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SUICIARY

The effects of virus disease upon certain aspects of the nitrogen 

metabolism of the cultivated mushroom Agaricus bisporus (lange) Sing, were 

investigated. Biochemical properties of the balanced host-parasite 

relationship shown by diseased cultures of vegetative irycelium on agar were 

studied in particular. Disturbances of sporophore metabolism which could 

be used for diagnostic techniques were also sought.

Healthy mycelial cultures and two diseased cultures of different 

growth rates were isolated from sporophores and used as inoculum for sub

merged culture. Growth of the various isolates in submerged culture was 

studied in detail. Rates of protein synthesis and of uptake of the amino 

acids glycine and proline were measured by the use of radioactive isotopes; 

qualitative aspects of protein metabolism were studied by polyacrylamide■ 

gel electrophoresis.

Glycine uptake by healthy riyceliuTi was found to vary v/ith the age of 

the mycelium, to be affected by pH and. metabolic poisons and to show 

saturation kinetics. Diseased cells sliov/ed reduced rates of protein 

synthesis and amino acid uptake. Evidence that reduced transport 'was 

responsible for the observed reductions in uptake is presented. Protein 

patterns and isoenzymes of diseased rrycelium wore different to those of 

healthy. A special feature established by this study was that cultures 

of intermediate growth rate also showed intermediate degrees of disturbance 

of host metabolism. The significance of these observations is discussed. 

Diseased mycelium v/as rendered non-infectious by heat treatment; such treated 

cultures resembled normal healthy mycelium in every respect.

Isoenzyme patterns of healthy sporophores -were studied by disc electro

phoresis and found, to be very reproducible; diseased tissue gave different 

and reproducible patterns, particularly with regard to phenoloxidase 

enzymes. The use of disc electrophoresis as a diagnostic tool for mushroom 

virus disease is indicated . An increase in o-diphenoloxidase activity 

in extracts from diseased mushrooms v/as also found.
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Tntroduction

In 1950 Sinden and Hauser described a new disease of the cultivated 

mushroom Agaricus bisporus (lange) Sing, they had observed at the farm of 

La France Bros., Chester County, U.S.A. The symptoms of the disease were 

a drastic reduction in sporophore development and rapid degeneration of 

nyceliura in the compost. Sporophores which did appear developed 

abnormally, turned bro'wn and eventually decomposed. No fungal or bacterial 

pathogens could be found in infected mushroom beds, but mycelial isolates 

from diseased compost grew slowly on agar media. la France disease was 

confirmed in England two or three years later by Sinden and has subsequently 

been reported in most parts of the world where Agaricus is cultivated 

(Sinden, 1967). Several alternative designations have been applied to 

mushroom disorders identical in most respects to La Idance disease viz.

Brown disease, Watery Stipe (Candy, 1960 a), X-disease (Xneebone et al. ,

1962) and Die-back (Ballings, 1962).

The infectious nature of the disease was first demonstrated by Gandy 

(i960 b) who successfully inoculated mushroom beds with compost which 

contained diseased mycelium of the same strain as the healtly crop. Water 

extracts of diseased mushrooms, compost or casing would not transmit the 

disease. Gandy (1962) later showed that v/hen healthj^ and diseased cultures 

were grown together on an agar medium, disease transmission occurred via 

hyphal anastomosis.

Tfje suggestion by dandy (i960 b) that the disease mi^At be caused by 

virus, was soon substantiated (Gandy and Holdings, 1962; Hoilings 1962; 

Holdings et al., 1963). Tliese workers at the Glasshouse Crops Research 

Institute (G.C.R.I.), Littleha.mpton, succeeded in purifying and demonstrating 

the infectivity of virus-like particles from diseased sporophores. Three 

types of particle were discovered; two of those, desigriated mushroom 

Virus 1 ( W 1 ) and mushroom Virus 2 (MV2), were isometric polyhedral 

particles 25 nm and 29 nm in diameter respectively, while the third v/as
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rod-shaped and measured 19 x 50 nm (mushroom Virus 5: W 5 ). Serological 

activity was demonstrated for mixtures of the three particles and for 

purified MV2 alone (Rollings et al., 1963). Viruses 1 ard 2 were found 

to he serologically unrelated to thirty higher plant viruses tested, and 

none of the viruses would infect standard test plants (Rolling], 1965). 

Rollings and Stone (l969) also report that attempts to transmit mushroom 

viruses to other Basidiomycetes v/ere unsuccessful. Mushroom viruses thus 

appear to he host-specific.

The isolation of tv/o further isometric particles, 35 nm and 50 nm in 

diameter, was later reported by Rollings and Stone (1969). It is possible 

that the former particle is identical to the 34 nm virus isolated 

by Dieleman-van Zaayen (1969) from infected mushrooms grov/n in the 

Netherlands. Recently Mattoni and î»îattoni (1971 ) have described two 

additional spherical particles 19 nm and 40 nm in diameter from infected 

mushrooms in California. Clearly, mushroom virus disease involves a complex 

of virus particles but unfortunately as yet there is little evidence 

concerning the relationships of individual particles to the disease.

V/hile virus particles can exist in certain combinations in diseased 

sporophores, others occur singly, the resultant disease symptoms being 

usually indistinguishable (Rollings and Stone, 1969). Some correlations 

between symptoms and types of particle involved have however been claimed 

by Mattoni and Mlattoni (l97l). Thus it would seem that the concept of 

La France disease, in which only the 25 nm particle was subsequently 

identified (Sinden, 1967), may be enlarged to include mushroom diseases 

caused by several viruses acting singly or in combination; the appeal 

(Schisler et ad., 1967) for the priority of the designation 'la. France' 

appears justified.

Mushroom viruses are mainly transmitted by hyphal anastomosis between 

diseased and healthy mycelium (Gandy, 1962; Schisler et al., 1967), 

though Rollings (l965) obtained evidence of transmission by the mushroom
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Phorid fly (Megapelia halterata Vfood.). Rollings (l962) claimed that 

purified virus preparations could induce the disease when inoculated into 

young, developing sporophores with a hypodermic syringe; this was 

confirmed hy Dieleman-van Zaayen (1969) in a later paper.

Using infected uycelium from a white mushroom strain, Kneehone et (1962) 

successfully transmitted the disease to other v/hite strains but failed to 

infect cream or brown strains. However, Schisler at f 1_. (1967) showed that 

these barriers to transmission could be overcome if infected basidiospores 

were used to infect healthy mycelium. The explanation was that germ tubes 

of basidiospores could overcome barriers to anastomosis which operated on 

the mature hypae of incompatible strains.

While considerable progress has been made on the epidemiology of 

mushroom viruses (Schisler et al. , 1967, last et al. , 1967), raanj’' aspects

of host-parasite relationships are poorly understood. Nothing is known

of the mechanism of transmission of virus through mycelium or about sites 

of viral replication. Dieleman-van Zaayen and Igesz (1969) have claimed 

that in diseased cells virus particles aggregate around septa or nuclei 

and that they are often surrounded by endoplasmic reticulum. However, 

it could be argued that these observations were artifacts resulting from 

the fixation process used to prepare the sections for electron microscopy. 

Rate of spread of virus through hyphae appears to be a function of pfirticle 

size. Last et ad. (l967) showed that spreads more quickly than MV2 

through mycelium in compost and Mlattoni and îvîattoni (l97l) also reported 

a reduction in the proportion of 40 nm compared vvLth 29 nm particles in 

sporophores 2 ft from a die back area in a commercial tray.

It has been established (Last et al., 1967; Schisler et al., 1967)

that the severity of mushroom virus disease is related to the time of 

infection during commercial grov/ing practices. Infection at spawning 

produced severe symptoms in the first flush of mushrooms but less damage 

occurred the later infection was delayed. Early infection probably
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allows greater concentrations of virus to build up in the mycelium of the 

bed. The balance between inoculum size and amount of mycelium to be 

infected is also important; Last et ad. (l96?) have shown that crops 

derived from compost sown with large amounts of grain spawn were less 

diseased than those grown with lower spawning rates, v/hen inoculated with 

similar quantities of diseased mycelium.

Another interesting feature of disease relationships was also 

established by Last et al. (1967). Compost in trays inoculated at a single 

point developed three zones, a barren area.surrounding the point of 

inoculum which increased in size as the crop aged, a zone of malformed 

mushrooms around the barren area and around this, apparently'- healthy 

mushrooms. Lÿcelial isolates from sporophores at different distances from 

the point of inoculation showed varying gro’wth rates and colony charact

eristics on malt agar, and these characteristics remained constant on 

repeated subculturing. The slowest-growing colonies were brown, adpressed 

to the medium and devoid of mycelial strands; colonies from healthy 

sporophores were white, fluffy and had many strands. When successive 

mycelial isolations were taken at intervals of a few days from the same spot 

in a diseased tray, they showed progressive increases in severity of 

symptoms. Clearly, a dynamic situation obtains in diseased mushroom beds; 

this is in direct contrast to the steady-state situation of mycelial 

isolates on agar. Recently, Rollings (private communication) has obtained 

evidence that an inverse relationship exists between the gro'wth rate of 

cultures on agar and their virus content as measured by particle counts 

under the electron microscope. The factors which promote this host- 

parasite balance are unknown; some authors (Last et al., 1967; Sinden, 1967) 

have hypothesised that it is to do '//ith factors present in malt agar.

Since Candy (1962) however has sho.-/n that mycelium grov/n on malt agar 

becomes progressively more diseased after anastomosis with hyphae of a 

diseased colony, this is clearly not the case.
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The stability of infected cultures seems to depend on the temperature 

at which they are incubated.Gandy (i960 b) reported that when diseased 

cultures were incubated at 35°C instead of the normal 25°C, their growth 

rate increased and they reverted to the normal type of growth. Cultures 

treated in this v/ay were also found to be non-infectious. Gandy also 

noted that some cultures failed to respond to heat-treatment. Ihe efficacy 

of heat therapy seems to vary v/ith the strain of mushroom (Dieleman- 

van Zaaye n, 1970).

Many different sporophore symptoms have been described for mushroom 

virus disease; Schisler et al. (1967) have emphasised that many factors 

affect symptom expression, including the state of maturity of the crop, 

the mushroom strain involved and the environmental conditions, ^atery 

stipes tend to be associated with high humidities while dry, leathery 

mushrooms occur in dry conditions, according to Rollings et al. (l963).

An added complication is the phenomenom of symptomless mushrooms which 

contain much virus (Rollings, 1962). In the absence of unequivocal 

symptoms, the only absolute method of virus diagnosis is the examination 

of mushroom extracts by electron microscopy. Reduced growth rates of 

rrb''celial isolates from infected sporophores hcv/ever appears to be a very 

constant symptom (M.Rollings, personal communication) and has been used 

successfully at G.C.R.I., Littlehampton, as a diagnostic technique.

Mattoni and Mattoni (l97l) however have criticised this technique, claiming 

to have isolated infected cultures which showed normal grovth, but the 

evidence presented to support their criticism is slender.

Finally, little is known about the chemistry of mushroom viruses.

Purified preparations of 29ixn particles have similar U.V. absorption 

spectra to those of other plant viruses (Rollings et a]., 1963), but this 

does not necessarily mean that mushroom viruses contain ribonucleic acid (RRA). 

Indeed since one of the accepted criteria of viruses (Lwoff, 1959) is that 

they possess only one type of nucleic acid, more information on the
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nucleic acid content of mushroom virus would he desirable.

More is known about the chemistry of the viruses which infect v:arious 

species of Pénicillium. Isometric viruses have been found in P. stoloniferum 

and P. funiculosum (Banks at , 1968), P. cyaneo-fulvum (Banks at al.,

1969 b), P. chrysogenum (Banks at , 1969 a) and P. citrinum and

P. variabile (Borre at ad., 1971). The viruses which have been examined 

for nucleic acid content have all been found to contain double-stranded RNA. 

Antisera to the P. stoloniferum viruses did not react with antisera to the 

mushroom viruses. The Pénicillium virus infections show many interesting 

parallels to mushroom virus disease. Buck and Kernpson-Jones (l970) have 

shown that three types of virus particle occur in P. stoloniferum.

Transmission of virus in P. stoloniferum is by hyphal anastomosis (Lhoas,197l) 

as it is in the cultivated mushroom; attempts to infect hyphae directly 

with purified virus were unsuccessful (Banks et al., 1968). Heat-treatment 

may be used to eradicate virus from P. stoloniferum (Banks et al., 1968),

P. cyaneo-fulvum (Banks e^ ad. , 1969 b) and P. citrinum and P. variabile 

(Borre et al., 1971 ). However, unlike mushroom nycelium, that of 

P. stoloniferum shov/s no correlation of morphology and grov/th rates with 

virus infection (Lhoas, 1971).

