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ABSTRACT

A study has been made of the interaction between the entomo- 

pathogenic fungus Metarhizium anisopliae and the gut of the desert 

locust Schistocerca gregaria. This was undertaken in an attempt 

to define the reasons as to why the insect gut is generally a 

poor environment for germination and penetration by parasitic fungi

Conidia fed to 5th instar locusts appeared in the faeces soon 

after the completion of the test meal and numbers peaked at Ih h, 

slightly less than the food transit time through the gut of a 

continuously fed insect. By h over 90% of conidia had been 

voided from the gut. Since the mean conidial germination time, 

in vitro, is 11 - 12 h, then most of the conidia had passed through 

the gut without germinating. However, approximately 1% of the 

ingested conidia were still resident in the gut after 24 h, which 

is theoretically long enough for germination and for penetration 

to have occurred.

The viability of gut-passaged' conidia was reduced compared 

to controls. This was not due to deleterious gut pH or osmolarity. 

Phytochemicals in the diet were not implicated and the gut was 

found to be predominantly aerobic.

Conidia placed in locust gut fluid in vitro were inhibited 

from germinating, whether the fluid was used neat or diluted 1:3 

with nutrient broth. However, no inhibition occurred when conidia 

were preincubated for 6 h in nutrients prior to exposure to gut 

fluid; thus conidial swelling was the sensitive phase.
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In contrast to gut fluid from conventional locusts (i.e. 

parasitised "stock") and parasite-free locusts, gut fluid from 

axenic insects was not inhibitory to conidial germination.

Passage through the axenic gut also did not significantly affect 

conidial viability.

There was no significant difference in 3 1,3 glucanase or 

"chitinase" (endochitinase) activity between conventional and 

axenic insects guts which otherwise might have accounted for the 

difference in the effects of axenic and conventional guts on conidia 

of Af. anisopliae. Indeed previous work has suggested that axenic 

locusts are physiologically comparable to conventional locusts 

(Hunt, 1982). Therefore it was concluded that the detrimental 

effect of the locust gut on Metarhizium conidia was best accounted 

for on the basis of an antifungal toxin produced by the gut 

bacteria. Consistent with this hypothesis, incubation of Entero- 

bacter agglomerans (the dominant hindgut bacterium) with plant 

homogenate produced a filtrate which was inhibitory to Metarhizium 

conidial germination. The "antifungal toxin" was heat labile 

(5 mins at 100°C) and had a low molecular weight (< 1200).

Oral inoculation of starved or fed conventional insects with 

Metarhizium conidia failed to produce an infection via the gut 

wall. However infection of starved axenic insects was achieved 

by this route. Conidia germinated in the gut and produced blasto- 

spores. These lodged between rectal pads of the hindgut where they 

germinated and proceeded to invade the gut wall. A massive host
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melanic response in the gut epithelium failed to stop the fungus 

from spreading throughout the body and killing the insect.

Presoaking prior to providing a suitable nutrient source 

halved the time to germination with respect to control conidia.

The rate of swelling and germ tube formation was proportional to the 

length of the presoak time up to a maximum at 20 h. The physiological 

basis of the phenomenon was not discovered. However, measurements 

with the Coulter counter showed that no swelling took place during 

the presoak period and apparently no leached autogermination 

inhibitor was present in spent presoak fluid.

The effect of presoaking on the rate of germination in vitro 

was also found to apply to conidia germinating in vivo on cuticle 

of larvae of the tobacco hornworm, Manduca sexta. Appressorial 

formation was also promoted. The pathogenicity of Metarhizium 

conidia to 2nd instar M. sexta was similarly enhanced by presoaking 

the conidia.

A study on germination of Metarhizium conidia showed that ger

mination was promoted most effectively by a nutrient containing both 

N and C (viz. peptone) and that the swelling phase was a metabolic 

event, not just a period of passive water uptake. A preliminary

S.E.M. study revealed that preincubated conidia germinated faster 

than fresh conidia on locust cuticle.

The relative merits of presoaking and preincubation, as methods
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for reducing germination time of conidia, are discussed particularly 

with regard to their practical use in the field situation.



GENERAL INTRODUCTION

Entomopathogens are present in every major sub-division of 

the fungal kingdom, and species in more than 1 0 0  genera parasitize 

insects (Roberts and Humber, 1981). The Deuteromycetes are the most 

important group, containing many insect pathogens including the 

genus Metarhizium. Metarhizium anisopliae (Metchnikoff) Sorokin 

is the commonest species of its genus and is the causative agent 

of green muscardine disease amongst insects. This species was 

divided by Tulloch (1976) into var. anisopliae and var.major.

Var.anisopliae possesses smaller conidia (3.5 - 9.0 ym) than var. 

major (9 - 18 ym). Veen (1968) in a survey of the literature 

noted that at least 204 species of insects (mainly Coleoptera ) 

were susceptible to M. anisopliae under natural conditions.

Probably the first record of an entomopathogenic fungus was 

made in 1726, it concerned an ascomycete of the genus Cordyceps 

which was infecting a noctuid moth (Bell, 1974). In 1835 

Agostini Bassi published a thesis on the effects of green muscardine 

in the silkworm. Bombyx mori. First attempts to initiate epiz

ootics in a pest insect population were conducted by Metchnikoff 

(1879) using mass produced M. anisopliae against the cockchafer 

Anisoplia austriaca. Metchnikoff's experiments were successful, 

however, attempts to use another Deuteromycete, Beauveria bassiana , 

to control the chinch bug in central U.S.A. ended in failure. This 

and other unsuccessful field trials at the turn of the century 

led to the view that fungi had little potential for insect pest
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control. Since then, despite the fact that entomopathogenic fungi 

constitute the largest single group of insect pathogens (Soper 

and Ward, 1981), the greatest effort has been put into research on 

insect viruses and bacteria.

Although a lack of basic knowledge was probably the principal 

cause of failure to proceed with entomopathogenic fungi, the intro

duction of new chemical insecticides further overshadowed parasitic 

fungi and interest was not really revived until 30 years ago. In 

the 1950*s East European countries started trials using in parti

cular, B. bassiana for the control of Leptinotarsa decemlineata.

More recently, increased research on pathogenic fungi in East and 

West has been spurred on by a number of factors, viz. the increased 

awareness of the detrimental effects of chemical insecticides on 

the environment, the increased cost of petroleum based chemicals 

(making microbial insecticides more economically viable) and 

finally the introduction of integrated pest management (IPM).

In IPM the total elimination of insect populations is no longer 

the goal but maintenance of pest populations below a certain 

economic threshold is sufficient in many cases; a situation 

eminently suited for the use of biological control agents. There 

are two strategies used for the application of the pathogenic 

fungi within the framework of IPM viz. microbial insecticide and 

induced epizootic (McCoy, 1982). 'Boverin' (B . bassiana) has been 

used in Eastern Europe and France as an insecticidal agent by 

application at high dose rates for the control of the Colorado 

potato beetle, L. decemlineata ^{Ferron, 1981). Verticillium lecanii



(Vertalec) is used to induce epizootics amongst glasshouse aphids 

in Europe (Hall, 1981).

In the past 10 years there has been a steady increase in 

commercialization and practical use of entomopathogenic fungi.

S. bassiana is used in Eastern Europe against the cornborer, codling 

moth and Colorado beetle (McCoy, 1982). In China, B. bassiana is 

being widely used against the cornborer Ostrinia nubilalis and other 

insect pests (Hussey and Tinsley, 1981) . In South America, ento

mopathogenic fungi are regarded as being the most important of the 

biological control agents (Wassink, 1983) and Metarhizium anisopliae 

is produced under the trade name 'Metaquino' to control spittlebugs 

in sugarcane and pasture (McCoy, 1982). Metarhizium is also being 

developed for mosquito control (Roberts and Sweeney, 1982) and has 

been used successfully by Zimmermann to control the black vine 

weevil Otiorynchus sulcatus (Burges and Hall, 1982). Until recently 

Hirsutella thompsonii was commercially available in USA as 'Mycar' 

for use against citrus rust mites (McCoy and Couch, 1982). Commer

cial development of Culicinomyces clavisporus is underway in 

Australia for use against mosquito larvae (Roberts and Sweeney, 

1982). In Europe, strains of the fungus Verticillium lecanii are 

commercially available under trade names 'Vertalec' and 'Mycotal' 

(Tate and Lyle Ltd.) for use against glasshouse aphids and whitefly 

respectively.

The virulence or degree of pathogenicity of entomopathogenic 

fungi depends on factors inherent in the pathogen and host, and the



influence of the environment. The environment is of particular 

importance to insect pathogenic fungi as, in contrast to viruses 

and bacteria they usually invade via the surface integument 

(Roberts and Humber, 1981). Germination of the fungal conidia, 

the usual unit of infectivity (for Deuteromycetes) must occur 

before penetration, this process is water dependent. Therefore, 

high relative humidity is a pre-requisite for infection (>90%, 

Roberts and Campbell, 1977). However, the micro-environment may 

sometimes provide sufficient moisture when the prevailing R.H. is 

low (Ferron, 1981).The occurrence of epizootics of Entomophaga 

grylli on grasshoppers in Alice Springs in Gibson Desert, Australia 

suggests that moisture needed for infection may occur as dew 

(Soper and Ward, 1981).

Temperature also has an important influence on conidial ger

mination, regulating the speed of germination and the proportion 

of a conidial population that germinate (Yendol and Hamlen, 1973). 

Solar radiation, principally the ultraviolet component, may cause 

a rapid decrease in viability e.g. conidia of M. anisopliae 60% 

down to 25% during 6 hours exposure to sunlight (Roberts and 

Campbell, 1977).

There are certain steps that may be taken to minimize the 

deleterious effect of the environment on entomopathogenic fungi.

The application of the fungus to the crop in the evening may 

enable the conidia to. take advantage of dew (Soper and Ward, 1981). 

Speed of germination may be critical in establishing infection, by



reducing the required period of high relative humidity. Indeed, 

speed of germination has been correlated with hypervirulence in 

M. anisopliae mutants pathogenic for Culex pipiens (Al-Aidroos 

and Roberts, 1978). Selection of fast germinating strains or 

techniques for reducing germination time may help to increase 

infectivity (this approach has been investigated in Chapter 3).

The use of suitable formulations may help prevent solar degradation 

by causing deposition of the fungus on the underside of the leaf 

(Cantwell and Franklin, 1966). Microencapsulation with a u.v. 

protectant may reduce radiation damage (Soper and Ward, 1981).

The biotic environment may also be important in the survival 

and infectivity of entomopathogens. This may be especially impor

tant with fungi such as Metarhizium which infect soil inhabiting 

insects. Fargues et ai. (1983) demonstrated the antagonistic and 

lytic activity of soil bacteria to B. bassiana. Clay coating of 

the fungal blastospores was found to protect against biodégradation.

Virulence of the fungal conidia may be influenced by the 

composition of the media upon which it was produced. Goral (1978) 

stated that the virulence of the muscardine fungi was promoted 

mainly by specific nitrogen and carbon sources. Unfortunately 

the ingredients concerned were less suitable for growth and 

conidiation of the fungi tested. The virulence of the fungi may 

also be conditioned by their ability to adhere to the insect 

cuticle via the cell wall polysaccharide (Vey, 1982). These ad

hesive properties must be protected during formulation if virulence
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is not to be reduced. The strain of fungus used can have a bearing 

on virulence, the level of which may be affected by successive 

subculturing in vitro (Schaerffenberg, 1964). Conversely, an 

increase in virulence may be observed after several passages 

through the host, (Daoust and Roberts, 1982). The type of in

fective unit, i.e. blastospore or conidium, may influence patho

genicity, though Hall (1982b) stated that Deuteromycete blasto

spores are at least as pathogenic as conidia,

Cuticular penetration probably involves both enzymatic and 

mechanical activities of the fungal hyphae. Extracellular enzyme 

production may be correlated with virulence, but such a relationship 

is by no means universal (Charnley, 1983). In vitro cultures of 

pathogenic fungi produce proteases, lipases and chitinases, but 

until work is carried out on enzymes produced by germinating 

conidia in vivo the importance of these enzymes to the process 

of penetration will remain obscure.

The host cuticle is of particular importance in determining 

the success or failure of fungal infection, as some fungi are 

only pathogenic when the integument has been wounded (Vey, 1968). 

Successful germination and invasion by fungi must depend on a 

favourable balance between the inhibitory and stimulatory properties 

of the cuticle. To germinate, many entomopathogenic fungi must 

utilize exogenous nutrients. However, there is little information 

on the availability of nutrients on the cuticle either from the 

insect direct or from other sources (e.g. insects food or cuticular 

microflora). Veen (1968) found that ether soluble extracts of
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the locust cuticle were stimulatory to M. anisopliae germination. 

Schaerffenberg (1964) found that germination and growth of Meta

rhizium and Beauveria were enhanced by the addition of lipid to 

non-sterile media. Waxes and long chain fatty acids that are 

utilized by B. bassiana may be found on the insect cuticular surface 

(Smith and Grula, 1981).

The inhibitory properties of the cuticle may stem from anti

fungal lipids present in the cuticle (Koidsumi, 1957). Short chain 

fatty acids found in the cuticular surface of Heliothis zea were fungi

static towards B. bassiana (Smith and Grula, 1981). However, until 

the concentration of these substances in the cuticle has been 

established their practical importance remains speculative.

The extent of growth on the cuticle surface prior to penetration 

varies, Schabel (1976b) recorded extensive growth of Metarhizium 

hyphae over Hylobius pales before penetration. In contrast Ento- 

mophthora aphidis invaded the cuticle of Aphis pisum close to the 

conidium (Brobyn and Wilding, 1977). The germ tubes may penetrate 

directly or appressoria may be produced. The trigger for appressorial 

formation and penetration are not known, but formation by plant 

pathogens is thought to be influenced by surface hardness, cuticular 

architecture, contact with exudates and exhaustion of nutrient 

reserves (Emmett and Parbery, 1975). Penetration may also be 

facilitated by the formation of tight cushions of germ tubes and 

appressoria (Schabel, 1976b).



A slender hypha or penetrant peg passes into the cuticle 

from the appressorium or hyphal tip (Zacharuk, 1970b). On reaching 

the haemocoel the fungus usually grows by budding yeast-like hyphal 

bodies, though filamentous hyphae (Prasertphon and Tanada, 1968) 

or protoplasts (Tyrrell, 1977) may occur. Commonly,a localised 

melanization occurs round the point of penetration (Brobyn and 

Wilding, 1977). This reaction is commonly believed^to have a 

defensive role, but there appear to be few instances where the 

strategy is successful (Charnley, 1983). Encapsulation of the 

fungi is a common haemocytic response. Other defence reactions 

in the haemolymph are phagocytosis and humoral encapsulation 

(Gotz and Vey, 1974). The ability of the fungus to grow out 

of J^emocytic encapsulation may be dependent on the relative viru

lence of the strain (Fargues et al., 1976). Many of the true 

pathogens produce toxins which overcome the host before invasion 

of the organs takes place (Roberts, 1981). Deuteromycete pathogens 

produce low molecular weight toxins in vitro (Roberts, 1981) 

and Suzuki et al. (1971) have isolated destruxins produced by 

M. anisopliae from infected B. mori. Zacharuk (1971) showed 

progressive cellular degeneration and dehydration of tissues in 

elaterid larvae infected with Metarhizium, which he attributed to 

the action of toxins. Neuropharmacological lesions may also 

occur due to the activities of toxins (Roberts, 1981). However, in 

insects where more extensive fungal growth is apparent prior to 

death, mycosis is characterized by blockage of the haemocoel and 

disruption of tissues by penetrating hyphae (Madelin, 1963).



After death of the host, growth of the fungus often proceeds 

throughout the body of the insect. The fungi may produce antibiotics 

to suppress colonization by saprophytic bacteria and gut micro

flora (Ferron, 1978). Under suitable conditions of humidity and 

temperature, the fungus will re-emerge from the 'mummified' cadaver 

and develop conidiophores. This last named phase is important in 

the development of epizootics. The ill-defined "ability to spread", 

is a particularly important determinant of virulence (H.D. Burges, 

pers. comm). The mode of dispersal of the pathogen depends on 

the spore type i.e. dry spores of B. bassiana which infect insects 

on plant foliage and are dispersed by wind currents, conidia of 

Af. anisopliae, a pathogen of subterranean insects, which are pro

duced in large aggregates which stay on or in the soil (Roberts 

and Humber, 1981) and the slime coated Verticillium which requires 

splash dispersal by rain or dew (Hall,1981). Saprophytic growth 

of the fungus may occur on plantsor in the soil thus aiding dis

persal and increasing the inoculum potential.
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CHAPTER 1 

GENERAL MATERIALS AND METHODS

1. Maintenance of the locusts

a . Stock insects

An insectary was maintained at a temperature of 30 ± 3°C. 

A constant photoperiod of 12 hours light and 12 hours dark was 

maintained.

Populations of Schistocerca gregaria were reared in glass 

fronted cages with aluminium top and sides (3 5 x 3 5 x 45 cm). There 

was a "false" floor in each cage made of perforated aluminium to 

allow faecal pellets to pass through onto the true floor underneath. 

Six holes were situated in the false floor so that female locusts 

would lay their egg pods in the sand filled tubes placed underneath.

Each cage was illuminated by a 40 watt bulb. Food was supplied 

twice daily in the form of wheat seedlings (minimum 9 cm tall) and 

bran containing a dried yeast supplement (0.5% w/w). Water was 

provided for insects up until the period of the last moult. There 

was considerable local variation in temperature and humidity 

within the cages.

Throughout their development, animals were reared at sufficiently 

high density to ensure their remaining gregarious (Joly and Joly,

1953).
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b. Experimental insects

i) Conventional insects. Conventional insects were obtained 

from the stock culture and contained a 'normal' gut flora including 

parasites.

ii) Parasite-free insects. These insects were reared in a 

parasite-free environment, but possessed an apparently normal 

bacterial flora (Hunt, 1982). The insects were kept in cylindrical 

aluminium cages with an acetate sheet 'window'. The cages had 

been disinfected by spraying with 2% peracetic acid. The insects 

were provided with grass and bran each day. Illumination was by 

means of a 40 watt bulb, no additional heating was provided. Insects 

were designated parasite-free if dissection of the gut and Mal

pighian tubules failed to reveal the presence of parasites.

iii) Axenic insects. The axenic locusts were reared using 

a modification of the method first developed by Hunt (1982). 

Essentially, the technique consisted of rearing locusts from germ 

free eggs in a sterile plastic isolator (see Fig. 1).

Production of axenic 1st instar larvae. 7-8 day old locust eggs 

were removed from egg tubes and carefully washed with distilled 

water to remove sand particles. Misshapen or discoloured eggs 

were discarded as potential reservoirs of bacteria. Batches of 

40 to 50 eggs were sterilized by placing in 20 ml of 2% peracetic 

acid in a sterile glass Petri dish. The eggs were gently agitated 

with a small magnetic stirrer. Care was taken to exclude particles
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of sand which might abrade the egg cuticle allowing entry of the 

acid. This operation was carried out in a fume cupboard. After 

20 minutes, the acid was drained and the Petri dish containing 

the eggs transferred to an aseptic laminar flow cabinet where 

the Petri dish was flooded with approximately 20 ml of sterile 

distilled water to wash the eggs. Finally, the eggs were trans

ferred aseptically to individual sterile tubes (50 x lO mm) 

containing nutrient agar slopes. The trays of eggs were incubated 

at 32°C to allow completion of development and hatching. The agar 

slopes were examined daily with the aid of a dissecting microscope 

so that contaminated eggs could be detected and discarded. Upon 

hatching, the hoppers were retained in the tubes for a further two 

days during which time they ate the agar and voided faecal pellets.

If the agar was still apparently free from microbial growth (ob

served down a binocular microscope) then the insect was regarded 

as axenic. Sometimes, hatching of eggs occurred over a number of 

days, in which case early hatchlings were transferred (still on 

individual agar slopes) to a 10°C incubator to await emergence 

of the rest of the batch. This procedure was adopted to prevent 

early hatching hoppers dying from starvation. The egg tubes con

taining the hoppers were subsequently placed in the isolator using 

the standard aseptic method (see maintenance of insects in isolator).

Sterile isolator, equipment and sterilization. All equipment for

the isolator was sterilized using one of three methods; autoclaving 
2at 15 lb s/in for 30 minutes, y irradiation from Cobalt 60

source (IPI, Swindon) with 2.5 or 5.0 mega rads or chemical sterilization
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with 2% peracetic acid (Laporte Industries, Beds.). The method of 

sterilization employed for the different pieces of equipment is 

given in Table 1.

Material for autoclaving was double wrapped in autoclavable 

bags or lay flat nylon tubing (Portex Ltd., Kent, England). Material 

for irradiation was double wrapped in polythene 'dustbin size' bags.

The isolator was pre-sterilized with y irradiation, this 

treatment was found to produce a brown tint in the transparent 

plastic material, however the treatment did not appear to cause 

any deterioration of the material. The rubber gloves used in con

junction with the moulded sleeves were adversely affected by the 

irradiation treatment making them more prone to damage.

The grass was freeze-dried in a centrifugal freeze drier 

(Edwards High Vacuum Ltd., Sussex) prior to packaging. The grass 

and bran were prepared for sterilization by vacuum packing in 

heat sealed aluminium bags (DRG packaging, Bristol).

Procedure for construction of sterile isolator unit (see Plates 1-6).

1. Protective clothing was used throughout the procedure because 

of the harmful nature of the chemical sterilant, peracetic acid. 

Plastic gloves and a Pirelli full face mask respirator fitted 

with an acid gas filter (300/B) (Chapman and Smith Ltd., East 

Sussex) were worn.

2. The sterilized isolator (Plysu Plastics, Beds, 300 x 600 x 1500 mm).
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Table 1. Methods of sterilization for isolator equipment

EQUIPMENT METHOD OF STERILIZATION

Stainless steel cage containing

glass jar with perforated lid Autoclave for 30 minutes
scalpel, forceps, petri dishes. at 15 lbs/in^.
Absorbant cotton wool, climbing 
wire, glass beakers assorted sizes, 
tin foil, thermometer, 
egg tubes with sand, Universals 
containing nutrient broth (Oxoid) 
tin foil.

Foam mat
Inlet and outlet filter units 
Inner door
Two winchesters containing distilled 
water.
Light flex and bulb holder 
Grass

Entry port 
Spare gloves
Isolator and gloves during initial 
set up.
Light bulb

Treatment with 2.0% 
peracetic acid.

Bran with vitamin supplement 
Freeze dried grass 
Nylon nets
Isolator, outer door

5.0 mrads y irradiation 

2.5 mrads y irradiation

2 (contd)

consisting of flexible transparent plastic with tvo pairs of 

moulded sleeves, was unrolled onto the plywood supporting 

platform placed on a mobile dexion frame (Plate 1).

3. The entry port was placed on the cradle at the front of

the platform. The port was sprayed with 2% peracetic acid 

(PAA) using a 'Baby Bio' sprayer. The plastic outer door 

was fitted, sprayed and sealed in place with 2.5 cm insulating 

tape.
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4. The front end of the isolator was connected to the entry port 

with 2.5 cm insulating tape.

5. The inside of the isolator including the sleeves were sprayed 

with PAA.

6 . Moulded plastic cuffs were placed in the rubber gloves which 

were sprayed with PAA then attached to the sleeves and held 

in place with two rubber rings.

7. The foam mat, used to protect the plastic base of the isolator, 

was placed inside. The procedure for placing material inside 

the isolator was to remove them from the outer bag at the 

open end of the isolator and quickly place inside to reduce 

the possibility of contamination. All autoclaved material 

was placed in the isolator immediately after autoclaving. This 

precaution reduced the risk of contamination due to unsterile 

air being drawn into the wrapped equipment whilst cooling.

8 . The light fitting was placed inside the isolator and part

of the flex pushed through one of the openings near the entry 

port (see Plate 2). The remainder of the sterile light fitting 

was kept in a sealed bag to prevent exposure to PAA. The bung 

and flex passing through the opening were sprayed with PAA 

before being pushed into place.

9. The inlet filter was fitted to the remaining opening near the 

entry port (Plate 2). The filter consisted of two Gamma 12 

filter units (Whatman Ltd., Maidstone, Kent) containing 3.0 ym 

and 0.3 pm filters. These were connected in series with rubber 

tubing with the 0.3 ym filter proximal to the isolator 

connection. The filter was held in place with a rubber bung 

sprayed with peracetic acid.



Plate 1. Sterile plastic isolator unit for the 

rearing of axenic locusts.

Plate 2. Lead for light in the cage and sterile air

inlet filter held in place with rubber bungs
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Plate 3. View of entry port with outer door in 

place.

Plate 4. Aluminium inner door.





Plate 5. Air outlet filter with clamp to control air 

flow.

Plate 6. Sealed end of isolator, taped with P.V.C. tape 

then clamped with two jubilee clips. The piece 

of rubber sheet served to protect the isolator 

from abrasion by the clips.





Fig. 2. Cross section of entry port, 

a Entry Port 

b Aluminium door 

c Central pivot

d Release catch

e Sponge seal 

f Crossbar 

g Isolator wall 

h Outer door

Fig. 3 . Air Outlet Filter .

a Nichrome wire binding 

b Air filter material 

c Outlet tube

d Cross-section showing layers of filter 

material wrapped around wire mesh.
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10. The cage, winchesters, food bags, light bulb and inner door 

were placed in the isolator. Each item was sprayed with PAA 

on entry into the isolator. Another sprayer containing PAA 

was placed inside.

11. The entry port was sprayed and the aluminium inner door was 

fitted (Plates 3 and 4; Fig. 2).

12. The outlet filter assembly consisted of a wire mesh frame with 

four layers of filter material (American Air Filters, North

umberland) (Figure 3), held in place with nichrome wire and 

P.V.C. tape. The filter was located in the opening in the 

side wall using a PAA sprayed bung. The outlet tube was 

clamped shut (Plate 5).

13. The edges of the open end of the isolator were carefully

placed together and held in place by P.V.C. tape at intervals 

along the edge. The end was then sealed with 75 mm P.V.C. tape. 

Care was taken to minimise creases in the edge when applying 

the tape to reduce the possibility of future air leaks.

14. The inlet filter was connected with the pump (Corning Air

Compressor 850, Corning L td., England) and the isolator 

inflated with filter sterilized air.

15. The inside of the isolator was thoroughly sprayed with PAA,

taking care to spray the gloves and underneath the equipment. 

The sealed end of the isolator was sprayed.

16. The sealed end was folded concertina fashion, then taped firmly

with 75 mm P.V.C. tape. A small piece of rubber sheet was 

wrapped around the bunched end and two 80 mm jubilee clips 

were tightened around the end to form a good seal (Plate 6).
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17. The inside of the isolator was given a final spray with PAA.

18. The air inlet and outlet clamps were adjusted so that a

balanced flow of air through the isolator was maintained.

The isolator was left for a minimum of 48 hours before the 

sterile hoppers were added, to allow degradation of PAA to acetic 

acid and to allow for the cage to dry out. The light was fitted to 

the cage and electrical connection made outside the isolator.

Maintenance of insects in the isolator. Filter-sterilized air was 

continually pumped through the isolator to maintain a positive pressure 

thus reducing the possibility of contamination due to inward leakage 

of non-sterile air. The isolator room temperature was kept at 

27 ± 1°C which enabled the cage temperature to be held at 32 ± 3°C.

A 12 hour light, 12 hour dark photoperiod was maintained.

A complete synthetic diet for S. gregaria has not been developed 

(Hunt, 1982). Grass and bran were chosen as the basis of the axenic 

diet.Rewetted freeze-dried bran and grass were found to be suitable 

as a diet (Hunt, 1982; Louveaux et al., 1980). However, steriliz

ation by y-irradiation produced an inadequate diet for locust develop

ment (Hunt, 1982); this was attributed to the harmful effect of 

irradiation on B vitamins (Ley et ai., 1969). Supplementation with 

autoclaved grass improved the diet. The addition of vitamins as 

employed by Dadd (1960) enabled an optimum diet to be produced.

The insects were provided with a diet of freeze-dried grass
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and bran with vitamin supplement and a weekly supplement of auto

claved grass. The vitamins were added to the bran prior to ir

radiation. The vitamins used were those which Dadd (1960) established 

were essential for normal growth arid development of S. gregaria with 

the addition of 3 carotene necessary for optimum growth of hoppers 

from carotene deficient parents as well as for normal pigmentation 

(Dadd, 1961).

Table 2 . Vitamin Supplement

Vitamins pg/g of bran

Thiamin 50

Riboflavin 50

Nicotinic acid 200

Pyrodoxine 50

Folic acid 50

Calcium pantothenate lOO

Biotin 2

Choline chloride 2500

Inositol 500

3 Carotene 2800

The quantities of vitamins used were twice those employed by 

Dadd (1960) to allow for degradation during irradiation (Ley et ai., 

1969). The sterile dried grass was reconstituted by soaking in 

sterile water for fifteen minutes before use. A small flask of 

sterilized water with a cotton wool wick was provided in the cage.
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A supplement of autoclaved grass was given once every week, however 

this was probably superfluous as insects were reared successfully 

to 3rd instar without the supplement.

All additional equipment, food or insects, were placed into 

the isolator via the entry port (Fig. 2). The outer door was removed 

and the materials placed inside the port, sprayed with 2% PAA and 

the door replaced. The equipment was left in the port for a minimum 

of 60 minutes to allow for sterilization of the materials and de

gradation of the acid. Then the inner door was removed and materials 

were placed inside. All manipulations in the isolator were con

ducted through the moulded sleeves and rubber gloves. The gloves 

were checked regularly for the presence of tears in the fabric.

