
Topic 3: Ecology of Fungi 

Lecture 7 – Fungal Parasites of Insects and Nematodes 

 

Introduction 

Fungi commonly attack insects, nematodes and other invertebrates in natural 

environments. In doing so they act as natural population regulators, helping to keep 

insect and nematode pests in check. Some insect-pathogenic and nematode-destroying 

fungi can also be exploited as biocontrol agents, and some are available commercially 

as alternatives to chemical pesticides. Here we consider the specific adaptations of 

fungi for this mode of parasitism. It is an important topic not only because it extends 

our coverage of parasitic interactions, but also because the control of insect pests and 

nematodes is currently achieved by highly toxic chemicals, with known or potential 

adverse effects on humans and the environment.  

The insect-pathogenic fungi 

Examples of some common insect-pathogenic fungi (entomopathogens) are 

listed in Table 1. All these fungi are specifically adapted to parasitize insects, and 

depend on insects for their survival in nature. Among the many insect-pathogenic 

fungi, the species of Beauveria and Metarhizium are commonly found in natural 

environments and are considered to have strong potential for practical control of insect 

pests, especially in glasshouses and other protected cropping systems. These two 

genera produce abundant conidia in laboratory culture and on insect hosts, but are not 

known to have a sexual stage. Beauveria spp. produce their conidia in a sympodial 

fashion, by first producing a terminal spore and then the conidiophore elongates and 

produces further spores below this spore, arranged in a zig-zag manner. The conidia 

are white, and so these fungal infections are colloquially termed “white muscardine.” 

By contrast, the Metarhizium spp. produce chains of green conidia from phialides and 

these fungal infections are termed “green muscardine.” Another common insect-

pathogenic fungus, Lecanicillium lecanii (formerly known as Verticillium lecanii), 

produces clusters of moist conidia at the ends of long phialides. This fungus occurs 

commonly as a parasite of scale insects in subtropical and tropical environments, but 



it has a relatively high temperature optimum for growth, so its use as a biological 

control agent is restricted to glasshouse environments in the cooler parts of the world.  

In addition to these conidial fungi, several species of Zygomycota commonly 

cause insect diseases in natural environments and also in field crops. These fungi 

belong to an order Entomophthorales. They include genera such as Entomophthora and 

Pandora (previously called Erynia). They produce large sporangia at the tips of their 

hyphae, and the sporangia are released intact, functioning as dispersal spores. The 

Entomophthorales often cause natural epizootics in humid conditions, and attempts are 

being made to develop them as commercial biocontrol agents. 

The infection cycle 

In almost all cases these fungi initiate infection from spores that land on, and 

adhere to the insect cuticle. If the relative humidity is high enough, the spore then 

germinates and usually forms an appressorium, equivalent to the appressoria produced 

by many plant-pathogenic fungi. The appressorium often develops over an 

intersegmental region of the cuticle, and in one of the common insect pathogens, 

Metarhizium anisopliae, this behavior closely parallels the behavior of the rust fungi, 

because the germ-tube recognizes the host surface topography, or artificial surfaces 

with appropriate spacing of ridges and grooves. Penetration of the cuticle is achieved 

by means of a narrow penetration peg beneath the appressorium, and this involves the 

actions of cuticle-degrading enzymes, such as lipases, proteases, and chitinase, all of 

which are known to be produced by the insect-pathogenic fungi in laboratory culture. 

The penetration peg either penetrates through both layers of the cuticle – the epicuticle 

and procuticle – or it penetrates only the hard epicuticle and then forms plates of hyphae 

between the lamellae of the procuticle, exploiting zones of mechanical weakness. 

Further penetration hyphae develop from these fungal plates. Up to this stage, the 

infection will be aborted if the insect moults. Otherwise, the fungus invades the 

epidermis and hypodermis, causing localized defense reactions. If these are overcome, 

then the hyphae either ramify in the insect tissues or, most frequently, produce swollen 

blastospores (yeast-like budded cells), hyphal bodies (short lengths of hypha), or 

protoplasts (Entomophthora and related Zygomycota) that proliferate in the 

haemolymph (insect blood). This “unicellular” phase of growth and dissemination 



usually leads to insect death, either by depletion of the blood sugar levels or by 

production of toxins (see below). Then the fungus reverts to a mycelial, saprotrophic 

phase and extensively colonizes the body tissues. Usually, at least some of the tissues 

are colonized before the insect dies – the fat body in particular. Finally, the fungus 

converts to either a resting stage in the cadaver or, in humid conditions, grows out 

through the intersegmental regions of the cuticle to produce conidiophores that bear 

numerous asexual conidia for dispersal to new insect hosts. In aphids infected by 

Lecanicillium lecanii the conidiophores can develop on many parts of the body while 

the insect is still moving. In other host–parasite interactions the insect is killed more 

rapidly, before the body tissues are extensively invaded, indicating the involvement of 

toxins. Both Beauveria bassiana and M. anisopliae produce depsipeptide toxins in 

laboratory culture, and these are active on injection into insects. The toxins of M. 

anisopliae are termed destruxins and are thought to be significant in pathogenesis 

because infected insects die rapidly before there is extensive tissue invasion. The role 

of the toxinof B. bassiana (termed beauvericin) is less clear because this fungus 

invades the tissues more extensively before the host dies, and the pathogenicity of 

strains is not always correlated with their in vitro toxin production. Several other 

potential toxins are also produced by Beauveria spp. Another insect-pathogenic fungus, 

Hirsutella thompsonii, produces an extracellular insecticidal protein, hirsutellin A, 

which is lethal to the adult citrus rust mite – the natural host of H. thompsonii. These 

are among a wide range of insecticidal and nematicidal metabolites produced by fungi. 