The present study was undertaken principally for two reasons.

(a) It was felt that the host-parasite balance exhibited by virus-diseased 

cultures of vegetative myceliun of A. bisporus provided an intriguing and 

useful experimental system for study of host-parasite relationships. Stud̂ '’ 

of tlie metabolism of these cultures would perhaps at least pose questions 

on which to base further work. Present knov/ledge of the effect of viruses 

on the physiology and biochemistry of fungal hosts appears to be confined 

to the observation by Buck et (l969) of an eighteen - to fortyfold 

increase in galactosamine In the cell wall of virus-infected mycelium of 

Pénicillium stoloniferum. (b) It was hoped that metabolic changes would 

be found which could possible be used in diagnostic procedures. To this 

end, attention v/as also pi id to study of sporophore metabolism in the 

healtly and diseased states.



M A T E R I A L A N D  M E T H O D S



- 8 -

Materials and Methods

1) General.

(a). Mushroom Strains.

Ihree commercial white strains (Sonycel 59, RLite Queen 101, 

Darlington 601) of the cultivated mushroom Agaricus bisporus (Lange)

Sing, were used in this investigation.

(b). Source of Mushrooms.

(i) Health,y.

Healthy mushroom sporophores were usually obtained from commercial 

growers. Otherwise, mushrooms were grov/n in plastic traĵ s (dimensions 

1' X 18" X 6" deep) at 16° from spawn-run compost cased vd.th a 2:1 (v/v) 

Irish sphagnum peat : powdered limestone mixture. Spa\m-ran compost and 

casing materials were kindly supplied by Agaric Ltd., Bradford-on-Avon, 

Wilts.

(ii) Virus Diseased.

Mushroom trays prepared as described above were inoculated centrally 

at time of casing with compost which contained virus-diseased rrycelium 

(supplied by Mr.G.V/.Ganney of H.A.A.S., Sussex). Diseased sporophores 

appeared in a circle around the bare area surrounding the point of 

inoculation. Occasionally, infected sporophores were obtained from 

conimercial growers, from mushr-oom beds which had been tested for the 

presence of virus by the Glasshouse Crops Research Institute (G.C.R.I.).

(c). Source of lycelial Cultures.

The healtliy and virus infected cultui'es used for experiments on 

mycelium were isolates from Darlington 601 sporophores which had been 

grown and infected as described above. Isolates from diseased 

sporophores growing at different distances from the point of inoculation 

yielded diseased cultures of various growth rates (Last et al., 1967). 

Stock cultui'cs of those original isolates were kept at 2° under liquid 

paraffin on malt agar slopes.
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A culture was considered to contain virus if:

i) it showed typical virus-diseased growth patterns on malt agar as 

described by last et (l967), that is, slow growing, bro'wn, adpressed 

rycelium lacking strands;

ii) such agar cultures when inoculated into spawn-run compost in trays 

produced typical virus diseased symptoms, that is, dieback of mycelium 

and malformed sporophores;

iii) virus particles, as detected by electron microscopy, could be 

extracted from these malformed sporophores.

In contrast, healthy cultures were fast growing and fluffy on malt 

a^ r  and failed repeatedly to induce virus disease symptoms when 

inoculated into spa-m-run compost in trays.

(d). Detection of Virus Particles by Electron Microscopy.

Virus was extracted from mushroom sporophores as described by Last 

et ad.(1967). In this method, sporophore stipes are blended in buffer 

which contains n-butanol and a phenoloxidase inhibitor; the extracted 

virus is partially purified by differential centrifugation and is finally 

suspended in water. A sample of mushroom extract prepared in this v/ay 

was mixed with an equal volume of 1^ (w/v) potassium phosphotungstate 

pH 7.0. A small drop of this mixture was placed on a carbon-coated 

specimen grid and v/as air-dried. Grids were scanned at a screen 

magnification of 40,000 on an A.E.I. 802 electron microscope. The 

mixture did not spread evenly over the (hydrophobic) carbon on the 

specimen grids; the resultant lack of definition meant that the diameters 

of individual virus particles v/ere were difficult to measure.

(e). Media and Growth Conditions.

Hie medium used for the submerged culture of the rycelium of 

A. bisporus v/as a modification of the medium described by Schopfer (l934) 

and contained:-
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30.0g Glucose 

2.0g Glycine

1.5g Potassium dihydrogen phosphate 

0.5g Lîagnesium sulphate 

0.5g Oxoid Yeast Extract 

Water to 1 litre.

50ml amounts in 250ml conical flasks were autoclaved at lOlh/sq. in for 

10 min. The primary inoculum for liquid culture was derived from mycelium 

growrn on malt extract agar (2^ w/v Diamalt C malt extract, 1.5"̂  w/v Oxoid 

No. 1 agar) in petri dishes at 22°. Colonies on malt agar were sub

cultured when the mycelium had completely colonized the plate. Fresh 

isolates were obtained from stock cultures after six successive sub- 

culturings. Lycelium was aseptically harvested from several plates and 

was blended in 50 ml sterile liquid medium in an Osterizer Imperial VIII 

blender (John Oster Co., Llilv/aukee, U.S.A.) for 3 seconds. Each flask 

was inoculated with 10 ml of this suspension. Flasks were incubated 

at 25° on a reciprocal shaker at 70 strokes/min and 2 in amplitude.

After 6 days the cells from these seed flasks v/ere centrifuged dov/n at 

6000 g for 30 min in an LI.3.E. High Speed 18 centrifuge. One gram wet 

weight of cells was then suspended in 50 ml sterile liquid medium and 

v/as reblended. Further flasks were inoculated with this suspension; 

the mycelium that grew was more homogeneous in appearance than that from 

the seed flasks.

All aseptic manipulations were done in a filtered flow of air 

provided by a 1aminar-airflow device (W.R.S. Pathfinder Ltd., Havant,

Hants.}.

2) Quantitative Determination of Protein and Imino Acids.

(a). Protein Determination.

Proteins dissolved in either buffer or sodium dodecyl sulphate (SDS) 

solution were estimated by the method of Lowry et al.(l951).
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The Lo’/vry technique was modified for the estimation of proteins 

dissolved in N sodium hydroxide because alkali of this concentration 

was found to interfere with colour development during assay. To 1 ml 

of protein sample dissolved in N NaOH was added 1 ml water followed by 

3.5 ml of Lo'wry C reagent (2^ w/v Na^CO^ in 0.1 NaOPi). After 10 min,

0.5 ml of Folin reagent diluted 1:1 with water v/as added and the optical 

density of the solution at 750 nm was read after 10 min on a Unicam 

S.P. 600 spectrophotometer. Glass cells 1 cm square were used. Values 

were obtained by reference to a standard curve (Fig. 1.) which was 

prepared using bovine serum albumin in concentrations of 10-280 pg/ml.

(b). Determination of I.tycelial Amino Acid Pools.

(i) Extraction of Amino Acid Pools.

Freeze-dried mycelium (lOO mg) was boiled under reflux for 20 min 

in 20 ml of 8C^ ethanol. This extract was evaporated to dryness at 50° 

under reduced pressure on a Buchii rotary evaporator. The residue v/as 

taken up in 20 ml of an ethanol:water:cone. HCl (95:4.5:0.5 v/v/v) 

desalting mixture described by Daliga et al.(l955), and was kept at -20° 

overnight. Precipitated salt v/as filtered off and the filtrate was 

evaporated to dryness. Finally, the residue v/as taken up in 1 ml of 10/ 

(v/v) isopropanol:water prior to chromatography

(ii) Deteimination of Amino Acids.

Amino acids in irycelial extracts were determined by the method of 

Kay, Harris and Entcnraan (1956). In this method, amino acids are 

separated by one-way chromatography on paper and are determined by 

measurement of the density of colour produced after development with a 

nin>iydrin spray.

3) Use of Radioactive Metabolites.

(&)' Uptake of  ̂Glycine and Proline by Ijycelium.

(i) Ih"eparation of Cell Suspension.
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%celium from liquid culture was aseptically harvested by cent

rifugation and m s  blended for 3 seconds in sterile medium minus glycine. 

The suspension was incubated at 30° for 18 hr in a shaking water bath 

(Mickle laboratory Engineering Co., Surrey.) at 70 strokes/min. This 

period of incubation allowed the rycelium to recover from the effects of 

blending. Blended rycelium for all uptake experiments was prepared in 

this my, unless otherwise stated. Cells were then harvested by cent

rifugation in a B.T.L. Bench Centrifuge at 3000 r.p.m. and repeatedly 

washed ’with 10 mM phosphate buffer pH 6.8 until no ninhydrin-positive 

substances could be detected in the mshings. This procedure ensured 

that no unlabelled glycine would be inadvertently carried over into the 

subsequent uptake experiment. The cells were finally resuspended in 

30 ml buffer in a 100 ml conical flask. A 4 ml sample of the suspension 

was withdrawn and the cells were centrifuged down, washed and then dried 

at 60° for 1 hr in a vacuum oven. The residue was weighed and the 

density of the original suspension was adjusted accordingly, to 5 mg 

dry ’wt/ml.

(ii) Experimental Conditions during Uptake.

Two millilitres of an aqueous solution (ipCi/ml) of known activity

(counts/rain/ml) of either glycine-C^^(U) (specific activity 11.3 mCi/niM)

of L-proline-C^^(U) (specific activity 10 mCi/mM) were added to the

nycelial suspension. The amino acid concentration v/as adjusted to 10
12by the addition of the appropriate volume of 0.01 M C -amino acid 

solution and the suspension v/as then incubated at 30° in a shaking water 

bath at 170 strokes/min. At 20 min intervals triplicate 2 ml samples 

v/ere removed with a blowout pipette and were filtered under suction 

through tared 2.5 cm diameter filters of V/hatrnan 541 paper supported in 

Gelman filter supports (Oelman Instrument Company, Ann Arbor, Michigan, 

U.S.A.). Filtered r.ycelium was washed twice with distilled water, the 

filters were removed, dried at 70° overnight, weighed and then counted
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for radioactivity.

In exj^erlments to investigate the time course of amino acid 

incorporation into the protein of cells, samples were instead pipetted 

into 10 ml of 5/ (w/v) trichloroacetic acid (TGA). After 30 min at room 

temperature, the cells were filtered, washed, weighed and counted as 

described above.

(b). Incorporation of 0^^ Glycine and Proline into T.tycelial Protein.

%celium from liquid culture was aseptically harvested by cent

rifugation and v/as then resuspended in sterile liquid medium minus glycine. 

The cells were then incubated at 30° for 18 hr in a shaking v/ater bath.

One gram wet weight of cells was then v/ashed repeatedly with 10 mM 

phosphate buffer pH 6.8 until no ninhy drin-positive substances could be 

detected in the v/ashings, and was finally suspended in 20 ml of buffer.

Six microcuries of either glycine-c”'^(U) or L-proline-C^ ̂ (U) in aqueous 

solution (ipCi/rnl) of known activity (counts/min/ml) were added and the

amino acid concentration was adjusted to 10  ̂M by the addition of the
12appropriate volume of 0.01 M C -amino acid solution. The suspension

was then incubated for 2 hr at 30° in a shalcing water bath at 170 strokes/

rain.

îi'ÿcelial protein v/as extracted by a modification of the method of 

Thomas et ad,(l967). Fifty millilitres of 0.2 N perchloric acid were 

added to the cell suspension. After 2 hr the cells were centrifuged 

down and washed t'.vice with absolute ethanol. Lipids were extracted by 

shaking the residue with 10 ml of ethanol:chloroform 1:1 (v/v) for 15 min. 

TIjo extraction v/as repeated and the residue was air-dried. Ihroteii was 

extracted by steeping the residue with 10 ml of IT NaOH for 90 min at 35°. 

This extraction was repeated, the supernatants were combined and made

up to 25 ml v/ith TT NaOH. The protein content of the solution v/as then 

estimated. Ice-cold 7N perchloric acid was added drop,vise to the solution

until it had become acidic. The protein precipitate formed m s  left for
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12 hr to flooGulate and was then centrifuged do'vn at 38,000 g for 1 hr. 

Finally, the precipitate was washed with distilled water, air-dried and 

then counted for radioactivity.

(c). Electrophoresis of %celial Proteins.

The protein complement of mushroom nycelium was studied by the method 

described by Maizel (l969); nycelial proteins were labelled with radio

active amino acids, dissociated -/vith sodium dodecyl sulphate (SDS) and 

separated by electrophoresis on polyacrylamide gels.

(i) Labelling L^celial Proteins.

