antagonism of A^bisporus by M.pemiciosa-
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culture filtrates caused host cells to become highly vacuolated when 

compared to non-antagonised cells. Associated electrolyte leakage 

from antagonised host cells indicated disruption of cell membranes, 

followed by cell death. A similar response to the presence of 

pathogens, due to toxins, has been reported in other mycoparasitic 

relationships (Manocha and Maharaj, 1981) as well as in plants, as a 

consequence of attack by pathogens (Smith and Mansfield, 1981).

With infected tissue microscopic examination of antagonised 

A.bisporus cells revealed that in some instances the plasmalemma 

appeared broken or poorly defined and tended to be contracted from the 

cell wall. Cytoplasm was extensively granuolated with a high percentage 

of cells containing excessive membranous material. Cells were generally 

highly vacuolated in the presence of M.pemicios^. Sych symptoms of 

infection are similar to antagonism attributed, in other examples, to 

toxin activity. Ikeduigwu, (1976), observed that antagonism of the 

coprophilous fungus Ascobolus crenulatus by Coprinus heptemerus 

resulted in vacuolation of hyphal tips of antagonised fungi and 

accumulation of lipid droplets. Mitochondria, perinuclear space, and 

cisternae of the endoplasmic reticulum were extensively swollen and 

were seen to shrink from the hyphal wall as a result of toxin activity, 

(Ikeduigwu, 1976). Similar evidence of the effect of toxins on host 

fungi was noted in studies of Stereum hirsutum and Coriolus versicolor 

antagonised by Hypomyces aurantius (Kellock and Oix, 1984a). They 

observed that ultimately many membrane bound vesicles were formed 

within antagonised hyphae, probably as a result of solubilisation of

the contents of mitochondria.

There is also evidence that Hycogone species other than
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M.pemiciosa produce toxins. M. Japii a mycoparasite of Inocybe rimosa 

can produce the toxin Bikaverin (syn. Mycogonin) (Terashima, Ishida. 

Hatnasaki and Hatsuda, 1972). Bikaverin may be active as a toxin by 

increasing vacuolation in target cells (Bu'lock, Detroy, Hostalek and 

Munim-Al-Shakarachi, 1974, Osman and Valadon, 1984), and has a broad 

spectrum of activity, having both anti-fungal and anti-protozoal 

activity. Although Bikaverin was not detected in M.pemiciosa cultures, 

either in the presence or the absence of the host, the production of 

toxins affecting host cell vacuolation may represent a means of 

pathogenesis typical of Mycogone species in general.

Essentially, all toxins have been considered to be secondary 

metabolites (Durbin, 1983). In many cases production of secondary 

metabolites is greater where growth of the fungus is restricted, either 

by nutrient depletion or by inhibition (Weinberg, 1970, Bu'lock et.al. 

1974, Comforth, Ryback, Robinson and Park, 1971).

Experiments conducted in this study indicated that, relative to 

controls, A.bisporus cells exposed to M.pemicios^ culture filtrates 

containing juice extracted from the host in the medium showed a greater 

electrolyte leakage and ultimately a higher percentage cell death than 

A.bisporus cells exposed to filtrates of M.pemiciosa cultures grown 

without host extracts. This indicates that in the case of M.perniciosa 

the production of toxins is greater in the presence than in the 

absence of the host.

Mutual inhibition between H.pemiciosa and A.bisppjius observed in 

plate cultures implies that antagonism of the pathogen by the host may 

have the net effect in ^  of increasing the pathogenic ability of 

M.perniciosa by causing the production of toxic secondary metabolites..
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Switching on of toxin production may be due to the presence of toxins 

produced by the host (see later) and leading to an increase in the 

production of toxins active against the host by M.perniciosa.

Production of toxins by M.perniciosa is likely to be greatest 

in situations where the host, A.bisporus, is present and on 

nutritionally poor substrates, a situation occurring in the casing 

layer of mushroom cropping beds, (Vedder, 1978). This combination of 

poor nutrition and the presence of the host may account for the 

ability of M.perniciosa to parasitise A.bisporus when it is inoculated 

to the casing layer but not as a result of inoculation to compost 

colonised by A.bisporus with a greater availability of nutrients

(Fletcher and Ganney, 1968, Vedder, 1978).

The complete characterisation of toxins produced by M.perniciosa 

was outside the scope of this study. Further work to determine the 

exact nature of M.pemiciosa toxin would be desirable and could lead 

to a greater understanding of the biochemical relationship between host

and pathogen metabolism.

In the case of the host, inhibitory properties of A.bisporus 

cultures have been attributed to toxins (Garibova, 1968a) and this was 

considered to be a possible means of disease resistance, (Garibova, 

1968b). This view was also held by Vedder, (1978), who suggested that 

A.bisporus may contribute to the level of fungistasis in colonised 

compost by the production of toxins. Experiments conducted in the 

course of this study have demonstrated that A.bispojai may produce 

toxins in comiercial composts and that toxins are present in sporophore 

tissue as well as in mycelium. Toxins demonstrated in this investiga­

tion have not previously been isolated from A.bisporj^.
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Toxin production has been reported for Psalliota species (syn. Agaricus) 

(Wilkins, 1946, Brian, 1951). In particular, P.xanthoderma (syn.