Axenic egg production inside the isolator. Axenic locusts were 

bred inside the isolator and the eggs produced were used to increase 

the stock of axenic insects. Sterile aluminium tubes containing 

sterile sand dampened with sterile water were placed under the 

holes in the false floor of the insect cage for the axenic insects 

to deposit their eggs. After a suitable number of egg pods had been 

laid, the tube was taken, capped and kept in the isolator until 

the eggs were ready to hatch. The tube containing the eggs was 

placed in a 2.5 litre jar where the hatchlings were kept until the 

3rd instar. These insects were fed grass and bran with vitamin 

supplement as previously described in the section on 'Maintenance 

of insects'.
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Sterility tests performed on isolator and insects .

The isolator and insects were tested for sterility at regular 

intervals. Faecal pellets (recently voided) , damp swabs of the 

cage and isolator were placed in tubes of nutrient broth (Oxoid 

Ltd.) in the isolator. Before using the insects for experimentation, 

one insect was dissected and the gut placed in nutrient broth.

All broths were incubated for 1 week inside the isolator. The tubes 

were removed and samples from each tube were aseptically streaked 

onto nutrient and blood agar. Blood agar consisted of blood agar 

base (Oxoid Ltd.) and 7% defibrinated horse blood (Oxoid Ltd.). 

Anaerobic tubes of Thioglycollate Medium USp (Oxoid) were inoculated 

to test for the presence of anaerobic organisms. All plates and 

tubes were incubated for 7 days at 32°C. Peritrophic membranes 

were removed from faecal pellets, gram stained (Appendix 1) and 

examined for the presence of bacteria. Insects were examined for 

the presence of parasites namely, Malamoeba locustae, Gregarina 

garnhami and the nematode Mermis nigrescens. If no microbes or 

parasites were detected the insects were regarded as axenic.

Axenic egg/locust production. Locusts were successfully reared 

by the method described above. Hunt (1982) found that axenic in

sects developed normally and were physiologically comparable to 

conventional insects, and concluded that the gut flora did not 

contribute significantly to locust metabolism. However, he did 

not attempt to get his axenic insects to reproduce; they were 

successfully bred for the first time in the present work. The 

insects copulated normally and produced fertile eggs. A group of
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10 locusts were kept for breeding. Over a period of 17 days a total 

of 12 egg pods were laid. Comparative data for conventional locusts 

obtained from Hamilton (1955) are given below.

Table 3. Comparison of axenic and conventional insects production.

AXENIC CONVENTIONAL 
(Hamilton, 1955)

Hopper Period (days) 28 28.6

Days to 1st Pod 30 21

Adult Life (days) >120 68.3

Eggs/Pod 42 40

Incubation Period (days) 14 14.7

The figures may vary according to the stock of locusts and 

conditions of rearing as in contrast to Hamilton (1955) , see 

Table 3, Cavanagh (1963) found 91 eggs/pod and 33 days to 1st 

pod. Despite such variability it is still interesting to note that 

axenic hoppers produced by axenic adults, hatched and developed 

in times comparable to those of Hamilton's conventional insects.

All 10 insects used for breeding were still alive after 120 days 

in the isolator. The extended adult life in temperatures of 32 ± 3°C 

suggests that the lack of contact with disease causing organisms 

and parasites helps to prolong the insects' life.

1st generation axenic hoppers were successfully reared to 

adult. The production of axenic eggs inside the isolator has a
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number of advantages. Peracetic acid sterilization of locust eggs 

was found to reduce the number of hatchlings; the mean percentage 

hatch from 4 batches of eggs was only 35%. However, raising the 

incubation temperature of surface sterilized eggs from 30°C to 

32 - 34°C slightly , increasedthe percentage hatch. Production

of eggs inside the isolator rather than introducing than from the

outside reduces the possibility of contamination. A possible dis

advantage in rearing successive generations of axenic insects 

from axenically produced eggs is that physiological defects (e.g. 

in the immune system) may become prevalent in an axenic insect 

colony. Conventional insects possessing such defects would die 

at an early age but in a germ free environment such insects may

be able to thrive. This may lead to production of locusts which

differ physiologically from conventional insects (c.f. Trexler 

and Reynolds, 1957).

2. Fungal Culture

All experiments were conducted using the strain MEI of the 

fungus Metarhizium anisopliae var. anisopliae originally obtained 

from Tate and Lyle Ltd., Reading (Plates 7 and 8) .jinsect of origin was 

Curculio caryae-

The fungus was grown on Sabouraud's Dextrose Agar (S.D.A.,

Oxoid Ltd.). To obtain a batch of conidia, a loop of conidia was 

streaked onto an agar plate and incubated at 27°C until 1 week 

after the culture had sporulated. The sporulating culture was 

stored at 4°c for up to 1 month. Conidial suspensions were produced
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using the following procedure, in all experiments. Conidia were 

removed aseptically from agar plates using a flamed wire loop 

and placed in a sterile solution of 0.03% Tween 80 held in a capped 

centrifuge tube. The suspension was agitated with a whirlimixer 

to wet the hydrophobic conidia and then centrifuged at 2500 r.p.m. 

for 5 minutes. The supernatant was decanted and the pellet of 

conidia were resuspended in the appropriate solution. Conidial con

centrations were determined by calculating the mean of 5 counts of 

the conidia taken from an Improved Nebauer Counting Chamber used 

with a Swift microscope.

a . Media for the isolation of Metarhizium from faecal pellets.

Two media containing antibiotics were tested for their 

ability to inhibit faecal bacteria and saprophytic fungi while 

promoting growth of Metarhiziium . The first medium consisted of 

Sabouraud's dextrose agar (SDA) supplemented with chlorotetracycline 

HCl, neomycin sulphate, streptomycin sulphate and penicillin G 

all at a concentration of 0.3 g/1 (C.N.S.P., Bignell, 1977). The 

antibiotics were added after sterilization of the media when the 

molten agar had cooled to a temperature of approximately 35°C (hand 

hot) . The second medium consisted of SDA incoporating chloram

phenicol and cycloheximide at a concentration of 0.4 g/1 and 

0.5 g/1 respectively, these were added to the agar before autoclaving 

(Oxoid Manual, 1981).

A mixture of Metarhizium conidia and locust faecal pellet



Plate 7. Sporulating colonies of M. anisopliae (MEI) 

on Sabouraud's dextrose agar.

Plate 8. Sporulating colonies of M. anisopliae (MEI) 

on Sabouraud's dextrose agar showing aerial 

hyphae.
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material was used to test the two media. 10 locust faecal pellets 

were homogenized in 10 ml of water. 5 ml of conidial suspension 

(1 X 10^/ml) was mixed with 5 ml of faecal pellet homogenate.

0.1 ml aliquots were plated out onto the two types of antibiotic 

media and a control medium of SDA. There were 3 replicate plates 

of each medium. An additional two sets of SDA plates were inoculated; 

one with conidial suspension, the other with faecal pellet homogenate, 

The plates were all incubated at 27°C.

The most suitable isolation medium was found to be SDA + 

chloramphenicol and cycloheximide (c.c.). This medium was capable 

of supporting Metarhizium whilst inhibiting all other microbes.

There were extensive bacterial and fungal colonies on faecal pellet/ 

Metarhizium inoculated SDA and SDA + CNSP. There was evidence of 

Metarhizium growth on all 3 media but only on SDA + be did Meta

rhizium grow to the exclusion of all other microbes. After 8 days 

incubation there was still no sign of microbial growth on SDA + 

cc other than Metarhizium.

The antibiotic medium was tested for any inhibitory effect on 

Metarhizium conidial germination. The medium was used as a broth 

(SDB), Conidia were incubated in SDB and SDB + cc. The mean percent 

germination in SDB + cc was 79.5 ± 6.5 compared to 67.2 ± 7.7 in 

SDB, there was no significant difference (using Students t-test,

P > 6.05) between the germination of Metarhizium on the two media.
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CHAPTER 2

STUDIES ON M. ANISOPLIAE IN THE GUT OF S. GREGARIA 

Introduction

The usual route of infection of insects by entomopathogenic 

fungi is through the external integument (Bell, 1974; Perron,

1978; Roberts, 1981; Charnley, 1983). However, there are also 

reports of penetration through the intestinal tract and two fungi 

are regularly associated with gut infection of their hosts; 

Culicinomyces clavisporus (Sweeney, 1975, 1979; Sweeney et ai.,

1983), and Monosporella unicuspidata (Keilin, 1920). The yeast 

M. unicuspidata is thought to invade its host Dasyhelea obscura 

exclusively through the intestine. The yeast forms many club-shaped 

asci each containing a single needle-like spore, within the body 

cavity of the dying host. The asci are ingested by healthy D. 

obscura when they feed on the dead and diseased insects. Once 

ingested, the asci break up releasing the needle-like spores 

which perforate the gut wall and thus enter the body cavity. The 

normal route of infection of Culex fatigans by C. clavisporus is 

also through the digestive tract (Sweeney, 1975, 1979), specifically 

the foregut and hindgut. In this case the high incidence of 

gut infection is probably due to the non-selective filter feeding 

of the larvae which tended to increase the contact between spores 

and the gut wall. The fungus is capable of adhering to the external 

cuticle and in some cases may penetrate through the anal papillae. 

However the latter only occurs in the presence of large concen

trations of spores (10^/ml). Al-Aidroos and Roberts (1978) also
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noted gut invasion of the aquatic mosquito larvae Aedes aegypti with 

M. anisopliae suggesting that gut infection of mosquito larvae may 

be the primary mode of entry.

Other references to gut infection concern fungi which normally

penetrate via the external cuticle. In many instances it is

difficult to evaluate the importance of the alimentary canal

as a mode of entry for these pathogens. The reasons for this'are

three-fold; surface sterilization is often not carried out, in

which case integumental infection cannot be discounted (e.g. Kish

and Allen (1978) fed microdrops of Nomuraea rileyi conidial suspension

to Anticarsia gemmitalis larvae but could not confirm gut infection);

histological confirmation of gut penetration is not sought (e.g.

Agudelo and Falcon (1983) found that hyphal bodies of Paecilomyces

farinosus were infective per os in surface sterilized Spodoptera

exigua); large doses of conidia may be used which are unlikely
9to have any biological significance (e.g. fed doses of 10 

Nomuraea rileyi conidia were required by Bell and Hamalle (1980) 

to give over 50% mortality in Heliothis zea) .In the light of the 

above,reports of insect mortality due to toxic activities of ingested 

conidia, rather than following an infection must be treated with 

caution, if only because inoculum size is not always stated.

Crisan (1971) concluded that a process of intoxication was 

responsible for the death of Culex pipiens larvae caused by 

an unrecorded large number of M. anisopliae conidia in the gut. 

Similarly, Kramra and West (1982) attributed the death of Reticuli- 

termes species to the toxic effect of a large quantity of ingested 

Metarhizium conidia.
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An additional problem when evaluating the importance of gut 

infection is created when the gut is the primary target following 

penetration of the fungus through the external cuticle (e.g.

Cheung and Grula (1982) observed preferential invasion of the 

H. zQd gut wall by Beauveria bassiana. Clearly it is difficult 

to demonstrate gut infection conclusively, therefore it is perhaps 

not surprising that there are a number of conflicting reports in 

the literature; Sussman (1952) found germ tubes of Aspergillus 

flavus penetrating the hindgut of Bombyx mori. Similarly, Masera 

(1957) could only infect this species with M. anisopliae via the 

gut. However, Glaser (1926) could not kill B. mori by oral infection 

with Metarhizium. Schaerffenberg (1957) found that Leptinotarsa

decemlineata could be infected by ingested B. bassiana in contrast 

to Die.uzide (1925) who was unable to infect these insects with 

Beauveria. However, the lack of concordance in these results could 

simply reflect differences in virulence between the strains of 

fungi used (Vey, 1982).

Attempts have been made to initiate infection through the gut 

without risk of surface contamination by introducing a conidial 

inoculum directly into the alimentary tract via an anal or oral 

catheter. Lefebvre (1934) injected conidia of B. bassiana into 

the hindgut of the European Corn Borer using a fine pipette.

The insects were surface sterilized with alcohol. Lefebvre found 

that the inoculated larvae contracted the white muscardine and 

he suggested that this was good evidence of infection via the 

gut. However, in the absence of histological evidence, penetration 

via the anal aperture could not be discounted. Veen (1966) conducted
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similar experiments, administering M. anisopliae conidia to S. 

gregaria via the anal aperture. The insects were not surface 

sterilized and once again the anus could prove to be a good site 

for germination and infection. Veen observed some penetration of 

the rectum by the fungus, but he did not attach much importance 

to this finding. He concluded that the chances of a sufficiently 

large inoculum adhering to the rectal wall and initiating an in

fection were fairly small. Conidia of M. anisopliae or B. bassiana 

were microfed to T. molitor, B. mori and G. mellonella by Gabriel 

(1959). The external integument of the larvae were disinfected 

with Merthiolate tincture. The microfed M. anisopliae caused 

lower mortality than when conidia were applied externally. With 

B. bassiana he obtained variable results, with a trend towards 

lower incidence of infection in microfed insects. However, the 

gut wall was injured in seme cases during microfeeding, facilitating 

invasion by the fungi and the gut bacteria. No histological study 

was done to confirm the incidence of infection via the gut.

Gut infection can only be detected with certainty using 

histological methods (Madelin, 1963). Histopathological records 

of infection through the mouthparts and buccal cavity have been 

made by Veen (1966) and Schabel (1976a). Veen (1966) observed 

penetration of M. anisopliae in the mouthparts of surface steri

lized S. gregaria f but not in any other part of the body. Schabel 

(1976a) microfed M. anisopliae conidia to immobilized Hylobius pales, 

relying on the immobility of the insect to prevent external 

integumental infection. Histological sections revealed invasion 

of the fungus through the buccal cavity wall but no penetration
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was observed in the intestinal tract. Yendol and Paschke (1965) 

working with Entomophthora spp. infections of Reticulitermes 

flavipes noted penetration of the pre-oral cavity, pharynx and 

oesophagus; penetration of the crop, midgut and hindgut was 

not observed. One of the few unequivocal reports of gut invasion 

was given by Broome et al. (1975) working on the interaction 

between B. bassiana and the larvae of Solenopsis richteri . Their 

method of surface sterilization accompanied by appropriate con

trols ensured that per os inoculated insects could not have been 

infected through the external cuticle. There was 79% mortality 

of per os infected surface sterilized larvae. On sectioning the 

gut, the fungal hyphae were found to be penetrating the gut wall.

There are a number of reports of failure to infect insects per 

os with fungi that are pathogenic when applied topically. Skaife 

(1925) could not produce a mycosis by feeding Entomophthora grylli 

conidia to locusts, likewise Sawyer (1933) was unable to produce 

an infection in Rhopobota larvae after dosing per os with E. 

sphaerosperma. Lepesme (1938) was unable to infect S. gregaria 

per os with A. flavus. McCauley et al. (1968) found no penetration 

of elaterid larvae intestine by M. anisopliae. Berisford and 

Tsao (1975) found that A. parasiticus was not pathogenic to 

bagworm larvae when ingested. Likewise, Pekrul and Grula (1979) 

could find no evidence for infection by B. bassiana in the intestine 

of Heliothis zea.

The reasons for the apparently low incidence of infection via 

the gut by entomopathogenic fungi are little understood. However,
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owing to the diversity of the Class Insecta, one might expect a 

wide variety of mechanisms to be involved in the prevention of 

gut invasion depending on the species. An obvious reason for 

the absence of gut invasion could be physical exclusion. The 

oral filter of elaterid larvae (McCauley et al., 1968) acted as 

a physical barrier to Metarhizium conidia. The mode of feeding 

could mean that conidia were physically excluded (e.g. aphid 

stylets feeding from plant phloem). Madelin (1963) summarized 

the conditions that must be fulfilled before successful infection 

through the gut can occur ; conidia must remain undisturbed for 

a sufficient length of time to be able to germinate and penetrate 

the gut wall, must be able to withstand the digestive activities 

of enzymes, able to germinate in the physical and chemical conditions 

in at least some part of the intestine and the fungus must be 

able to penetrate the gut wall. Anchorage in the folds of the 

buccal cavity of Hylobius pales provided the physical means 

whereby conidia could germinate and penetrate (Schabel, 1976a). But 

in other parts of the gut the peritrophic membrane may act as a 

physical barrier to infection (Mercer and Day, 1952). This membrane 

is continuously delaminated (every 15 minutes in S. gregaria,

Bernays, 1981) and ejected with the faeces, consequently reducing 

the likelihood of penetration.

The ability of gut fluid to support germination of fungal con

idia in vitro has been investigated for a number of insect-fungus 

combinations. Gabriel (1959) found that germination of M. anisopliae 

and B. bassiana was low in gut contents of B. mori; T. molitor 

low with M. anisopliae, moderate with B. bassiana; G. mellonella, 

high with M. anisopliae, moderate with B. bassiana, Peridroma
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margaritosa, no germination with M. anisopliae, low with B. bassiana 

These results did not correlate exactly with the incidence of 

mycosis in microfeeding experiments. Thus Af. anisopliae and B. 

bassiana both germinated well in gut fluid from G. mellonella but 

few insects were infected by microfeeding. Veen (1968) diluted 

gut fluid fran 5th instar S. gregaria with water (extent unknown). 

After 48 hours in the filter sterilized solution, 98% of a popul

ation of Metarhizium conidia had germinated. Schabel (1976a) also 

found that conidia of M. anisopliae germinated in gut fluid of 

H. pales (95% after 20 hours). Schabel also isolated Metarhizium 

from faecal pellets voided by those H. pales which had been dose d 

per os. Veen (1968) fed S. gregaria larvae with a meal containing 

conidia of M. anisopliae. He found innumerable colonies on isolation 

media streaked with faecal pellet material from per os dosed larvae. 

Although Veen did not estimate the proportion of conddia passing 

through the gut, he surmised that the majority had passed through 

the gut and been ejected with the faeces. Schabel (1976a) 

suggested that the fast passage of food and conidia through the gut 

would preclude germination in the gut. However, he noted that 

conidia did not germinate even after they had been retained in 

the gut of H. pales for 3 days. Finally, Broome et al., (1976) 

estimated germination of B. bassiana in the gut of Solenopsis 

richteri (37% in 60 hours) and mycological broth (51% in 36 hours), 

demonstrating that the rate and final percentage germination was 

reduced in the gut.

In the light of the above references to the reduction of 

germination in the gut or gut fluid it is evident that, apart from



38.

physical characters of the gut wall and the fast throughput of 

food, there must be chemical/biochemical factors inherent in the 

gut environment which are responsible for the reduction of in

fection via the digestive tract. The pH of the gut may be important 

in this context. Gabriel (1959) attributed low germination of B. 

bassiana and M. anisopliae to high pH in B. mori. Similarly, 

high pH (9) was implicated in the prevention of gut invasion of

H. zea by B. bassiana (Pekrul and Grula, 1979).

A number of authors have stated that the gut microflora is 

important in influencing the ability of fungal pathogens to est

ablish and invade the gut wall (Yendol and Hamlen, 1973; Smirnov, 

1978). There are several examples of pathogenic bacteria being 

suppressed by gut flora in insects (Rizvanov, 1975; Jarosz, 1975). 

The inhibitory effect of termite gut flora may explain the failure 

of attempts to control termites using bacterial pathogens (Lund, 

1971).

Certainly the bacterial population within the mammalian gut 

is important in producing resistance to infection (Donaldson,

1968). Nishikawa et al. (1969) found that the pathogenic fungus 

Candida albicans could be established in the gut of germ-free mice, 

but if the mice had previously harboured E. coli as a monoflora 

in the gut then C. albicans was outnumbered and eventually eliminated

Antagonism between resident microflora and invading fungal 

parasites (if such occurs) could be indirect, thus the gut flora 

could either reduce oxygen tension, creating a hostile environment
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for aerobic pathogens (e.g. in the hindgut of termites, Veivers 

et al., 1982), or outcompete the fungi for nutrients (e.g. as 

postulated by Lepesme (1938) for failure of S, gregaria gut 

infection by A. flavus). Alternatively, the gut microflora could 

have a direct action, through the production of toxic metabolites.

These compounds may play a part in insect resistance to gut in

vasion. Microbial antibiosis towards entomopathogenic fungi, in 

environments other than the gut has been implicated by Wartenberg 

and Freund (1961), Waistad et al. (1970), Schabel (1976b) and 

Shields et al. (1981). Veen (1966) noted the inhibitory effect 

of Aeromonas sp. colonies towards M. anisopliae, and thought that 

suppression of M. anisopliae sporulation in dead locusts may have 

been due to bacterial invasion of the weakened insects. The action 

of bacteria in the termite hindgut may not be solely due to 

production of an oxygen deficit (see above) as entrance of Serratia 

marcescens into the gut of Nasutitermes exitiosus resulted in an 

increase in numbers of resident gut bacteria thus preventing 

colonization by the foreign bacteria (Veivers et ai., 1982).

Since entomopathogenic fungi normally penetrate insects ex

ternally through the cuticle, a high atmospheric humidity is 

essential for the development of mycoses (Roberts and Campbell,

1977). This constraint restricts the use of such pathogens for 

biological control. A practical solution to the problem would 

be to enhance the efficiency of intestinal infection. However, 

before this can be realised, there is a need for more basic 

information. To date, studies On insect gut-fungus interactions, 

reviewed above, have largely been observational, and have conspicuously
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failed to adopt a rigorous quantitative approach. The object of 

the present work was to rectify the situation by looking at 

the interaction between the gut of the desert locust, Schistocerca 

gregaria, and the fungus Metarhizium anisopliae. An important 

aspect of this study was the use of axenic insects. By this 

means it was hoped to establish whether the gut bacteria contri

buted to the locust's defences against invasion by parasitic 

fungi through the alimentary canal.

Materials and Methods

1. Gut throughput of Metarhizium conidia

A method was devised for determining the fate of an ingested 

inoculum of conidia. The apparatus used is shown in Fig. 4 and 

Plate 9. Experimental insects were placed in glass tubes, held 

vertically above a metal sheet which was drawn along in a horizontal 

direction at a calibrated rate of 2 cm/hour by a motor-drive.

The apparatus was housed in a 32°C incubator as food throughput 

is affected by temperature (Baines et al., 1973). Illumination 

was provided throughout the experiment.

a ) . Preparation of a conidial meal

A conidial suspension was prepared in distilled water 

(see Chapter 1 material and methods) and diluted to give a concen

tration of 1.0 - 1.6 X  lO^/ml. 0.05 ml aliquots of the conidial 

suspension were placed on 2 cm strips of wheat seedling. These 

were placed on the surface of a water film in a Petri dish and
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left for 12 hours. The object of this procedure was to allow 

evaporation of the water frcm the conidial suspension while keeping 

the wheat seedling moist. This was necessary because locusts 

were reluctant to eat dried wheat seedling.

b) Preparation of experimental insects

Five 5th instar S. gregaria were starved for 1 hour at 

32°c in illuminated conditions. Locusts were then placed into 

individual Petri dishes and offered strips of the wheat seedling 

treated with conidia. One locust out of the five was selected 

for the experiment on the basis of it having eaten all of the 

conidial meal within 15 minutes of exposure.

c) Use of apparatus and estimation of conidial concentration

The selected locust was placed into one of the vertical

tubes so that the tip of the abdomen was located just below the 

lower edge of the tube. The locust was prevented from falling 

from the tube by cotton threads. The motor drive was switched on 

and the tube set above the zero time line on the metal sheet.

The selected locusts were either provided ad libitum with fresh 

grass ("fed") or deprived of food after the test meal ("semi

starved") . The time of defaecation was calculated from the distance 

between the zero time line and the impacted faecal pellet. Each 

pellet was homogenized in 1 ml of distilled water using a tapered 

teflon homogenizer (Pestle 9.84 mm diameter, tube 2 ml capacity;

TRI R instruments, Cambridge Instruments). The volume was made 

up to 5 ml with the 4 ml of distilled water used to rinse the homo

genizer. The Petri dish used for holding the experimental locust



Plate 9. Apparatus for the measurement of gut

throughput time of Metarhizium conidia. 

The apparatus was housed in an incubator 

maintained at 32°C.
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Fig. 4. Gut throughput apparatus.

A. Glass tubing with two cotton threads at 

lower end to stop the insect slipping through ,

B. Metal sheet with paraffin wax impregnated graph 

paper. The wax served to hold the faecal 

pellets at the point of impact.

C. Electric motor for pulling metal sheet along 

the wooden track.

D. Stop switch Motor (C) was turned off when the 

metal sheet moved over the switch.

E. Wooden base.
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Plan of gut throughput measuring apparatus.

Top view

Side view
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End view
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during the test meal was rinsed with 5 ml of water to pick up 

any conidia dislodged from the wheat seedling. Five haemocytometer 

counts were made of the conidial concentration in the faecal 

pellet suspension and the number of conidia in each faecal pellet 

was calculated from the mean value. The experiment was run for 

24 hours. All of the faecal pellets voided within the first lO 

hours were treated individually as described above, those produced 

from 11 - 24 hour were pooled. Each locust was dissected and 

the gut removed and divided into fore, mid and hindgut. Each part 

was homogenized in 1 ml of distilled water which was made up.to 

5 ml. The number of conidia in each part of the gut was cal

culated. Percentage conidia recovered throughout the experiment 

was 70% - based on total number of conidia recovered from faecal 

pellets, gut and Petri dish, compared with the inoculum applied 

to the test meal.

Food throughput time was estimated using the method described 

by Hunt (1982). Insects were fed overnight with etiolated grass 

(devoid of chlorophyll), this grass was replaced with fresh un

treated grass the following day. Faecal pellets produced subsequently 

were placed in a 4 ml aliquot of 80% acetone. The time from 

ingestion of fresh grass to the appearance of the first faecal 

pellet causing a greening of the acetone due to the presence of 

chlorophyll was noted as the food throughput time.
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2. Investigation of the effect of gut transit on conidial viability

a ) . Conidia passed through the gut

5th instar insects were fed a conidia treated test 

meal as described above. The pellets formed three to four hours 

after ingestion of the conidial meal were collected and homogenized 

separately in 1 ml aliquots of distilled water within h. hour of 

evacuation. The conidial concentrations were determined and a 

homogenate with a concentration of 2 x 10^ - 2 x lO^/ml was 

selected and the rest discarded. Three 20 pi aliquots of the 

chosen faecal pellet homogenate were placed on Sabouraud dextrose 

agar discs incorporating cycloheximide and chloramphenicol 

(SDA + cc see Chapter 1). The discs were cut from an agar plate 

with a sterile 10 mm cork borer. The discs were held in Petri 

dishes at 27°C for 20 hours when the percentage germination of 

the conidia was estimated.

b ) . Conidia homogenized with faecal pellet material

Individual faecal pellets (without conidia) were homo

genized with a 1 ml suspension of 2 x 10^/ml conidia in distilled 

water. 20 pi aliquots were incubated on agar discs as described 

in a) .

c). Conidia homogenized in plant material

The method is to be found in a later section on "plant 

homogenates" (Section 4a).

d ) . Conidia in distilled water

20 pi aliquots of the conidial suspension were incubated
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on SDA + cc.

3. In vitro experiments with locust gut fluid

a ) . Incubation of M. anisopliae in gut fluid.

The following method was used to extract gut fluid from 

adult locusts. Extraction of fluid was delayed until ca ̂ l-3h 

after the morning feed (see General Materials and Methods, Chapter 

1). Sampling was hindered if the foregut was full of food. The 

gut fluid was extracted by gently inserting a cannula tube 

(Portex 3 mm) in between the mouthparts and into the anterior 

foregut. The end of the tube was coated with silicon grease to 

facilitate entry. The fluid was drawn from the gut through the 

cannula by a 1 ml syringe. Extracts from a number of locusts 

were pooled until the required volume was obtained. 20 pi of a 

conidial suspension of Af. anisopliae were added to 0.5 ml of gut 

fluid to give a final concentration of 2 x 10^/ml. 20 pi aliquots

of the gut fluid/conidial suspension were placed on glass slides 

in Petri dishes on U shaped glass rods. A filter paper dampened 

with 2.5.ml of sterile distilled water was placed on the base 

of the dish to provide a humid atmosphere (Plate 10). Care was 

taken to mix the drops and spread them to cover a similar area 

in each replicate. Controls consisting of 20 pi aliquots 

of conidia suspended in nutrient broth (Oxoid Ltd.) were included. 

The conidial suspensions were incubated for 20 hours at 27°C at 

which time % germination was assessed by randomly selecting 200 

conidia from each of the aliquots.
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b ) . Incubation of conidia in gut fluid containing additional

nutrients

The gut fluid was extracted and diluted 1 : 3 v/v with 

nutrient broth. 20 pi of conidial suspension was added to each 

0.5 ml aliquot of the mixture to give a final concentration of 

2 X 10^ conidia/ml. Aliquots of the final suspension were incubated 

as above (Section a) and controls, consisting of conidia suspended 

in nutrient broth (Oxoid Ltd.) were included.

c ) . Incubation of conidia in filtered gut fluid

The gut fluid was diluted 1 : 3 v/v with nutrient broth

and filtered through a 0.2 pm millipore filter (Whatman Ltd., 

Maidstone, Kent). Conidia were added to the filtrate to a final 

concentration of 2 x 10^/ml and 20 pi aliquots were incubated as 

in a ) . Controls consisted of conidia (2 x 10^/ml) in nutrient broth. 