Mycelium grown in liquid culture was harvested on cheesecloth, 

washed v/ith water and was incubated (0.75 g wet wt. ) v/ith either lOpCi 

of glycine-2-C^ ̂ or 30pCi of gl̂ '‘cine-2-H^, added as aqueous solutions 

(lO|iCi/ml). Twenty millilitres of 10 mM phosphate buffer pH 6.8 were 

added and the suspension was incubated at 30° in a shaking v/ater bath ab 

170 strokes/min.

(ii) Extraction of labelled Ihroteins.

After 3 hr the rrycelium vas harvested, washed and then disrupted 

by ultrasound in a minimal volume of 0.01 M sodium phosphate pH 7.1 

with an M.3.E. 50 sonic oscillator. Solid SDS was added to the homogenate 

to a concentration of l/ (v//v) ; this solution v/as then boiled for 1 min 

and centrifuged for 30 min at 38,000 g at 15°, Hie protein concent

ration of the supernatant was determined and sucrose was then added to 

a concentration of 10/ (w/v).

(iii) Electrophoresis.

Electrophoresis on SDS-oontaining gels was done as described by 

Maizel (1969). Gels contained 10/ polyacrylamide, O.l/ SDS, were 

buffered by 0.1 M sodium phosphate pH 7.1 and measured 0.6 x 10 cm.

'Hiey v/ere polymerized in glass tubes 16.5 cm long x 0.6 cm internal 

diameter v/hich had been dipped in a 5/ (v/v) solution of dimethyldichloro- 

silane in chloroform. Hiis dipping procedure left a lubricating film
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on the glass which facilitated removal of gels after electrophoresis.

For co-electrophoresis of Il^-labelled and "^-labelled proteins, gels 

were loaded with 1 mg of protein in 0.2-0.4 ml of a solution which 

contained equal masses of both types of labelled protein. A potential 

difference of 90 V (constant voltage) was applied for 4 hr. After 

electrophoresis the gels were sliced with a manual cutter (Llaizel, 1966) 

into fractions 2 mm wide. Fractions were air-dried for 12 hr and then 

counted for radioactivity.

(d). Detection of C^^O^.

Evolution of C^^O^ during a particular experiment was detected by 

conducting the experiment in a 100 ml erlenmeyer flask, sealed with 

"parafilm". A small glass test tube was arranged to hang in the flask.

At the appropriate time 5 ml of 0.5 M Hyamine hydroxide in methanol was 

injected through the parafilm into the tube. After 10 min the Hyaraine 

hydroxide ’was withdrav/n and counted for radioactivity.

(e). Measurement of Radioactivity.

Radioactivity was counted on a Beckman Liquid Scintillation System 

Spectrometer. Four types of radioactive samples were counted on this 

instrument as follows;

i) For aqueous solutions of c”'^-labelled amino acids (stock solutions 

for uptake experiments), 0.1 ml samples were added to 10 ml of a 

scintillation fluid which consisted of; 2 volumes of methoxyethano1 +

3 volumes of toluene which contained 5 g/litre 2, 5-diphenyloxazole (PPO).

ii) Radioactive mycelial pads on filter paper discs (from uptake 

experiments) were placed at the bottom of scintillation vials, mycelium 

upwards, and 10 ml of scintillation fluid which consisted of 5 g PRO 

per litre of Analar toluene was added. Preliminary experiments showed 

that the system did not require quench correction because the external 

standard ratios of individual counts varied very little.
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nyamine hydroxide solutions which contained dissolved were

added to 5 ml of the toluene/PPO scintillation fluid.

iii) Dried slices of SDS-containing polyacrylamide gels were counted as 

described by Tishler and Epstein (1968), with the spectrometer set up 

for double counting (ll̂  + C^^). In this method, gel slices are dissolved 

in hydrogen peroxide at 50° and NOS solubilizer (Nuclear Chicago Corp

oration) is added to facilitate solution of the peroxide in a toluene- 

based scintillation fluid. Samples prepared by this method did not

show any chemiluminescence after 5 min. Counts were corrected for 

quench by the external standard ratio method (Rapkin, 1968), for which 

standard curves were prepared with _n-hexadecane as radioactive standard.

iv) Dried protein precipitates (from amino acid incorporation experiments) 

were ground with a glass rod and quantitatively transferred to scintill

ation fluid. Thixotropic gel powder (Cab-o-sil) was added to a concen

tration of 4/ (w/v) and the mixture was shaken to suspend the precipitate 

in the gel. Quench correction was found to be unnecessary for this 

system. Toluene/PPO scintillation mixture was used.

(f). Autoradiography of Amino Acid Pools of Mycelium.

(i) labelling and Extraction of Amino Acid Pools.

mycelium v/as blended and then labelled with either glycine-C^^(U) 

or L-proline-C^"^(U) as described for uptake experiments (section 3. (a).) 

except that substrates of high specific activity were used to ensure 

strong labelling of the amino acid pool. Amino acids were extracted and 

prepared for paper cliromatography as described above (section 3. (b).).

(ii) Chromatography.

Amino acids were separated by two-way chromatography on S-type 

V/hatraan No. 1. paper. The first solvent was n-butanol ; acetic acid: v/ater 

(60:15:25 v/v/v); the second was phenol :water (5OO g + 200 ml). After 

chromatography, the papei-s were dried for 24 hr at room temperature and
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all traces of phenol thereby removed. Amino acids v/ere developed v/ith 

the alkaline ninhydrin spray of Kay, Harris and Entenman (l956) and were 

identified by comparison with chromatograms of pure amino acid standards.

(iii) Autoradiography.

Ilford "Industrial G" X-ray film v/as exposed to unsprayed chromato

grams for 8 days and developed in Kodak DX-80 developer.

4) Separation of Isoenz^anes.

In this study, buffer-soluble isoenzymes of mushroom mycelium and 

sporophores were separated by disc electrophoresis on polyacrylamide

gels at high pH.

(a). Preparation of Extracts.

(i) lycelium.

Ivycelium grown in liquid culture v/as harvested, v/ashed, freeze-dried 

and ground. The cells (0.2 g) v/ere suspended in 10 ml of 0.001 M sodium 

phosphate (pH 7.1 ), 0.1^ (w/v) cysteine, 0.1^ (w/v) ascorbate and were 

disrupted for 4 rain at 4000 r.p.m. v/ith 30 g of 0.45-0.50 mm diameter 

Ballotini glass beads in a Braun homogenizer (Shandon and Co. Ltd., 

London.). The homogenate was filtered through a No. 1. porosity sintered 

glass filter. Because Maizel (l969) reported that ultracentrifugation of 

crude protein extracts improves their capacity for resolution by disc 

electrophoresis, the filtrate was centrifuged at 65,000g for 2 hr at 2° 

in an M.S.E, Superspeed 50 centrifuge (rotor no. 59595A.). The extract 

was then concentrated as described by Maizel (l969); it was placed in 

dialysis tubing and a small quantity of Carbowax 20M v/as sprinkled on.

An approximately tenfold concentration v/as obtained in 1 hr. After the 

protein content of the concentrate had been determined, sucrose was 

added to a concentration of 17/ (w/v).

(ii) Sporophore.

Considerable difficulty v/as experienced in the preparation of
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sporophore extracts for disc electrophoresis. Mushroom tissue when 

blended in phosphate buffer as described by Constantinides and Bedford 

(1967) yielded an extract vdiich browned rapidly, presumably because 

phenols were oxidised by the phenoloxidase enzymes released upon dis

ruption of the tissue. These brov/n extracts were subjected to electro

phoresis. No esterase, phosphatase or phenoloxidase activity could be 

detected in the gels, yet distinct protein bands developed when the gels 

were stained v/ith napthalene black. This observation indicated that 

apy enzymes present in the extract had become inactivated. A possible 

explanation for this phenomenom is that the quiriones formed by 

phenoloxidase-catalyzed oxidation of phenols were the cause of inactiv

ation (Anderson, 1968). llie phenoloxidase inhibitors thioglycollic acid 

and diethyldithiocarbamate (DIEGA) prevented brov/ning v/hen included in 

the extraction buffer, but they also inhibited detection of phenoloxidase 

enzymes after electrophoresis.

The following technique was found to be suitable for the preparation 

of enzjmiically active mushroom extracts. Freshly picked, wholb sjxjro- 

phores v/ere washed and thinly sliced. About 30 g of slices v/ere ground 

at 2° with 50 g of acid-’/vashed sand and 20 ml of 0.05 M phosphate buffer 

(KNgPO , Na^HBO.) pîl 6.8 which contained ascorbate (0.06 M) and cysteine 

(O.OI M). These high concentrations of ascorbate and cysteine were 

included to delay brov/ning of the extract during centrifugation. The 

homogenate m s  squeezed through foui* layers of cheesecloth and the filtrate 

was clarified by centrifugation at 38,000 g for 25 min at 2°. Acetone at 

-18° was added to the supernatant to a final concentration of 70/ (v/v) 

to precipitate soluble proteins. After 1 hr at -18° the flocculated 

precipitate was centrifuged at 23,000g for 20 min at -12° the super

natant v/as then discarded. In this v/ay enzyme was separated from 

substrate thereby preventing any oxidation reactions (Anderson, 1968).

The protein pellet was v/ashed twice with distilled water at 2° and. v/as
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then dissolved in 1 ml of the extraction buffer. An aliquot of the 

solution v/as removed for protein determination; sucrose was added to the 

remainder to a concentration of 17/ (v//v).

(b). Disc Electrophoresis.

The method of Davis and Ornstein (l964) was used for disc electro

phoresis. Gels contained 7.5/ acrylamide and were 5 cm long, with 1 cm 

of stacking gel, and were buffered at pH 9.5. Electrophoresis was done 

at room temperature. A current of 2.5 mA/gel was used and each gel was 

loaded v/ith 275 pg of protein in 0.05-0.10 ml of solution. After electro

phoresis gels were stained in the following v/ays:

(i) Protein.

Gels were immersed for 30 min in a solution of l/ (w/v) napthalene 

black in 20/ acetic acid. Destaining in 7/ acetic acid removed excess 

dye.

(ii) Esterases.

Esterase isoenzymes were detected by the method of Lawrence e_t al. 

(i960). For the detection of isoenzymes which could cleave butyl esters, 

ct-napthyl butyrate 'was used in place of a-napthyl acetate in the stain

ing mixture.

(iii) Phosphatases.

50 ml of buffer solution v/hich contained 50 mg Diazo Blue S (Sigma) 

and 50 mg of a -napthyl phosphate was used to develop phosphatase iso

enzymes. For alkaline phosphatases the buffer was 0.1 M tris-chloride 

pH 9.2; for acid phosphatases it was 0.1 tris-acetate pH 4.0.

(iv) Succinic Dehydrogenases.

Succinic dehydrogenases v/ere developed by the method of lav/re nee 

et ad.(l960).

(v) Phenoloxidases.

The solutions used to develop phenoloxidases contained the approp

riate substrates at concentrations of 2 x 10"^ M in 60/ ethanol. When
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staining v/as complete, as determined by visual inspection, gels were 

removed from the solution and stored in yfjo ethanol.

(vi) Cytochrome Oxidases.

Cytochrome oxidases were developed with the solution described by 

Lawrence et al.(i960).

5) Assay of Sporophore o-Diphenoloxidase Activity.

(i) Preparation of Extracts.

Sporophore extracts v/ere prepared as for disc electrophoresis 

(section 4. (a).) except that cysteine and ascorbate were omitted from 

the buffer used to dissolve the protein precipitate because they would 

have interfered with the subsequent enzyme assay. Hie extract was dialysed 

against buffer overnight at 2 ° before assay.

(ii) o-Diphenoloxidase Assay.

The o-diphenoloxidase (catecholase ) activity of the extracts was 

assayed by the method of El-Bayoumi and Prieden (l957). In this method, 

ascorbic acid is reduced to dehydroascorbic acid by the o-benzoquinone 

produced by the enzymatic oxidation of catechol by o-diphenoloxidase.

The rate of formation of dehydroascorbic acid is determined spectrophoto- 

metrically and is a measure of the activity of the o-diphenoloxidase 

present. In experiments to determine the specific activity of extracts, 

the protein concentration of the extract wa.s determined after enzyme assay.

6) Statistical Treatment of Results.

Two statistical methods were used in this work:

i) The t-test was used to compare the means of small samples vAich had 

similar variances (checked by the F-test).

ii) Regression lines were fitted to uptake scatter diagrams (constructed 

v/ith data pooled from repeated experiments) and the rates of uptake 

calculated from these lines. Regression coefficients v/ere compared by 

the t-test (Bailey, 1959, p. 99.) but only if the samples had similar
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variances (as checked hy the F-test). Regression parameters were 

calculated on a Diehl Combitron S (v/ith Special Programme) desk-top 

computer.