A.xanthoderma) was shown to produce the toxin Psalliotin by Atkinson,

(1954). Psalliotin, a polar compound which is light sensitive, was not 

isolated from A.bisporus in this study however. The toxins produced by 

A.bisporus, all lipidic in nature, are unusual in that few known fungal 

toxins belong to this group.

The mode of action of such toxins is unclear but it is probable 

that lipidic substances have toxic activity by directly affecting cell 

membrane integrity and permeability.

In interactions involving plant pathogens and their hosts, 

permeability of host cell membranes may alter as a result of disruption 

of membrane lipids, (Hoppe and Heitefuss, 1974) resulting in electrolyte 

leakage and cell death. In bacteria toxic activity has been attributed to

lipidic substances in a number of instances, (Kabir,Rosenstreich and
 ̂ Merjenhagen, ly/o

Jeljaszewicz and Wadstrom, 1978). Activity being related principally 

to an ability to integrate with host cell membranes, disrupting the 

lipid component of membranes and altering permeability. Such a mode of 

action has been suggested for mycotoxins produced by the biotrophic 

mycoparasite Piptocephalus virqiniana as a means of parasitising 

Choaneophora cucurbitarum, (Deven and Manocha, 1975, Manocha, 1980).

It may be that this is the case with toxins derived from A.bisporus.

The ability of A.bisporus to antagonise other organisms is possibly 

as a form of resistance to infection. Because it is not a known 

parasite, the production of toxins by A.bisporus is likely to be purely 

defensive, or as a means of antagonising potential colonisers of 

substrates.
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II. TOXINS IN RELATION TO DISEASE DEVELOPMENT

Vincent-Davies, (1972) suggested that development of Wet Bubble 

disease could be influenced by the interaction of two unknown 'factors' 

derived separately from the host and from the pathogen. A balance 

between such 'factors' possibly influencing the relative growth of the 

two fungi and in turn influencing the development of diseased tissue.

The toxins produced by M.pemiciosa and A.bisporus were each 

demonstrated in this study to be active against the other fungus in 

plate culture and on TLC bioassays, in addition to having activity 

against a number of other fungi and bacteria. These toxins may 

represent the 'factors' postulated by Vincent~Davies, (1972).

Where M.perniciosa overcomes the antibiosis of A.bisporus, for 

instance, symptoms are likely to be severe. Where the situation is 

reversed, A.bisporus is likely to resist infection to some extent, and

symptoms will be less severe.

The role of toxins in general fungal ecology relates to a number 

of aspects. Both A.bisporus and H.perniciosa are capable of sapro­

phytic growth and as such their toxin production is likely to be 

important in their ability to colonise substrates in the presence of 

other organisms. Typically natural substrates in which organisms are 

competing for nutrients have a level of antibiosis or fungistasis, 

(Lockwood, 1977), which prevents or reduces growth and gennination of 

would be colonisers. In order to overcome fungistasis the production 

of toxins is important as a means of antagonising competing organisms. 

This study has demonstrated that both A.bisporus and ^ pemiciosa are 

capable of producing toxins which are active against each other and
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against other fungi and bacteria and this is likely to assist them in 

colonising a wider range of substrates than would otherwise be possible.

III. GROWTH PROMOTING SUBSTANCES

Microscopic examination of intact host cells in infected tissue 

revealed that metabolic activity of A.bisporus, measured as the number 

of mitochondria per cell section, was actually greater in the presence 

of M.perniciosa than in the absence of the pathogen. This suggests 

that the host responds to the presence of the pathogen by increasing 

respiration. This paradox of an increase in respiration of A.bispor^ 

in the presence of M.perniciosa, possibly as a result of the 

production of growth promoting substances, and the demonstration of 

the production of toxins by M.perniciosa which are active against 

A.bisporus implies that activity of these substances within infected 

tissue in ^  is highly localised. This is in contrast to other 

studies of mycoparasites (Kellock and Dix, 1984a,b) in which antagonism 

of Coriolus versicolor by Hyoomyces aurantius resulted in solubilisa­

tion of host mitochondria. Increased respiration of infected 

A.bisporus tissue relative to healthy tissue was noted by Vincent- 

Davies, (1972) on the basis of analysis of CO2 levels in infected beds. 

No distinction between host and pathogen respiration was made however. 

Vincent-Davies (1972) considered that growth promoting substances may 

in some way be involved in disease development and increased respiration 

of the host although no evidence to support this view was given.
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In this study, microscopic examination of A.bisporus cells in 

sclerodermoid tissue revealed that live host cells exhibited symptoms 

of hyperplasia and hypertrophy when compared to cells in equivalent 

healthy sporophore tissue supporting the view that growth promoting 

substances are involved in the rapid development of diseased tissue on 

cropping beds.

In this study, growth promoting substances produced by both 

M.perniciosa and A.bisporus were demonstrated in plate cultures and on 

TLC bioassays. Active compounds were not characterised however and 

further investigations into the stability, mode of action and 

identification of such compounds is required.