All operations were conducted under aseptic conditions to maintain 

sterility of the filtered solution.

d ) . Incubation of conidia in heated gut fluid

Gut fluid was diluted 1 : 3 v/v with nutrient broth. Half

of the diluted volume was heated for 5 minutes in a water bath 
omaintained at 100 C. The fluid was cooled to room temperature 

and conidia added to give a concentration of 2 x 10^/ml (suspension 

produced as in Chapter 1). Two controls were incubated consisting 

of unheated gut fluid plus nutrient broth and nutrient broth 

(heated for 5 mins at 100°C) only. Both controls contained conidia 

at a concentration of 2 x 10^/ml. All three suspensions were incubated 

as in a ) .



Plate 10. Petri dish containing dampened filter paper 

and U shaped glass rod. The dish was used 

routinely for the incubation of conidia on glass 

slides.

Plate 11. Ultrafilter consisting of a propellant actuated 

cell with screw on end piece and rubber 0 ring 

seals.



a m  1C on
TOP£LLENT
■-Me Jel 11-PA 

iCell



49.

ejL. Incubation of conidia in dialysed gut fluid

A minimum volume of 0.8 ml of gut fluid was collected and 

diluted by adding an equal volume of distilled water. The diluted 

fluid was filter sterilized using a 0.2 pm millipore filter.

A 0.2 ml volume of the fluid was retained as a control. The 

volume of the remaining fluid filtrate was determined using a 

sterile syringe and dispensed into 1 - 8/32" dialysis tubing. Dia

lysis was carried out over a 12 h period in a 800 ml volume of 

distilled water at 4^C. The volume of the dialysed solution was 

measured to monitor for any influx of water during dialysis.

If any dilution had occurred, then the volume of the non-dialysed 

sample was adjusted accordingly. Nutrient broth concentrate (6.5 g 

powder/10 ml) was added in a 20 pi aliquot to the dialysed fluid 

and the non-dialysed gut fluid control to give a final concentration 

of 13 pg/ml (normal concentration of nutrient broth, Oxoid Ltd.).

20 pi conidial suspensions (produced by method given in Chapter 1) 

were added per 0.5 ml of fluid to give a final concentration of 

2 X 10^/ml. An additional control consisting of conidia in 

nutrient broth was included. 20 pi aliquots of conidia were 

incubated and germination was estimated as described in a) above.

Dialysis tubing used had an average pore radius of 24 angstrom 

units which permits diffusion of low molecular weight compounds 

(< 1200) (Gee, 1975).

f). Incubation of conidia in ultrafiltered gut fluid

1 ml of gut fluid was collected (as in a) and diluted
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1 : 1 v/v with distilled water. The fluid was passed through 

a 0.22 pm millipore filter to remove bacteria and debris which 

might block the ultrafilter.

The ultrafilter consisted of a propellant actuated ultra

filtration cell (Plate 11) (Model 10 PA Amicon Ltd., Stonehouse,

Glos). containing a Diaflo filter (Type YM2) of 1,000 molecular 

weight cut off. The filter and cell were sterilized by soaking 

in 70% ethanol. After filtration of the gut fluid, nutrient broth 

concentrate (6.5 g/10 ml) was added to give a final dilution of 

13 pg/ml. Two controls were included in the experiment, the 

first was diluted gut fluid which had been passed through a millipore, 

the second was distilled water. All three solutions were provided 

with nutrient broth (20 pi of 6.5 g/10 ml) and conidial suspension 

to give 2 x 10^/ml. The germination was determined as in a ) . 

Filtration of gut fluid through 300 molecular weight 'cut-off 

filter (Y 005) was attempted. However, the filter was easily blocked 

and insufficient fluid was passed through to be of use in a 

germination experiment.

4. In vitro experiments with plant homogenate

a) . Incubation of conidia in plant homogenate. 1 g<̂ of wheat 

seedling was homogenized with 5 ml of distilled water. Conidia 

were added in a 20 pi volume of distilled water to give a final 

concentration of 2 x 10^/ml. A control of conidia suspended in 

nutrient broth was included in the experiment. Incubation and
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estimation of germination was carried out as described in the previous 

section (3a).

b) . Incubation of conidia in bacterial culture filtrate 

10 g of wheat seedlings were homogenized in a Waring 

blender for 1 minute with 50 ml of citrate phosphate buffer (pH 5.5; 

Dawson et al., 1969). The suspension was filtered through Whatman 

filter paper. The filtrate was subsequently used as a nutrient source 

for growing gut bacteria. The filtrate was dispensed in 4 x 5 ml 

quantities into sterile universals. 5 ml of the filtrate was filter 

sterilized through a 0.2 pm millipore filter. Another 5 ml was 

incubated as the non-sterile control. The remaining two volumes 

were inoculated with bacteria, the first with Enterobacter agglomerans 

(previously isolated from the locust gut) and the second with 20 pi 

of a homogenate of locust gut in bacteriological Ringers (Oxoid 

Ltd.). The solutions were all incubated at 30°C for 48 hours. The

E. agglomerans was identified using API 20E (API system SA,

La Balme-les-Grottes, France) and taken from 48 hour colonies grown 

on nutrient agar.

The incubates, except the sterile control, were then filter 

sterilized through a 0.2 pm millipore. 0.1 ml of nutrient broth con

centrate (6.5 g/10 ml, Oxoid Ltd.) was added to each 5 ml volume 

to ensure adequate nutrition for germination. An additional 

control of nutrient broth powder in distilled water was set up.

Conidia were added to each solution (2 x 10^/ml) and aliquots 

were incubated as in 3a) of the previous section.
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5. The effect of pH on germination and growth of M. anisopliae

The germination and growth of Metarhizium was determined over 

a pH range of 3 - 10. The incubation media consisted of nutrient 

broth powder (13 pg/ml) (Oxoid Ltd.) dissolved in the appropriate

buffer solution. Citrate/sodium phosphate buffer was used for

pH 3, 4, 5, 6 and 7, sodium carbonate/bicarbonate for pH 9 and 

10 and sodium phosphate for pH 8 (Dawson et ai., 1969). Conidia 

(obtained as in Chapter 1) were added in 20 yl aliquots of distilled 

water to give a final dilution of 2 x 10^/ml. Aliquots of each 

solution were incubated on glass slides as described in the previous 

section. The remainder of the suspensions were incubated at 27°C

and their pH was recorded after the termination of the experiment.

Growth was determined by 40 measurements of germ tube length at 

each pH, using a previously calibrated eyepiece graticule.

6 . Osmolarity of locust gut fluid

Samples of gut fluid were taken from adult locusts using 

10 yl Drummond 'Microcaps'. The locusts were used after at least 

2 hours had elapsed since the last grass meal. The osmolarity 

of each sample was determined immediately after extraction to 

reduce the possibility of error due to evaporation. Osmolarity 

was estimated with a 5100 B series Vapour Pressure Osmometer 

(Chemlab Instruments Ltd., London). The osmometer was calibrated 

with a 290 m Os/kg standard salt solution. The osmometer head 

was removed for cleaning when the osmolarity reading for distilled 

water was > 70 m Os/kg.
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7. Oxygen status of the locust gut

The method used was essentially that described by Bignell and 

Anderson (1980). The guts of 5th instar locusts were used in 

the experiment. The whole gut was rapidly dissected from a 5th 

instar locust by cutting across the abdomen near the anal open

ing and pulling the head with gut attached, away from the body.

The gut was severed from the head and immediately dropped into a 

McCartney bottle (capacity 7.0 ml) containing air saturated Ringer 

solution at 25°C (Ringer:- NaCl 2.15 g/1, KCl 0.08 g/1, CaCl^

0.12 g/1, NaHCO^ 0.05 g/1, glucose 10.0 g/ml). 5 clean glass

beads were added to the bottle which was topped up with Ringers 

solution and capped with a rubber bung, excluding all air bubbles. 

A thin piece of wire which had been placed in the bottle along 

with the bung, was then withdrawn from the bottle , thus removing 

any remaining air bubbles. The solution was vigorously shaken 

for 15 minutes on a mechanical shaker. The Rank Oxygen Electrode 

(Rank Bros, Cambridge, England) was equilibrated to 25°C with the 

water jacket connected to a thermostatically controlled water 

heater. The electrode output was recorded on a Pye chart recorder.

The 100% O^ level was set by placing 3 ml of air saturated 

Ringer in the incubation chamber and adjusting the recorder pen 

to a suitable position on the chart paper. The 0% oxygen 

level was determined by the addition of 0.1 g of sodium dithionite 

to the air saturated Ringer and the position of the chart pen 

was recorded. Control samples of Ringer were incubated for 15 

minutes and oxygen uptake recorded for a further 15 minutes period
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to determine the basal oxygen level. The gut sample (see above) 

was removed from the shaker and 3 ml gently pipetted into the 

incubation chamber. Care was taken to remove all air bubbles 

upon closure of the incubation chamber. The magnetic stirrer was 

operated at a constant rate throughout all experiments. The oxygen 

uptake of each gut sample was recorded over a 15 minute period. 

Calibration was achieved using the value of the solubility of 

oxygen in bacteriological Ringers calculated by Bignell and 

Anderson (1980) (100% O^ = 5.7 ± 0.2 mg Og/l at 25°C). The

oxygen concentration in gut homogenates was adjusted for the 

change in oxygen content in control Ringer.

The experiment was also carried out with the addition of
-2potassium cyanide (1 x 10 Molar in Ringer) to the gut homogenate 

in order to obtain a record of any oxygen deficit present in the 

gut.

8 . Assays for glycosidase activity in the locust g u t ,

a ) . Aryl a-and g-glucosidase

Midgut homogenates were prepared by homogenizing tissue 

and contents separately in 5 ml of distilled water. The homogenates 

were centrifuged for 15 minutes at 2000 rpm and the supernatants 

divided into 0.5 ml aliquots then deep frozen at -20°C until 

required.

2 ml aliquots of Mcllvaines Buffer (Dawson et al., 1969)
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(0-1 M citric acid, 0.2 M sodium hydrogen orthophosphate pH 5.8) 

and 0.5 ml of the substrate (35 m M ) , (p-nitrophenyl-a-D-gluco- 

pyranoside or p-nitrophenyl-g-D-glucopyranoside) were equilibrated 

at 28°C for 5 minutes in a water bath. 0.5 ml of an appropriately 

diluted gut homogenate was added and the mixture incubated for 

15 minutes at 28°C. The enzyme activity was determined by esti

mating the p-nitrophenol liberated from the substrate during the 

reaction (Aizawa, 1939). The reaction was terminated by adding 

3 ml of 0.1 M NH^OH which raised the solution to the required 

pH 9.8 for full colour development. Substrate blanks were made 

by adding NH^OH before the homogenate was added. Protein and 

insoluble matter were removed by centrifugation at 2000 rpm for 

15 minutes in a MSE bench centrifuge. Absorbance of the super

natant was read at 405 nm against a distilled water blank in a 

Cecil dual beam spectrophotometer. If the absorbance was greater 

than 0.8, the homogenate was diluted and the experiment repeated. 

The amount of p-nitrophenol released was determined by reference 

to a calibration line (Fig. 5) prepared from standard nitrop - 

henol solutions (Hunt, 1982). Enzyme activity was expressed as 

ymoles of p-nitrophenol released in 15 minutes per midgut content 

or tissue.

b ) . Laminarinase (3 1,3-glucanase)

The hydrolysis of laminarin (Glcgl-3 Glc) was determined 

by the estimation of the reducing sugar (glucose) released using 

Nelson's (1944) modification of the Somogyi method, observing the 

precautions outlined by Marais et ai. (1966). 2 ml of 0.01%



F ig. 5 . Calibration graph of standard p-nitrophenol 

solutions

Graph used for the determination of p-nitrophenol 

released from p-nitrophenyl-a-D-glucopyranoside 

by aryl a-glucosidase and p-nitrophenol released 

from p-nitrophenyl-3-D-glucopyranoside by aryl 

3-glucosidase.

Legend: Ordinate - absorbance at 405 nm

Abscissa - ymoles of p-nitrophenol
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Fig. 6 . Calibration graph of standard glucose solutions 

Graph used for the determination of glucose 

released from laminarin by laminarinase.

Legend: Ordinate: absorbance at 660 nm 

Abscissa - yg of glucose
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Fig. 7 . Calibration graph of standard p-nitrophenol 

solutions.

Graph used for the determination of p-nitro

phenol (PNP) released from p-nitrophenyl-N- 

acetyl-3-N-glucosamide.

Legend: Ordinate - absorbance at 400 nm

Abscissa - pmoles of p-nitrophenol
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laminarin solution was equilibrated for 5 minutes in a water bath 

at 28°C with 2 ml of Mcllvaines buffer pH 5.3. The reaction 

was started by adding 0.1 ml of homogenate. Incubation was effected 

for 1 hr at 28°C. The reaction was stopped by adding 2 ml of 

the copper reagent (Appendix 4) to 2 ml of the incubate. The 

mixture was heated in capped tubes for 25 minutes at 100°C then 

cooled to 21°C. 2 ml of arsenomolybdate reagent (Appendix 4)

was added to the tube and mixed on a whirlimix until effervescence 

ceased. After 2 hours, colour development was complete and stable 

(Marais et ai., 1966) and absorbance of appropriately diluted 

samples read at 660 nm. A standard line was prepared for 

glucose (O - 140 yg) (Fig. 6). Laminarinase activity was expressed 

as mg glucose released/midgut region/hour.

c ) . 3-N-acetylglucosaminidase

3-N-acetylglucosaminidase activity was determined by 

following the production of p-nitrophenol (PNP) released on 

hydrolysis of the substrate, p-nitrophenyl-N-acetyl-g-N-gluco- 

samide (Sigma Ltd.). The locust gut fluid (obtained as described 

in Section 3a) was diluted 1:1 v/v with distilled water and 

dialysed overnight at 4°C. 1 ml of the dialysed diluted gut fluid 

was added to 1ml of substrate (1.0 mg/ml) and dissolved in 

0.1 M citrate buffer at pH 5. The solutions were equilibrated 

at 35°C prior to mixing. Incubation was for 10 mins at 35°C. A 

control solution consisting of autoclaved gut fluid was also 

included. A calibration curve was prepared for ymoles PNP released 

(Fig. 7). The reaction was stopped by the addition of 1ml IN NH^OH
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containing 2 mM disodium EDTA (English et al., 1971). Absorbance 

was measured at 400 nm on a Cecil dual beam spectrophotometer 

using the control as a blank. Activities are expressed as ymoles 

PNP released by 1 ml enzyme solution in 1 hour.

d ) . Chitinase

Chitinase activity was detected using chitin azure

(Sigma Ltd.) as an insoluble substrate. Locust gut fluid (obtained

as described in Section 3a) was diluted 1:1 v/v with distilled

water and dialysed overnight at 4°C. 1 ml of the dialysed gut

fluid, 20 mg of insoluble substrate and 4 ml of Britton Robinson
o

buffer (pH 5.0) (Dawson et ai., 1969) were equilibrated at 30 C 

for 10 minutes then mixed in a small McCartney bottle, stoppered 

and fastened to a Clare-Harding revolving disc, a control of 

heated gut fluid was included. After incubation at 30°C for times 

of up to 12 h the reaction was stopped by the addition of tri

chloroacetic acid (0.25 ml, 500 g/1) then centrifuged at 5000 g 

for 10 minutes in a MSE centrifuge. The absorbance of the super

natant was read at 595 nm on a Cecil dual beam spectrophotometer 

using the control as a blank. One unit of activity was defined 

as the amount of enzyme necessary to cause an increase of 0.01 

per hour in absorbance at 595 nm.

9. Investigation of gut wall penetration in vitro using Scanning

Electron Microscopy (SEM)

5th instar locusts were used in the experiment. The insects
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were starved for 48 hours to clear the gut of food prior to use.

The insect abdomen was cut transversely at the rectum just

behind the anal opening. The head with gut attached, was pulled

away from the body with a slight twisting action to sever the neck

membrane. The gut was detached from the head and placed in a sterile
-1Ringer solution containing antibiotics. Ringer:- 5.73 gl NaCl,

1.5 gl ^ KCl, 0.3 gl ^ CaCl^SH^O, 0.41 gl ^ MgCl^^H^O, 1.8 gl ^
-1 -1 -1 glucose, 1.85 g 1 NaHCO^, 1.09 gl NaHP0 ^ 2H 2 0 , 0.83 gl sodium
-1 -1 glutamate, 0 . 8 8  gl sodium citrate and 0.37 gl m a l i c  acid

(Maddrell and Klunsuwan, 1973). The antibiotics were chloram-
-1 -1 phenicol 0.4 gl and cycloheximide 0.5 gl . The Ringer was

filtered through a 0.2 ym millipore. Two fine 3 mm diameter

Portex catheter tubes were gently inserted into the open ends

of the isolated gut. The tubing was secured to the gut by cotton

ligatures. A 1 ml syringe was attached to each of the two catheters.

The syringe attached to the anterior end of the gut was used to

flush 1 ml of sterile Ringer containing the antibiotics and 0.5%

w/v amaranth dye through the gut and the posterior syringe

received displaced fluid. If leakage of the dye occurred or the

gut was blocked then the preparation was discarded. Care was

taken not to distend the gut which might result in damage to the

epithelium. The preparation was then transferred to a 50 ml sterile

beaker containing sterile Ringer plus antibiotics (Fig. 8 ). The

anterior syringe was charged with a 2 x 1 0 ^/ml conidial suspension

in Ringer plus antibiotics, 0.05 ml of the suspension was injected

into the gut. The beaker containing the gut preparation was
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incubated in a water bath maintained at 27°C. The Ringer solution 

external to the gut was oxygenated with filter sterilized oxygen 

(0.3 ym Whatman filter). After incubation for 24 or 48 hours 

the gut was prepared for SEM. The catheter tubing was carefully 

removed from the gut and the ends ligatured with cotton thread.

In a second experiment, insects were starved for 48 h then 

given 3 doses of antibiotics via a cannula during a 6 hperiod.

The 3 doses consisted of a 0.1 ml Ringer solution plus antibiotics 

as used in the previous experiment. The locusts were then inoculated 

per os with 0.05 ml of 2 x 10^ conidia/ral suspended in Ringers 

plus antibiotics. Control insects were inoculated with Ringer 

solution. Oral inoculation was conducted using a 1 jnl syringe 

attached to a 3mm Portex cannula which was lightly smeared with 

silicone grease. The cannula was gently inserted between the 

mouthparts and the suspension was slowly injected into the foregut. 

The inoculated locusts were ligatured across the posterior abdomen 

with cotton thread. The insects were maintained at 27°C without 

food for the required incubation period, after which time the 

guts were dissected from the insects and prepared for SEM. Control 

insects were examined for the presence of septicaemia in the 

haemocoel, this was to check that the cannulation technique had 

not caused damage to the gut wall.

The gut was fixed in 6 % glutaraldehyde in 0.05 M cacodylate 

buffer for 3 hours. The gut was then passed through a graded 

series of water/acetone solutions to 1 0 0 % acetone, dried in a



Fig. 8 . Isolated locust gut preparation 

A - syringe 

B - air outlet 

C - oxygen supply 

D - Ringers/Antibiotic solution
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critical point drier (Polaron E3000) and coated with gold using 

a Polaron Argon Sputter Coater. Examination of the haemocoel 

surface of the gut was carried out in a Cambridge S4 Stereoscan 

SEM at 10 kV.

To ensure that conidia used in the gut preparation were viable, 

aliquots of the conidia in Ringer plus antibiotics were incubated 

on glass slides as in the method described in Chapter 1.

10. Histological investigation of in vivo gut penetration

Adult insects were prepared by starving them for several hours 

before the experiment. The insects were inoculated orally by 

inserting a cannula between the mouthparts and injecting a 50 yl 

conidia suspension (2 x 10^/ml) into the foregut using a 3 mm 

Portex cannula smeared with silicone grease. After inoculation 

the insects were kept individually in glass jars at 32°C. The 

insects were either fed daily with wheat seedlings or starved.

After the required incubation period the insects were killed 

and the guts were dissected and ligatured to prevent loss of 

contents. The guts were immediately placed in freshly prepared 

Schaudins fluid (saturated HgClgiabsolute ethanol 2:1 v/v) and 

left to fix for 18 hours. The guts were washed in 50% ethanol 

and dehydrated using the propan-2-ol/toluene method of Huma son 

(1972). The fixation, washing and dehydration processes were per

formed using an Elliot automatic tissue processor (Shandon Scien

tific Co. Ltd., London). The guts were passed through two changes
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of paraffin wax (54°C melting point) in the processor and then 

transferred to a vacuum oven for 8 hours at 400 - 500 mm Hg and 

56°C to facilitate infiltration of the wax into the specimens. 

(Thermostat vacuum oven, Townson and Mercer Ltd., Croydon). 

Finally, the specimens were embedded in wax (54°C m.pt.)and left 

for 24 hours. Serial sections of the embedded material were cut 

at 6 ym on a rotary microtome (Reichert, Austria) and transferred 

to clean glass slides coated with Mayers albumin (Appendix 3).

The dried slides were stained by Periodic acid oxidation, basic

fuchsin and light green (De Palma and Young, 1963) (Appendix 3). 

Stained sections were mounted with D.P.X. (BDH Chemicals).

Photomicrographs were taken with a Zeiss Photomicroscope.

11. Inoculation of locusts with a topical dose of Metarhizium 

conidia

3rd instar insects were used throughout the experiment.

A conidial suspension was prepared in 0.03% Tween 80 solution
4(see Chapter 1 for method). Conidial concentrations of 2 x 10 ,

2 X  10^ and 2 x 10^/ml were used. The insects were chilled 

at 4°C for 10 minutes to facilitate handling. Conidial application 

was conducted by briefly immersing the insects in a continually 

agitated conidial suspension, then the insects were transferred 

to 50 mm diameter Petri dishes. The insects were incubated 

at 27°C under a 12 hour photoperiod at > 95% relative humidity. 

Control insects were dipped in 0.03% Tween 80 solution only.

The insects were fed daily with wheat seedlings. Mortality was 

recorded over a 6 day period.
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12. Inoculation of locusts per os with a dose of M. anisopliae 

conidia

3rd instar hoppers were starved for 5 hours. A conidial meal 

was prepared by dipping 2 cm strips of wheat seedling in a con

tinually agitated conidial suspension of the following concentrations
4 5 72 X 10 , 2 X 10 and 2 x 10 /ml. The suspensions were made in

0.03% Tween 80 as described in Chapter 1. The conidial meal was

placed with individual insects in 50 mm diameter Petri dishes.

Control insects, given a meal without conidia, were included.

Incubation was carried out at 27°C, 60% relative humidity,in a

12 hour photoperiod. Young wheat leaves were given each day.

Mortality was recorded over a 6 day period.

13. Germination of preincubated conidia in gut fluid

Conidia were harvested and washed in Tween 80 solution (0.03%);

(Chapter 1), then preincubated at a concentration of 2 x 10^ conidia/ml 

in G.M.S. for 6 h. (G.M.S. - 2% glucose, 0.3% mycological peptone,

0.03% salts ; see Chapter 3, Section 5). Gut fluid was extracted 

from adult locusts (see Section 3a). The fluid was diluted 1:3 v/v 

with G.M.S. then the mixed fluid was divided into two volumes.

Fresh conidia were added to one volume to give a concentration of 

2 X 10^ conidia/ml. The preincubated conidial suspension was 

centrifuged at 2500 rpm and the conidia added to the second 

volume of diluted gut fluid to give the same concentration. 0 . 0 2 ml 

aliquots were placed on glass slides and incubated in the standard 

way (see Chapter 1). A control was also included, consisting
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of fresh conidia suspended in G.M.S. nutrients only.

14. Per os infection of locusts with preincubated conidia

Newly moulted 3rd instar locusts were selected for the experi

ment (parasite-free or stock insects, see Chapter 1). Conidia 

were harvested and suspended in Tween 80 solution (see Chapter 1). 

The conidia were used fresh or following a preincubation for 

6 h at 27^C in G.M.S. (see Chapter 3, Section 5). The 6 h period 

was selected as offering the maximum period of incubation without 

germ-tube production. 2 cm blades of wheat seedling were dipped 

in the suspension of conidia and then placed individually into 

plastic Petri dishes (50 m m ) . The insects were chilled at 4°C for 

ten minutes to facilitate transfer to the Petri dishes. Control 

insects were fed untreated wheat blades. Insects were kept 

at 29°C and 65% relative humidity. Low relative humidity was 

adopted to help prevent topical invasion as conidia of M. anisopliae 

will not germinate at humidities less than 90% (Walstad et ai.,

1970). Fresh wheat blades were provided each day. Mortality was 

recorded at 24 h intervals.

15. Statistical analysis

Statistical comparisons of data were conducted using the 

Students t-test (Sokal and Rohlf, 1969). Reference was made to 

the statistical tables of Fisher and Yates (1963). Values of 

probability ^ 0.05 were taken as being significant.
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Results

1. Gut throughput rate of a fed inoculum of M. anisopliae conidia

Conidia appeared in the faeces within 1 h of the completion of

the test meal (Fig. 9, Table 4). The number peaked at Ih h, which

is slightly less than the food throughput time in locusts given

unlimited access to food 2h h, see Table 5) . The appearance

of conidia in the faecal pellets within 1 h of feeding may be due

to the movement of conidia down the intestine in a liquid phase

in advance of the food bolus (Baines et ai., 1973). After 2h h

50% of the recoverable conidia (see Materials and Methods 1 and

Table 4) were found in the faeces. By 4h h over 90% had passed

through the gut. Since the mean germination time of Metarhizium

conidia is 11-12 h (Chapter 3, Results), most of the conidia will

pass through the gut without germinating. After 24 h, the gut

was found to have retained an average of 0 .8 % of the inoculum 
6 4(0.8% of 6.5 X 10 = 5.2 x 10 , see Table 4). These conidia were

distributed throughout the gut.

A similar proportion of the recoverable conidia (0.9%) was

found in the guts of semi-starved insects(denied food after t h e '

test meal) (Table 4). One might expect more conidia to be

retained in the gut of an insect denied access to food as the

throughput rate is known to be reduced in starved animals (Baines

et al., 1973). The apparent similarity between the two sets of

results may be partly due to the increase in error associated
4with conidial concentrations as low as 10 /ml. At this concentration



Table 4 . Throughput of a fed inoculum of M. anisopliae 

Conidia.

Results are given in the form of percentage re

coverable conidia found in each of the first 10 

faecal pellets voided by the locust after feeding 

with the test meal. Any additional pellets produced 

after the first 10 up until 24 h (post-test meal) 

were pooled together (* rest of pellets), and 

percentage of conidia was calculated. Percentages 

are based on the total number of conidia recovered 

from the insect and faecal pellets. Each % is based 

on a mean of 5 haemocytometer counts.

"Number of pellets" column corresponds to the total 

number of pellets used to calculate the % mean 

value.

All results were obtained using fully fed insects 

except for those given for 'semi-starved' insects 

(see lower end of table ).
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Table 5. Food throughput time of 5th instar S. gregaria

Locust N o . Throughput time (mins)

1 160

2 125

3 1 1 0

4 152

5 128

6 124

X  = 133.2 ± 7.7

Throughput time estimated from time of ingestion of fresh grass 

until appearance of faecal pellet causing a 'greening' of 80% 

acetone. Locusts fed with etiolated grass overnight.

a difference in one or two conidia in the count may result in 

a doubling or halving of the estimated concentration.

2. Investigation of the effect of gut transit on conidial 

viability

The gut throughput experiments established that although 

a large proportion of conidia passed through the gut, a sub

stantial number were retained long enough, at least theoretically, 

for germination and penetration to occur. The following experi

ments were performed to see if there were any additional 

barriers to gut infection.



Fig. 9 . Gut throughput of a fed inoculum of 

M. anisopliae conidia.

Legend: Ordinate - Percentage of total

conidia recovered in locust 

faecal pellets

Abscissa - Time since ingestion 

of test meal.

Experiment was conducted using 5th instar 

S. gregaria given unlimited access to food, 

(see Table 4).
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Fig. 1 0 . The effect of gut transit on conidial viability

Legend: Ordinate - % germination of conidia

Abscissa - Gut fluid from different insect 
types

Gp - Conidia passed through locust gut and homogenized 

with faecal pellet material before incubation on 

Sabouraud's dextrose agar (SDA^CC)

H - Conidia homogenized with faecal pellet without 

prior gut passage.

Control conidia were incubated in water on SDA,GC 

200 conidia were observed for each replicate .

Bars indicate standard error. Figures on bars 

indicate the number of replicates.

Incubation period of 20 h at 2 7 ° C •
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The viability of conidia which had passed through the 

gut of the conventional locust was reduced (see Fig. lO). Only 

26.6% of gut passaged conidia germinated compared to a control 

germination of 78.3%. In contrast passage through the guts 

of axenic insects did not inhibit conidial germination (Fig.

10, comparison with controls P > 0.25). The reduced germin

ation of conidia passaged through conventional digestive tracts 

was not attributable to phytochemicals as % germination of 

conidia incubated with homogenized wheat seedling^ was not 

significantly different from that of control conidia (Fig.

16, P > 0.25). The incubation of non-gut passaged conidia 

with faecal pellet material also had no significant effect 

on viability (P > 0.25, Fig. lO).

3. The effect of pH on the germination and growth of Meta- 

rhizium

Germination and growth of the fungus was possible between 

pH 3 - lO (Fig. 11) . Optimum pH for growth was around 6 , whereas 

germination exhibited a broad peak from pH 5 - 7. Therefore, at 

the pH of gut fluid, 5.6 (Pye Unicam Micro pH meter), growth 

and germination should be optimal. Indeed the pH range of the 

whole desert locust gut (foregut pH 5.7 - hindgut pH 7 (Evans 

and Payne, 1964)) encompasses the pH peaks of germination and 

growth. These results discount pH as being the cause of 

reduced germination of the gut passaged conidia.
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4. Osmolarity of locust gut fluid

There was considerable variation in the osmolarity of gut 

fluid (see Table 6 ), particularly amongst conventional and 

parasite-free locusts. Consequently there were no significant 

differences between treatments apart from between conventional 

and axenic insects. Although both parasite-free gut fluid and 

conventional gut fluid were inhibitory to the germination of 

Metarhizium conidia (see later Section 6 ) the osmolarity of 

parasite-free gut fluid was not significantly different from 

that of axenic gut fluid. Therefore, osmolarity differences 

cannot account for the inhibitory effect of locust gut transit.