7) Chemicals.

V/here possible, all chemicals used were Analar or of the hipest 

purity available commercially. Cab-o-sil, Hyamine hydroxide and 2,5-di- 

phenyloxazole v/ere purchased from Packard Instruments Co. and radio

chemicals were purchased from The Radiochemical Centre (Araersham, Bucks.),
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Results

Ptyoelial cultures.

Two virus-diseased cultures, derived from diseased sporochores of 

Darlington 601 strain, v/ere used throughout this investigation. One, 

designated 'moderately diseased', had a radial growth rate on malt agar 

of 1.00 mm/day. The other, designated 'severely diseased', had a radial 

grov/th rate of 0.55 mm/day. Healthy cult'ores grew at 2.2 ram/day.

Diseased cultures were found hy electron microscopy to contain only 

one type of isometric particle.

Growth of rrycelium in submerged culture.

%celium was gro'wn in submerged cultui-e to provide a homogeneous 

cell w pulation suitable for use in physiological studies. Fragnented 

hypliae derived from mechanically blended nycelia v/ere found to provide a 

good inoculum for submerged culture. different media supported growth,

but only if the shaking speed v/as correct. At high shaking speeds, on 

both reciprocating and orbital shakers, grov/th of rpyoelium was sparse. 

Microscopic investigation revealed that under these conditions, liyphae 

grew as short, multiseptate fragments. At low shaking speeds, the hyphae 

coalesced to form an amorphous mass. A loose, filamentous type of growth 

was obtained at optimum speeds (c. 70 strokes/min on a reciprocating 

shaker). Reciprocating shakers were found to be superior to orbital 

shakers, as the latter caused the nycelium to adhere to the walls of the 

incubation vessels.

Table 1 shows the quantitative relationship between shaking speed 

and growth of mycelium, ^%/celium -was grown as described in Materials and 

Methods and was harvested on cheesecloth after 5 days' incubation.

Harvested cells were thorouglily v/ashed \vith distilled v/ater and were dried 

by lyophilization.
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Table 1

Effect of shaking speed on the growth in submerged culture of healthy 

and virus-diseased mycelium of Agaricus bisporus.

Shaking speed 
(strokes/rain)

Growth of mycelium 
(mg diy wt./flask, after 5 days)

Healthy Severely diseased

70 230 82

100 232 30

130 183 41 .

190 70 37

Flasks were inoculated with 40 mg dry v/t. of mycelium.

Each value represents the mean of three observations.

A simple artificial medium was used in this study; yeast extract was 

included to provide necessary grov/th factors.

Examination by phase-contrast microscopy showed that, even under 

optimum conditions, mycelium grov/n by the technique devised here was not 

completely homogeneous. Some dead hyphae, devoid of cytoplasmic content, 

v/ere seen in most samples examined. Blending seemed to be the cause of 

cell death, since dead hyphae v/ere commonly observed to have cut ends.

Growth curves of healthy and diseased cultures, based on dry weights, 

are shov/n in Figs. 2, 3 and 4. Flasks were incubated with blended mycelium 

derived from seed flasks. Healthy and diseased cells had similar lag 

periods but the latter had longer periods of rapid gro-.vth. Growth rates 

of the various cultures are compared in Fig. 5.

Keat-treatment of diseased mycelium.

Gandy (i960 b) has indicated that cultures of mushroom mycelium can 

be freed of virus by heat-treatraent, Experiments v/ere done to test the 

response of the (Darlington 601) cultures used here (Fig. 6.). The radial
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grov/th rate of severely diseased mycelium on malt agar could be restored 

to that of healthy mycelium by thirty days' treatment at 33°C, if 

hyphae for subculturing were selected from the edge of the colony 

(Fig. 6. (a) ). It could be argued that the observed increase in grov/th 

rate resulted not from the elimination of virus, but from the selection 

of less-diseased hyphae v/hich had been encouraged by the elevated temp

eratures to grow av/ay from the rest of the colony. However, similar 

results were obtained when liyphae for subculturing were selected from the 

interior of the colony (Fig. 6. (b) ). V/herever sectoring was observed, 

subcultures were alv/ays made from the slowest-growing sectors, thus 

ensuring against selection of healthy hyphae. Heat-treated cultures 

were morphologically indistinguishable from healthy cultures and did not 

cause disease vdien inoculated into trays of compost sov/n with healthy 

spav/n.

The evidence from these experiments suggests that heat-treatrnent 

eliminated virus from the cultures used here. These heat-treated cultures 

were used in later experiments and their physiology compared with the 

diseased and normal healthy cultures.

Amino acid uptake experiments.

a) Design of uptake experiments.

A lightly blended mycelium derived from submerged, cultures was used 

for uptake experiments. Such material could readily be pipetted and the 

blending also randomized any heterogeneity present in the original mycelium. 

Blending severely damaged the hyphae however, and this v/as reflected in 

its effect on glycine uptake by mycelium, as sho’wn in Fig. 7. (a). The 

ability of cells to accumulate glycine was fully recovered after the cells 

had been incubated for 18 hours in liquid medium, as Fig. 7. (b) shows; 

if longer periods of lecoveiy v/ere allowed, the hyphal fragments began 

once more to grow together. Blending times of 3 seconds and recovery 

periods of 18 hour's were used for all subsequent uptake experiments.
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Uptake of glycine was chosen as the principal study, initially 

because glycine ’was the nitrogen source in the liquid medium used. Auto

radiography of alcohol extracts from cells incubated with glycine-G^"^ in 

buffer revealed only one spot and this corresponded in position to a 

gl\’’cine standard. Hius under the experimental conditions used, cells 

apparently did not convert glycine to other soluble ^-compounds. This 

observation is difficult to reconcile with the suitability of glycine as 

a nitrogen source for mycelial growth; possibly the cells could not 

metabolize glycine without a supply of carbohydrate.

It was expected that the glycine pools of mycelium grown in a glycine- 

containing medium would be saturated. To ensure maximal late of uptake, 

mycelium ’was therefore always blended and allowed to recover in liquid 

medium without glycine. Quantitative paper chromatography confirmed that 

this procedure depleted the internal glycine pool: in mycelium allowed to 

recover in normal liquid medium the pool size was c. 6.0 pg/mg dry ’wei^t; 

v/hen allowed to recover in medium minus glycine it va.8 c. 1.3 pg/mg dry 

v/eight.

Before glycine uptake by healthy and diseased mycelium could be 

compared, properties of the glycine uptake system of healthy cells were 

first investigated to establish optimum conditions for uptake experiments. 

The results of such studies are described below.

b) Effect of pH.

The relationship between glycine uptake and pH of the external medium 

is shov/n in Fig. 8. Ivlaxiraumi uptake occured in the pH range 3.3 - 7.3. 

Phosphate buffer at pH 6.8 v/as therefore used in all subsequent uptake 

experiments.

c) Exchange of accumulated glycine.

The possible exchange between accumulated glycine-C^^ and glycine-c'^ 

in the external medium was investigated. Results arc shown in Fig. 9. 

Accumulated glycine did not exciiange v/ith glycine in the external medium.
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Exactly similar results were obtained with diseased mycelium.

d) Non-leakage of accumulated glycine.

This experiment was done as for (c) above except that hyphae were

transferred to a O.OIM phosphate buffer solution after 1 hr instead of 
12a C -g?ycine solution. Under these circumstances, neither healthy nor

14diseased cells leaked accumulated C -glycine.

e) Effect of metabolic poisons.

Accumulation of glycine v/as severely reduced in the presence of

2, 4-dinitrophenol at a concentration of 10”Sl but this poison did not

induce glycine leakage (Fig. 10.). Sodium azide at a concentration of

10""% had an exactIĵ  similar effect.

f ) Time course of uptake and incorporation of glycine.

The time course of glycine uptake by healthy mycélium is shown in

Fig. 11. Uptake v/as linear for at least 120 minutes, indicating that rates

of uptake could be measured under the conditions used for this experiment.

Killed mycelium in control flasks did not accumulate glycine. Uptalve of

glycine by diseased mycelium was also linear (Fig. 12.) but much slower

than that of healthy cells.

Incorporation of glycine into the trichloroacetic acid (TOA)-insoluble

portion (macromolecules) of healthy cells was linear within experimental

error (Fig. 11.) and in diseased cells incorporation became linear after

20 minutes (Fig. 12.).

g) Effect of external glucose.

Rates of glycine uptake were measured, under the same experimental
_2

conditions described for Fig 11., with and without 10 M glucose in the 

external medium. Glucose greatly inhibited glycine uptake (Table 2.).
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Table 2

Effect of glucose on rate of glycine uptake by healthy n\>"celium of 

Agaricus bisporus.

Rate of glycine uptake 
(Expressed as \x moles/g dry wt./hr)

Control 

+ Glucose*

18.6

6.6

* Glucose concentration : 10*" M.

Values v/ere obtained from slopes of regression lines (see Appendix). 

Difference significant at 5^ level.

h) Concentration of external glycine.

The effect of glycine concentration on rate of glycine uptake was

studied. Results are shown in Pig. 13. Various glycine concentrations
-4between 1.2 and 9.0 x 10 M were used. There v/as a non-linear relationship 

between rate of uptake and concentration; the system appeared to be 

saturated at glycine concentrations above 5 x 10”\î.

i) Effect of mycelial age.

Age of m/Gelium had a pronounced effect on glycine uptake by healthy 

and diseased cultures, as shown in Pig. 14. The optimum ages for healthy 

and diseased cultures were different.

j) Glycine uptake by healthy and virus-diseased mycelium.

Rates of uptake of glycine by the various mycelial cultures v/ere 

compared: the results are in Table 3* Experimental conditions were 

derived from the above experiments and are fully described in Materials 

and Methods. 7ill cells used were 5-days old.
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Table 3

Rates of uptake of glycine by healtly and virus-diseased mycelium of 

Agaricus bisporus.

I-îycelial culture Rate of amino acid uptake 
(Expressed as \x moles/g dry wt./hr)

Healthy 17.4 a

Heat-treated 17.4 b

Moderately diseased 9.0 c

Severely diseased 4.2 d

Values were obtained from slopes of regression lines (see Appendix).

Differences between a and c, c and d, were significant at the 5^ level.

No significant difference between a and b (P>0.l).

k ) Effect of other amino acids on glycine uptake.

The specificity of the glycine uptake system ’was investigated. Glycine 

uptake experiments were done as described in (j) above but various unlabelled 

amino acids were added to the incubation mixture, at concentrations of 

10 (Table 4). All amino acids tested, except proline, reduced glycine 

uptake indicating that they could compete with glycine for the same uptake 

system. lack of competition by proline suggests that a different system 

is involved in proline transport. In view of this, it was decided to 

investigate proline uptake to see if virus infection affected amino acid 

transport systems other than those concerned with glycine.

1) Proline uotake by healthy and virus-diseased mycelium.

Proline uptake is also reduced in diseased rrycelium, as shown by 

Table 5.; the results are similar to those for glycine uptake. Autoradio- 

grapliy showed that no C** ̂ -metabolite other than proline could be detected 

in extracts of heaJthy rayceli.um after incubation with proline-G^^.
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Table 4

Effects of other amino acids on the uptake of glycine by healtliy mycelium 

of Agaricus bisporus. (Glycine uptake expressed as percentage of control),

Amino acid Glycine uptake

L-Proline 99.0

L-Leucine 74.5

L-Alanine 80.0

L-Valine 52.0

L-Iysine 62.0

L-IIistidine 45.0

L-Phenylalanine 74.5

Each value represents the mean of three observations.

Table 3

Rates of uptalce of Irproline by healthy and virus-diseased mycelium of 

Agaricus bisporus.

l(ycelial culture Rate of amino acid uptake 
(Expressed as \i moles/g dry wt./hr)

Healthy 12.6 a

Heat-treated 12.0 b

Moderately diseased 5.5 c

Severely diseased 2.0 d

Values were obtained from slopes of regression lines (see Appendix). 

Differences between a and c, c and d, were significant at the 5/ level, 

No significant difference between a and b (P>0.1.)
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m) Evolution of

No evolution of could be detected during any uptake experiments.

Control flasks contained killed mycelium and did not evolve labelled 

carbon dioxide.

n) Viability of blended mycelium.

The ability of blending to damage myceliun has already been noted; 

freshly blended hyphae lost the ability to accumulate glycine (Fig. 7 (a) ) 

and a small proportion of dead cells v/as. observed in mycelium grov/n in 

submerged culture from an inoculum of fragmented hyphae. It is possible 

that diseased hyphae could more easily be killed by blending than healthy. 