The occurrence of growth promoting substances in mycoparasitic 

relationships has not been widely reported. All the major types of 

plant growth regulators (auxins, gibberellins. cytokinins and ethylene) 

have been shown to be produced by various bacterial and fungal plant 

pathogens, and these have been implicated in the production of gross 

symptoms involving gall formation, epinasty, witches’ broom or similar 

symptoms, in a number of plant diseases (Wheeler, 1975).

The occurrence of ’plant’ growth regulators in A.bispor^ was 

investigated by Pegg, (1973) who demonstrated the presence of cytokinin 

like substances in sporophore tissue. The production of cytokinins was 

confirmed by Dua and Jandaik, (1979) who considered that such compounds 

may be involved in the onset of senescence in mature sporophores. 

Turner. Wright. Ward. Osborne and Self. (1975) reported the production 

of ethylene by A.bisporus although the role of this and other growth 

regulators in development of sporophore tissue remains unclear.
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In this study, growth promoting substances were demonstrated on 

TLC bioassays following extraction of fungal tissue in non-polar 

solvents. This is not consistent with extraction methods recommended 

for auxins, cytokinins, or gibberellins, (Dua and Jandaik, 1979,

Osborne and McCalla, 1961, Pegg, 1973, Jones, Metzger and Zeevart,

1980, ) suggesting that growth promoting substances involved in the

interaction between M.perniciosa and A.bisporus are not those typically 

occurring in plants.

Growth regulators other than auxins, gibberellins, cytokinins or 

ethylene have been reported to be associated with developmental changes 

in a number of other fungi, (Arora and Owivedi, 1930, Thomas and 

Mullins, 1969, Sladky and Tichy, 1974, Park, 1963, Rimoczi and Vetter,

1975) and it is probable that this is the case in the relationship

between A.bisporus and M.perniciosa.

The role of growth promoting substances in disease development 

remains unclear although it is possible that they are involved in the 

balance of 'factors' alluded to by Vincent-Davies, (1972).

The postulated 'two factor system' is likely to be. in reality, a 

combination of a number of factors involving host and pathogen derived 

anti-fungal substances (toxins) and growth promoting substances, 

although the origin of the latter is less clear.

IV. THE ROLE OF BACTERIA IN DISEASE DEVELOPMENT

Another factor likely to influence development of Wet Bubble 

disease which had not previously been considered is the natural micro-
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flora associated with A.bisporus in mushroom beds. This study has 

shown that under some circumstances bacteria, antagonistic towards 

M.perniciosa may ameliorate Wet Bubble disease symptoms. In axenic 

cultures of A.bisporus in the presence of M.perniciosa disease 

symptoms were severe with no differentiation of A.bisporus sporophore 

tissue. In the presence of bacteria, isolated from commercial casing 

soil and which were antagonistic towards M.perniciosa in plate cultures, 

A.bisporus differentiated sporophore tissue to varying degrees under 

otherwise identical conditions. It is apparent therefore that the 

microflora can contribute to the overall level of antibiosis effective 

against M.perniciosa. Many bacteria identified in mushroom composts 

are known antibiotic producers (Tautorus and Townsley, 1983, Fergus, 

1964, Berdy, 1974, Sinden, 1971), and these may complement the 

production of antibiotics by A.bisporus, which were demonstrated in this 

study. Combined activity against M.perniciosa by A.bisporus and the 

associated microflora may control, to some degree, the development of 

infected tissue.

CELL WALL DEGRADING ENZYMES

Cell wall degrading enzymes have generally been implicated in the 

destructive activities of mycoparasites, particularly in the lysis of 

host hyphae (Pachenari and Dix, 1980, El ad, Chet, Boyle and Henis, 1983, 

Dennis and Webster, 1971c). In mycoparasitic interactions involving
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fleshy fungi enzymes have similarly been considered to contribute to 

parasitism. Hyphae of Boletus edulis exposed to culture filtrates of 

the mycoparasites Hypomyces chlorinus or H.chrysospermum showed 

evidence of enzymic degradation of host cell walls (Touzé-Soulet, Rami, 

Dargent and Montant, 1978).

The primary means by which M.perniciosa parasitises A.bisporus 

was considered to be by enzymic degradation by Smith, (1924) and the 

presence of enzymes capable of degrading host cell walls was confirmed 

by Vincent-Davies, (1972). The production of cell wall degrading 

enzymes by M.pemiciosa was further investigated in this study. The 

production of enzymes by M.pemiciosa was shown to increase in the 

presence of the host and as such the pattern of enzyme production 

appears similar to that found in other mycoparasites (Pachenan and 

Dix, 1980, Elad, Chet, Boyle and Henis, 1983). Observations made in 

the course of this study of plate cultures of M.pemiciosa in the 

presence of A.bisporus mycelium indicated that the growth rate of the 

pathogen is reduced in the presence of the host. In view of this, 

increases in production of enzymes by M.perniciosa in the presence of 

the host are not a fortuitous result of a stimulation of overall growth 

of the pathogen. Production of cell wall degrading enzymes by 

M.perniciosa is induced by the host, and this is similar to the 

response elicited from plant pathogenic fungi in the presence of 

susceptible host cell wall material. (English, Júrale and Albersheim.