Table 6 . Osmolarity of locust gut fluid (mOs/kg)

Conventional
cf 9

Parasite
cf

-free
9

Axenic
cf $

840 758 615 414 447 571
793 429 448 1591 462 585
872 732 479 513 464 507
778 406 448 614 509 439
549 760 1417 468 495 492
975 596
764 765
549 591
646 613

691 ± 53.0 680.7 ± 139.0 497.1 ± 15.5 Mean ±

Nutrient broth = 273 mOs/kg
Conventional v Parasite Free ^ t = 0.08 P > 0.25
Axenic V Parasite Free t = 1.31 P > 0.1
Axenic V Conventional t = 2.7 0.02 > P > 0.01
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5. The oxygen status of the locust

Each locust gut was placed in a 3 ml McCartney bottle 

containing several glass beads and air saturated bacteriological 

Ringers. The preparation was left on a motorised shaker (Griffin 

Ltd.) for 15 minutes to effect the disruption of the gut and its 

contents. The content of the homogenate was less than half 

of the aerated Ringer after the 15 minutes on the shaker (Fig.

12). A further decline in 0^ concentration occurred during the 

15 minute incubation period in the O^-electrode cell. This 

second phase of uptake could be attributed to the respiratory 

activities of the insect gut cells and gut microflora. However, 

the first phase could additionally be due to an deficit within 

the locust gut. The inclusion of KCN in the Ringer considerably 

reduced both phases of uptake confirming that aerobic 

respiration was responsible for most of the decline in con

centration. However, there was still a small sustained drop 

in tension in the KCN treated preparation. This was unlikely 

to be due to an O^-deficit in the gut, which would have resulted 

in a rapid decline in concentration followed by a levelling 

off (see Fig. 12). Therefore, the hypothesis was made that 

a cyanide resistant aerobic bacterium was present in the locust 

gut. Aliquots of cyanide treated gut homogenate were incubated 

in KCN broth (Appendix 2) for 48 hours at 30°C. Turbidity 

of the broth indicated bacterial growth. Loops of the broth 

were streaked onto nutrient agar (Oxoid Ltd.) and incubated 

for a further 24 hours. Samples of discrete bacterial colonies 

growing on the agar were identified with the aid of the API 

20E system. The bacteria were identified as Enterobacter cloacae.



Fig. 12. Oxygen status of the locust gut.

Locust gut was homogenized for 15 mins in a 7 ml 

McCartney bottle. A 3 ml aliquot was placed in the 

oxygen electrode cell to determine uptake for 

a further 15 mins. Air saturated Ringer solution 

contained 5.7 pg/ml (therefore, 17.1 yg in 3 ml). 

KCN (1 X 10 ?4)was added to obtain a record of any 

oxygen deficit in the gut.

Number of determinations, whole gut; n = 16; 

midgut; n = 20, whole gut + KCN; n = 20. 1 gut 

used for each determination.

Legend: Ordinate - O^ content of 3 ml of gut homo

genate .

Abscissa - Incubation time of homogenate 

(mins).

Bars indicate standard error.
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an organism previously isolated from the locust gut by Hunt 

(1982). Buchanan and Gibbons (1974) also reported that E. 

cloacae was able to grow in KCN broth.

To conclude, the locust gut was found to be predominantly 

aerobic. In addition, pH and osmolarity could not account 

for reduced germination of Metarhizium conidia following 

passage through the locust gut.Therefore, experiments were 

conducted to investigate the effect of locust gut fluid on 

conidial germination in vitro.

6 . In vitro experiments with locust gut fluid

•Gut fluid from conventional insects was a poor medium for 

the germination of Metarhizium (see Fig. 13), only 13.3% con

idia germinated in gut fluid compared to 78% in nutrient broth 

(P < 0.001). The addition of nutrients to the gut fluid did 

not enhance conidial germination (Fig. 13), indeed, only 

1 .6 % conidia germinated in nutrient supplemented gut fluid. 

Therefore, direct inhibition rather than nutrient deficiency 

would account for the failure of gut fluid from conventional 

insects to support germination. Inhibition was not due to a 

temporary fungistasis, increasing the period of incubation 

from 20 - 48 h did not result in further germination of conidia. 

Indeed, the majority of conidia did not swell in the gut 

fluid (Plate 34). The growth of the germ tubes from those 

conidia which did germinate in gut fluid was very slow, less 

than 20 pm in 10 hours compared to over lOO ym in nutrient broth



F i g . 13.Germination of conidia in gut fluid from axenic, 

conventional and parasite-free insects .

Axenic insects reared in sterile isolator, parasite- 

free insects were reared separately from the stock 

colony from which the conventional insects were 

taken.

N - gut fluid diluted 1:3 v/v with nutrient broth.

% germination was estimated after 20 h at 27°C.

2 0 0  conidia were observed for each replicate.

Bars represent standard error.

The replicates for the conventional and axenic gut 

fluid experiments were derived from four experiments. 

The replicates for the parasite-free gut fluid 

experiments were derived from three experiments.
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F i g . 1 4 . Germination of Metarhizium conidia in gut fluid

F - conidia incubated in filter sterilized gut 

fluid diluted 1:3 v/v with nutrient broth. 

Results are the product of 3 separate 

experiments.

H - Gut fluid heated for 5 mins at 100°C before 

dilution 1:3 v/v with nutrient broth. Results 

are the product of 4 separate experiments.

Incubation was for 20h at 27°C.

2 0 0 conidia were observed for each replicate.

Bars represent standard error.
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The conventional locusts were taken from stock populations 

which were infected with two parasites Malamoeba locustae and 

Gregarina garnhami (Hunt, 1982). These organisms are present 

in the gut and could have been responsible for the fungitoxic 

activity of the gut fluid. However, germination of Metarhizium 

was also very low in gut fluid of parasite-free insects (see 

Chapter 1) (significantly different from control P < 0.001) 

(see Fig. 13). In contrast, gut fluid from axenic insects 

supported a similar level of germination to that achieved 

in nutrient broth (Fig. 13) (P > 0.25). This result, in 

conjunction with the fact that passage through the axenic 

gut did not significantly affect conidial viability, suggests 

that gut bacteria may play a key role in the anti-Metarhizium 

properties of the locust gut. This microbial interaction was 

not one of competition for nutrients because bacteria-filtered 

conventional gut fluid was still inhibitory to the germination 

of conidia (Fig. 14). Furthermore, nutrient deficiency can 

finally be discounted, as the concentration of nutrients in 

the inhibitory microbe free (filter-sterilized) conventional 

gut fluid (containing nutrient broth) was the same as that 

of the control (Fig. 14) .

Having established that the role of the gut bacteria was 

not one of nutrient competition with Metarhizium it was 

postulated that the gut bacteria were involved in the production 

of compounds which were inhibitory to germination.



Fig. 15. Germination of Metarhizium conidia in gut fluid.

D - conidia incubated in dialysed gut fluid 

diluted 1:3 v/v with nutrient broth.

Results are the product of 3 experiments.

U - conidia incubated in ultrafiltered gut

fluid diluted 1:3 v/v with nutrient broth. 

Results are the mean of 2 experiments. 

Conidia were incubated for 20 h at 27°C.

2 0 0  conidia were observed for each replicate. 

Bars represent standard errors.
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As a first step towards elucidating the nature of the 

proposed "toxins", Metarhizium was incubated in heat treated 

gut fluid with nutrient broth (5 min at 100°C). 73% germin

ation was recorded from conidia in heat treated fluid compared 

to 4.5% in the untreated gut fluid (P < 0.001) (Fig. 14) . 

Therefore it would seem that the "toxin" is heat labile. It 

can also pass through a dialysis membrane as dialysed gut fluid 

was not inhibitory to germination (significantly different 

from germination in non-dialysed gut fluid, P < 0.001) (Fig. 15) 

Therefore inhibitory compounds must be of low molecular weight 

(< 1200) (Gee, 1975). 1000 mw ultrafilter was also unable

to contain the "toxin" as ultrafiltered gut fluid drastically 

reduced germination with respect to the control (Fig. 15, P < 

0.001).

The toxin appears to act only on the early stages of 

conidial germination as pre-incubated conidia were not inhibi

ted in gut fluid (see Section 13) (Fig. 18) .

7. In vitro experiments on germination of M. anisopliae in 

plant homogenate

Since the axenic gut is non-inhibitory to M. anisopliae, 

the inhibitory components of the gut fluid may be produced 

directly by the gut microflora, or by the locust in response 

to the bacteria. Attempts were made to simulate the conditions 

in the locust gut and produce the "toxin" in vitro. All solutions



Fig. 1 6 . Germination of M. anisopliae in plant homogenate and 

bacterial culture filtrate.

1. Incubation in plant homogenate, control conidia 

incubated in nutrient broth only (see Section 2).

2. Incubation of conidia in bacterial culture filtrate.

a. incubation in filter sterilized plant homogenate.

b. incubation in filtrate obtained from culture 

of E. agglomerans in plant homogenate.

c. incubation in filtrate from culture of non 

sterile plant homogenate .

d. incubation in filtrate from culture of plant 

homogenate inoculated with locust gut fluid.

e. control, nutrient broth.

Bars represent standard error. Germination of 

2 0 0  conidia was estimated for each replicate.

Results are the mean of 4 experiments.
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were buffered at the pH of the gut and plant homogenate was 

supplied as the nutrient source. The culture nutrient was 

not itself inhibitory to Metarhizium (see Fig. 16,2a "sterile 

homogenate"). However, there was a significant reduction in 

percentage germination of conidia in a nutrient supplemented 

filtrate from the culture containing non-sterile homogenized 

plant material (Fig. 16,0.02 > P > 0.01). This was presumably 

due to the activities of the phyllosphere bacteria. Plant 

homogenate incubated with an aliquot of gut fluid containing 

gut bacteria, produced a filtrate which did not significantly 

reduce the conidial germination (0.1 > P > 0.05, Fig. 16). 

However, a homogenate incubated with Enterobacter agglomerans 

subsequently caused significant inhibition when incubated with 

Metarhizium (P < 0.001, Fig. 16). E. agglomerans was used 

as the inoculum because Hunt (1982) found it to be the dominant 

bacterium present in the resident flora of the hindgut from 

locusts in Bath University stock colony.

8 . Carbohydrase activity in the guts of conventional and axenic 

locusts

a ) . a- and B-glucosidase, B 1»3 glucanase

A pattern of activity emerged which was followed by 

all three of these enzymes (Table 7). Namely, activity in 

the midgut contents was significantly larger than that in 

the tissue, but there was no significant difference between 

axenic and conventional treatments.
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Table 7. Carbohydrase activity in the locust gut

Tissue (n = 12) 
Mean ± SE

Contents (n = 12) 
Mean ± SE

Arylglycosidase activity expressed as ymoles p nitrophenol released/ 
midgut region/15 minutes.
a-GLUCOSIDASE

conventional 4.39 ± 2.52 35.49 ± 24.58

axenic 2.20 ± 1.30 29.87 ± 11.39

t = 0.57 P > 0.25 t = 0.71 P > 0.25

6-GLUCOSIDASE

conventional 0.91 ± 0.44 13.21 ± 2.85

axenic 1.50 ± 1.15 13.18 ± 4.44

t = 1.39 P > 0.1 t = 0.02 P > 0.25

3 1,3 GLUCANASE (laminarinase) activity - mg glucose released/

midgut region/h

Conventional 0.98 ± 0.44 3.27 ± 0.82

Axenic 0.70 ± 0.24 3.13 ± 0.31

t = 1.9 0.1 > P > 0.05 t = 0.55 P > 0.25

Equal numbers of male and female insects used in each experiment.

b ) . Chitinase activity

The activities of g-N- acetylglucosaminidase and 

chitinase were not studied in detail.

Activity of g-N-acetylglucosaminidase in conventional gut
—1 —1fluid was 29.70 ymole of p nitrophenol released ml h

-1 -1compared to 16.23 ymole PNP ml h in the axenic gut.
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This activity is very high and could be caused by a broad spectrum 

3-glucosidase rather than a specific g-N-acetylglucosaminidase. 

Unfortunately the significance of the apparent difference in 

enzyme activity between treatments cannot be assessed as the 

dilution of the gut fluid caused by dialysis was not the same 

in each case.

Only traces of chitinase activity were observed over ex

tended periods (12 hours) corresponding to less than 0 . 0 1  unit/h 

increase in absorbance at 595 nm.

Of the enzymes studied, the chitinase complex and 3 1,3- 

glucanase (laminarinase) have the capability to hydrolyse fungal 

cell walls (see Martin, 1979). Consequently, they could at 

least contribute to the inhibitory effect of the locust gut on 

conidia of M. anisopliae. However, the substantial exochitinase 

(3-N-acetylglucosaminidase) activity would have little impact 

without the prior action of an endochitinase ("chitinase"). The 

latter enzyme was barely detectable in the gut fluid of either 

insect type. Since 3 1,3 glucanase activity was similar in 

conventional and axenic insects, it would seem unlikely that 

the enzymes are involved.

9. Investigation of gut wall penetration in vitro using SEM 

Several authors have used in vitro gut preparations, for 

studying intestinal absorption (hamster intestine - Crane and
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Wilson, 1958) and the penetration of insecticides (Shah and 

Guthrie, 1970; Conner et al., 1978). Although these inve

stigations were conducted over a relatively short incubation 

period (1 - 2 h) it was felt that the technique possessed suf

ficient merit to be used for studying the penetration of M. 

anisopliae through the gut wall over an extended period.

Antibiotic solution was used to flush out the gut contents 

and to reduce the population of microflora. It was hoped that 

this would reduce the possibility of tissue breakdown due to 

bacteria and removed a proportion of the antifungal "toxin" 

in the gut.

Many hyphae were observed emerging from the gut preparation 

after 48 hours incubation. The main regions of penetration 

appeared to be the midgut and caecae (Plate 12). Hyphae were 

also observed growing through the Malpighian tubules. Pene

tration appeared to be at least partly due to mechanical pressure, 

there was no evidence of a clear zone around the penetrant hyphae 

and the gut wall was protruding out at the point of penetration 

(Plate 13). The disadvantage of this method was that even 

with the precautionary use of antibiotics, oxygenated Ringers and 

aseptic techniques, the preparation deteriorated before the 

end of the incubation period. Deterioration was noted, firstly, 

by the lack of peristalsis and reduced movement of the Malpighian 

tubules. There was also some breakdown of cellular structure in 

the Malpighian tubules, and bacteria were observed in the Ringer



Plate 12. Scanning electron micrograph of hyphal penetration 

from within the gut lumen in the region of the mid

gut and caecae. In vitro gut preparation.

Bar = 100 ym m = midgut, c - caecum

Plate 13. Scanning electron micrograph of hyphal penetration frcxn 

within the midgut lumen to the haemolymph side of the 

gut. P - the gut wall is protruding outwards, indicating 

mechanical pressure of the hyphae, there is no evidence 

of a clear zone which may have been caused by enzymic 

degradation. In vitro gut preparation. Bar = 10 ym.





Plate 14. Scanning electron micrograph of hyphae
penetrating from within the hindgut into 

the haemocoel. The gut was taken from a 

locust previously inoculated in vivo with 

conidia and antibiotics, b - bacterium. 

Bar = 10 ym.

Plate 15. Scanning electron micrograph of hyphae pene

trating from within the hindgut. The gut was 

taken from a locust previously inoculated 

with conidia and antibiotics.

Bar = 10 ym
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incubation medium. A second method was developed in which the 

conidia were incubated in the intact gut of a ligatured insect. 

The gut flora and gut contents were reduced by prior per or, 

inoculation with successive aliquots of antibiotic solution.

Only one out of five of the gut preparations,produced by this 

method, were found to possess hyphae penetrating the gut wall.

A small number of hyphae were observed penetrating the hindgut 

(Plates 14 and 15), no penetration was observed elsewhere. 

Bacteria were observed on the haemocoel side of the gut wall 

(Plate 14), they probably entered the haemolymph through fissures 

in the gut wall caused by the penetration of fungal hyphae.

The reduced amount of penetration in these preparations compared 

to that with in vitro incubates may be due to the continual 

presence of the antifungal toxin in the in vivo gut preparations. 

It seems likely that the per os inoculation of antibiotic 

solution used in vivo, would be less efficient than the 

flushing technique used in vitro.

10. Histological investigation of in vivo gut penetration

The detrimental effect of gut passage on conidia of M. 

anisopliae has been attributed to the action of an antifungal 

toxin produced by the gut bacteria. No other impediments to 

gut invasion were found apart from the fast throughput of 

ingested conidia. Therefore, given that an adequate inoculum 

is retained in the gut, axenic locusts should be susceptible
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to gut invasion. This was initially investigated using starved 

animals to reduce gut movement and promote the retention of 

conidia.

In a preliminary experiment 3 axenic and 3 conventional 

adult insects were inoculated per os with 0.05 ml of a (1 x 10^/ 

ml) conidial suspension. The insects were starved and kept at 

32°C. By day 5 all three axenic insects possessed blastospores 

in the fore, raid and hindgut (Plate 16) and hyphae were found 

growing throughout the gut wall in a teased-gut preparation. 

There were no signs of fungal growth in the conventional animals 

They succumbed prematurely to starvation (died on day 3 and 4) 

presumably due to the added stress of their parasite load.

The experiment was repeated but this time the haemolymph 
*was sampled daily to check for the presence of blastospores, a 

sign of successful penetration. All insects were starved and 

kept at low humidity (< 60% R.H.) to reduce the possibility 

of infection via the external cuticle. 4 days after inoculation 

per os, 5 of the 6 axenic insects possessed blastospores in 

their haemolymph. By day 5, these 5 insects had died and the 

6 th, whilst still alive, had some blastospores in the gut, 

but still none were detected in the haemolymph. Conventional 

insects inoculated at the same time died (day 5) without showing 

any evidence of fungal infection (i.e. no blastospores in 

the gut or haemolymph).

*haemolyraph was collected from a small puncture in the arthrodial 
membrane at the base of the hindleg .
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In the first experiment, conventional insects died before 

the appearance of fungal infection in axenic insects, therefore 

in this instance the two treatments cannot be directly compared. 

However, in the repeated experiment a comparison can be made 

between treatments since the conventional insects died after 

the axenic insects were found to be infected with blastospores 

in the haemolymph. 4 of the axenic guts (from the second 

experiment) were fixed, sectioned and stained using periodic 

acid oxidation, basic fuchsin and light green. 3 of the dead 

axenic insects exhibited extensive hyphal growth throughout 

the gut with massive breakdown of tissues including caecae, 

midgut and hindgut. The one insect which was still alive on 

day 5 had several "spot infections" in the tissues of the hind

gut, (besides the presence of blastospores in the gut lumen) 

in the colon end of the ileum and the posterior part of 

the rectal sac (see Fig. 17 for morphology of the locust 

gut). The sites of infection are characterized by extensive 

deposition of melanin and swelling of the gut wall (Plate 20). 

The melanized area extends at least 500 ym along the gut with 

a further 200 ym showing cellular disruption (Plates 18 - 25). 

Fungal hyphae are found in the cells of the ileum and in the 

luminal space between the folds. Since blastospores were present 

in the gut lumen of the insect but were absent from the haemo

lymph it was concluded that fungal growth was proceeding from 

the gut lumen through the cuticular intima to the epidermal 

cells rather than vice versa. It appeared from the sections 

that the fungus had just started to break out into the haemocoel
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prior to the time when the insect was killed for examination. 

Melanin appears in the same sections as the hyphae and initially 

it is concentrated in the apical regions of the epidermal cells 

at the base of the folds. In more posterior sections the 

melanin extends towards the basal (haemocoel) side of the epi

thelial cells (Plate 24). Although melanin is generally thought 

to have antimicrobial properties (Charnley, 1983) it does not 

stop the fungus invading the haemocoel. Haemocytes, normally 

involved in the production of a defence reaction (encapsulation 

or phagocytosis (Boman, 1981)) were not observed in the vicinity 

of the invading hyphae (Plate 25) .

Three sites of infection were found in the rectal sac, 

each was located at the base of the rectal pad and was associated 

with a conspicuous cellular melanization (Plate 26). In normal 

insects the cuticle between the pads is closely applied to 

the epithelium but detaches from the body of the rectal pad 

leaving a sub-intimal space (see Plate 26 and Phillips, 1964).

The interpad cuticle is joined to the detached pad cuticle by 

a thin hinge of cuticle only 2 - 4 ym thick (the general intima 

= 7 - 1 1  ym). Melanin (taken as an indication of fungal 

penetration) appears in the epidermis adjacent to the attach

ment plates (Plate 27). This suggests that the fungus may 

have invaded via this thin area of cuticle. However, penetration 

also occurred through the thicker cuticle at the base of the 

pad as there was evidence of hyphal penetration (Plates 28 and 

29) .



Plate 17. Light micrograph of T.S. of axenic locust ileum 

wall. Section of 'normal' epidermis from an 

axenic adult locust, e - epidermal cell /

c - hindgut cuticle 1 - gut lumen 

Bar = 100 Mm.

PLATES 18-25 DEPICT A SEQUENCE OF SECTIONS OF THE ILEUM 

STARTING FROM THE MIDGUT END

Plate 18. Light micrograph of T.S. of axenic locust ileum wall, 

infected after per cs inoculation. This section is 

from the proximal end of the ileum. Note extensive 

melanin (m) in lobes. Red stained hyphae (hj.

Bar = 100 ym.
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Plate 19. Light micrograph of T.S. from axenic locust ileum .

The melanized area extends further back into the 

gut wall than that shown in Plate 18. 

h - hyphae. Bar = 100 ym.

Plate 20. Low power light micrograph of T.S. from axenic locust

ileum. Note swelling of the infected area. Bar - 100 ym 

m - muscle bands, h - hyphae t - Malpighian tubules, 

tr - trachea
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Plate 2 1 . Light micrograph of T.S. from axenic locust ileum.

Extensive hyphal growth in the gut lumen and between 

4 lobes. Epidermal cells are completely disrupted. 

Bar = 100 ym. h - hyphae.

Plate 2 2 . Light micrograph of T.S. from axenic locust ileum.

Extensive growth of fungal hyphae in the epidermal 

cells, h - hyphae, c - cuticle, 1 - gut lumen. 

Bar = 50 ym.
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Plate 23. Light micrograph of T.S. from axenic locust ileum.

Penetration (p) of hyphae through hindgut cuticle 

m - melanized area of epidermis, h - hyphae, 

c - cuticle. Bar = 10 ym.

Plate 24. Light micrograph of T.S. from axenic locust ileum.

Melanized area nearer the haemocoelic side of the 

gut wall than that shown in Plate 21. h - hyphae . 

The hyphae appear to have grown around the 

melanized area and are penetrating into the haemo

lymph. Bar = 100 ym.
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Plate 25. Light micrograph of T.S. of axenic locust ileum.

Disruption of epidermal cells (d) which contain 

few fungal hyphae. This may be due to the action 

of fungal toxins. Note the extensive penetration 

of hyphae into the haemocoel. No haemocytic 

. response (e.g. encapsulation) is observed, h - hyphae, 

1 - gut lumen. Bar = 100 ym.

Plate 26. Light micrograph of T.S. from axenic locust rectum.

Insect was infected after per os inoculation. Three 

sites of melanization (m) are located at the base of 

rectal pads, s - sub-intimal space, h - hindgut cuticle 

Note, lumen (1) contains only a small amount of faecal 

pellet material due to starvation of the insect during 

the experiment. Bar = 100 ym.
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Plate 27. Light micrograph of T.S. of an axenic locust rectum.

Melanin adjacent to area of the attachment plates joining 

the detached pad cuticle (c) to the interpad cuticle (i). 

No fungal hyphae are evident in this section, the 

melanization is presumably a consequence of hyphal growth 

in more posterior epidermal cells. (see Plates 28,29). 

g - gut lumen, m - Malpighian tubules, e - epidermal 

cells. Bar = 100 ym.

Plate 28. Light micrograph of T.S. from axenic locust rectum.

One of three spot infections in the rectum, melanization 

of epidermis adjacent to a ball of mycelia lodged 

between the lobes (see Plate 29). s - sub intimai space, 

h - hindgut cuticle, g - gut lumen. Bar = 100 ym .
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Plate 29. Light micrograph of T.S. from axenic locust rectum.

Magnified area of infection from previous plate. 

Note the penetrating hyphae. d - faecal pellet 

debris, h - hindgut cuticle, hy - hypha.

Bar = 10 ym.

Plate 30. Light micrograph of T.S. from axenic locust hindgut.

Insect inoculated by anal cannulation. Infection originated 

through damaged gut tissue. This plate shows extensive 

hyphal growth in the haemocoel and throughout the epithelium 

without any penetration through the hindgut cuticle into the 

gut lumen. Note there is no penetration of trachea, m - melan

ization, h - hyphae, t - trachea, 1 - gut lumen, b - longi

tudinal muscle, c - hindgut cuticle. Bar = 50 ym.
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Plate 31. Light micrograph of T.S. of an axenic locust

hindgut. Infection is thought to have originated 

from damage to the hindgut at the point of ligature 

after introduction of conidia .via an anal cannulation. 

This plate shows a bundle of mycelia (b) which have 

grown along the haemocoel side of the gut wall from 

the point of entry around the ligature. Note there 

is no sign of fungal growth evident in the 

gut lumen (1). Bar = 100 ym.
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Plate 32. Light micrograph of T.S. of Malpighian tubules from 

an axenic insect showing a capsule formed by 

haemocytes in response to fungal infection, c - 

capsule, m - Malpighian tubule, t - 'type 2' cell 

(see Charnley, 1982). Bar = 50 ym.

Plate 33. Light micrograph of T.S. from an axenic insect.

This plate shows the fungus growing throughout 

the epidermis of the hindgut and two points 

where the fungus has finally penetrated the 

gut cuticle to enter the gut lumen.

1 - gut lumen. Bar = 100 ym.



-I . f,

.t''-
, j i ; : : ' /  ÿ- k. It :#• ■,??■-. - ! ' .-<- . . * . . *’-üt.;'-

1



105

In the above experiments, starved axenic insects were su

ccessfully infected with M, anisopliae by introducing the conidial 

inoculum directly into the foregut via a cannula. Further 

experiments were performed to determine whether continuously 

fed axenic insects would succomb to the disease when similarly 

inoculated. In one experiment a total of 11 conventional and 

11 axenic insects were inoculated per os via a cannula and 

fed daily with wheat seedling. There was no sign of infection 

in any of the insects up to day 6 after inoculation. In 

another experiment 6 axenic and 6 conventional insects were 

inoculated per os and fed daily as before. On day 4 the 

conventional insects died from the effects of their parasite 

load. All axenic insects were alive and active, one insect 

possessed a high concentration of blastospores in the haerao- 

lymph, another two axenic insects possessed a few blastospores, 

none were found in the haemolymph of the remaining three insects. 

The axenic and conventional insect guts were fixed, sectioned 

and stained with periodic acid, basic fuchsin and light green. 

There was no evidence of fungal infection in sections of 

the guts of either group of insects, however as expected the 

conventional insects harboured a large population of Malamoeba 

locustae.

In a final experiment using fed animals, and the cannula 

method of inoculation, blastospores were found in the guts 

of axenic and conventional insects 2 days post-inoculation.

Fungal elenents were not observed in the haemolymph until day 3,
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suggesting that fungal invasion proceeded from the gut to 

the haemolymph. However, there were no signs of fungal pene

tration in sections of the gut from either groups of treated 

insects. In contrast, dissection of the mouthparts revealed 

extensive fungal growth under the labrum.

The presence of blastospores in the gut of the fed conven

tional insects is interesting as results shown in the previous 

sections had illustrated the inhibitory effect of gut fluid 

and gut passage on Metarhizium conidia. However, it was thought 

that the blastospores had originated from the fungus growing 

within the buccal cavity and had subsequently passed down to 

the inhibitory environment of the gut where any further growth 

was curtailed.

It would seem that in fed insects the buccal cavity can 

be the site of invasion rather than the alimentary canal.

This may be due to the movement of germinating conidia forward 

from the midgut and foregut during regurgitation of gut fluid 

during the feeding process. In the migratory locust, Locusta 

migratoria, starvation seems to reduce antiperistalsis (Anstee 

and Charnley, 1977). If the same is true in S. gregaria 

it would account for the absence of fungal hyphae in the mouth

parts of starved insects.

As an additional approach 6 axenic and 6 conventional 

insects were inoculated by anal cannula and ligatured at the tip
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of the abdomen to help retain the conidia. All of the insects 

died by day 2 or 3 (in contrast to an incubation period of 

at least 5 days before death of the orally inoculated axenic 

insects). Upon examination of stained sections of the guts from 

these insects, hyphal growth was not found in the gut lumen 

of axenic or conventional insects but was confined to the 

haemolymph side of the gut and the epithelium (Plate 30) . It 

was concluded that infection had occurred through gut tissue 

damaged by the ligature. The hyphae proceeded to grow through 

the epidermis on the haemolymph side of the gut, spreading 

forwards along the hindgut (haemocoel side) (Plate 31). The 

fungal hyphae appeared to take the 'line of least resistance' 

and did not penetrate the intact gut cuticle. This shows the 

contrast between an infection developing from within the gut 

compared to an infection which originated from an injury to 

the gut wall facilitating fungal entry. There is some 

evidence of host response in ligatured axenic insects including 

encapsulation of hyphal bodies (Plate 32) in the haemolymph 

and Malpighian tubules. Such responses were absent in the gut 

invasion brought about by per os inoculation as described 

above. The injury to the gut wall by the ligature may have 

'triggered' a greater host immune response. In Plate 33 the 

hyphae are seen passing through several points of the gut wall 

into the lumen, this is in contrast to invasion from the gut 

lumen (Plate 21). Growth next to the points of penetration 

into the gut lumen is very dense and it is possible that en

trance is facilitated by pressure of the fungus on the cuticle.
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In contrast, infection from within the intact gut occurs 

after growth of a small cluster of hyphae (from blastospores) 

which lodge in between the lobes of the hindgut wall.