Differences in the proportions of viable cells between blended preparations 

of healtly and diseased mycelia could lead to apparent differences in 

rates of amino acid accumulation if, as in this study, rates of uptake are 

based on rrycelial dry weights.

The viability of unicellular microbes may readily be assessed by 

accurate 5 objective techniques. Unfortunately such techniques cannot be 

applied to fragnented hyphae of fungi. An attempt was made however to 

investigate the viability of blended mushroom nycelium. Samples of 

blended hyphae were teased out in lactophenol and were examined by phase 

contrast microscopy. Under phase contrast, hyphae devoid of cytoplasm 

appeared red whilst normal hyphae appeared green. Blended preparations 

which had been allowed fully to recover (18 hr) contained only a small 

fraction indeed of dead hyphae; in many samples none could be found. 

Infected and noninfected cultures were similar; certainly there were no 

differences apparent at the microscopic level to parallel the magnitude 

of the (approximately fourfold) reduction in amino acid uptake observed 

in severely diseased mycelium.

o) Constitutive nature of amino acid uptake systems.

-To-, test whether the glycine and L-proline uptake systems v/ere induced
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by nitrogen starvation during the 18 hour recovery period in medium minus 

glycine, blended healthy mycelium was instead allowed to recover in medium 

which contained 0.01M ammonium sulphate in place of glycine. Rates of 

uptake of glycine and L-proline by m5''celiura so prepared were similar to 

those observed in iryceliura prepared in the normal way. Tliis suggests that 

the glycine and proline uptake systems of healthy nycelium are constitutive 

and are not induced by nitrogen starvation.

Experiments on amino acid incorporation into protein.

Protein synthesis by nycelium v/as estimated from the rate of incorp

oration of external, c"'^-labelled amino acids into protein. Intact 

mycelium was used in these studies and problems arising from the use of 

blended cells thereby avoided. Before this technique could be applied, 

it had to be ensured that i) the incorporation of amino acids into protein 

v/as linear during the time of the experiment ii) the amino acid pools of

healthy and diseased cells were of similar size.

Linearity of amino acid incorporation into the TCA-insoluble fraction 

of cells has been demonstrated (Pigs. 11 and 12.). Amino acid pools of 

healtly and diseased nycelium grown in submerged culture were measured by 

quantitative paper chromatography and v/ere found to be similar. The 

results are given in Table 6. Glycine pools were rmuch larger than proline 

pools, probably because cells were grown in a medium v/hich contained 

glycine.

The results of the experiments on smino acid incorporation are 

shown in Table 7. As in uptake experiments, cells v/ere incubated in 

liquid medium minus glycine for 18 hours before an incorporation 

experiment, to deplete their glycine pools. In control experiments, 

nycelium v/hich had been killed by brief (5 sec) immersion in boiling 

water v/as used. No activity cculd be detected in protein of control 

mycelia. Oldham (1971 ) has indicated that results from the radiometric 

determination of protein synthesis may be misleading when loss than 1^ of
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the total added activity is incorporated, because of spurious incorporation 

of radiation decomposition products of the precursor. However, in none of 

the experiments reported here was less then 1.4^ of the added activity 

incorporated (Table ?).

Table 6

Glycine and proline pools of healthy and virus-diseased rrycelium of 

Agaricus bisporus.

Mycelial culture Amino acid pool 
(Exressed as pg/mg dry wt.)

Glycine Idroline

Healtly 6.5 a 1.0 d

Moderately diseased 6.0 b 1.0 e

Severely diseased 5.8 c 1.8 f

%celium was harvested in phase of rapid gro'wth.

Each value represents the mean of four observations; no significant 

differences between a and b, a and c, d and e, d and f. (P>0.l).
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Table 7

Incorporation of glycine and proline into protein of healthy and virus- 

diseased nycelium of Agaricus bisporus.

Mycelial culture

Healthy 

Heat-treated 

Moderately diseased 

Severely diseased

Rate of amino acid incorporation. 
(Expressed as p moles/g protein/hr)

Glycine

(5.7) 10.2 a (4.3) 6.1 e

(5.2) 10.7 b (4.9) 6.5 f

(2.3) 4.7 c (2.2) 3.4 g

(1.8) 2.5 d (1.4) 1.7 h

Proline

I'^celium was liarvcsted in phase of rapid growth.

Differences between a and c, c and d, e and g, g and h were significant 

at the 5/ level; each value represents the mean of four observations.

No significant differences between a and b, e and f. (?>0.l).

Figures in brackets represent the mean percentage of the total activity 

(of labelled precursor) incorporated.

Because incorporation experiments were done over a long (2 hr) period,

the results show n in Table 7 could be intrepreted as an indication of

greater protein turnover in diseased cells. This interpretation was

tested. Blended rrycelium was labelled with glycine-G^^(U) under the same .

conditions used for incorporation experiments. After three hours, the

labelled lyphae were centrifuged down at 3,000 r.p.m. for 10 rain, and

washed with distilled water. The washing procedure was repeated and the

mycelium was lesuspended in 20 ml "of lOmM phosphate buffer pH 6.6 which 
12contained 0.01M C -glycine. Hie suspension was then incubated at 30°C 

in a shaking water bath at 70 strokes/rain. At 30 rain intervals, 2 ml 

samples were removed, extracted v/ith trichloroacetic acid, v/ashed, 

weighed and counted, as described in Materials and Methods. The results 

are shown in Table 8. and indicate that there v/as no detectable 

protein turnover in either healthy or diseased
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Table 8

Protein turnover in healthy and virus-diseased mycelium of Agaricus bisporus,

Time after transfer 
to buffer (min).

Activity of acid-insoluble 
fraction of mycelium.*

Healthy Severely diseased

0 2405 1319

30 2512 1425

60 2409 1289

90 2389 1302

120 2397 1268

* Values are expressed as counts/m.in/rag. dry wt. of mycelium.

The effect of glycine uptake rate on incorporation of glycine v/as 

investigated in healthy mycelium. Various lov/ concentrations of glycine 

(between 0.8 and 4.0 x 10 ^M) were used in the incubation mixture. Rates of 

g'iycine uptake at these concentrations were calculated from Pig. 13. 'The 

results are shov/n in Table 9.

Table 9

Effect of external glycine concentration on glycine incorporation into 

protein of healtĥ '- Agaricus bisporus mycelium.

External glycine 
concentration 

(x lO-'̂ M)
Rate of glycine uptake* 
(u moles/g dry wt./hr)

Rate of glycine 
incorporation 

(p moles/g protein/hr)
4.0 15.0 9.8 a

2.5 12.0 10.0 b

1.5 9.5 8.8 c

0.8 5.0 9.0 d

* Estimated from Fig. 13.

Each value represents the mean of four observations.

No significant differences between a and b, b and c, c and d. (P>0.1)
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Eloctrophoresis of mycelial proteins.

Qualitative aspects of protein metabolism in virus-diseased mycelium 

were investigated by electrophoresis of radioisotope-labelled proteins on 

polyacrylamide gels. Hiis technique allowed proteins from two different 

cultures to be accurately compared because the samples could be labelled 

with different isotopes and run on the same gel under indentical conditions. 

Proteins were dissolved in the anionic detergent sodium dodecyl sulphate 

(SDS) because of its great solvent power (Maizel, 1969). Preliminary 

experiments showed that proteins were more easily detected by the stain 

Coomassie Blue then by isotopic labelling, as Ward et al. (l970) also 

found ; but comparison of stained bands from different samples was 

difficult and unreliable.

Figure 15. shows the results obtained with the SBS-electrophoresis 

technique. Patterns of tritium-labelled proteins from healtliy cells are 

very similar in all three electropherograms, indicating that the slicing 

technique yields reproducible results. Pi'oteins from heat-treated cultures 

are similar to those from normal healtĥ /- cultures. It also appears that 

moderately diseased cells yield patterns imtermediate between those of 

healtly and severely diseased cells.

Electrophoresis of mycelial isoenzymes.

Isoenzymes of nycelium were separated by disc electrophoresis and the 

patterns obtained are shown in Fig. 16. Bands developed when gels were 

immersed in solutions designed to detect succinic dehydrogenases but 

similar results were obtained v/hen succinate was omitted, indicating that 

such bands were an example of "nothing” dehydrogenases (Shannon, 1968). 

Neither alkaline phosphatases nor phenoloxidases could be detected.

Isoenzyme patterns of moderately and severely diseased cultures were very 

similar. Patterns from healthy and severely diseased cultures wore 

highly reproducible but those from moderately diseased cultures were less 

so. Consequently, only the severely diseased patterns have been illustrated
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here.

Electrophoresis of sporophore isoenzymes.

Sporophore isoenzymes -were investigated to see a) if virus disease 

affected protein metabolism of sporophores as well as that of mycelium; 

b) if any differences found in diseased tissue could be used in a 

diagnostic technique.

The reproducibility of isoenzyme patterns from the commercial strains 

White Queen 101 and Darlington 601 was rigorously tested. Sporophores 

from four successive flushes and in all stages of development (button, 

cup and flat) were studied. Isoenzyme patterns of acid phosphatases, 

esterases and phenoloxidases were found to be very reproducible, especially 

the latter. Complex patterns were obtained when phenoloxidases were 

developed with the substrate DL-dilydroxypherylalanine (DL-dopa), as 

shom in Fig. 17. Caffeic acid and chlorogenic acid, both o-dihydroxy- 

phenols, gave similar results to DL-dopa, but the bands developed were of 

different colours, caffeic acid giving bro.vn bands and chlorogenic acid 

giving green bands. Phenoloxidase patterns v/ere apparently strain- 

specific (Fig. 17.). It is interesting to note that the closely related 

strains, V/hite Queen 101 and 102, had rather similar patterns. Attempts 

to stain gels for dehydrogenases were unsuccessful; only "nothing" 

dehydrogenases were obtained.

Diseased mushrooms of three commercial strains were examined. 

Altogether, twelve samples of Darlington 601 strain and four of each of 

the strains Sony cel 59 and White Queen 101 were tested. Sporophores 

showing a variety of symptoms were selected at random from diseased beds.

In view of the report by last al_. (l967) that sporophores taken at 

different distances from the point of inoculation vary in virus content, 

it seems probable that the sporophores examined here had widely varying 

contents of virus. But the phenoloxidase and esterase patterns of
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diseased sporophores, which were found to be markedly different to those 

of healthy sporophores, were highly reproducible (Fig's. 18., 19., and 20.).

A new, heavily staining band of low electrophoretic mobility was 

present in phenoloxidase patterns from diseased Somycel 59 and Darlington 601 

sporophores; this band reacted with o-dihydroxyphenols but not with 

monohydroxyphenols, suggesting that it only possessed o-diphenoloxidase 

('catecholase') activity. In V/hite Queen 101, a similar band was present 

in the healthy patterns but in diseased patterns it was denser and there 

were also changes in minor bands (Fig. 20.). Esterase patterns were more 

profoundly altered than phenoloxidase patterns but werC' generally less 

reproducible. Acid phosphatase patterns, as in diseased vegetative 

mycelium, were unchanged.

It is difficult to understand why isoenzyme patterns of diseased 

vegetative mycelium and diseased sporophores were so reproducible, and 

unlike the total protein patterns, did not vary with the severity of 

disease symptoms. Possibly, isoenzyme changes in the mushroom represent 

an "all-or-nothing" response to virus infection. Alternatively, it could 

be that co-electrophoresis of isotopically-labelled protein samples, 

used in the SD3-electrophoresis, allowed the detection of smaller differences 

than was possible by visual comparison of stained gels, as used in disc 

electrophoresis.

Sporophore o-diphenoloxidase activity.

Catecholase activities of extracts from healthy and diseased 

Darlington 601 sporophores v/ere examined to seek possible differences 

accompanying the qualitative changes reported above. Hie results are 

shown in Table 10. Increased catecholase activity was found in extracts 

of sporophores showing three distinct types of symptom; in (l) the 

sporophores had thin stipes and small caps, in (2) the sporophores were 

dwarfed and had thickened, barrel-shaped stipes and in (3) they were brown 

and leathery.
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Table 10

Specific activities of o-diphenoloxidase in extracts from healtly and 

virus-diseased sporophores of Agaricus bisporus.

Sporophore type Specific activity* of o-diphenoloxidase

Healthy 2.0 a

/ O ) 3.7 b

Diseased ̂ — (2) 3.8 c

13) 4.0 d

* Specific activity expressed as a O.D, 265 nm/min/mg protein 

(El-Bayoumi and Erieden, 1957).

Each value represents the mean of five observations; differences between 

a and b, a and c, a and d are significant at the 5/ level.
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FIG. 1.