1971).

jn > ^ ,  degradation of A.bisporus hyphae appears to be 

restricted to certain specific host / parasite contact points, possibly
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penetration points. Microscopic examination of A.bisporus cells 

antagonised by M.perniciosa revealed that disruption of host cytoplasm 

was not associated with host cell wall degradation in all instances, 

suggesting that enzymic attack is not a prerequisite for successful 

antagonism of A.bisporus hyphae. That enzymic degradation of host 

cell walls is not a prerequisite for successful mycoparasitic attack 

was also demonstrated by Kellock and Dix, (1984b), who observed that 

antagonism of Stereum hirsutum hyphae by Hypomyces aurantius resulted 

in severe host cell disruption and death without cell wall degradation

occurring.

The highly localised breakdown of A.bisporus cell walls by 

H.pemiciosa suggests that while enzymes capable of such action are 

generally produced by the pathogen they are restricted in vij^. 

possibly to the apex of hyphae. such that at contact points between 

A.bisporus and mature M.perniciosa cells host cell wall breakdown does 

not occur in all instances. Alternatively, differential susceptibility 

to cell wall degradation may occur between host cells, as observed 

in the case of Choaneophora cucurbitarum which is differentially 

susceptible to penetration by the biotrophic mycoparasite Piptocephali^ 

viroiniana dependent on the age of host hyphae. (Manocha and Golesorkhi.

1979).

Cell wall structure in both A.bisporus and H.pemiciOM is 

basically similar. (Vincent-Oavies. 1972). with both fungi belonging to 

those whose walls are of the chitin-glucan group, (Bartnicki-Garcia. 

1968). variation in cell wall structure within the fungi of the 

chitin-glucan group is not unusual. (Chet and Hutterman. 1980). and may
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account for the ability of M.perniciosa to parasitise A.bisporus and 

resist cell wall degradation by its own enzymes. Resistance by 

M.perniciosa to its own enzymes was considered to be due to the 

presence of an outer amorphous heteropolysaccharide layer not present 

in A.bisporus, by Vincent-Davies, (1972).

Enzymes generally have an essential function in growth and 

development of the fungus from which they are derived. There 

typically exists a balance between lytic and synthase cell wall enzymes 

at the apex of growing hyphae (Farkas, 1979, Bartnicki-Garcia, 1968). 

Such enzymes may be directly involved in cell wall synthesis or they 

may be responsible for activation or modulation of other enzymes 

(Montgomery, Adams and Gooday, 1984, Gooday and Trinci, 1980). It is 

conceivable that production of cell wall degrading enzymes by 

M.perniciosa, which are active against A.bisporus, represents the means 

by which the pathogen has evolved from saprotrophy to necrotrophism as 

envisaged by Lewis. (1973. 1974), with production of enzymes essential 

for fungal growth adapted to relate to the presence or absence of 

susceptible host tissue. Clearly enzymic degradation of host hyphae is 

important in antagonism of A.bisporus by M.perniciosa but is to be 

considered along with the action of toxins produced by the pathogen as 

a means by which the host is antagonised and not as the sole means.

VI. SUMMARY OF INTERACTIONS IN WET BUBBLE DISEASE

While this study has confirmed the importance of cell wall degrad- 

ing enzymes in disease development, they appear to constitute one of a
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number of aspects contributing to the antagonism of the host and the 

development of infected tissue and are not the sole means by which 

M.perniciosa may attack A.bisporus.

M.pemiciosa exhibits necrotrophic tendencies in many aspects 

of parasitism of A.bisporus although there are certain aspects which 

indicate a tendency towards biotrophism and as such M.pemiciosa 

appears to be somewhat ambivalent in the mode of attack. The 

relationship with the host may be interactive in the first instance 

with the nature of host cells indicating induced hypertrophy and 

vacuolation, with an associated stimulation of host cell respiration.

The effect of toxins, generally implicated in necrotrophic 

attack of host fungi by other mycoparasites, are in this case 

apparently balanced by the occurrence of toxins which are produced by 

the host and are active against the pathogen. 2" f“'̂ ther

complicated by the general occurrence of bacteria which may be 

antagonistic towards the pathogen. The development of Wet Bubble 

disease of cultivated mushrooms is apparently influenced by a combina­

tion of host and pathogen derived toxins, host and pathogen derived 

gro-.th promoting substances and the level of antibiosis resulting from 

the organisms colonising the casing and compost layer substrates.

The demonstration of toxins produced by the host and the pathogen 

is of interest particularly in indicating that A.bisporus possesses a 

potential means of disease resistance which could perhaps be exploited 

in selection or breeding programmes. The identification of A^bisporus 

strains capable of producing greater levels of toxins than those 

currently available may enable the develofment of commercial strains

with an increased resistance to pathogens.
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CHAPTER 3

BIOLOGICAL CONTROL 

I. GENERAL CONCEPTS

The concept of biological control, whereby an undesirable organism 

may be eliminated, or the consequences of the presence of such an 

organism can be reduced, by the introduction of one or more antagonistic 

organisms (control agents) has been extensively reviewed by Baker and 

Cook, (1974). The development of biological control of a wide range of 

pests and pathogens has been examined although few appear to be 

coninercially successful to date. Those showing most potential are 

organisms for the control of arthropods, (Burges and Scopes, 1971). 