In conclusion, M. anisopliae readily infected starved 

axenic insects through the hindgut; the incubation period was 

5 days. Evidence that fungal growth proceeded from gut to 

haemocoel was forthcoming from a histological study which 

demonstrated the presence of hyphae and blastospores in an 

axenic gut lumen and epithelium when they were absent from 

the haemolymph.

However, in fed insects (conventional and axenic) the 

route of infection was via the buccal cavity, no invasion 

occurred through the gut wall. The short time interval between 

inoculation and death (2 days) in anal cannulated insects was 

not consistent with invasion through hindgut cuticle (which 

took 5 days, see earlier). In this instance invasion was 

facilitated by injury to the cuticular intima caused by the 

abdominal ligature.

11 . Comparison of topical fungal infection of axenic and 

conventional insects

There were no discernible differences in mortality between 

groups of axenic and conventional insects dosed topically with 

M. anisopliae conidia (Table 8 ). The total percentage mortality
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Table 8 . Comparison of topical fungal infection of axenic and 

conventional insects

TREATMENT/ 
INSECT TYPE

NUMBER
USED DAY 2

PERCENTAGE MORTALITY 
DAY 3 DAY 4 ' DAY 5 TOTAL

Control C 34 0 . 0 3.0 6 . 0 6 . 0 15.0

Control A 19 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0

2 X  10^/ml C 2 0 0 . 0 1 0 0 . 0 - - 1 0 0 . 0

2 X  10^/ml A 2 0 5.0 6 0 . 0 15.0 2 0 . 0 1 0 0 . 0

2 X  10^/ml C 2 0 0 . 0 15.0 75.0 0 . 0 90.0

2 X  10^/ml A 22 18.0 59.0 23.0 0 . 0 1 0 0 . 0
42 X  10 /ml C 17 0 . 0 1 2 . 0 53.0 35.0 1 0 0 . 0

2 X  10^/ml A 27 0 . 0 18.5 33.0 37.0 88.5

C - conventional; A - axenic; No deaths on day 6 .

over a 6 day period did not appear to be dose dependent, at 

least over the concentration range tested. However, the time 

scale of the mortality was correlated with conidial concentrations 

A high concentration (2 x 10^/ml) resulted in a correspondingly 

high percentage mortality on day 2 after infection, whereas 

low concentration produced higher mortality on days 3 and 4.

An attempt was made to correlate mortality with mycosis, 

however the normal method of detecting a mycosis (viz. to leave 

the cadaver in a high R.H. and wait for emergence of fungal 

hyphae) was unreliable since insects which otherwise exhibited
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symptoms of mycosis viz. tetanic paralysis and occurrence of 

blastospores in the haemolymph, did not always produce a 

'mummified' cadaver but were overrun with saprophytic bacteria. 

However, the time scale of mortality in conventional insects 

is related to the dose of M. anisopliae, this result taken 

in conjunction with the relatively low control mortality shows 

that mortality of conventional insects is mainly attributable 

to the action of the fungus.

12. Comparison of mortality in per os inoculated axenic and 

conventional insects

Owing to the high mortality amongst control conventional 

insects it was difficult to compare the effects of per os 

inoculation on the two groups of insects (Table 9). The 

control mortality was due to the action of M. locustae.

The results of mortality amongst axenic insects clearly 

show a dose related mortality, viz 94% in 4 days with 2 x 10^
4conidia/ml, but only 58% in 6 days with 2 x 10 /ml. The original 

site of infection was difficult to detect, as the guts were 

not sectioned but fungal growth was observed in the gut and 

mouthparts. The low humidity (60%) reduced the possibility 

of infection via the external integument.* Since the insects 

were continually fed throughout the experiment, the actual

★
The SEM micrograph of cuticle taken from a topically inoculated 
insect kept at < 60% RH showed that no germination of conidia 
had occurred (Chapter 2, Results). This result vindicates in 
part the use of low humidity to prevent infection via the 
external integument.
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Table 9. Mortality of orally inoculated insects

TREATMENT/ 
INSECT TYPE

NUMBER
USED

PERCENTAGE 
DAY 2 3

: MORTALITY 
4 5 6 TOTAL

Control C 29 3 7 45 31 0 8 6 . 0

Control A 10 0 O 0 0 0 0 . 0

2 X 10^/ml C 18 44 56 - - - 1 0 0 . 0

2 X  10^/ml A 19 5 63 26 0 0 94.0

2 X  10^/ml C 21 9 19 24 43 0 95.0

2 X  10^/ml A 31 0 3 26 39 16 84.0
42 X 10 /ml C 17 0 18 29 47 0 94.0
42 X  10 /ml A 18 0 5 5 15 33 58.0

C - conventional ; A - axenic

Insects inoculated by feeding wheat blade dipped in conidia 

suspension (concentration given in Table ).

inoculum remaining to infect the insects, assuming a throughput 

of over 99% of conidia, was therefore very low. There was 

some infection present in the mouthparts of conventional insects 

but not in the gut, though this was obscured by M. locustae.

13. Germination of preincubated conidia in gut fluid

It was established in Section 6 that an antifungal toxin 

in the gut fluid of a locust inhibited germination of conidia 

of M. anisopliae. Evidence was provided that the toxin might 

be a significant factor in the failure of M. anisopliae to



Plate 34. Light micrograph of conidia suspended in

gut fluid diluted 1:3 v/v with nutrient broth. 

20 h incubation at 27°C. c - conidium.

Bar = 100 ym.

Plate 3 5 . Light micrograph of preincubated conidia germinating

in locust gut fluid diluted 1:3 v/v with nutrient 

broth. 20 h incubation at 27°C. c - conidium, g - 

germ tube. Bar = 100 ym.
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Fig. 1 8 . Germination of preincubated conidia in 

gut fluid.

PR - Metarhizium conidia were preincubated in

a broth of glucose (2 %), raycological peptone 

(0.3%) and salts (0.03%) (G.M.S.).

Nutrient only - control conidia incubated in 

G.M.S.

Gut fluid was diluted 1:3 v/v with G.M.S.

Bars represent standard error. 200 conidia 

were counted in each replicate.

Results are the mean of 3 experiments.
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invade the locust via the intestine. Therefore, any proce

dure that reduces the effectiveness of the toxin should a

priori, improve the effectiveness of gut invasion. In particular, 

if the toxin specifically interfered with the swelling phase 

then 6 h preincubated conidia (i.e. swelling complete but 

germ tube absent,see Section 5 Chapter 3), would be unaffected. 

Experimental evidence was forthcoming to support this hypothesis 

(see Fig. 18 and Plates 34 and 35). No significant difference

was found between the % germination of untreated conidia in

G.M.S. and % germination of preincubated conidia in G.M.S. + 

gut fluid (ca. 92%). In contrast only 2.5% of non-preincubated 

conidia germinated in G.M.S. + gut fluid. However, germ tubes 

of preincubated conidia grew at a slower rate than those of 

the control conidia which were incubated in nutrient only.

The width of the germ tubes of a preincubated conidium was 

greater than that of the control.

14. Per os infection of locusts with preincubated conidia

The measure of protection afforded to the germinating 

conidia by preincubation (see last section),did not appear to 

be translated into enhanced pathogenicity of a per os inoculum 

of preincubated conidia (Table 10). A fed dose of conidia 

killed a similar proportion of treated insects viz. 1 0 0 % 

whether conidia were preincubated or not (Expt. 1, Table 10).

In the second experiment a lower dose was used, by this 

means it was hoped to reduce mortality and accentuate any
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Table 10. Per os infection of locusts with preincubated conidia

Expt. 
N o .

Concen
tration
of
conidia / 
ml

Treatment N o . of 
insects

DAY

%

3

Mortality 

4 5 6

1. - Control 29 0 6.9 0 0
2 X 10^ P 30 33.3 66.6 - -

2 X 10^ NP 30 33.3 66.6 - -

2. - Control 23 0 43.0 35.0 22.0
2 X 10^ P 22 18.0 36.0 36.0 9.0

2 X 10^ NP 24 8.3 50.0 29.0 12.5
3. Control 

(parasite-free 
insects)

12 0 O 0 0

- Control 13 7.7 31.0 38.0 -

Concentration of conidia as used for dipping wheat blades,used 

for per os infection. P - preincubation for 6 h.NP - no 

preincubation.

differences between the two treatments. After 3 days, twice 

as many locusts treated with preincubated conidia died than 

those dosed with fresh conidia. However, a large mortality 

occurred in all three treatments, including the controls 

over the subsequent 3 days. Stock locusts routinely used 

in this study, were infected with Malamoeba locustae and 

Gregarina garnhami (see Chapter 1). These protozoan parasites 

may account for the high control mortality as no deaths
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occurred in parasite-free insects (see Chapter 1) (Table 10,

Expt. 3).

The infection of the stock culture of insects with proto

zoan parasites caused recurring problems. Malamoeba locustae 

in particular is widespread if not universal amongst laboratory 

stocks of locusts (Tobe and Pratt, 1975) and there is one 

established method of treatment viz. the prophylactic feeding 

of the antibiotic Thipyrameth (Henry, 1958). Although the 

drug is very effective (Tobe and Pratt, 1975) locusts exhibit 

pathological symptoms (Hanrahan, 1980) and in any event the 

antibiotic is now banned in the U.K. (G.E. Pratt, pers. comm.).

An alternative method of producing small quantities of parasite- 

free locusts was described by Hunt,(1982) and has been used 

in the present work (see Chapter 1, General Materials and Methods)
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Discussion

The throughput experiments established that over 96% of 

Metarhizium conidia pass through the 5th instar locust gut 

within 7 h of ingestion without having germinated, the mean 

germination time of M. anisopliae conidia being 11- 12 h under 

optimum conditions. Consequently the inoculum available for 

gut invasion is drastically reduced. Given the correlation 

between size of conidial inoculum and % mortality (Ferron, 1978) , 

a large reduction in the inoculum could be critical, especially 

when the virulence of the fungal strain is relatively low.

This would appear to be the first quantitative study on 

gut-passage of conidia of an entomopathogenic fungus. Therefore 

it is difficult to draw direct comparisons with other work, 

which is purely qualitative. Suffice to say that Veen (1968) 

and Schabel (1976a) found that conidia of Metarhizium were 

retained for at least 24 h and 72 h in the guts of S, gregaria 

and Hylobius pales respectively. In the present study an 

estimated 0.8% of Metarhizium conidia was located in the 

desert locust gut 24 h post-ingestion irrespective of the 

feeding regime, thus it is possible that a sufficient inoculum 

would be available in the gut to initiate an infection.

Hasan (1982) studied the role of the locusts Locusta 

migratoria and S. gregaria in disseminating conidia of 

Colletotrichum graminicola, a fungal pathogen of plants. He 

inoculated the locusts by allowing them to feed for 2 h on
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plants infected with the fungus, no attempt was made to 

control the numbers of conidia ingested. Conidia were present 

in "large amounts" (frequency score) in the hindgut 4 h after 

ingestion. By 12 h, conidia could only be detected in the 

hindgut, after 24 h no conidia were observed in the gut. In 

all, Hasan found that conidia rrray be retained for at least 

56 h in the gut.

It is interesting to note that Hasan found conidia of 

C. graminicola in the posterior caecae of S. gregaria 48 h 

after ingestion. Particles of dyes fed to S. gregaria also 

rapidly congregated in the posterior caecae (Bernays, 1981) 

possibly due to the action of a counter current fluid flow 

within the gut (Dow, 1981). This current could be responsible 

for turning the posterior caecae into an important reservoir 

of conidia and for retaining a small inoculum within the mid

gut and hindgut. Conidia may also lodge on the sclerotized 

spines in the crop as well as in the folds of the hindgut 

and between the rectal pads.

Gut-transit reduced the viability of Metarhizium conidia 

by over 50% suggesting that there is an additional mechanism 

serving to prevent fungal invasion via the gut. In contrast, 

Veen (1968) found innumerable colonies of Metarhizium on media 

which had been streaked with faecal material from locusts fed 

with conidia. However, this result was again qualitative, 

giving no indication of viability which could have been only a
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small percentage of the initial inoculum (10^ conidia). Hasan 

(1982) reported 50% germination of C. graminicola conidia in 

faecal pellets, produced just after feeding, frcm S, gregaria 

and L. migratoria, but viability declined to 10 - 15% "immed

iately" in L. migratoria and after 8 h in S. gregaria. The 

conidia used in the present investigation had passed through 

the gut in 3 - 4 h. In the light of Hasan's work it would seem 

reasonable to expect a further decline in viability of those 

Metarhizium conidia which are retained in the gut long enough 

for germination to occur (12 h ) .

The cause of the reduction in viability of gut passaged 

Metarhizium conidia is not immediately apparent. pH of the 

fungal growth medium has often been found to affect germination 

and growth of fungi e.g. Pénicillium atroventum (Gottlieb and 

Tripathi, 1968), Beauveria bassiana (Pekrul and Grula, 1979) .

Lack of gut fungal infection has been attributed to pH in some 

insects particularly in the Lepidoptera which often have a high 

gut pH, e.g. Heliothis zea (Pekrul arid Grula, 1979) . Similarly, 

the pH of the termite gut (e.g. Coptotermes severus pH 10.4,

Bignell and Anderson, 1980) may also be inhibitory. However, 

the pH of the fluid from the locust gut was found to be 5.6, 

optimal for germination and growth of Metarhizium.

Conidial fungi are often adversely affected by an oxygen 

deficit. Fusarium solani failed to germinate in 0% oxygen 

and there was a graded response to oxygen until maximum germination



121

was reached at 3 - 4% oxygen (Cochrane et al., 1963). An oxygen 

deficit is created in the gut of termites by the large mictobial 

population in the hindgut (Veivers et al., 1980). However, 

no large oxygen deficit was found in the locust gut, though 

there may still be small anaerobic pockets in the locust gut 

created by the large populations of facultative anaerobes in 

the hindgut (Hunt, 1982). Such microniches can exist in pre

dominantly aerobic environments e.g. in the oral cavity of 

mammals (Bowden et al., 1979).

The reduction in viability of gut-passaged M. anisopliae 

conidia appeared to be reflected in the inability of neat locust 

gut fluid to support germination, 15% compared to 78% germin

ation of control conidia.

Lepesme (1938) proposed a lack of nutrients as the reason 

for A. flavus failing to establish an infection via the locust 

gut. Indeed it is possible that the large bacterial flora of 

the locust gut (Hunt and Charnley, 1981) may act as a nutrient 

sink. Lockwood (1964) thought that fungistasis in the soil was 

due to vast populations of bacteria acting as a nutrient sink 

even to the extent that nutrients were leached from the fungal 

cells. However, a lack of nutrients could not be responsible 

for the reduced germination of Metarhizium conidia in locust 

gut fluid as the addition of nutrients to fluid in which gut 

bacteria were excluded (by filter sterilization) did not increase 

the % germination of incubated Metarhizium conidia.
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Thus fluid extracted from the foregut of the adult desert 

locust was inhibitory to germination of M. anisopliae conidia 

when used as the incubation medium either neat or diluted 1:3 

v/v with nutrients. This appeared to be a fungitoxic effect 

as the inhibition was still operative after 48 h incubation and 

placing the conidia in a favourable environment after locust 

gut passage did not remove the inhibition. Veen (1968) ob

tained 98% germination of Metarhizium conidia in filter steri

lized locust gut fluid. However, no direct comparison can be 

made between the present work and Veen (1968), as the latter 

diluted the gut fluid with water by an unspecified amount 

prior to filtration.

Antimicrobial substances may occur in food plants of the 

locust. Phenolic compounds are universally distributed in 

plants and are often toxic to microbes in vitro (Harborne,

1977). Conidial germination of Colletotrichum circians (causative 

agent of onion smudge disease) was reduced below 2 % by quantities 

of two phenolic acids found in the outer leaves of resistant 

onion varieties (Walker and Stahmann, 1955). Similarly un

identified substances in plants were found to be inhibitory 

to Bacillus thuringiensis (Maksymiuk, 1970). However, such 

plant compounds could not account for the reduced viability 

of gut passaged M. anisopliae conidia or the toxic action of 

gut fluid. Incubation of conidia in a homogenate of wheat
i

seedling (locust food plant) did not result in any reduction 

of conidial germination and incubation of conidia in locust
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faecal pellet material did not cause any inhibition.

Many fungi are sensitive to high osmotic pressures and 

germination is reduced under such conditions (Gottlieb, 1978) . 

However, the osmotic pressure of the gut fluid could not account 

for the low percentage germination of M. anisopliae conidia.

The osmolarity of the gut fluid 2 h after the last meal was 

found to be 691 m Os/kg. Baines (1976) recorded 564 m Os/kg 

from the gut of continually fed Locusta. According to Baines 

the homogenized food material possessed a higher osmotic 

pressure of 812 m Os/kg. As plant homogenate is not inhibitory 

and nutrient broth (osmolarity - 273 m Os/kg) was stimulatory 

there could not be any link between osmolarity and the reduced 

germination of Metarhizium conidia in the gut.

There were large variations in the osmolarity of gut fluid 

from individual locusts. The gut fluid with the lowest osmo

larity was dark brown and viscous, compared to the light brown/ 

green colouration of gut fluid with a high osmolarity. The 

latter was extracted from guts which still contained undigested 

plant material. Thus high osmolarity may be correlated with the 

presence of low molecular weight compounds released during the 

maceration of recently ingested food.

Fluid used in germination studies was taken from insects 

at the same time of day (1 - 3 h after the morning feed). However 

preliminary results suggested that dark brown gut fluid was more 

inhibitory to conidial germination than the fluid from guts
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containing undigested plant material. This is further evidence 

against the involvement of plant compounds in the inhibition 

of conidial germination.

The volume of gut fluid available for collection was 

variable and depended on the health and age of the insect. Newly 

fledged adults possessed large volumes of extractable gut fluid 

in comparison to older insects. Insects containing gut 

parasites were also found to possess low quantities of fluid. 

Larger amounts were obtained from short term starved insects 

probably due to regurgitation frcm midgut caecae, normally 

prevented by the food bolus in the foregut. Baines et al.

(1973) found a similar build up of brown fluid in the caecae 

and foregut of 10 h food-deprived Locusta migratoria.

The detrimental effect of gut passage and gut fluid on 

conidial viability cannot be explained in terms of deficiencies 

in nutrients, oxygen status, pH or osmolarity. Passage of 

Metarhizium conidia through the digestive tract of germ free 

(axenic) insects and incubation with fluid from the gut of 

these insects, demonstrated that the axenic gut was not inhib

itory to germination of conidia. Gut fluid from insects 

which were parasite-free, but had an apparently normal bacterial 

flora (Hunt, 1982), was also inhibitory to germination. There

fore it would appear that the fungitoxic action of the locust 

gut is related to the presence of the bacterial flora. Axenic 

insects are physiologically comparable to conventional insects
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in terms of adult weight, fat body weight and concentrations 

of lipid,protein and carbohydrate in the haemolymph (Hunt,

1982), and reproductive capability (present work, see Chapter 1).

The presence of potential fungal cell wall degrading 

enzymes (hence potential germination inhibitors) was investigated 

in the gut fluid of both conventional and axenic insects. The 

fungal cell wall consists primarily of 8 0  - 90% polysaccharides, 

namely chitin and glucans, the remainder being protein and 

lipids (Bartnicki-Garcia, 1968). As chitinases play an important 

role in the moulting process of insects (Martin, 1979) one might 

expect them to be universal in insect guts. Indeed, g-N- 

acetylglucosaminidase activity ( or broad spectrum $-gluco- 

sidase) (exochitinase) was found in both axenic and conventional 

guts. However, "chitinases" (endochitinase), which have been 

detected in the gut fluid of several insects, e.g. Periplaneta 

(Waterhouse and McKellar, 1961; Powning and Irzykiewiez,

1964) and in ants (Martin et ai., 1973), were absent from the 

guts of both types of insect. 3 1,3 glucanase activity was 

similar in axenic and conventional insect guts . Morgan (1975) 

likewise, found 3 1,3 glucanase but no chitinase in L. 

migratoria. The absence of endochitinase activity would mini

mize the impact of 3 ~N-acetylglucosaminidase on chitin.

Since, in addition, there was no difference in 3 1,3 glucanse 

activity between treatments, enzymic degradation would appear 

to be discounted as the cause of fungitoxicity.

If axenic locusts are physiologically comparable to conventional
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insects then the most obvious explanation for the antifungal 

properties of the locust gut is a toxin produced either by the 

gut bacteria or alternatively by the locust in response to the 

presence of the bacteria. A compound with these antifungal 

properties in the insect gut does not appear to have been reported 

before.

It would seem unlikely that the toxin is produced by the 

insect in response to the presence of gut microbes, though in

duced humoral defence reactions are known to occur in haemolymph 

of Hyalophora cecropia in response to bacterial invasion 

(Boman, 1981).

Mohrig and Messner (1968) located lysozyrae in the intestine 

of a number of insect species and suggested that it was respon

sible for the selection of bacterial residents in the gut accor

ding to the degree of lysozyme sensitivity of the ingested species. 

Since Gram negative species of bacteria (including the Entero- 

bacter species) are more resistant to lysozyme (Mohrig and 

Messner, 1968), this enzyme if also present in the locust gut, 

could account for the selection of E. agglomerans as the dominant 

hindgut bacterium (Hunt, 1982). Insect gut bacteria are also 

known to produce lysozyme-like enzymes. Jarosz (1975) attributed 

the inhibition of ingested bacteria to the production of a bac

terial lysozyme by Streptococcus faecalis resident in the gut. 

However, the lysozyme was ineffective against the fungi 

Saccharomgces cerevisiae and Candida arborea and it seems un

likely that lysozyme can be implicated as the antifungal toxin
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in the locust gut.

The larvae of the endoparasite Pimpla turionellae produced 

a novel non-specific antimicrobial compound in the gut. This 

is an anal secretion which is toxic to Enterobacter cloacae 

and inhibits the growth of the entomopathogenic fungus, Beauveria 

bassiana (Willers et ai., 1982). However, this is a specialized 

insect, which is thought to produce the secretion in order to 

reduce the possibility of septicaemia occurring within the insect 

host.

In the light of the above it would seem unlikely that the 

antifungal toxin in the locust gut is derived from the insect 

itself. Evidence consistent with the hypothesis that the toxin 

originates from the bacterial flora was forthcoming from 

experiments in which the bacteria were cultured on homogenates 

of wheat seedling. The supernatant from such a culture of E. 

agglomerans (the major component of the locust hindgut micro

flora, Hunt (1982))inhibited the germination of Af. anisopliae.

To a lesser degree incubates of non-sterile wheat were also 

inhibitory. It is interesting to note that E. agglomerans is 

primarily a plant saprophyte (Ewing and Fife, 1972) and could have 

been responsible for the antifungal properties of the non- 

sterile wheat homogenate. The Enterobacteriaceae present 

in the locust gut may be responsible for the relatively low 

numbers of Streptococci restricted to the gut lumen of this 

insect. Streptococci may be outcompeted by Enterobacteriaceae or
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they may simply lack suitable attachment structures (Hunt,

1982).

There is considerable evidence from the literature on 

vertebrates to support the concept that the normal resident 

gut microbiotia can suppress proliferation of pathogenic 

bacteria. This is illustrated by the adverse effects of anti

biotics on the normal flora. Thus, long term feeding of large 

doses of tetracycline gave r^ise to serious enteritis in humans 

as resistant, potentially pathogenic organisms e.g. Staphylo

cocci, were no longer held in check by coliform bacteria 

(Davis et ai., 1980). The mechanism of the suppression is not 

completely clear. There is some evidence that competition for 

limited nutrients or alterations in pH may be responsible 

(Donaldson, 1968). However, the production of complex antibiotics 

by bacteria is well known e.g. colicins (Fredericq, 1957) , 

and the accumulation of toxic metabolites such as fatty acids 

may also be involved (Canas-Rodriguez, 1966). The only well 

documented example of bacterial involvement in resisting in

vasion by pathogenic fungi in vertebrates is with Candida 

albicans. Nishikawa et al. (1969) described the antagonistic 

activities of E. coli to C. albicans in the gut of germ free 

mice. C. albicans exists in two forms in the gut; a yeast 

form and the invasive hyphal form (Scherr and Weaver, 1953). 

Balish and Phillips (1966) found that resistance of chicks to 

fungal gut infection was chiefly due to prevention of hyphal 

development in C. albicans by unidentified bacterial products.
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Klite and Gale (1961) found an unidentified heat labile sub

stance produced by Pseudomonas aeruginosa which was inhibitory 

to Candida in vitro.

In comparison to the situation in vertebrates, the anti

biotic nature of insect gut microflora is less well documented. 

Streptococcus faecalis is considered to be a component of the 

defence mechanism in the gut of Galleria mellonella as it 

produces a bacteriolytic enzyme (Jarosz, 1975), Veivers et ai.

(1982) postulated that the gut flora of the termite Coptotermes 

lacteus prevented colonization of the hindgut by foreign 

bacteria because exposure of the gut to Serratia marcescens 

provoked an increase in the numbers of the conventional microflora,

To the author's knowledge the present work is the first 

time that insect gut flora have been implicated in resistance 

to intestinal fungal infection. On a general level,antagonism 

between entomopathogenic fungi and bacteria is well established.

It is recognized that fungal antibiotics can suppress bacterial 

growth on insect cadavers (Kodaira, 1961; Veen, 1968; Perron,

1978). However, the converse interaction can also occur.

Fargues et al. (1983) found that blastospores of B. bassiana 

were lysed by soil bacteria causing a reduction in the intra- 

cytoplasmic reserves and eventual autolysis. Blastospores 

were observed to have been invaded by bacteria. Although no 

electron microscope study was conducted on the inhibited 

Metarhizium conidia it seem s unlikely that lysis occurred as
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there was no evidence of conidial wall fragments or conidial 

'ghosts'.

Many phytophagous insects apart from Orthopterans (Uvarov, 

1966; Bucher and Stephens, 1959) have almost sterile intestinal 

tracts (Brooks, 1963) therefore it seems unlikely that the 

antifungal compound(s) produced by the desert locust's gut 

bacteria are widespread.

The fungi toxic compound in the gut of the conventional 

locust is either heat labile or volatile since gut fluid was 

not inhibitory to Metarhizium after 5 min at 100°C. Meta

rhizium conidia were also not inhibited by incubation in 

conventional locust faecal pellet material. This observation 

is consistent with a volatile toxin or with degradation of 

the toxin in the gut. At least one component of the toxin 

has a molecular weight of less than 1 , 2 0 0  according to ultra

filtration and dialysis experiments.

It is possible to speculate about the identity of the 

inhibitory component in the locust gut. Since pre-incubated 

conidia were not inhibited by the gut fluid, it would seem 

that early events in conidial germination are the target of 

the fungitoxin. Such an inhibition occurred during the action 

of the protein synthesis inhibitor cycloheximide against 

Colletotrichum lagnerarium (Furusawa et al., 1977). The 

antibiotic inhibited conidial germination only during the first
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40 minutes of incubation. Thus only synthesis in the first 40 

minutes was essential for germination. Initial stages of germination 

may be marked by an especially vigorous period of respiration 

and any slight impairment in activity would consequently be more 

marked at this stage.

Fatty acids could be involved in the inhibition of the fungus. 

Short chain fatty acids are well known in antimicrobial compounds 

(Hirsch, 1960), indeed Smith and Grula (1981) recorded the inhibitory 

effect of short chain fatty acids towards the enhomogenous fungus B. 

bassiana. These fatty acids are incorporated in the epicuticle and 

may be responsible at least in part, for the lack of germination in 

some fungi, (see Koidsumi,1957). In Oryctes nasicornis larvae the 

cellulolytic activity of the gut flora resulted in production of 

volatile fatty acids (Bayon, 1980). Similarly,Bracke and Markovetz

(1980) found that the microbial flora of the hindgut of Periplaneta 

americana produced short chain fatty acids in vivo. The predominant 

members of the locust gut flora are members of the Enterobacteriaceae 

(Hunt and Charnley, 1981) these are facultative anaerobes and 

during fermentative metabolism would produce fatty acid end products. 

However, the extent to which fermentation takes place in predominantly 

aerobic locust gut is open to question. But it is possible (as 

previously discussed) that the extensive bacterial colonies on the 

hindgut cuticle may cause local anaerobic pockets.

Gut microflora are capable of carrying out many metabolic
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reactions involving plant compounds (Scheline,1973) by which 

antifungal compounds could be produced.