Standard curve for estimation of protein dissolved in alkali 

A solution of albumin from bovine serum dissolved in N sodium 

hydroxide v/as used as standard, 1 ml aliquots were assayed as described 

in the text.
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FIG. 2.

Grov/th curve of health,v n\ycelium in submerged culture 

50 ml amounts of liquid medium in 250 ml erlenraeyer flasks were 

inoculated v/ith 10 ml of medium which contained 16 rag dry v/t. of 

blended mycelium in suspension. Flasks were incubated at 25° on a 

reciprocating shaker at 70 strokes/min.

Vertical lines represent the 95^ confidence limits of the mean, 

n = 6.
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FIG. 3.

Grov»rth ciirve of moderately diseased irycelium in submerged culture 

50 ml amounts of liquid medium in 250 ml erlenmeyer flasks were 

inoculated with 10 ml of medium %tiich contained 40 mg dry wt. of 

blended mycelium in suspension. Flasks were inculated at 25° on a 

reciprocating shaker at 70 strokes/min.

Vertical lines represent the 95^ confidence limits of the mean, 

n = 5»
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FIG. 4.

Growth curve of severely diseased mycelium in submerged culture

50 ml amounts of liquid medium in 250 ml erlenmeyer flasks were 

inoculated with 10 ml of medium v/hich contained 40 mg dry wt. of 

blended mycelium in suspension. Flasks were incubated at 25° on a 

reciprocating shaker at 70 strokes/min.

Vertical lines represent the 95^ confidence limits of the mean, 

n = 5.
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FIG. 5.
Comparison of growth of health;>" and virus-diseased qyceliiun in submerged

culture

50 ml amounts of liquid medium in 250 ml erlenmeyer flasks were 

inoculated with 10 ml of medium which contained 50 mg diy wt. of 

blended nycelium in suspension. Flasks were incubated at 25° on a 

reciprocating shaker at 70 strokes/min.

Only phase of rapid growth plotted. Vertical lines represent 95/ 

confidence limits of the mean, 

n = 5.

----- n-----  Healthy mycelium

----- □-----  Moderately diseased rnycelium

^ -----  Severely diseased mycelium
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Fig. 6.

Effect of heat-treatment on growth rate of severely diseased m;y'celiuin

on malt egar.

%celium was grown on malt agar in petri dishes incubated at the 

appropriate temperatures. At ten-day intervals, subcultures were made 

onto malt agar slopes maintained at 22°C, and also onto fresh malt agar 

in petri dishes. Diameters of test colonies on the slopes were 

measured after 18 days.

Hyphae for subculturing were cut from the colonies with a cutting 

microscope objective which cut an area equivalent to the field of a 

normal lOx objective. The area to be cut was first located with a 

lOx objective. Ihe objective was then replaced by the (flame-sterilised) 

duircy objective, and the area cut by racking down the microscope.

Vertical lines represent the 95/ confidence limits of the mean: 

in each case n = 15.

 V----- Healthy nycelium grov/n at 22°C (Control)

------O------ Severely diseased iTycelium grovm at 22°G (Control)

,, ,,

A : I'̂ celiujn for subculturing was randomly cut from the edge of the

colony (hyphal tips).

B : %celium for subculturing v/as randomly cut from points halfway

across the colony radius.
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FIG, 7.

Effect of blending and length of recovery period on glycine uptake by 

healthy and severely diseased mycelium

a) Effect of blending

%cellam (l g wet wt, ) v/as blended in 50 ml of 10 mil pH 4.8.

10 ml aliquots were v/ithdrawn after each 2 sec period of blending, placed

in 50ml flasks and glycine-o”'^(u) solution (2pCi/ml) was added. Final
—3 12glycine concentration was adjusted to 10 M with 0 -glycine; specific 

activity was o. 2 x 10^ counts/min/p mole. After incubation for 1 hr 

at 30° on a reciprocating shaker at 170 strokes/min, 3 ml samples were 

withdrawn, filtered and counted for radioactivity.

Each point plotted represents the mean of three values.

----- a-----  Healthy nyceliura

----- @-----  Severely diseased iryceliimi

b) Effect of length of recoveiT/" period

%celium (l,2 g wet wt.) was aseptically blended in 70 ml of medium 

minus glycine for 4 sec. The suspension v/as incubated at 30° on a 

reciprocating shaker at 70 strokes/min, 10 ml aliquots, v/ithdrawn after 

various periods of recovery, were centrifuged and the cells washed and 

then resuspended in 10 ml of 10 mJI KH^PO^ pH 4.8. Cells were assayed 

for glycine uptake as described in (a) above.

E^ch point plotted represents the mean of three values,

 A   Healthy rrycelium

 O  Severely diseased mycelium
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FIG. 8.

Effect of pH on glycine uptake by healthy mycelium 

Seven 100 ml erlenmeyer flasks each contained hlended mycelium 

(150 mg wet wt.), from six-day old cultures, suspended in 8ml of 0.1M 

MeIIvaine's (citrate-phosphate) buffer. Glycine-C^^(u) solution (2pCi/ml) 

was added and the final glycine concentration adjusted to 10”  ̂M with 

c"*^-glycine; final specific activity was c. 2 x 10^ counts/min/p mole. 

Cells were incubated at 30° on a reciprocating shaker at 170 strokes/min. 

After 2 hr, three 2 ml samples were withdrâ Afn from each flask and counted 

for radioactivity.

Each point plotted represents the mean of three values.

FIG. 9.

Lack of exchange of accumulated glycine v/ith glycine in the external medium

Blended healthy nycelium, from six-day old cultures, was suspended in

20 ml of 10 mM phosphate buffer pH 6.8. Cell density was 5 mg dry wt./ml.

Glycine-C^^(U) solution (2pCi/ral) v/as added and the final glycine
—3 12concentration adjusted to 10 M with C -glycine; final specific activity

was c. 2 X 10^ counts/min/p mole. Cells were incubated at 30° on a

reciprocating shaker at 170 strokes/min. At 20 min intervals, three 1 ml

sajTiples were v/ithdrav/n, filtered and counted for radioactivity. After

1 hr, cells were resuspended in 20 ml buffer which contained 10~^ M 
1 2C -glycine.

Each point plotted represents the mean of three values.
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FIG. 10.
Effect of 2,4-dinitrophsnol on glycine uptake by healthy mycélium

Blended mycelium, from five-day old cultures, was suspended in 30 ml

of 10 mM phosphate buffer pH 5.8. Cell density was 5 mg dry vrb./ml.

Glycine-C^^(U) solution (2pCi/ml) was added and the final glycine
—3 12concentration adjusted to 10 M with C -glycine; specific activity was 

c. 2 I 10^ counts/min/p mole. Cells were incubated at 30° on a 

reciprocating shaker at 170 strokes/min. At 20 min intervals, three 1 ml 

samples were withdra^wn, filtered and counted for radioactivity. After 

1 hr, the incubation mixture was divided equally. To one portion 

2,4-dinitrophenol was added to a final concentration of 10  ̂M; the other 

portion served as a control.

Each point plotted represents the mean of three values.



PIG. 10.

%
>
•DO)
W
g 30-
=L

Control

0»
TO

Q)CÜ
6 20

2.4-D N P added

10-

100 120

T im e (min)



FIG. 11.

Uptake and incorporation of glycine by healthy mycelium

Blended n^ycelium, from six-day old cultures, was suspended in 40 ml

of 10 mM phosphate buffer pH 6.8. Cell density was 5 mg dry wt/ml.

Glycine-C^ "̂ (U) solution (2pCi/ml) was added and the final glycine
—3 12concentration v/as adjusted to 10 M with C -glycine; specific activity 

was c. 2 X 10^ counts/min/p mole. Cells were incubated at ^0° on a 

reciprocating shaker at 170 strokes/min. At 20 rain intervals, six 1 ml 

samples were withdravm. Three v/ere filtered and counted for radioactivity 

and tliree v/ere pipetted into 10 ml of 5^ (w/v) trichloroacetic acid 

solution, and then filtered and counted for radioactivity as described 

in the text.

Each point plotted represents the mean of three values.

------B----- WTiole cells

______@_____ Trichloroacetic acid-treated cells

____  V _____  Control : whole cells

In control experiments dead mycelium (killed by a 5 sec immersion in 

boiling water) was used.
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PIG. 12.

Uptake and incorporation of glycine by severely diseased mycelium 

Blended mycelium, from six-day old cultures, was suspended in 40 ml 

of 10 mM phosphate Buffer pH 6.8. Cell density was 5 mg dry ’Art./ml. 

Glycine-C^'^(U) solution (2pCi/ml) was added and the final glycine 

concentration v/as adjusted to 10  ̂M with ^-glycine; specific activity 

%’as c. 6.5 % 10^ counts/min/p mole. Cells were incubated at 50° on a 

reciprocating shaker at 170 strokes/min. At 20 min intervals, six 1 ml 

samples were withdrawn. Three were filtered and counted for radio

activity and three v/ere pipetted into 10 ml of 3% (w/v) trichloroacetic 

acid solution and then filtered and counted for radioactivity as 

described in the text.

Each point plotted represents the mean of three values.
----- □-----  V/hole cells

_____ O_____  Trichloroacetic acid-treated

 9 Control: whole cells

In control experiments dead in/celiiLm (killed by a 5 sec immersion in 

boiling water) was used.
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FIG. 1 3 -

Effect of. initial p-l.ycine concentration on rate of glycine uptake by

healthy mycelm^i

Blended mycelium, from five-day old cultures, was suspended in 20 ml

of 10 ÏÏÙI phosphate buffer pH 6.8. Cell density was 5 mg dry wt./ml.

Glycine-C^^(U) solution (2pCi/ml) was added and the final glycine
12concentration adjusted as required "vyith C -glycine; specific activity 

v/as c. 2 x 1 0 ^  counts/min/p mole. Cells were incubated at 30° on a 

reciprocating shaker at 170 strokes/min. At 15 min intervals, four 

1 ml samples were withdiav/n, filtered and counted for radioactivity.
Rates of uptake were calculated from regression lines fitted to 

uptake scatter diagrams.
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FIG. 14.

Effect of age of mycelium on uptake of glycine 

Blended rnycelium, from cultures harvested at the appropriate age, was 

suspended in 25 ml of 10 mil phosphate buffer pH 6.8. Cell density was 

3 mg dry wd./ml. Glycine-c"*^(U) solution (2pCi/ml) was added and the 

final glycine concentration adjusted to 10  ̂M v/ith ^-glycine; specific 

activity was c. 2 x 10^ counts/min/p mole. Cells were incubated at 30° 

on a reciprocating shaker at 170 strokes/min. At 20 min intervals, tliree 

2 ml samples were withdrawn, filtered and counted for radioactivity.

Rates of uptake were calculated from regression lines fitted to 

uptake scatter diagrams constructed from data pooled from two 

experiments.

------a-----  Healthy nycelium

_____ □----- Moderately diseased mycelium
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FIG. 15.
3ElectroDhero^ams of mycelial proteins labelled v/ith ^lycine-H and

glycine-c'*̂
Six-day old mycelium, grown in submerged culture, v/as labelled with 

either glycine-2-G^^ or glycine-2-H^ and the proteins were extracted, 

electrophoresed and then analyzed by the slicing technique, as described 

in Ï,Materials and Methods.
14—  --------- C -labelled proteins
3H -labelled proteins

Heat treated mycelium (derived from severely diseased mycelium): 

C^^-labelled

Normal healthy mycelium : H^-labelled

14Severely diseased mycelium : C -labelled

Normal healthy mycelium : H^-labelled

Moderately diseased mycelium : 0̂  "^-labelled

3Nonna1 healthy mycelium ; H -labelled
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FIG. 16.

Esterase isoenzymes 

Ay Healthy

Ayj Heat-treated

Mycelium isoenzyme patterns

substrate a-napthyl acetate

M  II II

A d

1 h

A h t

Severely diseased 

Healthy 

Heat-treated 

Severely diseased 

Cytochrome oxidase isoenzymes 

£y Healthy

2  yy Heat-treated

substrate a-napthyl butyrate

Ç.D Severely" diseased 

Acid phosphatase isoena,ymes

Healthy

Heat-treated

substrate a-napthyl phosphate (pH 4.0)

D ̂  Severely diseased ;
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FIG. 17.