Successful control agents of such pests may be insects as demonstrated 

by the control of whitefly (Trialeurodes vaporarium)by Encarsia formosa 

and the control of red spider (syn. two spotted) mites (Tetranychus 

urticae) by Phytoseilus persimilis (Hussey and Scopes, 1977). In some 

cases fungi may be suitable as control agents of insect pests, 

Verticillium lecanii giving good control of whitefly and flies of the 

family Sciaridae under glasshouse conditions, (Hall and Burges, 1979. 

Hall, 1980). These insect and fungal control agents are now 

cormnercially available, as is Bacillus thuringiensis for control of 

caterpillars in glasshouses (Applied Horticulture Ltd. (U.K.)).

Biological control of fungal pathogens has not been developed to 

the same extent, although control of fungi using biological control 

agents has been demonstrated in a wide range of situations, most 

co^only where plant pathogens either In the soil or in the phylloplane

are the target organisms.

Fungi which have been successfully used as biological control agents
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against fungal pathogens are typically saprophytes capable of 

antagonising target organisms by the production of toxins, (Marois and 

Mitchell, 1981, Chand and Logan, 1984, Fokemma, 1973), or are necro- 

trophic raycoparasites capable of saprophytic growth in the absence of 

the target pathogen and able to directly parasitise the target by 

enzymic degradation or toxin production, (Baker and Cook, 1974, Tu,

1980, Tu and Vaartaja, 1981, Spencer, 1980). The processes involved in 

necrotrophic attack of fungi have been extensively discussed in 

Discussion, Chapter 2.

VerticiIlium lecanii in particular has been shown to be capable of 

controlling fungal diseases such as carnation rust caused by Uromyces 

dianthi. (Spencer, 1980) and bean rust caused by Uromyces appendicular 

(Allen, 1983). Tu, (1980) considered that Gliocladium virens has 

potential for control of Sclerotinia sclerotiorun but this has not been 

demonstrated on a large scale. G.virens showed considerable potential 

in small scale field trials by Tu and Vaartaja (1981), as a means of 

reducing the incidence of root rot of white beans caused by Rhizoctonia 

solani although it remains unclear whether control could be achieved on 

a codwercial scale. Only in some studies has control been achieved on 

a satisfactorily large scale, as is the case in the control of Fusarium 

oxysporum f.sp. radicis-lycopersici the causal agent of crown rot of 

tomato by the use of Trichoderma harzianum or Pénicillium finiculosun,

(Marois, Mitchell and Sonoda, 1981).

In general, the use of bacteria as a means of controlling fungal

pathogens has not received the same attention as the use of fungal 

antagonists. The use of bacteria was considered by Newhook, (1951), 

who demonstrated inhibition of Botrytis cinerea using a number of
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bacterial antagonists. In some instances bacteria have shown potential 

as control agents (Chand and Logan, 1984, Howell and Stipanovic, 1980), 

Pseudomonas syringae for instance, has been shown to exhibit marked 

antagonism towards Ceratocystis ulmi the causal agent of Dutch Elm 

disease, both iji vitro and iji vivo, (Myers and Strobel, 1983).

Similarly, a range of rhizosphere bacteria have been shown to be 

potential control organisms for Fusarium oxysporum f.sp. dianthi on 

carnation (Sneh, 1981).

Pathogenesis of A.bisporus by mycoparasites within the casing layer 

is similar in some respects to that of soil borne plant pathogens. A 

fundamental difference between natural soils and mushroom substrates 

occurs in that while soil microbial populations vary from site to site 

mushroom substrates typically have a more uniform microbial population 

in a standardised environment in terms of temperature and humidity 

(Hayes, 1980). In field soils the success of a soil borne plant 

pathogen appears to be influenced by the ability of the fungus to 

interact successfully with the abiotic and biotic factors in its 

immediate environment (Marois, Mitchell and Sonoda, 1981) with the 

influence of the microflora apparently related to the total soil 

population of fungi and bacteria rather than to the presence or absence 

of specific organisms within the microflora. Marois and Mitchell,

(1981) demonstrated that there is a negative correlation between the 

ability of Fusarium oxysporum f.sp. radicis-lycopersici to infect host 

plants and total soil populations of fungi and bacteria. No correlation 

between infection of host plants and the level of specific micro­

organisms was noted by these authors. The influence of total soil 

microflora populations, which vary between sites, on the ability of soil
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borne plant pathogens to infect hosts may account for the lack of field 

scale success of biological control of soil borne diseases in some 

instances.

This is in contrast to results from this study that indicated that 

M.perniciosa is not affected by the total microbial population of 

casing material and may be influenced by specific types of micro­

organisms.