In a series of papers Nolte and his colleagues (Nolte, 

1963; Nolte et al., 1970; Nolte et al., 1973; Nolte, 1977) 

showed that crowded locusts produce a pheromone (locustol) 

which affects phase polymorphism, making solitary locusts more 

like the gregarious form. The pheromone was non-specific 

and was produced by Schistocerca gregaria, Locusta migratoria 

and Locustana pardalina (Nolte et ai., 1973). Antibiotic

treated, crowded Locusta exhibited solitary characteristics 

and it was, therefore, suggested that locustol was produced 

by bacteria in the crop and excreted with the faeces (Nolte 

et al., 1973). Subsequently, Nolte et ai. (1973) identified 

locustol as guaiacol, a breakdown product of lignin. Unfort

unately Nolte's work has received serious criticism, in 

particular Dearn (1974 a,b) failed to confirm the validity of 

Nolte's main criterion of phase change, viz an increase 

(gregarious) or decrease (solitary) in chiasma frequency in 

the testes. However, Gillett (1975 a,b) has confirmed the 

presence of a gregarising stimulus in the faeces of the desert 

locust, using other less controversial criteria of phase 

change and in accordance with Nolte's hypothesis. Hunt (1982) 

found crowded axenic insects were more solitary than parasite- 

free controls.

If locust gut bacteria are capable of breaking down
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plant phenolics such as lignin then low molecular weight phenolic 

metabolites could be responsible for the antifungal properties 

of the conventional locust gut. Phenolic compounds are known 

to be inhibitory to phytopathogens (Vance et ai., 1980).

Boonchird and Flegel (1982) found that the pathogenic yeast 

C. albicans was inhibited in vitro by two plant phenolic com

pounds, vanillin and eugenol, both are related to a family of 

compounds involved in lignin synthesis and degradation. C. 

albicans was inhibited in both mycelial and yeast forms but 

germ tube formation was inhibited at a lower concentration than 

that which inhibited growth.

Gut bacteria are probably involved in the transformation 

of locust waste-products of metabolism and it is possible that 

antifungal toxins could be produced via th.is route .Volatile 

nitrogenous bases emanating from S. gregaria may have been 

transformed from putreseine by bacterial enzymes (Blight, 1969).

Whatever the chemical nature of the "antifungal toxin", 

it seems unlikely that it could play a significant role in the 

locusts' defences against fungal infection, since so many of 

an ingested inoculum (96%) are evacuated from the gut without 

being given the opportunity to germinate and penetrate.

However, contrary to expectation, M.anisopliae did successfully 

penetrate the hindguts of axenic insects, where the toxin was 

absent, but net the hindguts of conventional insects.

Blastospores were located throughout the axenic locust gut
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prior to detection in the haemolymph. They appeared to be 

produced by conidial germination and subsequent multiplication 

in a yeast phase in the gut. Penetration of the hindgut cuticle 

was achieved by germ tubes from the blastospores.

Adhesion of blastospores to the intestinal intima was 

not observed but would presumably be a pre-requisite for 

successful invasion. Fungal mucilage is implicated in the 

attachment of Metarhizium to the external cuticle of elaterids 

(Zacharuk, 1970a) and adhesion of Culicinomyces clavisporus 

to the cuticle of mosquito digestive tract (Sweeney et al.,

1983), and could also be involved in the present case. Bacterial 

attachment to the locust gut wall has been observed. Hunt (1982) 

observed fibrillae-like extensions between Enterobacter 

agglomerans and the locust hindgut wall. Brooker and Fuller 

(1975) attributed attachment of lactobacilli to the crop wall 

of the chicken to the mutual interaction of acidic carbohydrates 

produced by bacteria and host.

In the conventional insect, bacteria are restricted to 

the gut lumen in the fore and midgut but are associated with 

the cuticular lining in the hindgut, especially between folds 

in the ileum and rectal pads (Hunt and Charnley, 1981).

These sites are precisely those occupied by Metarhizium 

during invasion of the axenic gut wall. Hunt and Charnley

(1981) stated that the presence of the bacteria in the protected 

niche in the hindgut, away from the mainstream must afford 

them a survival value not to be found elsewhere in the gut.
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In the mammalian gut the pathogenicity of invading bacteria 

may be determined at least in part, by their ability to compete 

successfully for attachment sites with the resident bacteria 

(Savage, 1972). Suitable niches in the locust hindgut are 

similarly occupied by bacteria and may only be available 

for colonization by the fungus in their absence. Competition 

for space could be as important as the "toxin" in preventing 

penetration of the gut wall by Metarhizium.

The deep infolds of the posterior caecae provide another 

protected niche which would appear to be ideal for fungal 

penetration. However, the caecae are lined with the continuously 

delaminated peritrophic membrane (pm). Not only will this keep 

the fungus away from the gut epithelium but the rate of pm 

secretion (every 15 min in a feeding locust, Bernays, 1981) is 

such that attached conidia will be removed from the gut before 

they can germinate.

The reason for the failure of the p.m. to prevent invasion 

via the hindgut may be found in Goodhue's (1963) observation 

that the-p.m. is severed in the colon during faecal pellet 

formation. Hunt and Charnley (1981) suggested that this 

would allow bacteria to escape into the ectoperitrophic space 

and conidia of M. anisopliae could follow a similar route to

the surface of the cuticular intima of the hindgut.

Invasion of Metarhizium hyphae through the gut wall produced

a melanotic defence reaction in the axenic host. Sweeney et ai.
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(1983) in the only detailed fine structural histological 

study of a fungal gut infection in insects also noted a melanotic 

defence reaction in the mosquito gut wall caused by Culicino

myces clavisporus hyphae.

A haemocytic defence response was observed in axenic 

insects. This took the form of encapsulation of mycelium and 

melanization in the haemolymph. This suggests that the axenic 

host, previously unchallenged by any microbes, exhibits a 

conventional defence response. A comparison of efficiencies 

of axenic and conventional defence reactions has not been con

ducted. However, there was no apparent difference in suscepti

bility to topical infection by Metarhizium between axenic and 

conventional insects. Therefore, it seems unlikely that failure 

of haemocytic defences was responsible for successful gut 

invasion by M.anisopliae in axenic insects.

In some parts of the infected axenic gut tissue epidermal 

cells were swollen and disrupted, despite the absence of 

visible hyphal growth. Similar cellular symptoms in other 

species of insect infected with parasitic fungi have been 

attributed to the action of fungal toxins. Cheung and Grula

(1982) noted cytological damage of gut tissues in Heliothis 

zea which were preferentially invaded by B. bassiana after 

injection of conidia into the haemolymph. Fungal growth in 

the gut tissue was suggested to have caused histopathological 

changes, namely swelling accompanied by extensive vacuolation
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of epidermal cells, which were thought to be associated with 

the presence of a fungal toxin. Similarly, Sweeney et ai.

(1983) noted histological damage (vacuolation) of the hypo- 

dermal cells 2.11 the gut wall of mosquito larvae invaded by C. 

clavisporus.

Scxne penetration of a ligatured hindgut wall was observed 

in one of the five starved conventional insects subjected to 

a scanning electron microscope study after per os inoculation 

with Metarhizium conidia and antibiotics. The antibiotic 

solution may have reduced the presence of the antifungal 

toxin sufficientlyto enable some gut penetration to take place.

In contrast to the findings in the present work, Veen 

(1968) observed penetration in the rectum of conventional S. 

gregaria by M. anisopliae after anal cannulation of the conidia 

into the rectum. However, Veen (1966) did not find any 

germinating Metarhizium conidia in the gut of locusts fed 

with conidia and did not report any invasion via the rectal 

wall of these per os inoculated insects.

The guts of insects which had been inoculated via an 

anal cannula appeared to have been damaged by the ligature 

that was subsequently applied to the tip of the abdomen.

The wound facilitated the entry of the fungus directly into 

the epidermis.The fungus proceeded to take over the epidermis 

but failed to grow back out through the cuticular intima of the
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hindgut into the lumen until the epidermis was almost completely 

destroyed- M. anisopliae may require a chitinase in order to 

penetrate the hindgut cuticle. Chitinase production by M. 

anisopliae is repressed in the presence of other C and N sources 

(R. St. Leger pers. comm.) and it is possible that penetration 

of the gut cuticle by the fungus into the gut lumen is delayed 

until the alternative C, N sources have been utilized in the 

epidermis. Similarly, the repression of chitinase may explain 

the absence of fungal penetration of the tracheae situated 

around the gut. Yendol and Paschke (1965) also found that the 

digestive system and tracheae of Reticulitermes flavipes appeared 

to escape abundant penetration during topical infection by 

Entpmophthora cx>ronata. Hyphae were only observed penetrating 

slightly into the gut lumen in the latter stages of the disease. 

In contrast to the extensive growth of the fungus prior to 

penetration through the intact locust gut cuticle into the gut 

lumen, the fungal growth in the gut prior to invasion of the 

haemocoel was relatively less extensive. In particular, the 

penetration into the rectal wall occurred after growth of a 

small cluster of mycelia. The hindgut lumen of the starved 

axenic insect is probably relatively depleted of nutrients 

compared to the nutrient rich epidermal layer, therefore 

induction of chitinase for cuticular wall penetration would 

be initiated after relatively little growth had occurred in 

the gut lumen.

Infection via the gut was only observed in starved axenic 

insects. One reason for this may be the slower rate of food
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movement through the gut of starved insects compared to those 

which are fully fed (Baines et al., 1973). Certainly Gabriel 

(1959) found that starved B. mori were infected more easily 

with micro-fed B. bassiana conidia than were their fed counter

parts. An additional factor which may reduce the suitability 

of the fed gut for fungal invasion is the temporary disappear

ance of the protected niche provided by the folds of the ileum, 

colon and rectal pads during passage of a faecal pellet.

Although starved locusts continue to defaecate, they do so at 

a much reduced rate and pellets, being small and almost entirely 

composed of peritrophic membrane will not stretch the hindgut 

wall.

M. anisopliae failed to invade fed locusts through any 

part of the gut but succeeded in the buccal cavity. Veen 

(1966) also reported penetration of hyphae of Metarhizium in 

in the mouth of S. gregaria, particularly through the proximal 

part of the maxillary palps. Schabel (1976a)also found 

infection via the mouth cavity of H. pales by M. anisopliae 

but no penetration elsewhere in the intestinal tract.

The primary route of invasion of M. anisopliae into a 

desert locust, following ingestion of a suitable inoculum, 

must be the mouthparts. It would seem that the antifungal 

toxin serves to protect the insect from fungal attack during 

food deprivation: a time when throughput slows and a small 

number of conidia could germinate and inoculum potential increase



140,

by the budding of blastospores sufficiently for successful 

invasion. Interestingly, preliminary work suggests that the 

titre of antifungal toxin in gut fluid increases with time 

from the last meal.
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CHAPTER 3

STUDIES ON THE GERMINATION OF M. ANISOPLIAE

Introduction

Successful germination of fungal spores depends on many factors. 

Exogenous supplies of oxygen, nutrients and water are particularly 

important, but favourable light, pH, temperature and humidity regimes 

and a suitable substratum must also be available if germination is 

to occur (Bell, 1974; Ferron, 1978; Roberts and Campbell, 1977; 

Yendol and Hamlen, 1973). In addition some fungal spores have oblig

atory periods of dormancy or long periods of maturation during which 

germination cannot occur e.g. the teliospores of Puccinia gramlnis 

tritici need a dormancy period of four to six months (Gottlieb, 1978) 

Dormancy of spores can be overcome artificially by mechanical means 

e.g. heat treatment can activate Neurospora (Sussman, 1976) or 

sonication can produce increases in germination of Entomophthora 

thaxteriana (Soper et ai., 1975). Alternatively, dormancy may be 

broken by chemical action; ethanol (Dobbs and Hinson, 1953) and 

detergents (Miehle and Lukezic, 1972) have been used for this purpose.

Germination can also be influenced by the microbial environment 

around the spore, this may be in the form of inter- or intra-specific 

action. Percentage germination may be inversely proportional to spore 

concentration due to the presence of autogermination inhibitors 

(Sheridan et ai., 1981). Chung and Wilcoxson (1969) implicated 

an inhibitor in the failure of a fresh batch of spores of 

Phoma medicaginis to germinate in media which had previously 

contained an old batch of spores. Allen (1955)

also obtained a germination inhibitor from a leachate
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of rust spores. Inhibition may alternatively be due to antibiosis 

in the same ecological niche as the fungal spore. Schabel (1976b) 

concluded that the inhibition of Metarhizium anisopliae on the 

cuticle of Hylobius pales was due to antibiosis. Antibiosis has 

been implicated in preventing the growth of Beauveria bassiana in 

the soil (Clerk, 1969; Shields et al., 1981). This was possibly 

a fungistatic effect as soil-inhibited conidia could be stimulated 

to germinate by exposure to insect cuticle (Wartenberg and Freund, 

1961). In contrast to the above the presence of yeasts may be 

stimulatory for fungal spore germination (Fries, 1966) , presumably 

because of biofactors released by the yeast into the medium.

Although water is, in most cases, obligatory for germination, 

the mechanism involved is little understood. If water is present 

as vapour, the minimum effective relative humidity may vary with 

the substratum employed. Thus Walstad et al. (1970) found that 

conidia of M. anisopliae on agar discs germinated at a humidity 

equal to or greater than 92.5%, while Veen (1968) demonstrated 

that 98% RH was required by M. anisopliae on glass slides coated 

with locust epicuticular lipid. Similarly Sphaerotheca macularis 

needed more than 90% relative humidity on glass slides but only 

8 % on its host, strawberry leaves (Jhooty and McKeen, 1965 a,b) . 

Microclimate differences between surfaces may account for the 

above observations. However, additional factors must be taken 

into account. Veen (1968) noticed that condensation was more 

rapid and intense on epicuticular lipid-treated slides than on 

control slides. Also, experimental conditions must be carefully
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controlled because a slight drop in temperature could cause con

densation around the spore (Gottlieb, 1978).

The start of germination is heralded by swelling of the fungal 

spore (e.g. M. anisopliae (Veen, 1968)). In Fusarium culmorum swelling 

is primarily the result of water uptake with little increase in dry 

weight (Marchant and White, 1966). However, swelling is not merely 

an osmotic phenomenon, at least in Pénicillium atroventum where 

it is associated with intense metabolic activity (Gottlieb and 

Tripathi, 1968). The active nature of swelling is emphasised by 

the fact that the respiratory poison sodium azide is inhibitory 

and that dead spores swell very little (Barnes and Parker, 1966) .

Some fungal spores can germinate normally in distilled water 

(e.g. Botrytis cinerea, Chou and Preece, 1968). However, many 

require an exogenous source of nutrients e.g. M. anisopliae (see 

this chapter) and B. bassiana (Smith and Grula, 1981). Indeed 

even B. cinerea may respond with enhanced germination to an ex

ternal source of nutrients if respiratory depletion of endogenous 

nutrients has taken place as in old spores (Chou and Preece,

1968). Conversely,though the endogenous reserves of B. bassiana 

and M. anisopliae are insufficient to initiate germination (Smith 

and Grula, 1981; Gabriel, 1959) they may make a substantial 

contribution once germination has started. This may be inferred 

from studies that show a correlation between percentage germination 

and the constituents of the medium upon which the spores were 

produced (Grover, 1964; Veen, 1968). Furthermore, conidia of
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Fusarium solani require an exogenous carbon source for germination, 

but spores with a higher carbon reserve appear to have a lower 

requirement than normal (Cochrane et al., 1963). However, it is 

a moot point whether the enhanced pathogenicity of B. bassiana 

spores obtained from a colony grown on an optimal lipid medium 

is due to "enhanced vitality" of the spores or the speed of j %  

germination (Goral, 1978).

Nutrition is perhaps the most important factor which influences 

the speed and percentage germination of a population of spores.

An entomopathogenic fungus which has settled on insect cuticle 

will receive its nutrients from contaminants, metabolic by-products 

of the surface microflora and the insect itself. There are some 

studies which have outlined the nutritional requirements of ento

mopathogenic fungi for spore germination in vitro (e.g. Smith and 

Grula, 1981 for B. bassiana), but there is little comparable 

information on utilization of nutrients on the surface of insect 

cuticle. However, just as some long chain fatty acids can act 

as sole carbon source for germination in vitro (Smith and Grula, 

1981) epicuticular lipids may play a similar role in vivo. Notini 

and Mathlein (1944) found that conidia of M. anisopliae germinated 

slowly on regions of the cuticle of the goat moth. Cossus cossus, 

that had been treated with lipid solvents, but rapidly on intact 

cuticle, while ether soluble compounds from the surface of the 

cuticle of the desert locust Schistocerca gregaria stimulated 

germination of M. anisopliae (Veen, 1968).
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Spores are clearly at risk during the period of exposure on 

the cuticle prior to germination, and it is not surprising that 

hypervirulence in certain mutants of M. anisopliae pathogenic 

for Culex pipiens correlated with speed of germination (Al-Aidroos 

and Roberts, 1978; Al-Aidroos and Seifert, 1980). The reasons 

for this are not known.However, it perhaps may be instructive to 

speculate on the potential advantages of rapid germination. The 

latter may enhance the ability of the fungus to overcome toxic 

chemicals. McCafferty and Parker (1970) stated that the earlier 

the onset of detectable swelling the faster is the rate of swelling 

and the greater is the resistance of the spore to inhibitory 

chemicals. Indirect evidence for the presence of inhibitory 

substances in insect cuticle comes from studies where removal of 

epicuticular lipids mechanically or by chemical means enhances 

pathogenicity (Sussman, 1951; Koidsumi, 1957; Eviakhova and 

Shekhurina, 1963), or permits germination or invasion of otherwise 

innocuous fungi (Vago, 1959; Smith et a i . , 1981). Fungicidal 

or fungitoxic (depending on concentration) lipids have been 

extracted from the cuticles of a number of insects Bombyx mori 

and Chilo simplex (Koidsumi, 1957), Eurygaster integriceps 

(Eviakhova and Shekhurina, 1963). The most active lipids are medium 

chain saturated fatty acids (Koidsumi, 1957), while caprylic acid 

is both fungistatic towards B. bassiana and the major free fatty 

acid in extracts from the surface of Heliothis zea and the armyworm, 

Spodoptera frugiperda (Smith and Grula, 1982). However, until 

the in vivo concentrations of these substances have been determined, 

their significance cannot be certain, since they may be too low to 

have any effect.
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In temperate regions the biggest environmental constraints 

on germination are temperature and humidity (Ferron, 1978;

Roberts and Campbell, 1977). Optimising the rate of germination 

would reduce the length of time for which a high relative humidity 

was required. Assuming that speed of germination and cuticular 

penetration are correlated, fast germination would increase the 

likelihood of successful invasion of the insect.

Speed of germination and growth may provide the pathogen 

with a competitive advantage over other microbes on the insect 

cuticle. Finally a premium must be placed on speed of germination 

when the spore risks mechanical removal either accidentally by 

friction or with the exuvia if ecdysis intervenes (Vey and 

Fargues, 1977).

At present there is comparatively little data on the relation

ship between the speed of germination and pathogenicity. If ger

mination only accounts for a small proportion of the time spent in 

pre-penetration growth, then the benefits of rapid germination 

will be reduced. However, all other things being equal, there 

are at present two ways of reducing germination time of the spore on 

the insect. One is to select for appropriate mutants (Al-Aidroos 

and Roberts, 1978; Al-Aidroos and Seifert, 1980). The other is 

to pre-incubate the spores prior to inoculation. Tate and 

Lyle Ltd. advise that their formulations containing the 

entomopathogenic fungus Verticilliuni lecanii may be soaked
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prior to application. However, there is no published work on

the value of this treatment. In this.chapter pre-incubation has
/

been investigated particularly with regard to its use as an aid 

to per os infection of insects. The present work has also inves

tigated a third possibility. Unpublished observations by Dillon, 

Heilbronn and Charnley in this laboratory have shown that soaking 

conidia of M. anisopliae in distilled water for a period of 2 0 hours 

reduces the germination time when a suitable nutrient source is 

provided. Since conidia of M. anisopliae will not germinate without 

an exogenous nutrient source (see earlier), presoaking must have 

a "conditioning" effect. This phenomenon has not been reported 

before, at least to the author's knowledge. The above observations 

are confirmed in this chapter. In addition it is shown that pre

soaked conidia have enhanced pathogenicity against larvae of the 

tobacco hornworm moth, Manduca sexta. Experiments are also des

cribed which attempt to shed light on the mechanism involved.
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Materials and Methods

1. The effect of presoaking of conidia in distilled water on the

speed of germination in vitro

Conidia were harvested from cultures, washed in Tween 80 solution 

and resuspended in sterile distilled water according to the method 

described in Chapter 1. The conidial concentration in the distilled 

water was adjusted to give 4 x 10^/ml. 25 ml aliquots of the sus

pension were incubated in sterile 250 ml conical flasks at 27°C or 20°C 

in a Gallenkamp rotary incubator for various lengths of time as 

stated in the results section. After the period of presoaking,

25 ml of nutrient solution (nutrient broth (Oxoid Ltd.) or nutrients, 

G.M.S. solution*)was added to each flask. The diluted conidial 

suspension (2 x 1 0 ^/ml) was kept agitated on a magnetic stirrer 

while 10 X  25 yl samples were removed and placed on sterile glass 

slides. The aliquots were briefly stirred on the slides with 

the pipette tip to ensure even distribution of the conidia and 

to spread the drop uniformly. Slides were then transferred to Petri 

dishes where they were supported on glass rods. A humidity ap

proaching 100% was maintained in the Petri dishes with a filter 

paper dampened with 2.5 ml of sterile distilled water in order to 

reduce evaporation from the conidial suspension (see Plate 10).

The preparations were incubated at 27°C. Germination was determined

* "Nutrients" solution (final concentration): 0.3% mycological
peptone (M), 2% glucose (G), 0.03% NaCl, 0.03% K HPO , 0.03% 
MgSO .7H O (S). (Basal salts - Smith and Grula, 1981.)



149,

by a direct count with the aid of a Swift microscope. A conidium 

was considered to have germinated when the germ tube had grown 

to a length which was equal to or greater than the width of 

the conidium ('v 2 ym) . Ordinary slides were used for holding 

the incubating drops of conidial suspension. Cavity slides entailed 

constant refocussing when counting the conidia. Additionally, 

conidia at the edge of the drop in the cavity germinated more 

readily than those in the centre. A similar observation was 

made by Doran (1919).

Statistical analysis of data was carried out where appropriate 

using Student's t-test as described by Sokal and Rohlf (1969), 

reference was made to the statistical tables of Fisher and Yates 

(1963). Values of P ^  0.05 were taken as being significant.

The slopes of the lines obtained by plotting % germination 

of presoaked conidia against time (Fig. 21) were compared to test 

for any difference in the rate of germination of presoaked and 

unsoaked conidia. The method used was according to Mead and 

Curnow (1983). Individual regression lines were fitted to each 

of the four lines (Oh, lOh, 20h, 44h). The possibility of a 

single true relationship between germination and time for all four 

lines was examined before the hypothesis that all four lines were 

parallel could be investigated.
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2. The effect of presoaking of conidia on the rate of conidial

swelling

a ) . Measuring conidial size with a Coulter counter

Conidial swelling has been followed by measuring volume 

changes of individual conidia (Gottlieb and Tripathi, 1958), 

changes in dry weight (Marchant and White, 1966) and packed cell 

volume (Mandels and Darby, 1953). Barnes and Parker (1966) 

developed the use of the Coulter counter for measuring the swelling 

of mould spores. The Coulter counter has the advantage over other tech

niques of providing a sample size that is considerably greater 

than that possible by individual measurement and was employed in 

the present study. The principle of the instrument involves the 

passage of a small particle, suspended in an electrolyte solution, 

through a small orifice. The electrical resistance passing through 

the orifice is affected by the passage of particles. The small 

change in the voltage which ensues is proportional to the volume 

of the particle. The series of pulses, produced by the particles, 

suspended in a known volume of electrolyte, passing through the 

orifice in a given time is electronically scaled and counted.

The counter used in the investigation was an Electrozone/ 

Celloscope particle counter. Model III LTS (Particle data Inc. , 

Elmhurst, Illinois, U.S.A.). The data was automatically acquired 

from the counter by the Nuclear Data Series IlOO analyser system 

(Nuclear Data Inc., Patatine, Illinois) and a visual record of 

the data was produced on a Hewlett Packard XY plotter (Hewlett 

Packard Inc., Pasadena, California).
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Conidia were washed in a solution of Tween BO (0.03%) , then 

centrifuged and filtered under aseptic conditions through a 

sterilized Buchner funnel lined with a Whatman No. 1 filter paper.

The No. 1 paper was found most suitable for allowing passage of 

single conidia. If destined to be presoaked, the conidia were 

then suspended in 25 ml of sterile Tween 80 (0.03%) solution in a 

sterile 250 ml flask to give a conidial concentration of 4 x 10^/ml. 

The above procedure was adopted in order to reduce clumping of 

conidia which could have either blocked the counter orifice, or 

reduced the accuracy of the count.

All conidial suspensions were maintained in a shaking incubator 

at 27°C (160 rev/min) . After the period of presoaking the conidial 

suspensions were transferred to other flasks containing 25 ml̂  of 

nutrient solution of final concentration: 0.3% raycological peptone,

2% glucose, 0.03% salts (G.M.S.); concentration of conidia was 

2 X 10^/ml . The control treatment consisted of conidia incubated 

in G.M.S. without prior treatment. Control and experimental 

flasks were placed on the shaking incubator for varying periods of 

time.

Prior to use, background counts were made on the Coulter 

counter with electrolyte only (0.9% NaCl, 0.1% sodium azide). The 

background was kept to a minimum by including sodium azide to inhibit 

bacterial growth, and by filtering the electrolyte. The size of 

orifice used was 60 pm, this was large enough to prevent constant
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blocking due to foreign particles or coincident conidia, but small 

enough to detect particles of 2 pm diameter.

To produce a count, a 0.02 ml aliquot was taken from the 

appropriate incubation flask and placed in 50 ml of electrolyte 

solution. A 0.02 ml aliquot of the suspension of 2 x 10^ conidia 

/ml diluted in 50 ml of electrolyte was found to give counting 

rates low enough to make coincident passage of conidia through 

the aperture a rare event, n.b. coincident passage would give 

rise to a single pulse thus increasing the apparent frequency 

of conidia with large volumes. The most suitable settings of 

the Coulter counter for use with conidia of Af. anisopliae proved 

to be :- Current 1, Gain 2h, log span 8. Under these settings 

pulse amplitude produced by the passage of a conidium was larger 

than that of electronic noise levels and conidia of all sizes 

produced pulse amplitudes within the optimum range of the 

instrument.

The Coulter counter orifice was immersed in the electrolyte 

solution and the agitator was switched on. A series of counts 

were made for each suspension using the Coulter counter and the 

data was automatically acquired by the analyser system which 

produced a measure of the conidial volume in graphical form (see 

Figs. 23, 24). The x axis on the graph (Figs. 23, 24) represents 

a total of 512 channels, each channel equivalent to a different 

particle volume. The y axis represents the frequency of particles 

possessing each of the different volumes. The channels had to be
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calibrated before absolute estimates of conidial size could be 

made. This was done using barley smut spores (Coulter Electronics 

Ltd., Harpenden, Herts) , the diameter of which was provided by the 

supplier of the spores viz. 4.88 pm. The smut spores were 

suspended in Ringer solution to give a concentration of 2 x 10^/ml. 

After addition of a 20 pi aliquot of the smut spores to the electro

lyte solution, as described above, a series of counts was initiated 

using the same settings as for Metarhizium conidia i.e. current 1 , 

gain 2h, log span 8 . The medium channel (in this case equal to 

the mean) was determined from the distribution curve produced by 

the analyser. The volume of conidia falling in this one channel 

was therefore known to be 6 0 . 8 pm^ (calculated from the diameter 

of 4.88 pm, see Table 11). Two other channels were calibrated 

by altering the current(I) passing through the orifice.

The effect of conidial passage on the voltage through the 

orifice (see earlier), is proportional to the current applied 

(I). Therefore a reduction (or increase) in I will also reduce 

(or increase) the voltage and hence the channel number of the

median conidial volume. For the three current settings, 1/8,
4 3I, 1 x 8 ,  the conidial volumes are respectively —  tt (2.44  ̂ 8 )

Y  7t(2 .4 4 )^ (= real conidial volume), y  (2.44 x 8 )^. The log^^

real and apparent conidial volumes were plotted against the

channel number to give a straight line graph (see Fig. 19).

In normal operation the current was set constant at I and Fig. 19

was used to calibrate the channels.
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The number of counts initiated on the Coulter counter was

dependent upon that required to provide a good distribution curve
4Usually ten counts were sufficient, totalling approximately 10 

conidia.

Table 11. Calibration of the Coulter counter using barley smut 

spores (diameter 4.88 pm).

CURRENT (I) CCH APPARENT SMUT SPORE VOLUME

I V 8 18 37.6 pm 3 4 ( 2-44 , T. 3

I 217 60.8 pm^

8
3 4 (2.44) TT j

1 x 8 412 486.8 pm^ (2.44x8)^ TTj

CCH = median channel number. Volume calculated using the formula 

(r) ̂  TT-j where r = radius

b) . Measuring conidial size with the aid of a microscope

Conidia were measured individually with the aid of a Swift 

microscope and a calibrated eye piece graticule.

c) . The effect of sodium azide on the rate of swelling of 

conidia

Conidia were presoaked for 10 h in water as described above.
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Half of the presoak conidia were then incubated in nutrients (G.M.S.) 

plus 0 .1% sodium .azide and the remaining half in nutrients only 

to give a final conidial concentration of 2 x 10^/ml. Incubation 

was carried out as described in section a ) . Conidial volumes were 

determined using the Coulter counter at incubation times as given 

in the results section.

d) . The effect of presoak medium on the rate of conidial swelling 

Conidia were presoaked at a concentration of 4 x lO^/ml in 

0.03% Tween 80 for 20 h. The suspension was divided into two. One 

half was untreated, the other half was centrifuged at 2500 rpm 

for 4 minutes and the conidial pellet resuspended in a fresh aliquot 

of Tween 80 solution (4 x 10^/ml). Nutrients were added to both 

suspensions of conidia to give final concentrations of 2 x 1 0 ^ 

conidia per ml and concentrations of mycological peptone, glucose 

and salts of 0.3%, 2% and 0.03% respectively. Both suspensions 

were incubated in a shaking incubator at 27°C. The Coulter counter 

was used to follow changes in conidial volume with time as an 

indication of germination.

e ) . The effect of removal of nutrients after 4 h of incubation, 

on the rate of conidial swelling

A 2 X 10^/ml suspension of conidia was incubated in 

nutrients (see above) for 4 hours in the shaking incubator. At 

this time the suspension was divided into two, one half was un-
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treated, the other was centrifuged at 2,500 rpm for 4 minutes and 

the pellet suspended in sterile distilled water. Coulter counter 

estimates of changes in conidial size were made on treated and 

untreated suspensions.