Sporophore isoenzyme patterns (l): Various strains 

Phenoloxidase isoenzymes

A Healthy V/hite Queen 101 strain : substrate DL-dihydro.xyphenyla]anine 

B " V/hite Queen 102 " : " "

” Sony cel 59 ” : " "

D " Darlington 601 " : ” “

Healthy YJhite Queen 101 strain : substrate L-tyrosine (Black bands) 

A^ ” " " " " : substrate phenol (Bro'wi bands)

A.. " " ” *' *' : substrate p-cresol (Red bands)
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Sporophore isoenzyme patterns (2): Darlington 601 strain 

Phenoloxidase isoenzymes

A Healthy ; substrate DL-dihydroxyphepylalanine

1

B

B a

1 b

h

"3
Acid

Diseased

" L-tyrosine

” phenol

” p-cresol

substrate DL-dihydroxyphenylalanine

L-tyrosine

phenol

p-cresol

phosphatase isoenzymes

£  Healthy : substrate a-napthyl phosphate (pH 4.0)

D Diseased: " " " "
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FIG. 19.

Sporophore isoenzyme patterns (5): Darlington 601 strain

Esterase isoenzymes

S a

Healthy

Diseased

Healthy

Diseased

substrate a-napthyl acetate

substrate a -napthyl butyrate

and B^ are patterns selected to illustrate the kind of 

variation observed in minor bands of esterase patterns of diseased 

tissues.

D a is the counterpart of B^, and Dg that of Bg.
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FIG. 20.

Sphorophore isoenzyme patterns (4); Sonycel 59 and V/hite Queen 101 strains 

Fheno 1 oxidase isoenxyines

So;r\7cel 59

A Healthy : substrate DL-di hydroxy phenylalanine

B Diseased : II II

” : II L-tyrosine

\7hite Queen 101

F Healtly ; substrate DL-dih,ydroxyphenylalanine

G Diseased : II II

°i
II . It L-tyrosine

Esterase isoenzymes

Sonycel 59

C Healthy : substrate a-napthyl acetate

D Diseased : 

V/hite Queen

II

101

It II

H Healthy : substrate a-napth^yl acetate

I Diseased ; II II II

Acid nhosphatase isoenzymes

Sonycel 59

E Healthy and. diseased ;: substrate a-napthyl phosphate

V/hite Queen 101

J Healtly and diseased :: substrate a-naptlyl phosphate
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Discussion

Hie study of the physiology and biochemistry of Basidiomycetes grown 

in submerged culture has received little attention. In this respect, 

Agaricus bisporus has been particularly neglected. Although surface 

culture of mushroom ycelium is an established technique (Sohus, 1959), 

there is little information available regarding techniques for submerged 

culture. Earl̂  ̂reports on the large scale production of lycelium in 

fermentation vessels (Humfeld, 1948; Humfeld and Suighara, 1952) were 

negated when Molitoris (1962) demonstrated that Humfeld and co-workers 

liad mistakenly gro'wn a contaminant, Beauvaria tenella. More recent 

papers by Espenshade (1962) and Torev (l965) on laboratory scale culture 

of rycelium unfortunately do not include experimental details. In the 

present study, acceptable rates of gro'Arth were achieved by the use of 

lov/ shaking speeds and multipoint inocula of fragmented i%;-celium. Gro’wth 

inhibition at high speeds may have been caused by mechanical damage to 

hyphae, as found by Pedersen and Lindeberg (l970) in their studies on 

Boletus variegatus. On this basis, reduced mechanical strength of cell 

7/alls may be responsible for the sensitivity of virus-diseased rycelium 

to fast agitation (Table 1).

V.hile some authors (MandeIs, 1965; Swanson and Stock, 1966) have 

concluded that growth of fungal rycelium in submerged culture is not 

autocatalytic, others (Zalokar, 1959; Trinci, 1969) consider it to be 

exponential, in which case it may be described by appropriate rate 

equations. Rate constants derived from such equations can be used to 

compare grov/th rates of different cultures. Grovrth curves of mushroom 

mycelium could not be analysed in this way because of the large variations 

in yield of mj''celiiun from flasks inoculated with similar weights of 

fragnented hyphae. Hov/ever, results obtained using the mean of several 

replicates (Figs. 2-5) indicate that virus-diseased mycelium grov/s 

slower than healthy in submerged culture.
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Trinci (l97l) has demonstrated, that reliable estimates of growth 

of filamentous fungi are best obtained by measuring rates of increase 

of mycelial dry weight in submerged culture. Differences in rates of 

radial expansion of colonies on solid media may not reflect real differences 

in grov/th rate; altered hyphal branching patterns may, for example, be 

responsible for such apparent differences in growth (Bainbridge and Trinci, 

1969)0 llie experiments described here imply that the slow radial expansion 

of virus-infected cultures of A. bisporus on malt agar is due to a 

genuine reduction in growth. This conclusion is supported by the obser

vation that the radial rates of expansion of the diseased isolates used 

paralleled their growth rates in submerged culture.

Tracer studies indicated that virus-diseased mycelium of A. bisnorus 

accumulated glycine more slowly than did healthy mycelium. V/hen 

metabolizable substrates are used, upt'ike (or accumulation), the apparent 

net gain of the solute by a cell, may be difficult to distinguish from 

transport, the actual influx of a solute into a cell. During uptake 

experiments hov/ever, no evolution could be detected, suggesting that

glycine was not being oxidized by the cells. Moreover, r.ycelia did not 

leak accumulate glycine nor exchange it with glycine in the surrounding 

medium. The observed reduction in glycine accumulation by diseased 

mycelia cannot therefore be attributed to enlianced glycine efflux; reduced 

influx i.e. transport, must be responsible.

Similar evidence for the retention of accumulated L-proline by

mushroom mycelium has not been obtained. However, non-leakage of

accumulated amino acids appears to be a characteristic of filamentous

fungi (Zalokar, 1961; Hoess and De Busk, 1968; Vdiitaker and Morton, 1971):

it therefore seems likely that L-proline, like glycine, does not efflux
14from mushroom rrycolium. Since no C 0^ evolution was detected during 

uptake experiments, it is probable that reduced transport was also 

responsible for the reduction in uptake of L-proline observed in virus-
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diseased mycelium.

Unlike the other amino acids tested, L-proline did not compete with 

glycine for uptcike by healthy mycelium, suggesting that uptake systems in 

A. bisporus comprise both specific and non-specific elements. A similar 

organization of amino acid transport systems has been reported in 

Botrytis fabae (Jones, 1963), Pénicillium chrysogenum (Benko e£ ̂ .  , 1969) 

and P. griseofulvum (V/hitaker and Morton, 1971) and it is interesting 

that L-proline is reported to be one of the few amino acids transported 

by a specific system in mycelium of Neurospora erassa (Pall, 1970). %

contrast, solute transport in bacterial cells is mediated'by systems of 

high specificity (Kepes and Cohen, 1962).

The competition experiments also imply that glycine and L-proline 

are transported by entirely separate systems in mushroom mycelium. That 

uptake of both amino acids is reduced in diseased mycelium therefore 

suggests that virus infection leads to a general disturbance of hyphal
I

transport systems.

The nature of the amino acid transport systems in mushroom mycelium 

is not kno7/n, but some of the properties of glycine uptcke suggest the 

involvement of energy-requiring molecular carrier. Inhibition of uptake 

by 2, 4-dinitrophenol and sodium azide, the influence of pH and the non

linear relationship between uptake rate and the concentration of 

exogenous amino acid are evidence against uptake by simple diffusion. 

Similar properties of amino acid accumulation have been noted for iiycelia 

of the fungi Botrytis fabae (Jones, 1963), Pénicillium chrysogenum 

(Banks _et , 1969), P. griseofulvum (Whitaker and Morton, 1970) and in 

conidia of Neurospora crassa (De Busk and De Busk, 1965; V/iley and 

Matchett, 1966; Roess and De Busk, 1968). Most authors have cited such 

observations as evidence for the participation of transport proteins 

(permeases) in the uptake processes. Such assumptions appear justified 

in view of the growing body of evidence that permeases are involved in
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active transport in most, if not all, living organisms (Ho Coy Choke, 1971). 

More direct eveidence for permeases in filamentous fungi has been provided 

by the isolation of transport-deficient mutants (Lester,,1966; Thwaites 

and Pcndyala, 1969) and the isolation, by cold osmotic shock, of a 

tiyptophan transport protein from conidia of Neurospora crassa (Wiley, 1970). 

It thus seems probable that permeases mediate amino acid transport in 

A. bisporus.

Several mechanisms may be postulated to account for the reduction in 

transport of amino acids by virus-infected rqycelium. Transport activity 

could be modified by a virus-induced alteration in the molecular architecture 

of the plasma membrane. Support for this hypothesis comes from the 

observations that viral replication can alter membrane structure in animal 

cells (Poizman, 1962; Sachs, 1968) and that altered membrane lipids can 

affè’ct amino acid uptake in Staphylococcus aureus (Gale, 1971 ) and 

probably in Candida utilis also (Farrell and Pose, 1971). Alternatively, 

a diminished activity of oxidative processes required for active transport 

could be responsible. Such alterations however would probably affect 

transport systems generally; thus Kappy and Metzenberg (l967) proposed 

that multiple alterations in transport in a mutant culture of Neurospora 

crassa were due to a membrane defect. Sut it is not known if amino 

acid systems only are affected in diseased nT̂ ĉelium. Hence, on the present 

data, it could be proposed that virus infection affects some metabolic 

function which specifically controls uptake of amino acids.

V/iley and l&tchett (1968) showed that tryptophan uptake in Neurospora 

crassa conidia is regulated by the size of the intracellular pool of 

tryptophan, and it has also been proposed (Benko at ad., 1969) that 

intracellular pools control amino acid uptake in irycelium of Pénicillium 

chrysogenum. However, the implication of different pool sizes of glycine 

and L-proline in the reduced upt-ke of these amino acids by virus-infected 

mycelium of A.bisporus appears to be discounted, since healtly and
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diseased cells contained pools of similar size (Table 6). This does not 

of course exclude the possiblity of "transinhibition" (V/olfinbarger and 

De Busk, 1971) by other intracellular amino acids.

Altered cell permeability may be characteristic of virus infections 

of plants which lead to the formation of local lesions, for some authors 

(Klement and Goodman, 1967; Kosuge, 1969) have speculated that hyper

sensitive reactions, induced in incompatible host parasite combinations, 

may be initiated by changes in permeability. Such changes however also 

occur in systemic infections. Ghabrial and Pirone (1967) have shoivn 

that permeability changes occur in a virus-induced wilt disease of 

Tobasco peppers and it has been found that grape leaves infected by grape

vine leafroll virus are defective in cation uptake (Nyland and Goheen, 1969)' 

Indeed, \Tneeler and Hanchey (1968) regard altered cell permeability to be 

a characteristic symptom of plant disease*. In addition to their effects 

on plants, viruses can also affect the permeability of animal cells (Sachs, 

1968) and bacteria (Yamazaki, 1969). In this context, it is perhaps not 

remarkable to find that virus infection can alter the permeability of 

rrycelium of the fungus A. bisporus.

Protein synthesis in A. bisporus was estimated from the rate of 

incorporation of labelled amino acids into protein. Radiometric techniques 

have often been used in investigations on the effect of virus infection 

on protein synthesis by animal cells (Green, 1966) and can provide a valid 

estimate of the overall rate of protein synthesis, providing adequate 

controls are used (Oldham, 1971). In the present investigation, 

sufficient controls have been run to allow the interpretation that 

reduced incorporation of labelled amino acids into nycelial protein 

represents a reduction in the rate of protein synthesis.

Diseased mycelium had a slower overall rate of protein synthesis 

than did healthy rycelium, as indicated by rates of incorporation of 

glycine and L-proline (Table 7). It could be argued that reduced amino
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acid uptake influenced the rate of labelling here. However, when the rate 

of glycine uptake by healthy rycelium reduced to that of diseased 

mycelium by altering the concentration of exogenous glycine, the rate of 

protein labelling was unaffected (Table 9). This result was expected, 

for the very existence of pools of glycine and L-proline in the rycelium 

suggested that uptake could not be the limiting step in amino acid 

utilization. Lack of effect of uptake upon incorporâtjon is well 

established for bacterial transport systems (Kepes and Cohen, 1962).

Reduced protein synthesis has been noted in many different virus- 

diseased systems, for example in animal cells inTected with picorna 

(Martin and Kerr, 1968) and DNA (Green, 1966) viruses, in Escherichia coli 

infected with T4D bacteriophage (Hosoda and Levinthal, 1968) and in 

tobacco chloroplasts from plants inoculated with tobacco mosaic virus 

(llirai and Wildman, 1969). Often, as in animal cells infected by picorna- 

viruses, the invading viruses specifically inhibit the host-cell protein 

metabolism by interfering with the host-cell polyribosomes (Martin and Kerr, 

1968). Working vath tobacco mosaic virus, P.eddi (l963) has demonstrated 

a similar effect in plant cells. Mushroom viruses may also specifically 

interfere with protein synthesis in their host but it is possible, though 

less likely, that reduced protein synthesis is secondary to some other 

virus-induced metabolic disturbance.