The biological control of fungal diseases of A.bisporus has received 

surprisingly little attention. This may be due to the current 

availability of fungicides effective against many of the major fungal 

pathogens of A.bisporus (Van Zaayen, 1983,Van Zaayen and Van Adrichem, 1982, 

Fletcher.Hims and Hall.1933. Gaze.1985).Resistance to modern fungicides 

such as Prbchloraz and Chlorthalonil may arise in fungal pathogens of 

A.bisporus as it has done with previously effective fungicides. Such 

a build up of resistance to fungicides in fungal pathogens was 

particularly rapid in the case of benomyl (Samuels and Johnston, 1980, 

Fletcher, Connolly. Mountfield and Jacobs. 1980. Fletcher and Yarham,

1976). Since it is likely that fungicide resistance will arise again, 

the use of biological control methods of fungal pathogens of A.bispor^ 

may in future be of importance.

o

II. BIOLOGICAL CONTROL OF M.PERNICIOSA

Experiments conducted in the course of this study have demonstrated 

that H.perniciosa may be controlled in casing soil to some degree by 

the introduction of bacterial antagonists. Of those organisms tested
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in this study. Pseudomonas bacteria belonging to species group 3,

(P.fluorescens complex) according to the classification of Buchanan 

and Gibbons, (1974), were identified as having the most potential for 

control of M.perniciosa in casing soil.

Baker and Cook, (1974), and Sinden, (1971) discussed biological 

control in terms of the processes involved in mushroom production and 

concluded that the entire process is, in reality, a biological control 

system itself. Composting, pasteurising and conditioning of compost 

has been developed, albeit unwittingly, to produce a substrate which 

is not sterile and yet contains a specific microflora, primarily 

bacteria and actinomycètes, that are highly conducive to growth of 

A.bisporus, with the virtual exclusion of other fungi at the time of 

spawning. The application of a casing layer supporting a specific 

microflora conducive to the successful initiation of sporophores 

similarly demonstrates the use of particular types of organisms in 

ensuring the healthy development of the crop (Sinden, 1971, 1972).

The success of this process is reflected in the relatively small number 

of undesirable organisms which commonly deleteriously affect A.bisporus 

in commercial production (Vedder, 1978).

The choice of control agents should depend to a considerable 

degree on the ability of the organism to integrate with naturally 

occurring populations. While necrotrophic mycoparasites have been seen 

to act as biological control agents against some plant pathogens (Baker 

and Cook, 1974, Spencer, 1980, Tu, 1980), the use of such organisms in 

A.bisporus substrates is likely to cause damage to the crop itself.

The use of necrotrophic mycoparasites to control fungal pathogens 

of A.bisporus has been examined in studies by other workers. Gandy,
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(<1931), failed to achieve satisfactory control of VerticiIlium 

fungicola, the causal agent of Dry Bubble disease of A.bisporus using 

Trichodertna viride and T.polysporum because of antagonism of A.bisporus 

by control fungi although these had previously been shown to be 

severely antagonistic towards the pathogen ^  vitro (De Troghoff and 

Ricard, 1976). Similarly, Acremonium strictum, antagonistic towards 

M.pemiciosa in plate cultures, is an unsatisfactory biological control 

agent because of its ability to antagonise A.bisporus, (Gandy, 1979)-

The unsuitability of necrotrophic mycoparasites as control agents 

of mushroom pathogens is borne out by the fact that A.bisporus is 

susceptible to attack by a number of necrotrophs which cause 

economically important diseases in addition to M.pemiciosa such as 

VerticiIlium fungicol a, Diehliomyces microspora. Dactyliurn dendroides 

and Trichoderma viride. A.bisporus is also susceptible to attack by 

mycoparasites which only occasionally occur on commercial cropping beds. 

(Sinden, 1972). As a group, necrotrophic mycoparasites are clearly 

unsuitable as biological control agents of pathogens of A.bisporus.

Mushroom composts and casing materials may also be colonised by 

vigorous saprophytes including Botrytis sp. Chaetomium globosum. 

Geotrichum sp. Aspergillus sp. and Pénicillium sp., (Vedder, 1978, 

Atkins, 1974). Competition from such fungi may reduce yield from mush­

room beds and it is apparent that the presence of fungi other than 

A.bisporus in mushroom substrates should not be encouraged (Eicker,

1980, Fergus, 1978).

The use of bacteria as biological control agents of mushroom 

pathogens is a logical approach to disease control in that they are 

less likely to cause damage to A.bisporus crops than are necrotrophic

mycoparasites.
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The selection of bacteria from mushroom substrates which are capable 

of antagonising fungal pathogens has the further advantage that such 

organisms may be more likely to achieve stable populations in mushroom 

substrates to which they are inoculated as control agents than are 

organisms selected from other environments. Regular sampling of casing 

soil inoculated with bacteria selected for antagonism against 

M.pemiciosa in plate cultures demonstrated that the isolates used in 

this study rapidly established stable casing soil populations.