3. The effect of presoaking of conidia on the time scale of

germination and appressorial formation on insect cuticle

Insects used were 4th instar larvae of the tobacco hornworm

moth Manduca sexta that have been reared on artificial diet before

inoculation and fed on tomato leaves during the experimental 

period (see Appendix 5). Conidia were harvested from a 2 week old 

culture grown on S.D.A. (for method see Chapter 1) . The presoaked 

conidia were prepared as follows:- The harvested conidia were 

suspended in sterile distilled water to give a concentration of 

8-10 X  10^ conidia/ml and lOO ml of the suspension was placed in 

a conical 250 ml flask, firmly capped with cotton wool and tin foil 

and left on a Gallenkamp orbital shaker set at 150 rpm with a 

constant temperature of 27°C.

After a period of 20 h presoaking in sterile distilled water, 

conidia were recovered with centrifugation in a bench MSE centrifuge 

at 3000 rpm for 2 minutes. They were then re suspended in fresh 

sterile distilled water to a final concentration of 1 x 1 0 ^ conidia/ 

ml as determined using a haemocytometer. Conidia from another 2 weeks 

old culture were harvested fresh in sterile distilled water (see 

Materials and Methods, Chapter 1) and the concentration adjusted 

to 1 X 1 0^ conidia /ml.
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Insects were dipped briefly in either presoaked (P) or fresh 

(F) conidial suspension and then transferred to individual Petri 

dishes (50 m m ) . Experimental insects were maintained in an environ

ment of constant high relative humidity within an environmental 

cabinet set at 25°C and a photoperiod regime of 17 h light: 7 h 

dark.

Replicates of insect cuticle were prepared 6 , 12 and 24 hours 

after the time of inoculation. The method employed was essentially 

the same as that used by Birkby and Preece (1981) to remove 

bacteria from the surface of plant leaves. An insect was laid 

ventral surface down on approximately 5 cm piece of adhesive tape 

(3M autoclave tape 1222) . Primal AC-33 (Rohm and Haas U.K. Ltd.) 

was then painted as a thin layer on a sterile microscope slide.

The dorsal surface of the pinioned insect was quickly placed in 

contact with the layer of primal and fixed in position with 

adhesive tape. When the primal was dry the inverted replica was 

carefully peeled away from the cuticle. Germinating conidia 

on the surface of the cuticle came away with the primal replica. 

Staining with lactophenol cotton blue provided sufficient contrast 

for the embedded fungal elements to be observed with the aid of 

a light microscope.

Germination was recorded when the germ tube was equal in 

length to the conidium and appressorial formation was assumed 

when the width of the germ tube was equal to or greater than that 

of the conidial capsule. The proportion of conidia whose germ
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tubes produced appressoria were recorded as % appressorial formation

Statistical analysis was performed using the Student's t-test 

as described by Sokal and Rohlf (1959) where appropriate, reference 

was made to the statistical tables of Fisher and Yates (1963) .

Values of P < 0.05 were taken as being significant.

4. The effect of presoaking of conidia on the pathogenicity of

Metarhizium towards 2nd instar larvae (6 h ± 6 h) in an environment 

with a constant high relative humidity.

Insects used were 2nd instar larvae, the method of rearing 

before and during the experimental period is described in the 

Appendix 5. Insects were briefly dipped in a conidial suspension 

3nd transferred individually to Petri dishes (50 m m ) , supplied 

with tomato leaves and stored in an environment with a constant 

high relative humidity. The food was changed after 48 hours.

The % mortality was assessed after 5 days and the proportion 

of deaths due to mycosis was determined two days after transferring 

the cadavers to moist Petri dishes maintained at 27°C.

Statistical analysis of the data was performed using a 2 x 2 

contingency table as described by Sokal and Rohlf (1969) where 

appropriate, reference was made to the statistical tables of 

Fisher and Yates (1963). Values of Ps& 0.05 were taken as being 

significant.
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5. The effect of nutrient supply on germination of conidia

Conidia were harvested and washed in Tween 80 solution as 

described in Chapter 1. The conidia were suspended in 25 ml of 

nutrient solution to give a concentration of 2 x 10^/ml. The 

suspension was then maintained on a shaker in a water bath kept 

at a temperature of 24°C. This was termed the preincubation period.

0.04 ml aliquots of the conidial suspension were removed after 2, 4 

and 6 h of preincubation and placed on Sabouraud's dextrose agar 

(S.D.A.) discs on glass slides in Petri dishes containing a 

dampened filter paper and kept at 27°C. % germination was esti

mated 5, 7, 9 and 11 hours after inoculation. The following 

preincubation solutions were used:

Mycological peptone (M) 0.3%

Yeast extract paste (Y) 0.1%

Glucose (G) 2.0%

Skimmed milk powder (Sm) 0.5%

G.M. 2.0%,0.3%

G.M.S.Y. 2.0%,0.3%, 0.03%, 0.1%

G.M.S. 2,0%,0.3%, 0.03%

S - salts : 0.03% NaCl, 0.03% K^HPO^, 0.03% MgS0 ^.7 H2Û.

A second set of experiments were conducted using the pre

incubation conditions described above. However conidia were 

incubated either in preincubation medium or,after centrifugation 

(2500 rpm for 4 minutes), they were resuspended in water

and incubated on glass slides at 27°C.
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6 . Germination of conidia in fungal culture filtrate

Conidia were harvested and washed in Tween 80 solution as 

described in Chapter 1. Conidia (2 x 10^/ml of medium ) were 

suspended in 25 ml of nutrient solution (G.M.S., see Section 5) 

in a sterile flask. The culture was incubated for 20 h at 30°C 

in a shaking incubator. At this time the culture was filtered 

through Whatman No. 1 paper. Fresh nutrients (G.M.S.) were added 

to the filtrate to give the same concentration as in Section 5 

and then freshly harvested conidia were introduced to give a 

concentration of 2 x 10^/ml. A control batch of fresh conidia 

was suspended in fresh G.M.S. 40 yl aliquots of each suspension 

were incubated on glass slides as in Section 1.

The experiment was repeated using filtrate from a 70 h incu-r 

bated culture as the incubation medium for a fresh batch of conidia.

7. The effect of some detergents and solvents on conidial

germination

Conidia were harvested and washed by the method described in 

Chapter 1. Washed conidia were incubated in G.M.S. (at 2 x 10^/ml) 

containing one of the following chemicals:- 1 % or 2 % ethanol.

Span 20, Span 80, Tween 20, Tween 80, Supronic ElOO, Sulfonyl T G E , 

Ampholak XJO, Triton X305, Monowet M070, Triton X45 (wetters all 

at 0.1%). In each case controls were used, these consisted of 

G.M.S. without any solvent. The conidia were incubated using 

the standard method as described in Section 1 at 27°C for 7 h.
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8 . Scanning Electron Microscopy (SEM) of preincubated conidia 

on locust cuticle

Conidia were preincubated (Section 5). Control conidia, which

had not been pretreated, were also used. Tween 80 was added to

the conidial suspensions to give a 0.03% solution. All preparations

of conidia (2 x 10^/ml) were sprayed to run off on 5th instar

locusts using a Sigma sprayer. G.M.S. nutrients were included

in the spray as specified in the results. The inoculated locusts

were kept individually at a temperature of 27°C in humidity of

> 90% or < 65% according to the experiment. After the appropriate

incubation time the locusts were killed by decapitation. A square 
2of cuticle (4 mm ) was carefully dissected out from the 3rd and 

4th terga, attached to a metal block with double sided adhesive 

tape and then critical point dried. After coating in polaron 

SEM coating unit (E5000) the specimen was examined in a JEOL 

JSM 35R electron microscope.
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Results

1. The effect of presoaking of conidia in distilled water on the

speed of germination in vitro

Presoaked conidia germinated faster than the untreated control 

conidia. A preliminary experiment conducted using a 40 h presoak 

period and nutrient broth as the incubation medium illustrates the 

phenomenon (see Fig. 20). Presoaking halved the time to 100% 

germination with respect to the control. The incubation medium 

was subsequently changed from nutrient broth to a medium more 

suited to fungal growth viz. basal salts, mycological peptone 

and glucose (G.M.S.).

The speed of germination was proportional to the length of 

the presoak period up to a maximum at 20 h (Fig. 21). 50% of 20 h

presoaked conidia germinated after only 7 h in nutrient solution.

In contrast 50% germination was not achieved with unsoaked control 

conidia until the 1 1 th hour of incubation.

The % germination of the 20 h presoaked conidia was also 

different from that of other treatments after 9 h of incubation 

(P < 0.01 for 44 h/20 h, P < 0.01 for 10 h/20 h ) . There was no 

significant difference between 10 h and 44 h presoaked conidia 

until 9 h of incubation when a higher percentage of 44 h soaked 

conidia had germinated than 10 h soaked conidia (P < 0.001).

After 13 h of incubation the control conidia had not attained 

the % germination achieved by the presoaked conidia at 9 h.



Fig. 2 0 . The effect of presoaking conidia in distilled

water on the speed of germination in vitro (1 ).

P - conidia presoaked in distilled water for 

40 h at 20°C 

C - conidia not presoaked

Incubation in nutrient broth (Oxoid Ltd.) at 27°C. 

Each result represents 10 x 200 conidial germ

ination counts. Bars represent the standard error. 

Legend; Abscissa - Incubation time in nutrients

(hours)

Ordinate - Percentage germination
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Fig. 2 1 . The effect of presoaking conidia in distilled

water on the speed of germination in vitro (II). 

Conidia were presoaked in distilled water at 27°C. 

Incubation of conidia was in 0.3% mycological 

peptone, 2% glucose, 0.03% salts.

Each result is the mean of 2 experiments, 

consisting of 10 x lOO conidial germination 

counts each.

Bars indicate standard errors.

Legend: Ordinate - % Germination

Abscissa - Incubation time in nutrients 

(hours)

4 lines represent conidia not presoaked (O h ) and 

presoaked for lO, 20 and 44 h.
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Fig. 22. The effect of presoaking conidia in distilled 

water on the speed of germination in vitro 

Data transformed from that shown in Fig. 21. 

Legend: Ordinate - % Germination on a probability

scale.

Abscissa - Incubation time (hours)

The 3 lines represent germination of O h, 10 h, 

and 20 h presoaked conidia. Lines fitted by eye ,
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The effect of presoaking on conidial germination is seen 

most clearly when examining the rate of germination. Fig. 21 

shows the relationship between % germination and time for control 

and presoaked conidia, these are effectively cumulative distribution 

graphs. If the germination rate of the populations is normally 

distributed, then straight lines should result when % germination 

is replotted on a probability scale against time (Sokal and Rohlf, 

1969). This only occurs for presoaked conidia (see Fig. 22).

The Oh (untreated control) conidial population appeared to deviate 

from a straight line, indicating that, in this case, the frequency 

distribution departs from normality (is skewed). Thus presoaked 

conidia germinated considerably more synchronously than the 

controls. Indeed, in the preliminary experiment where incubation 

took place in nutrient broth,germination of unsoaked conidia 

occurred over a period of 25 h compared with 12 h of the presoaked 

conidia. The control population of conidia failed to reach the 

high final germination score of presoaked conidia (ca. 1 0 0 %; see 

Fig. 20) within the time scale of the experiment.

The rate of germination of presoaked conidia between 5 h - 9 h 

was significantly different to that of unsoaked conidial germination 

(between 7 h - 11 h) ( see Appendix 6 ). Furthermore, there was 

a significant difference in the rate of germination of conidia 

which had undergone different presoaking periods (see Appendix 6 ). 

Therefore, presoaking is clearly affecting the rate of germ tube 

formation as the % germination/time graph line is not just shifted 

to the left with presoaking treatment but is also changing in its 

slope.



168.

2. The effect of presoaking on the rate of conidial swelling

a ) . Following changes in conidial volume using a Coulter counter 

No change in conidial volume was detectable during 44 h 

of presoaking in distilled water (see time O; Figs. 25 and 26). 

However, conidial swelling was initiated within 1 h of providing 

nutrients (see Figs. 25, 26; Table 12). The overall rate of swelling 

was greater amongst presoaked conidia than untreated control conidia. 

Time to 50% increase in volume of unsoaked conidia was 6 . 6 h 

compared to 3.3 h for 20 h presoaked conidia. The overall rate of 

swelling was proportional to the extent of the presoak period up 

to 20 h (see Figs. 25, 26), 44 h was less effective than the 20 h 

presoaking in promoting conidial swelling.

It appears that while presoaking increases the overall rate 

of swelling, its main effect is to reduce the 'lag phase' of 

the conidial population, i.e. time taken for conidia to initiate 

swelling. From Fig. 25 it can be seen that after the initial 'lag 

phase' the rate of swelling is similar but shifted further to the 

left with a presoak treatment. The same trend can be seen

in the second experiment (Fig. 26).

The results produced with the Coulter counter are expressed

in the median value as opposed to the mean of conidial size.

The median is a more representative value of the distribution 

than the mean when the distribution is skewed as in Fig. 23A, 

(positive skew). However, the median (or mean) does not indicate 

the form of the distribution. Some examples of the conidial size
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distribution produced by the Coulter counter are given in Figs. 23 

and 24. After 5 h incubation the size distribution of 20 h 

presoaked conidia was reduced (compare x and x^,Fig. 24). In 

comparison, after 7 h, the size distribution of the unsoaked 

conidial population had increased compared to O h incubation 

(compare y and y ^ , Fig. 23). This increase in the size distribution 

during incubation reflects the lack of synchrony of the germination 

amongst an unsoaked population of conidia; some conidia producing 

germ tubes whilst others are only in the initial stages of the 

swelling phase.

It is important to remember that the Coulter counter does not 

differentiate between swollen conidia and conidia with germ tubes 

during size analysis. The conidial size distribution at 9 h 

(untreated conidia) is influenced by the presence of a significant 

number of conidia possessing germ tubes (24% germination at 9 h, 

see Fig. 21). If the mean of conidial volume had been estimated 

for the 9 h incubated untreated conidia, it would be artificially 

high in contrast to the median value, which is not affected.

The size distribution of presoaked conidia is not influenced 

to the same extent as it was not necessary to measure the size 

distribution beyond 5 h incubation (at which time germination 

was < 5%, Fig. 21).

b ) . Determining conidial volume by individual measurements

Measurements of individual conidia made with the aid of a



Fig. 23. Example of conidial size distribution curve obtained 

from the Coulter counter (I) unsoaked conidia.

A - Size distribution before incubation in nutrients 

B - Size distribution after 7 h incubation in nutrients 

Nutrients used for incubation - 0.3% mycological 

peptone, 2% glucose, 0.03% salts.

Legend; Abscissa - Channel (Total of 512, see text)

Ordinate - Frequency of conidia in each channel 

Median channel is represented by a vertical bar. 

y,y^ indicate the 'spread' of size distribution amongst 

the population.
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Fig. 24. Example of conidial size distribution curve obtained

from the Coulter counter (II). 20 h presoaked conidia.

A - Size distribution before incubation in nutrients 

B - Size distribution after 5 h incubation in nutrients 

Nutrients used for incubation - 0.3% mycological 

peptone, 2% glucose, 0.03% salts

Legend: Abscissa - Channel (Total of 512, see text)

Ordinate - Frequency of conidia in each 

channel

Median channel is represented by a vertical bar. 

x,x^ indicates the 'spread' of size distribution 

amongst the population
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Fig. 2 5 . The effect of presoaking on the rate of

conidial swelling, experiment 1 .

Conidia were presoaked in distilled water at

27°C for times as indicated on the graph.

Incubation was in 0.3% mycological peptone,
42% glucose, 0.03% salts. > 10 conidia counted 

for each size estimate.

Legend: Ordinate - Percentage increase in

conidial volume 

Abscissa - Incubation time (hours) in 

nutrients



173

140|

a.
120 20h

44 h

lOhCd
5 80 
C
o

C 60
Oh

<D
S 40
0)L.
Üc

Ti me  (h)



Fig. 26. The effect of presoaking on the rate of conidial 

swelling, experiment II

Conidia were presoaked in distilled water at 27°C

for times as indicated on the graph.

Incubation was in 0.3% mycological peptone, 2%
4glucose, 0.03% salts. > lO conidia counted for 

each size estimate.

Legend: Ordinate - Percentage increase in conidial

volume

Abscissa - Incubation time (hours) in nutrients
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microscope and graticule revealed no significant difference (P > 0.25) 

in the size of the conidia before and after a 20 h presoak (Table 

13) . Thus distilled water plus 0.03% Tween 80 did not support 

swelling of Metarhizium conidia, confirming observations made 

with the Coulter counter (see Figs. 25 and 26).

Table 13. Dimensions 

incubation

of unsoaked and 

in nutrients

soaked conidia prior to

Mean length of Mean width of Presoak Incubation
1 0 0 conidia 1 0 0  conidia period time (h)
(ym) (ym) (h)

7.0 ± 1.0 2 . 0 0 0

6 . 8 ± 0.9 2 . 0 2 0 0

Indeed out of a total of 30 experiments carried out on presoaked 

conidia, only on 2 occasions did an appreciable amount of germin

ation occur in the 0.03% Tween 80 solution. In both instances 

the presoak medium was contaminated with bacteria (examined under 

a microscope). Perhaps bacterial metabolites provided sufficient 

nutrients to support the germination of the conidia. Whatever the 

cause, however, germ tubes were thin and spindly and eventually 

lysed.

The volume of Metarhizium conidia may be calculated using the 

mean of the values in Table 13 viz 6.9 ym x 2 pm, assuming the 

conidia to be cylindrical:
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2V = h 7T r V = volume h = length r = radius
2 3V = 6.9 7T (1.0) = 21.7 ym

The calculated volume (21.7 ym ) is greater than the Coulter counter 

estimate of ^ 10 ym^ (from Table 12). This difference may be due 

to a number of factors. Firstly, the assumption made in the above 

calculation that the conidium is cylindrical is not completely 

valid as the conidium is tapered slightly at both ends. The second 

factor may be due to the difference in the method of obtaining a 

value representative of the conidial sizes in the population. As 

was mentioned previously, the median of the size distribution was 

obtained from the Coulter counter, whereas the size estimate from 

direct observation was calculated from the mean. The skewed nature 

of the volume distribution curve (see Fig. 23) produces a median 

which is different to the mean.

c ) . The effect of sodium azide on the rate of conidial swelling 

The results in Table 14 show that there was no increase 

in conidial volume detectable by the Coulter counter during a 24 h 

period of incubation in nutrients containing sodiun azide; long 

after the time when swelling has normally taken place (see Fig.

25). This suggests that swelling is a metabolic event as sodium 

azide inhibits the respiratory activities of the conidia (Ekundayo, 

1966).
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Table 14. The effect of sodium azide on rate of conidial swelling

PRESOAK INCUBATION TIME IN NUTRIENTS (h)
TIME 0  1 3 5 24
10 h MV ym^ 9.0 9.1 9.1 9.4 9.0

% increase in 
volume 1.1 1 . 1 4.4 0 . 0

4> 1 X 10 conidia counted at each time. MV = median conidial 

volume. Results taken from one experiment.

d) . The effect of presoaking medium on the rate of conidial 

swelling

This experiment was conducted to test for the presence of 

inhibitors or stimulants of germination which might have leached 

from the conidia into the presoaking medium.

Table 15. The effect of presoaking medium on rate of conidial swelling

PRESOAK
TIME

INCUBATION MEDIUM INCUBATION TIME 
0  1

(h)
3 5

20 h Fresh presoak MV ym^ 16.8 17.0 2 2 . 0 33.0
solution + % 
nutrients

increase 1.2 30.9 96.4

20 h Original presoak MV ym^ 16.7 16.8 22.7 33.0
solution + % 
nutrients

increase 0 . 6 35.9 97.6

Results are the mean of 2 experiments. MV = median conidial volume 
4> 1 X 1 0  conidia counted at each time.
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After 5 h of incubation in nutrients there was approximately 

a 97% increase in volume of both conidia which were resuspended in 

fresh presoak medium (+ nutrients), and those which were incubated 

in the original presoak medium (+ nutrients) (Table 15). Thus, 

under the conditions of the experiment, there was no evidence that 

any inhibitory or stimulatory factors were leached from the conidia 

during presoaking.

e) The effect of resuspension in water after incubation in 

nutrients on the rate of conidial swelling

The conidia placed in water 4 h after incubation in nutrients 

showed a reduced rate of swelling compared to the control conidia 

which were given continuous access to nutrients (with or without a 

period of presoaking) (see Table 16). This experiment shows that 

nutrients must be continuously available if conidial swelling is 

to proceed normally.

Table 16. The effect of resuspension in water after incubation in 

nutrients on the rate of conidial swelling

PRESOAK INCUBATION TIME (h)
TIME (h) 0 1 3 5 7 9

0 MV yrâ 9.1 9.3 9.6 1 1 . 0 13.2 2 0 . 0
% increase - 2 .1 5.5 2 0 . 8 31.0 1 2 0 . 0

0 * MV ym 9.1 9.3 9.6 : 1 1 . 0 1 0 . 8 15.5
% increase - 2.1 5.5 ? 2 0 . 8 18.7 70.3

4 3MV ym 9.1 1 0 . 2 9.8 10.3 18.0 -

% increase - 12 . 1 7.7 13.1 97.8 —

* incubated in water after 4 h in nutrients.n = nutrients removed
after 4 h of incubation. Results; are from one experiment. >1 x 10
conidia counted for each result.
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3. Effect of presoaking of conidia on the time scale of germination

and appressorial formation in vivo

A series of experiments was designed to determine the effect 

of presoaking on time to germination and appressorial formation in

vivo, using the interaction between Manduca sexta and M. anisopliae.

I  High control mortality amongst locusts prompted the use of]#, sexta 
as a replacement.

The results are displayed in Table 17. It is clear that presoaking 

of conidia of M, anisopliae prior to placing them on the cuticle of 

M. sexta considerably reduced the time to germination and appressorial 

formation with respect to freshly collected conidia. Within 6 h 

of inoculation, 5.8% of the presoaked conidia (P) had germinated 

but none of the fresh (F) conidia. Within 12 h of inoculation the 

germination rate reached 69.6% in P conidia when it was only 25% 

in F conidia. The difference was highly significant (P < 0.001). 

Appressoria were formed within 12 h of inoculation in both treat

ments. However, there was a 7-fold greater incidence of appressorial 

formation in P treatment compared with F conidia; again the 

difference was highly significant (P < 0.002).By 24 h post inoculation 

P still displayed considerably greater % germination and incidence 

of appressorial formation than F (P < 0.001).

4. Effect of presoaking of conidia on the pathogenicity of Metar—

hizixm towards 2nd instar M. sexta (6 h ± 6 h) in an environment 

of constant high relative humidity

It was shown in the last section that presoaking of conidia 

greatly reduced the time to germination, in vivo. The present
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experiments were designed to test whether the early conidial 

germination and appressorial formation brought about enhanced 

pathogenicity.

A. Concentration of conidia = 0.1 x IQ^/ml

The results are shown in Table 18. Presoaked conidia produced 

significantly greater mortality than fresh conidia. There was 

also a greater incidence of mycosis in the larvae dosed with 

presoaked conidia than in those dosed with fresh conidia.

B Concentration of conidia = 2 x 10^/ml

The dose of conidia used in this experiment brought about a 

large increase in mortality (Table 19) over that observed in 

section A above (Table 18). However, it reduced the apparent 

advantage of the presoaked conidia.

Table 18. Effect of presoaking of conidia on the pathogenicity of 

Metarhizium to 2nd instar larvae (6 h ± 6 h) in an 

environment with a constant high relative humidity - 

concentration of conidia = 0 . 1 x 1 0 ^/ml

Treatment Number of
insects/
treatment

% mortality % mycosis

Control 6 0 lO 0

Fresh conidia (F) 60 35 15
Presoaked(P) 
conidia 6 0 60 37

Statistical 
% mortality 
% mycosis

analysis :
F V P 
F V P

P < 0.01 
P < 0.01

significant
significant
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Table 19. Effect of presoaking of conidia on the pathogenicity 

of Metarhizium to 2nd instar larvae (5 h ± 6 h) in an 

environment with a constant high relative humidity -

concentration of conidia = 2 x 1 0 ^/ml

Treatment Number of 
insects per 
treatment

% mortality % mycosis % failing 
to ecdyse

Control 35 0 0 0

Fresh
conidia(F) 40 88 8 8 8 6

Presoaked
conidia (P) 45 97 97 97

5. The effect of nutrient supply on germination of conidia

It was shown previously in this Chapter that presoaking in 

distilled water reduced the time to germination (in vitro and 

in vivo) and resulted in enhanced pathogenicity of Metarhizixjn 

for Manduca sexta. Thus this treatment could improve the efficiency 

of Metarhizium as a pest control agent. However, there is reason 

to believe that "presoaking" may not be practicable (see discussion) 

An alternative strategy is to preincubate the conidia in nutrients 

prior to application.

A series of experiments were carried out to investigate the 

ability of various nutrients to support germination of Metarhizium. 

Conidia were preincubated for different periods of time, after which
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aliquots were placed either onto plain glass slides qr onto discs 

of Sabouraud's dextrose agar (S.D.A.) to continue germination.

Whether the time to 25% or 50% germination was considered, 

germination promoting ability of the nutrients was in the order 

YGMS = GMS > MS > Y > G (Figs. 28, 29), when conidia were 

incubated on glass slides. The difference between the germination 

rates in the nutrient solutions was less marked when incubation 

was carried out on S.D.A. (Figs. 30, 31). The protein source was 

found to be most important for the promotion of germination.

However, the two sets of experiments could not be directly compared 

because the same nutrients were not used in both sets of experiments,

The extent of the preincubation period had little effect on 

the total time in nutrients necessary for 50% germination (see 

Table 20), whether an additional nutrient source (S.D.A.) was 

provided (Figs. 30, 31) or not (Figs. 28, 29).

The greater efficiency of certain nutrient sources in promoting 

germination appeared even more marked when conidia were suspended 

in distilled water after preincubation in nutrients (see Figs. 28,

29). Germination was considerably delayed under these conditions. 

Only 4 - 5 h preincubation in G.M.S. or Y.G.M.S. provided sufficient 

nutrients for normal patterns of germination to occur. Ranoval 

of G.M.S. or Y.G .M.S. after 4 h or 6 h and replacing it with 

water, had little effect on the time to 50% germination with respect 

to the control (Figs. 27, 28 and 29).
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Table 20. Total time to 50% germination

Preincubation in nutrients + incubation on glass slides 

(A) or on S.D.A. (B).

Preincubation Preincubation time(h)
nutrients 0 2 4 6

A. G 12.3 12.5 13.9 -

MS 1 0 . 2 1 1 . 1 1 1 . 0 1 1 . 0

GMS 9.6 9.8 1 0 . 1 9.5

YGMS 9.8 1 0 . 0 1 0 . 1 1 0 . 1

B. G 13.3 1 2 . 8 14.4

M 1 1 . 8 1 2 . 0 1 1 . 6

GM 13.3 13.3 13.4

GMS 1 2 . 2 12.5 1 2 . 0

G - glucose; M - peptone ; S - salts f y - yeast extract.

Data derived from Figs. 29 and 31

6 . Germination of conidia in fungal culture filtrate

The method of presoaking increased the rate of conidial ger

mination, and this resulted in enhanced pathogenicity of Metarhizium 

towards M. sexta. Therefore, other factors (such as stimulants or 

inhibitors) which influence the rate of germination may also be 

important in the context of pathogenicity towards the insect.

Self inhibitors and stimulants have been found to diffuse from 

spores and influence germination under certain conditions (Chung



Fig. 27. The effect of preincubation on the speed of 

germination of conidia (I)

Sample of graphs used to obtain histograms of 

25% and 50% germination.

Preincubation in nutrients for times as indicated 

on the graph. Nutrients used were : 0.3% myco

logical peptone, 2% glucose, 0.03% salts (NaCl, 

KH^PO^, MgS0^.7H20).
Legend: Ordinate - percent germination

Abscissa - incubation time in nutrients 

or water

Broken lines indicate incubation in water after 

the preincubation period in nutrients.

5 X 100 counts for each point. Bars indicate 

the standard errors.
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Fig. 28. The effect of preincubation on the speed of 

germination of conidia(II)

Incubation in liquid medium at 2 7 ° C . Histogram 

bars represent time to 25% germination in 

nutrients. The broken line histogram represents 

the time taken for 25% germination in water.

An open ended histogram indicates that the 

conidia failed to reach 25% germination during 

the time span of the experiment.

Data derived from experiments such as that 

illustrated in Fig. 27.