The data presented here show that in the diseased cultures used, 

reduced rates of amino acid uptake were correlated with decreased rates 

of incorporation into protein. This implies a causal relationship: 

although uptake did not affect incorporation (protein synthesis) it is 

possible that protein synthesis could affect uptake. Inhibition of protein 

synthesis with cycloheximide prevents the development of inducible 

transport systems in mycelium of Pénicillium chrysogenum (Benko et al.,

1967) and Neurospora crassa (Wolfinbarger and Be Busk, 1971 ), and the
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elaboration of active transport systems by developing conidia of N. crassa 

(Tisdale and Be Busk, 1970). The development of constitutive transport 

systems in A. bisoorus could similarly be inhibited by reduced protein 

synthesis. On the information presently available, this seems the most 

likely hypothesis to account for the slow uptake of amino acid observed 

in virus-diseased lycelium.

The differences in electrophoretic patterns of sodium dodeyl sulphate 

(SBS)-soluble proteins from healthy and diseased lycelia indicate the 

synthesis of new proteins in infected cells. Although there is a direct 

relationship between virus titre and disease symptoms in mycelium of 

A. bisporus, extracts from severely diseased myceliuin yielded patterns 

which v/ere qualitatively different to those from moderately diseased cells. 

Viral proteins alone cannot therefore account for these differences: 

host proteins appear to be affected. Animal cells infected with herpes

virus have also been shown to synthesise proteins not found in uninfected 

cells (spear and Iîoiz:nan, 1968; Shimono et al, , 1969) but in these cases 

the bulk of the new proteins was found to be virus-specified. It was 

not possible to determine which proteins from diseased hyphae v/ere viral 

proteins, since the extraction from mushroom mycelia of sufficient virus 

to enable this to be done was beyond the scope of the present study,

Bespite this limitation, the SBS-electrophoresis patterns show that virus 

infection can affect protein metabolism of mushroom mycelium qualitatively, 

as well as quantitatively. Results of SBS-electrophoresis must however 

be carefully interpreted, in view of the work of kaplan_et ^1. (1970), 

who, working on animal cells infected with pseudorabies virus, found 

that some proteins (from uninfected and infected cells) migrated to 

similar positions in the gel, even thougli they differed in amino acid

composition,

Vdiereas in SBS-electrophoresis both viral and cellular proteins are 

revealed, only host proteins are involved in isoenzyme studies, for viruses
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do not contain enzymes normally found in cells: the few types of virus 

e.g. reovirusos (Shatkin and Sipe, 1969) which have been found to possess 

enzymes, contain only those concerned with viral replication (replicases). 

%  contrast, in diseases caused by bacteria or fungi, the pathogen itself 

may contribute isoenzymes to the host pattern (e.g. Rudolph and Stalimann, 

1964). Differences in isoenzyme.patterns of healthy and diseased niycelia 

therefore confirm the evidence from SDS-electrophoresis that diseased 

cells synthesise new proteins. Virus infection can also alter the pattern 

of proteins synthesised by the sporophore, as the changes in isoenzymes 

of diseased sporophores show.

Although isoenzyme patterns were highly reproducible when rigorously 

standardised extraction procedures were used, the possibility that some of 

the bands observed were artifacts cannot be excluded, in view of the many 

reports that disc electrophoresis is prone to artifact formation (Shannon,

1968). The term "isoenzymes" has been used in the present study to 

describe the multiple bands seen after electrophoresis, as recommended by 

Brewer and Sing (l970), but Shannon (1968) has claimed that protein 

heterogeneity must be demonstrated by as many techniques as possible 

before the existence of true isoenzymes can be established. The terrnin- 

ology of Brewer and Sing has been adopted for convenience only, -while 

accepting that the bands described here may not necessarily represent 

true isoenzymes.

Changes in multiple molecular forms of enzymes arc often induced 

in plant tissue by pathogen infection. The significance of altered 

isoenzymes in diseased plants is however difficult to assess. It has 

been proposed that isoenzyme changes may play a role in the regulation 

of metabolism in diseased plants, or in disease resistance. Tn accordance 

with this, Tomiyama and Stahmann (1964) reported that the number of 

peroxidase isoenzymes increased in resistant, but not in'susceptible, 

varieties of potato tuber upon infection with Phytopthora. Other authors
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h07/ever, working on black shank disease of tobacco (Veech, 1969) and on 

mildev/ infection of Trifolium (Staveley and Hanson, 1967), have reported 

that similar changes occur in both susceptible and resistant hosts, but 

they can be detected sooner in susceptible tissue. Further evidence 

against a specific role for isoensyne changes is provided by the observation 

that cellular damage, inflicted either mechanically or with poisons, can 

often elicit changes vdiich simulate those induced by pathogen infection 

(Kiv/ashima and Uritani, 1963; Parkas and Stahmann, 1966) or, in the case 

of oat plants treated with victorin (Novacky and Vkeeler, 1970), by a 

toxin derived from a pathogen. In plant diseases, isoenzyme changes 

appear therefore to represent a non-specific host response to cellular 

damage caused by the pathogen. Additional support for this idea comes 

from the reports by Solyrnosy et al. (1967) and Novacky and Hampton (1968) 

that different viruses can induce similar responses when inoculated into 

the same host. Similarly, in A. bisporus, the observed isoenzyme changes 

may simply represent a host-determined response to un.favourable conditions 

and hence may not be specific for virus disease.

Isoenzyme changes in the sporophore, particularly with reference to 

phenoloxidases, could be used to detect mushroom virus disease, but only 

they are found to be virus-specific. The usefulness of disc electro

phoresis as a diagnostic technique is illustrated by its well-established 

application to human medicine (Latner and Skillen, 1969). Further work 

on the mushroom is clearindicated. To test the specificity of the 

changes in isoenzymes, many different mushroom strains grown under a wide 

variety of environmental conditions should be used.

The appearance of a new, heavily-staining phenoloxidase isoenzyme 

in extracts of diseased sporophores of Darlington 601 strain was concomitant 

v/ith an increase in specific activity of o-diphenoloxidase in the extracts. 

Since only minoi’ changes occurred in the rest of the complement of phenol

oxidase isoenzymes, it appears that the new major band was responsible
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for the ohser-ved increase in enzyme activity. Working' on plants, other 

authors have noted that increases in activity of an enzyme in extracts 

from diseased cells may he accompanied by an increase in the number 

of multiple molecular forms of that enzyme (Tomiyama and Stahmann, 1964; 

Parkas and Stalimann, 1966; Bates and Chant, 1970). The mechanisms involved 

are imperfectly understood, but in some cases a de novo synthesis has 

been shown to occur (Parkas and Stahmann, 1966).

The exact significance of the observed increase in specific activity 

of phenoloxidase is difficult to appraise. An in vitro increase in 

specific activity of an enzyme indicates an increase in enzyme concentration, 

but in vivo the activity of an enzyme at a given concentration is modified 

by many factors such as substrate and cofactor availability and levels of 

inliibitors. Another important point is that enzymes _in vivo are normally 

in great excess compared to their substrates (Srere, 1967), thus large 

changes in intracellular concentrations of enzymes may not affect rates 

of metabolism. It is interesting to note however that increased activity 

of phenoloxidases is characteristic of virus diseases of plants and may 

be observed in both systemic and local infections (Diener, 1963; van Kammen 

and Brouwer, 1964). Perhaps phenoloxidase systems, regardless of the 

nature of the host, are somehow particularly susceptible to modification 

by virus infections.

It has been shown, here that mushroom virus can affect several aspects 

of the metabolism of its host. Probably, some of the metabolic differences 

observed in diseased cells are simply manifestations of a generally 

disrupted metabolism. A similar interpretation may be applied to the 

results of many studies on the physiology of virus-diseased plants, 

according to Diener (l963) and Bawden (l964). Comparison of virus-infected 

cultures of A. bisporus with slow-growing mutants such as those described 

by Bretzloff et al. (l962) and Fritsche (1965) would thus be interesting
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and may reveal common metabolic disturbances.

The experimental approach adopted in this investigation has however 

revealed some remarkable features of mushroom virus disease. %celial 

cultures of intermediate growth rate on malt agar and in liquid medium 

(moderately diseased) had protein patterns, rates of amino acid uptake and 

of protein synthesis intermediate between those of healthy and very slow- 

grovving (severely diseased) cultures. These results suggest that the 

degree of disturbance of host metabolism in a series of diseased mycelial 

isolates of varying growth rates would parallel the growth rates of the 

cultures. This postulate could not be tested by the techniques used here 

since the variability in the results of repeated experiments precluded 

comparison of cultures differing slightly in growth rates. Physiological 

heterogeneity of mycelium grown in submerged culture and of blended 

mycelium used in uptake experiments probably contributed to this variability, 

A particularly interesting aspect of mushroom virus disease indicated 

by the present study is that the metabolic differences found in diseased 

cultures of vegetative mycelium can be completely annulled by heat-

treatment. Since treated cultuî es wore non-infectious, elimination of 
the pathogen presumably must have occured. Although Heat therapy of
virus diseases of Angiosperms is long established and widely oracticedUP
(byland and Goheen, 1969)^ the underlying mechanisms are imperfectly 

understood and the effect of heat on the metabolism of infected plants 

does not seem to have been investigated. The present study seems, to 

the best of our knowledge, to be the first to demonstrate a host-parasite 

system in which elimination of the pathogen completely restores to normal 

the metabolism of the host.

Observations on the effects of heat on virus-infected niycelium 

were made on one type of diseased isolate only. Dieleman-van Zaayen 

(1970) found that many isolates she tested failed to respond to heat- 

treatment at 33° , but unfortunately she did not give any information on
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the virus content of the isolates used. It is v/ell knov/n however that 

different types and strains of plant viruses vaiy widely in susceptibility 

to heat-treatment in vivo (Nyland and Goheen, 1969). The different 

viruses involved in mushroom virus disease (Rollings and Stone, 1969) 

ma,y similarly differ in response to heat therapy.

The present study has indicated where the biochemical lesions produced 

in the cultivated mushroom by virus infection are similar to those 

previously observed in virus diseases of plants, animals and bacteria.

But some unusual and possibly unique features of mushroom virus disease 

have also been noted. In diseased isolates of vegetative mycelium, severity 

of biochemical symptoms appeared to be related to rates of growth. 7/h.ether 

the metabolic differences could be causally related to reduced grô wth is. 

difficult to decide, for present knov/ledge of the processes which control 

grô wth in filamentous fungi is very limited. It seems however that in 

mycelial isolates, viral multiplication proceeds without irreversible 

damage accruing to the host. The effect of the virus appears mainly to 

be to reduce cell growth and metabolism. The completeness with v/hich 

the metabolism of diseased mycelium is restored to normal by heat treatment 

emphasises tliis point. Thus, v/hatever the biochemical changes primarily 

responsible for the symptoms of diseased mycelium, they must be such as 

to slow down metabolic activity without inducing senescence. A moderate, 

virus-induced inhibition of protein synthesis v;ould fit these requirements; 

a possible relationship between amino acid transport activity and protein 

synthesis had already been indicated. This hypothesis is supported by 

the observation b^ Rollida}' (1969) that inhibition of protein synthesis 

(by cycloheximide) caused a reduction in growth rate of a culture of 

Podospora ariserina but did not affect its longevity.

Separation of cause and effect in virus-diseased systems, however, 

necessitates a temporal study of ihe changes which occur after infection.

The primary changes consequent upon infection with mushroom virus cannot
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be studied for as yet it is not possible to infect mycelium in pure 

culture directly v/ith virus. Also there is at present no technique 

available to assay intracellular virus concentrations. Elucidation of 

the meclianisms by v/hich mycelial growth is inhibited and the host-virus 

equilibrium maintained in virus-infected mycelium of A. bisporus v/ill 

clearly require much fundamental work to be done.
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Appendjjc

The following figures show some of the data to which regression lines 

were fitted. In each case regression equations are shewn on the figures; 

regression coefficients were calculated as described in Materials and 

Methods.

Key

1_ (A to D)

Glycine uptake by various mycelial cultures; method as given in 

Materials and Methods.

A Healthy mycelium

B Heat-treated "

C_ Moderately diseased "

D Severely diseased ”

_2 (A to D)

Proline uptake by various mycelial cultures; method as given in 

Materials and Methods.

A Healthy nycelium
B Heat-treated ”

C_ Moderately diseased "

2 Severely diseased "

3
Effect of glucose on glycine uptake by healthy mycelium (Table 2); 

method as described in Results.
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