In most samples examined populations of potential control agents 

were greater in the absence than in the presence of M.pemiciosa 

implying that where disease control agents are introduced prior to 

infection with M.pemiciosa disease control is likely to be greater 

than in the present study where control organisms were introduced at 

the same time as the pathogen.

These results complement work by Tautorus and Townsley, (1983,

1984) who considered that biological control of olive green mould caused 

by Chaetomium olivaceum on mushroom beds may be achieved using a 

bacterium isolated from Phase I of the composting process. Treatment 

of infected compost with a thenrwphilic Bacillus sp. (termed Bacillus 

AOG and resembling B.coaqulans) gave an increased yield and some 

protection against C. olivaceum.

The losses caused by olive green mould are not high however and this 

specific control method is unlikely to be of economic significance. As 

in this example, the present study has demonstrated that organisms 

capable of antagonising pathogens of A.bisporus may be isolated from 

mushroom substrates and environments and re-introduced to control 

disease to some degree.
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III. IN VITRO SCREENING OF POTENTIAL BIOLOGICAL CONTROL AGENTS

In order to identify organisms with potential as biological 

control agents rapid techniques to assess the possible antagonism 

against target pathogens are required.

In this study dual plate cultures of M.pemiciosa and single cell 

cultures of bacteria were used to determine the extent of antagonism 

of M.pemiciosa in vitro. Dowding, (1978) considered that antagonism 

in vitro may give a false impression of the relationships between 

organisms in nature. Such techniques have to be employed however in 

order to give a preliminary indication of the potential of organisms

as control agents wherever appropriate.

Whether antagonism in plate cultures can be expressed as an ability 

to control pathogens jri vivo may depend on the mode of antagonism.

In some instances antagonism ^  vitro has been attributed to a change 

in substrate pH as a result of fungal growth (Newhook, 1951), or to 

nutrient impoverishment (Skidmore, 1976). The use of such antagonists 

as biological control agents in natural substrates is less likely to 

be successful than where antagonism is the result of the direct 

production of antifungal substances or mycoparasitic attack because 

soils tend to have an overall buffering effect which tends to mask the 

effects of pH changes or nutrient impoverishment in vivo. The 

occurrence of antifungal substances has been widely reported (Berdy, 

1974, Betina, 1964) and the role of these in biological control 

examined in some cases (KcGinty, McFadden. Rawlinson and Buck. 1984,

Bagient and Ogawa, 1960, Rai and Singh, 1980).

Dual cultures of M.pemiciosa and bacteria isolated from mushroom

substrates indicated that some bacteria may significantly inhibit
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growth of the pathogen. In contrast to such a single expression of 

antagonism in vitro the same isolates when inoculated on to casing soil 

infected with M.perniciosa over compost colonised by A.bisporus 

influenced the development of Wet Bubble disease in one of two ways. 

Control of M.pemiciosa by bacterial antagonists was expressed as 

either i) a reduction in the development of infected sporophore tissue 

on infected beds, or ii) as an increase in the yield of healthy sporo- 

phores in the presence of the pathogen.

The correlation between inhibition of M.pemiciosa in vitro and the 

reduction in the development of infected sporophore tissue was better 

than between inhibition of the pathogen in vitro and any increase in 

yield of A.bisporus sporophores in infected plots.

While antagonism of M.pemiciosa by bacteria in plate cultures does 

not give a complete indication of the ability to control the pathogen 

in vivo it is apparent that the technique could usefully be incorporated 

in more extensive studies in future to assist in the selection of 

potential control agents.

The bacteria shown in this study to have most potential as biological 

control agents for M.pemiciosa all showed significant levels of 

antagonism against the pathogen in vitro. The mode of antagonism 

against the fungus is unclear, although it may be by the production of 

toxins which have been shown to occur in other isolates from Pseudomonas 

bacteria belonging to species Group 3-5, (Howell and Stipanovic, 1980. 

Gandy, 1968). The screening techniques employed in this study to 

identify antagonists active against M.perniciosa that were also 

antagonistic against A.bisporus using a modification of the pitting and 

rapid pitting techniques of Gandy. (1968). and Wong and Preece. (1979).
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served to eliminate potential pathogens of A.bisporus from the test 

programme. Some Pseudomonas bacteria belonging to the same group 

as those shown in this study to have potential as biological control 

agents of mushroom pathogens may antagonise A.bisporus as pathogens 

in their own right (Paine, 1919, Gandy, 1968, Wong and Preece, 1980, 

Wong and Preece, 1979, Preece and Wong, 1982, Wong, Fletcher,

Unsworth and Preece, 1982). In contrast this group of Pseudomonas 

bacteria also contains those which are beneficial to A.bisporus.

Hayes, Randle and Last, (1969) demonstrated that Pseudomonas putida 

in particular can be conducive to sporophore initiation under 

commercial conditions (Eger, 1972, Urayama, 1967).

Any screening programme to identify potential antagonists of fungal 

pathogens of mushrooms must clearly include testing for pathogenesis of 

A.bisporus to eliminate those which are likely to deleteriously 

affect the crop itself.