Preincubation (and incubation) nutrients:- 

G - 2% glucose

M - 0.3% mycological peptone 

S - 0.03% salts (NaCl, K^HPO^, MgS0 ^.7H 2 0 )

Sm - 0.5% skimmed milk powder 

Y - 0.1% yeast extract paste 

Legend: Ordinate - Time needed for 25% germination

Abscissa - Preincubation time at 24°C in 

nutrients
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Fig. 2 9 . The effect of preincubation on the speed of 

germination of conidia (III)

Incubation in liquid medium at 27°C

Histogram bars represent time to 50% germination in 

nutrients. The broken line histograms represent the 

time taken for 50% germination in water. An open 

ended histogram indicates that the conidia failed 

to reach 50% germination during the time span of 

the experiment.

Data was derived from experiments such as that 

illustrated in Fig. 27.

Preincubation (and incubation) nutrients 

G - 2% glucose

M - 0.3% mycological peptone 

S - 0.03% salts

Y - 0.1% yeast extract paste.

Legend: Ordinate - Time needed for 50% germination

Abscissa - Preincubation time at 24°C in 

nutrients
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Fig. 3 0 . The effect of preincubation on the speed of 

germination of conidia (IV)

Incubation on Sabouraud's dextrose agar at 27°C 

Legend: Ordinate - Time needed for 25% germination

Abscissa - Preincubation time at 24°C in 

various nutrients.

Preincubation nutrients :- 

G - 2% glucose 

M - 0.3% mycological peptone 

S - 0.03% salts (NaCl, K^HPO^, MgS0 ^.7 H2 0 )

5 X 100 counts were taken to produce each graph 

from which 50% readings were taken.
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Fig. 3 1 . The effect of preincubation on the speed of 

germination of conidia (V)

Incubation on Sabouraud's dextrose agar at 27°C 

Preincubation nutrients 

G - 2% glucose

M - 0.3% mycological peptone 

S - 0.03% salts (NaCl, K^HPO^, MgSO^.VH^O)

5 X lOO counts were taken to produce each graph 

from which 50% readings were taken .

Legend; Ordinate - Time needed for 50% germination
oAbscissa - Preincubation time at 24 C in 

various nutrients
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and Wilcoxson, 1969; Yarwood, 1956).

This experiment was carried out to investigate whether germin

ation stimulants or inhibitors leached from the germinating conidia.

No significant difference was found between the germination 

in culture filtrate and fresh medium; whether the filtrate was 

prepared from 20 h or 70 h old cultures (see Table 21).

Table 21. Germination of conidia in culture filtrate

INCUBATION TIME 
(h)

MEAN NUMBER OF 
OUT OF 200 ± 
FILTRATE

CONIDIA GERMINATING 
SE

FRESH MEDIUM

a) 5 0 0

7 9.4 ± 0.7 8 . 2 ± 1 . 1

9 41.0 ± 5.0 47.0 ± 5.7

b) 5 0 0

7 7.8 ± 1.3 9.1 ± 1.0

9 39.0 ± 4.0 39.3 ± 5.7

Figures are the mean of 5 replicates

a) Filtrate prepared from a 20 h culture of M. anisopliae

b) Filtrate prepared from a 70 h culture of M. anisopliae

7. The effect of some detergents and solvents on conidial 

germination

Organic solvents and detergents have been shown to be activators
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of spore germination in some fungal species (see Sussman, 1976) 

Some preliminary experiments were conducted to investigate the 

possibility of stimulatory action of detergents and solvents on 

germination of conidia.

No stimulation of germination was found to occur with the 

ethanol or detergents (Table 22). Indeed 2% ethanol produced a 

reduction in germination compared to the control. Likewise most 

of the detergents may have had an inhibitory effect on conidial 

germination.

8 . Scanning Electron Microscopy of preincubated conidia on

locust cuticle

Scanning electron microscopy was used in a preliminary experi

ment to investigate the effects of exogenous nutrients, supplied 

either during a period of preincubation or at the time of 

application, on the rate of germination of conidia on locust cuticle 

in vivo. In the first experiment, after 18 h of incubation, conidia 

sprayed with nutrients had longer germ tubes than those sprayed 

without nutrients. However, both treatments showed good germination 

and appressorial formation (experiment 1, Table 23). The long 

period of incubation may have obscured any early large difference 

in rates of germination between the two treatments. Certainly 

preincubation appeared to confer a distinct advantage after 8 h, 

whereas there was no apparent difference between treatments 2 0 h 

after inoculation (Table 23). Preincubation did not reduce the 

requirement for a high relative humidity as preincubated conidia
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failed to germinate if held in an atmosphere of < 60% RH for 20 h 

(experiment 3, Table 23).
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Table 22. The effect of detergents and solvents on conidial 

germination

INCUBATION MEDIUM MEAN PERCENTAGE GERMINATION

GMS 2 0 . 0

GMS + 1% ethanol 17.5

GMS + 2% ethanol 5.5

GMS 13.0

GMS + Span 20 0 . 0

GMS + Span 80 3.0

GMS + Tween 20 1.5

GMS + Tween 80 7.0

GMS + Supronic ElOO 13.5

GMS 14.0

GMS + Sulfonyl TGE 1 . 0

GMS + Ampholak XJO 3.0

GMS + Triton X305 8 . 0

GMS 9.5

GMS + Monowet M070 0 . 0

GMS + Triton X45 0 . 0

GMS - 2% glucose, 0.3% mycological peptone, 0.03% salts.

All surfactants used at 0.1% w/v. Incubation time was 7 h.

Number of counts - 2 x 200.
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Plate 36. An electron micrograph showing conidia of M, anisopliae 

germinating on locust cuticle.

Treatment. No preincubation, conidia sprayed onto 

cuticle with glucose, mycological peptone and salts.

18 h incubation.G - germ tube; C - conidium.

Bar = 23 Mm.

Plate 37. Electron micrograph showing conidia of M. anisopliae 

germinating on locust cuticle.

Treatment. No preincubation, conidia sprayed onto 

cuticle without nutrients. 18 h incubation.

Bar = 28 ym.





Plate 38. Electron micrograph showing conidia of M. anisopliae
germinating on locust cuticle. Treatment. Preincubated 

and sprayed on cuticle with glucose, mycological 

peptone and salts. 8 h incubation . Bcur = 14 ym.

Plate 3 9 . Electron micrograph showing conidia of Af. anisopliae

germinating on locust cuticle. Treatment. Preincubated

conidia were sprayed onto cuticle with glucose, myco

logical peptone and salts. 20 h incubation. Bar = 30 ym.





Plate 4 0 . Electron micrograph showing conidia of M. anisopliae 

germinating on locust cuticle.

Treatment. No preincubation, conidia sprayed onto 

cuticle with glucose, mycological peptone and salts. 

8 h incubation. Bar = 14 ym.

Plate 41. Electron micrograph showing conidia of M. anisopliae 

germinating on locust cuticle.

Treatment. No preincubation, conidia sprayed onto cuticle 

with glucose, mycological peptone and salts. 2 0 h 

incubation. Bar = 30 ym.





Plate 4 2 . Electron micrograph Showing M. anisopliae conidia on 

locust cuticle. Treatment. Preincubated conidia were 

sprayed onto cuticle with glucose, mycological peptone, 

and salts. 2 0 h incubation in low humidity (< 60%).

Bar = 17.5 ym.

Plate 4 3 . Electron micrograph showing conidia of M. anisopliae

germinating on locust cuticle. Treatment. Preincubated 

conidia were sprayed onto cuticle with glucose, myco

logical peptone and salts. 2 0 h incubation, h i ^  

humidity (> 90%). A - appressorium. Bar = 3 2 ym.





Plate 44. Electron micrograph showing a preincubated conidium 

after 20 h incubation. Germ tube appears to be 

coated with mucous. Bar = 1.3 ym.

Plate 45. Electron micrograph showing appressorium. from a 

preincubated conidium. 2 0h incubation.

Bar = 1.0 ym.
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Discussion

Conidia of M. anisopliae were found to require exogenous 

nutrients for germination, this result is in agreement with those 

of Gabriel (1959), Veen (1968) and Speare (1912) who found no 

germination in sterile water after four days. Roberts and Campbell

(1977) recorded some germination in deionized water and Tween 80 

at room temperature but only after six weeks.

The length of time for germination was found to vary with 

the incubation medium. A combination of mycological peptone, glucose 

and salts was found to be the most effective of the media tested 

in promoting germination. Peptone alone supported a considerably 

faster germination than glucose, suggesting that a nitrogen source 

as well as a carbon source is necessary for normal patterns of 

germination. In contrast, Smith and Grula (1981) found that a 

utilizable source of carbon was sufficient for germination of 

Beauveria hassiana but that in addition, nitrogen was necessary 

for subsequent hyphal growth.

In most fungal species, swelling of the conidium is the 

obligatory first stage of germination (Gottlieb, 1978). In the 

present work a swelling phase was found to precede the production 

of the germ tube by Metarhizium conidia. The swelling phase 

required exogenous nutrients and was inhibited by sodium azide

i.e. there was no passive component, the whole process was in

hibited by sodium azide. Swelling of conidia started within the
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first hour of addition of nutrients thus indicating that nutrients 

were being utilized within this time. Smith and Grula (1981) 

similarly found that B. hassiana conidia metabolized nutrients within 

the first hour of incubation. Gottlieb and Tripathi (1968) found 

that the swelling of Pen:^cillium atroventum required exogenous 

nutrient and azide was inhibitory. They suggested that swelling 

was a period of intense metabolic activity and not just a passive 

process involving the osmotic entry of water. However, Barnes and 

Parker (1966) found biphasic swelling with Trichoderma sp.; the 

first hour being a non-metabolic phase which would take place in 

water and was unaffected by "antimicrobial agents".

To the author's knowledge the present study is the first to 

follow the swelling phase of a population of entomopathogenic 

fungal conidia in a quantitative manner. Grula et al. (1978) stated 

that the development of a precise means of measuring the germination 

process would be needed before definitive requirements for the 

germination of entomopathogenic conidia could be established.

The Coulter counter offers such a means to fulfil these require

ments. The swelling phase is possibly the most important and 

relevant part of germination to study (Barnes and Parker, 1966) , 

the phase of germ tube formation being largely a mechanical 

phenomenon in which the conidial walls are ruptured and the germ 

tube extruded (Hawker and Abbott, 1963; Zacharuk, 1970a).

One of the advantages of studying the conidial swelling phase 

is that measurements are taken within the first six hours of incubation
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whereas up to twenty hours are needed to calculate the percent 

germination. The Coulter counter facilitates the study of spore 

swelling by providing an automatic method of conidial volume 

analysis using a sample size much larger than that possible by 

direct observation. The Coulter counter enables a rapid 

measurement of thousands of spore volumes in a few seconds. An 

advantage of measuring conidial volume is that small differences 

in conidial diameter which might not be recognized under the 

microscope are enlarged when volume is measured and thus differences 

in swelling may be ascertained more accurately (Barnes and Parker, 

1968).

The measurement of the spore volume profile of a population 

after a few hours suspension in nutrients could be used as a quick 

method of checking the viability of spores in a culture. This 

method of size analysis has been used to screen chemicals for 

preservative activity against spoilage moulds (McCafferty and 

Parker, 1970). The technique could, therefore, be used to screen 

for substances inhibitory to the swelling phase of germination of 

entomopathogenic conidia such as insecticides. Finally, spore 

volume profiles of a population may often show a characteristic 

shape of distribution (Barnes and Parker, 1968) with the advantage 

that different strains of a fungal species may be more easily 

differentiated.

The Coulter counter estimate of the volume of fresh Metarhizium 

conidia was between 9 and 10 ym?. The conidial volume varied
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slightly between different cultures, therefore critical comparisons 

were only made between treatments from the same culture. After 7 h 

of incubation, just prior to germ tube formation, conidia had 

swollen to 16 - 17 ym^ (a 60% increase in volume). This compares 

with a doubling of conidial volume of Trichoderma after 6 h incu

bation (Barnes and Parker, 1966) and volume changes of 35 - 79 ym , 

Curvularia brachyspora; 19 - 31 ym?. Pen icillium expansum; and 

11 - 50 ym?, Pullularia pullulans after 3 h in nutrients (data 

from Gottlieb, 1978).

There are few values for germination rates of Metarhizium 

conidia in the literature and they vary according to the incubation 

medium and the fungal strain used. In the present work, germination 

of untreated (i.e. not presoaked) Metarhizium conidia was 50% after 

12 hours and 95% after 15 hours on solid media. Veen (1968) recorded 

80% germination of Metarhizium after 21 hours on slides smeared 

with locust epicuticle wax.

The speed of both swelling and "germination" (germ-tube 

formation) was increased by a period of presoaking in distilled 

water prior to incubation in nutrients. Indeed there was a positive 

correlation between the length of the presoak (up to 2 0 h) and the time 

to 50% increase in volume and 50% germ-tube formation (see Fig. 32). 

Presoaking appeared to reduce the time to initiation of the swelling 

phase rather than the actual rate of swelling.

44 h of presoaking was less effective than 20 h, possibly 

because after a critical time the "conditioning" effect of the



Fig. 32. Time taken to achieve 50% swelling and 50% germ 

tube formation of M. anisopliae conidia.

Legend: Ordinate - Log of the time taken to reach

50% germination or 50% swelling 

of conidia.

Abscissa - Time of presoaking in distilled 

water

50% swelling — expt.1 and 2 

50% germination — 3
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treatment (see later) was superseded by a loss of viability due 

to leaching of nutrients and/or enzymes.

Presoaked conidia of strain MEl appeared to germinate faster 

than the fast germinating mutant strain of Al-Aidroos and Roberts

(1978), 90% germination in 9 h and 75% in 12 h respectively.

However, a liquid medium (used in the present work) supports a 

faster rate of germination than a solid medium (employed by 

Al-Aidroos and Roberts) so a direct comparison cannot be made.

Smith and Grula (1981) unsuccessfully attempted to synchronize 

the germination of B. bassiana conidia by incubating on different 

media and attempting to "shock" the conidia into germination by 

heat treatment and cell wall degrading enzymes. By presoaking 

Metarhizium conidia it has been possible to reduce the time span 

needed for the majority of the population to initiate germination 

by over 50% (calculated from Fig. 20) . Further manipulations 

in soaking time and temperature may permit additional increases 

in synchronization.

The effect of presoaking on germination does not appear to 

have been reported before. Noble (1924) found that presoaked 

conidia of Urocystis tritici gave optimum germination after the 

addition of a volatile 'stimulatory agent'. However these conidia, 

unlike those of Metarhizium^ do not depend on exogenous nutrients 

for germination and have an innate dormancy period.
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The physiological basis of the presoaking phenomenon has 

not been elucidated in the present study. However it is clear 

that presoaking is not simply a period of water uptake as no 

increase in volume occurred until nutrients were applied. In 

contrast, spores of Trichoderma absorb water non-actively ir 

the absence of nutrients (Barnes and Parker, 1966).

The most obvious function of presoaking would be to remove 

an autogermination inhibitor. The behaviour of a fungal colony 

would lead one to suspect the presence of a fungal inhibitor.

M. anisopliae will not germinate while still sited in the fruiting 

body even though free water and nutrients are present (Dillon, 

unpubl. obs.). This phenomenon is quite common in the fungal 

kingdom (Gottlieb, 1978). An inhibitor would be advantageous 

as the conidia would only germinate when suitably dispersed, 

thus increasing the chances of survival of the fungus. Germin

ation inhibitors may also be involved in the presoaking process. 

Gottlieb (1978) proposed that the removal of a toxic substance, 

which had been incorporated into the conidium as it was formed, 

would be a rate limiting factor and that germination would be 

impossible until the inhibitor was removed. Such inhibitors 

have been isolated (Macko et al., 1970). The role of presoaking 

in this case would be to facilitate the leaching of an autoinhibitor 

so that once the conidium was provided with exogenous nutrients, 

germination would occur immediately. Chung and Wilcoxson (1969) 

found that an inhibitor apparently diffused from the conidia of 

Phoma medicaginis in an aqueous medium and that removing these
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conidia and resuspending fresh conidia in the medium resulted 

in inhibition of germination. No such inhibitor has been recorded 

for M. anisopliae to date. Germination of conidia in spent M. 

anisopliae culture medium was not inhibited, indicating that no 

inhibitor was active during the experiment.

An alternative hypothesis is that presoaking releases 

stimulants that initiate germination. French and Gallimore (1972) 

noted enhanced germination of prehydrated Puccinia graminis 

tritici conidia resulting from stimulants released during ex

posure to a water saturated atmosphere. However, there was no 

reduction in the swelling rate of M. anisopliae conidia when 

presoaking medium was replaced by fresh medium. This of course 

does not preclude the possibility that such compounds are not 

released by the treatment but remain bound to the conidia rather 

than secreted freely into the medium.

In a similar vein, the effect of presoaking may be complex 

with both inhibitors and stimulants being present as in the 

conidia of Uromgces phaseoli (Yarwood, 1956) where the final 

result of germination depends on a balance between them.

An ultrastructural study of the presoaking conidia may help 

to uncover the mechanism by which germination is enhanced. 

Zacharuk (1970a) observed large inclusions in M. anisopliae 

conidia which were apparently filled with lipid material, these 

disappeared to be replaced by vacuoles in the initial stage
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of germination; this is evidence of the use of endogenous 

nutrients in germination. It is possible that the presoak 

period is essentially a time during which the endogenous 

nutrients are utilized by the conidium to undergo the first 

steps of germination.

Whatever the mechanism involved, presoaked conidia not 

only germinated faster than unsoaked fresh conidia in vitro 

but also in vivo on Manduca cuticle. The enhanced rate of 

germination in vivo was also reflected in a larger number of 

appressoria being formed after 12 and 24 hours. The presoaked 

conidia on Manduca cuticle were not provided with additional 

nutrients and so must have obtained them from the cuticle.

There was a reduced rate of germination of presoaked conidia 

on cuticle compared to that in vitro. Germination of presoaked 

conidia was over 90% at nine hours in vitro compared to 70% 

after twelve hours on cuticle. This could reflect reduced 

availability of.nutrients and/or the presence of inhibitory 

substances such as cuticular lipids (Koidsumi, 1957). Germina

tion of conidia on agar was slower than in liquid culture, 

presumably due to the lack of free water around the conidia on 

the agar or the increase in accessibility of nutrients to 

conidia in a mobile liquid medium. Similarly, lack of free 

water and/or nutrients for the conidia on cuticle may reduce 

the germination rate with respect to that achieved in vitro.

Since appressorial formation was promoted by presoaking 

of conidia, initial infection of the host should be greater using
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the presoaking technique. This proved to be the case as there 

was higher mortality amongst Manduca larvae treated with pre

soaked conidia than those dosed with fresh conidia. This result 

suggests, as might be expected, that the speed of fungal conidial 

germination is one of the limiting factors which determines the 

pathogenicity of the fungus to the insect and that presoaking 

does not simply increase the growth of the fungus over the 

cuticular surface of the host. Pekrul and Grula (1979) also 

found a relationship between conidial germination and surface 

growth of B. bassiana and its pathogenicity to the host.

Mutants exhibiting low levels of pathogenicity were delayed in 

germination and did not penetrate the host cuticle immediately 

but produced extensive hyphal growth over the cuticular surface.

Increasing the rate of germination (by presoaking) confers 

several advantages on the fungus. The period of high humidity 

normally required for germination on the cuticle may be reduced. 

Additionally,decreasing the time of exposure on the surface 

prior to penetration means there is less chance of removal 

due to movements of the host. As a result a greater proportion 

of the initial inoculum will be available to penetrate the 

cuticle. Finally, synchronized germination may lead to synchron

ized cuticular penetration which would impose a greater stress 

upon the host (immune) defences.

A disadvantage of the presoaking technique is that it 

cannot be used with formulated entomopathogenic fungi. Formulations
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may contain substances which could be utilized by the fungus 

as nutrients so presoaking (viz. soaking in water only) could 

not take place.

An alternative method of reducing the time between application 

of the conidia and cuticular penetration is to preincubate (soak 

in water plus nutrient). Indeed, a preliminary S.E.M. study 

revealed that preincubated conidia germinated quicker than fresh 

conidia on locust cuticle. However, it remains to be seen whether 

this will translate into enhanced pathogenicity.

It is possible that the faster rate of germination of 

presoaked conidia in vivo and concomitant increase in pathogenicity 

is partly due to a greater resistance to anti-microbial agents 

or antibiosis from microorganisms which are found on the insect 

cuticle, (Vey, 1982). Certainly in the locust gut fluid, an 

increased resistance to inhibitory agents was found to occur with 

preincubated conidia (normally, gut fluid was inhibitory to 

conidia, see Chapter 2). Cuticular fatty acids were shown by 

Smith and Grula (1981) to be toxic towards germination of B. 

bassiana but non-toxic towards hyphal growth. Preincubated 

conidia could be sprayed onto the host where they would germinate 

almost immediately, therefore reducing the effect of "toxins" 

which are active against the conidia in their germination phase.

Conidia which were resuspended in distilled water after 4-6 h 

preincubation in nutrients germinated with almost equal facility
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to those kept in nutrients throughout. This result suggests 

that conidia can store sufficient nutrients during the swelling 

phase to enable germ tube formation to occur. Thus conidia 

can assimilate nutrients under optimum conditions prior to 

application into a potentially hostile environment.

Grula et al. (1978) suggested that application of spores 

in a nutrient mixture may result in greater infection under the 

more nutrient restrictive conditions found in the field. Pre

incubation of conidia would provide nutrients needed for subse

quent germination and have the effect of reducing the germination 

time on the host. The disadvantage of applying conidia in a 

nutrient mixture as opposed to preincubation in nutrients would 

be that the nutrients could be utilized by other micro-organisms 

in the environment, this may lead to increasing competition and 

possible antagonism of the fungus and may encourage the growth 

of undesirable moulds and plant pathogens on the crop where the 

insect host is located. Appressoria formation may be inhibited 

by the presence of excessive amounts of nutrients around the 

conidia (Mercer et al., 1971).

In the final analysis, the use of presoaking and preincubation 

will depend on considerations of the application strategy for 

insect control. If the induced epizootic approach is required 

then presoaking of conidia is unlikely to be of use since nutrient 

may be included in the formulation, as in the formulation of 

Verticillium lecanii used by Hall (1982a). In this formulation
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the substrate was used primarily to promote growth and sporulation 

of the fungus on the leaf surface to control later outbreaks 

of the insect host and the emphasis is on the long term control. 

However, if the insecticidal approach is used as with 'Hoverin'

(B. bassiana, Roberts, 1981) then both presoaking or preincubation 

may be of practical use.
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APPENDIX 1

Gram's stain:

1. Crystal violet

a. Crystal violet 2.0 g

Methanol 20 ml

b. Ammonium oxalate 0.8 g

Distilled water 80 ml

Mix a and b, leave 24 h before use.

2. Gram's iodine

Iodine 1.0 g

Potassium iodide 2.0 g

Distilled water 300 ml

3. 95% ethanol

4. Safranine

Safranine 0.25 g

Ethanol (95%) 10 ml

Dissolve safranine in the ethanol and add to lOO ml of 

distilled water.

Procedure:- apply crystal violet for h min, wash in water. 

Apply iodine for h min, tip off iodine, wash off with ethanol 

Wash in water, counterstain with safranine for h min.

Wash with water and dry.
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APPENDIX 2

KCN Broth:

Peptone 3 g

NaCl 5 g

KH^PO^ 0.225 g

Na^HPO^.ZH^O 5.64 g

Distilled water lOOO ml

Dissolve, filter through sintered glass funnel, sterilize.115°C 

for 2 0 mins.

For use, add 1.5 ml of a fresh 0.5% KCN solution in sterile 

water to a 100 ml of base. Mix and aseptically distribute into 

screw capped bottles. (Cowan, 1974).
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APPENDIX 3

Periodic Acid Oxidation, basic fuchsfn and light green stain

procedure :

1. Dewax in xylene, 2 x 5  minutes.

2. Bring sections through alcohol series to water.

3. Immerse in a 1% aqueous periodic acid solution for

3*5 minutes.

4. Rinse 2-3 seconds in tap water.

5. Immerse in a 0.1% aqueous solution of basic fuchsin for

1 minute, agitate twice.

6 . Rinse in running water for 20-30 seconds.

7. Immerse in acidified bisulfite (NaHSO^ 1 gm; distilled 

water lOO ml; I N  HCl 20 ml) for 2*5 minutes, agitate 2-3 

times.

8 . Wash in running tap water for 5 minutes.

9. Immerse in 0.25% aqueous light green solution for 1*5 minutes

with constant agitation.

10. Wash very briefly in running tap water.*

11. Wash in alcohol series up to two changes of 100% alcohol

and finally xylene.

12. Mount with DPX.

Mayers Albumin:

1:1 v/v egg white and glycerine. Filtered through Whatman

paper, 1 crystal of thymol added as preservative.
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APPENDIX 4 .

Nelson-Somogyi Reagents:

1). Copper Reagent A.

Na^CO^ (anhydrous) 25 g

Potassium sodium tartrate 25 g

NaHCO^ 20 g

Na^SO^ (anhydrous) 2 0 0  g

Add to 800 ml distilled water. Dilute to 1 litre, filter 

if necessary. Store above 20°C.

2). Copper Reagent B.

Add 1-2 drops conc. H^SO^ per 100 ml 15% CuS0 ^.5H 2 0 solution 

Mix reagent A and B in a proportion of 21A to IB.

3). Arsenomolybdate Colour Reagent:

Dissolve 25 g ammonium molybdate in 450 ml distilled water 

Add 21 ml c. H^SO^.

Mix

Add 3 g Na^HSO^.TH^O dissolved in 25 ml distilled water.

Mix

Incubate at 37°C for 24 - 48 hours.

Store in glass stoppered amber bottle.
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APPENDIX 5

Maintenance of the stock culture of Manduca sexta

The adults were kept.in wooden framed boxes covered with 

muslin (1 m^), each accommodated 12 individuals. Under 50 ± 10% 

relative humidity, 26 ± 2°C, and a 12 h " fright" light:

12 h "dim" light photoperiod. This unusual photoperiodic regime 

was used to enable adults to feed and mate. Adults were maintained 

on an artificial yellow flower containing a cotton wool wick 

impregnated with a 10% sucrose solution. A tobacco plant was 

maintained within the l?ox as a site for oviposition and the 

eggs were collected once a day, and placed in a plastic cup 

which was covered and kept at 26°c within an incubator.

The larvae were reared on a modification of Bell and Joachim's 

artificial diet (Bell and Joachim, 1976) (see below) at 50 ± 10%

RH and 25°C under a long day (17 h light; 7 h dark).

Ingredients of artificial diet

Pre-mix components Weight in g.

Wheat germ 7 50

Casein 350

Sucrose 300

Dry yeast 150

Wesson's salt mixture 100

Sorbic acid 15

Cholesterol 10

Methyl-p-hydroxylbenzoate lO

Choline chloride 10
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These were usually kept in an airtight container at room 

temperature.

For every batch of 504 g of a pre-mix other ingredients were 

added as follows:

Additional ingredients Weight in g or volume in ml

ascorbic acid 12

aureomycin 0.30

Vanderzant's vitamin mixture 0.30

1 0 % formaldehyde 12

raw linseed oil 6

vegetable oil 6

agar 45

Diet preparation

A batch of 504 g of pre-mix was put in a Waring blender,a 

1250 ml of boiling distilled water was added and mixed for ca.

5 minutes, meanwhile the oils and 10% formaldehyde was added.

Agar was cooked separately in a 1250 ml of distilled water and 

transferred while it was hot to the Waring blender and mixed 

further with the pre-mix.

When the temperature cooled to 70°C, or below, the ascorbic 

acid, aureomycin and Vanderzant’s vitamin mixture were added. 

The diet was then poured into containers lined with aluminium 

foil and allowed to cool and solidify at room temperature before 

being stored at 4°C.
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When required, the diet was moved out of the fridge and 

put at room temperature for 2-3 h before being introduced to 

insects.
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APPENDIX 6

Comparison of regression lines fitted to individual % germination/

time graph lines (see Fig. 2 1 ) .

1. Analysis of variance about a single regression line and four

individual regression lines.

s. s d.f. m.s. F

Residual variation about 
a single line 119049 238 --

Sum of residual variations 9999 232 43about individual lines

Difference (variation of
individual lines about a 109050 6 18175 422.6
single line)

s.s. = sum of squares; d . f . = degrees of freedom; m.s. = mean squares

0.001 > P (from F - distribution tables in Fisher and Yates, 

1963). Hence the use of a single line is significantly worse 

than the individual fits and it is concluded that the % germin

ation/time relationship is different for the 4 presoak treatments 

(O h, 10 h, 20 h, 44 h ) .
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2. Analysis of variance about a single regression line and 

three individual regression lines (O h excluded)

____________________________________ s . s_______d.f_.______m.s._______ F

Residual variation about o n n n c  -, - obiyuo 1/0a single line

Sum of residual variations 7 7 2 5  174 44 4
about individual lines

Difference (variation of
individual lines about a 54180 4 13545 305.1
single line)

0.001 > P. Hence the use of a single fitted line is 

significantly worse than the individually fitted lines for the 

1 0 h, 20 h and 44 h presoak times.

Fitting parallel lines

1. Analysis of variance about parallel lines fitted to all four 

lines
s. s. d.f. m.s. F

Residual variation about 
parallel lines 17946 235

Sum of individual residuals 9999 232 43

Difference of slopes 7947 3 2649 61.6

0.001 > P. The slopes of the lines are significantly 

different.
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2. Analysis of variance about parallel lines fitted to 3 lines 

(O h excluded).

s. s d.f. m.s. F

Residual variation about 9349 176
parallel.lines

Sum of individual 
residuals 7725 174 44.4

Difference of slopes 1624 2 812 18.2

0.001 > P. The slopes of the lines are significantly different
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