The introduction of biological control agents capable of antag­

onising M.perniciosa may act by complementing the natural antifungal 

action of the casing microflora, made up of predominantly Pseudomonas 

bacteria, (Preece and Wong, 1982, Hayes, Randle and Last, 1969, Long 

and Jacobs, 1974) and by complementing the production of antifungal 

substances by A.bisporus which were demonstrated in the course of 

this study, in order to reduce the incidence and severity of Wet

Bubble disease.

GEHERAL CONCLUSIONS AND FUTURE DEVELOPMENTS

In each of the main areas of study this work has added to the 

fund of knowledge concerning the relatlonshlo between M.pernIclo H  

and Its host A.bisporus. The work has also added to the understanding
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of necrotrophic mycoparasitism in general.

In the area of fungal ecology the effects of the physical 

biological environment on development of the pathogen have been 

defined more closely than was previously the case. The

consequences of altering the conditions under which A.bisporus is 

cultivated on the development of the pathogen can now be clearly 

identified.

The examination of a range of fungi as potential hosts of 

M.perniciosa revealed a number of species which may be infected by 

the pathogen. This work could be usefully expanded to give further 

information on species and habitats which could act as reservoirs 

of infection for commercial crops of A.bisporus.

The understanding of the factors influencing chlamydospore 

germination remains incomplete despite the demonstration of a 

maturation phase of spore development. This is an aspect of the 

biology of M.perniciosa which warrants further investigation.

Elucidation of the mechanism by which germination of M.perniciosa 

chianiydospores is stimulated by the presence of the host may assist 

in control of such resting spores and may further add to the under­

standing of host-parasite interactions in general.

Microscopic investigations into the interactions between 

M.perniciosa and A.bisporus revealed that in conditions under which 

the host is typically cultivated enzymic breakdown of host cell walls 

occurs, but may be of secondary importance to the action of other 

factors such as antifungal or growth promoting substances. 

Microscopically M.perniciosa is unusual in having hyphal cells which 

apparently have a relatively high metabolic activity and may represent 

the site of enzyme or toxin production used in pathogenesis. The 

ultrastructure of M.perniciosa warrants further Investigations.

The effect of toxins, generally Implicated In necrotrophic attack
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of host fungi by other mycoparasites (Barnett and Binder, 1973), are, 

in this case, apparently balanced by the occurrence of toxins which are 

produced by the host and are active against the pathogen. vivo 

this is further complicated by the general occurrence of bacteria which 

may be antagonistic towards the pathogen. The development of Wet 

Bubble disease of cultivated mushrooms is apparently influenced by a 

combination of host and pathogen derived toxins, host and pathogen derived 

growth promoting substances and the level of antibiosis resulting from 

the organisms colonising the compost and casing layer substrates.

In each case this is the first report of such biologically active 

substances produced by both M.perniciosa and A.bisporus with any degree 

of resolution. The further identification of such compounds would 

assist in the understanding of host-parasite interactions in the 

disease system. In the case of A.bisporus the correlation between 

levels of antifungal substances and susceptibility to fungal infection 

warrants continued investigation. Identification of antifungal 

substances may provide a means by which disease resistance can be 

developed in breeding programmes.

Experiments conducted in the course of this study have 

demonstrated that bacteria antagonistic toward M.perniciosa may be 

used as control agents in infected mushroom beds. The levels 

of control achieved in this study were insufficient in themselves to 

warrant further development of the isolated strains. However, 

these results, and in particular those relating to the suitability 

of screening techniques in vitro as a measure of determining 

effectiveness of control agents in vivo are likely to assist

further studies in this area.

Further selection of bacteria on a larger scale than 

possible within the context of the present study is likely
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ultimately to yield isolates with the capacity to control M.perniciosa 

The use of groups of antagonists and of antagonists effective against 

more than one disease, while outside the scope of this study, may 

in future increase the suitability of biological control still 

further.

The likely occurrence of resistance in M.perniciosa to 

fungicides which are currently effective against the pathogen may 

in time necessitate further developments in this area of work.
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• a--;«« '\DÂ  Mational Mushroon Consultant.

GAZE, R. (1935). Personal c o n m u m cation. ADAS .



GERRITS, J.P.g .. BELS-KONING, H.C. & MULLER, F.C. (1967). Changes 1n

compost constituents during composting, pasteurisation and cropping. 

Mushroom Science  ̂ 6, 225-243

GLAUERT, A.M. (1965). The fixation and embedding of biological specimens. 

In; Techniques for electron microscopy, 2nd edition. Edit;

Kay, 0. pub. Blackwell Scientific Publications (Oxford).

GOODAY, G.W. & TRINCI, A.P.J. (1980). Wall structure and biosynthesis in 

fungi. svmnnsium of the Society of General Microbiologi, 30, 207-251. 

GRAY, D.J. & MORGAN-JONES. G. (1981). Host-parasite relationships of 

Anaricus brunnescens and a number of microparasitic Hyphomycetes.

Mycopathologia, 75, (1)» 55-59.

GURR, E. (1960). Encyclopaedia of microscopic stains.

pub. Leonard Hill Ltd., (London).

HALE, L.J. (1965). Biological laboratory data. 2nd Editipĵ .
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