In addition to these toxins and potential toxins, Beauveria spp. produce an antibiotic, 

oosporein, after the insects have died. This compound has no effect on fungi but is 

active against Gram-positive bacteria and could help to suppress bacterial invasion of 

the cadaver, enabling the fungus to exploit the dead host tissues. 

Insect host ranges 

Several common species of Beauveria and Metarhizium have very wide host 

ranges, including hundreds of insects in the Orthoptera (grasshoppers), Coleoptera 

(beetles), Lepidoptera (butterflies and moths), Hemiptera (bugs), and Hymenoptera 

(wasps). These fungi can be grown easily in laboratory culture and they produce large 

numbers of asexual spores, making them attractive candidates for applied biological 



control of insect pests. Similarly, Lecanicillium lecanii can be grown easily in   

laboratory culture and it is used commercially to control aphids and whitefly in 

greenhouse cropping systems. In contrast to these examples, the entomopathogenic 

Zygomycota can be either host-specific (e.g. Entomophthora muscae on houseflies) or 

can have broad host ranges. All of these species depend on insect hosts, because they 

do not grow naturally in the absence of a host. However, techniques have been 

developed to culture several of these fungi in artificial conditions, providing inoculum 

for applied insect-control programs.  

One other insect-pathogenic organism is of considerable interest because of its 

unusual biology. Coelomomyces psorophiae is a member of the Lagenidales 

(Oomycota) and it has an unusual life cycle. In its diploid phase it parasitizes mosquito 

larvae, and releases thick-walled resting spores when the larval host dies. The resting 

spores germinate and undergo meiosis, releasing motile, haploid gametes, and these 

can only infect a copepod host, such as Cyclops. After passage through this host, the 

motile spores fuse in pairs and then initiate infection of another mosquito larva. So, 

Coelomomyces displays an obligate alternation of generations. Coelomomyces cannot 

be grown in culture, so this limits its potential use as a biological control agent. But 

there could be a possibility of manipulating the Coelomomyces population indirectly, 

by promoting the populations of copepods so that there is an abundant source of 

inoculum for infection of mosquito larvae. 

Natural epizootics caused by entomopathogenic fungi 

Insect-pathogenic fungi can cause natural and spectacular population crashes of 

their hosts. But epizootics caused by insect-pathogenic fungi are strongly influenced 

by environmental factors. Insect-pathogenic fungi in general require a high humidity 

for spore germination and also for sporulation on the dead insect hosts. Thus, natural 

epizootics are unpredictable, and even commercially applied inocula of these fungi are 

prone to fail unless the environmental conditions are favorable.  

Developments in practical biocontrol 

Some of the limitations in natural biocontrol can be overcome by using 

commercially produced inocula if these are formulated to high standards. Feng et al. 

(1994) reviewed the technology for producing B. bassiana, which is commercially 



attractive as a biocontrol agent because of its wide host range. These authors reported 

that about 10,000 tons of spore powder containing B. bassiana are produced annually 

in China for treatment of 0.8–1.3 million hectares of forest and agricultural land. 

Several other medium- to large-scale field trials or field releases have been conducted 

with selected species/strains of Metarhizium. Unfortunately, many of the reports of 

successful biocontrol in these field programs are anecdotal; the experimental data are 

not published, nor supported by statistical analysis. One of the most comprehensive, 

field-scale, insect biocontrol programs to date was termed LUBILOSA – a French 

acronym, Lutte Biologique contre les Locustes et Sauteriaux (biological control of 

locusts and grasshoppers). This program was funded by international development 

agencies, with the aim of developing a biocontrol agent that could be used in Central 

African countries to control grasshoppers and locusts. The strain used was 

characterized as M. anisopliae var acridum, based on ribosomal DNA sequence 

analysis, and it was developed as an oil-based formulation that could be dried to less 

than 5% moisture content and sealed hermetically for long-term storage below 20°C. 

The results of field trials with this strain are reported to have been successful, but – at 

least for the LUBILOSA strain – the only economical production method seems to be 

large-scale solid-state fermentation, which requires the expertise of commercial 

production companies rather than medium-technology facilities that could operate 

locally. The LUBILOSA product has now been transferred to private sector companies 

under trade names that include “Green Muscle.” Several interesting features emerged 

from the field trials of the LUBILOSA program: 

1 The initial small-scale field trials proved to be unsatisfactory because too many 

treated insects left the trial area, and untreated insects moved in. But when large-scale 

field plots of 800 hectares were used there was clear evidence of grasshopper mortality 

within 10 days of spraying, and grasshoppers continued to die until the end of the 

season. 

2 A comparison between plots treated with Metarhizium and a commercial 

insecticide, fenitrothion, showed that the insecticide killed the grasshoppers rapidly but 

the insects soon recolonized the plots. By contrast, grasshoppers did not recolonize 

the Metarhizium-treated plots. The consequence of this was that, 10 days after 



spraying, the grasshopper populations in the two types of plot were roughly the same, 

and from that time onwards the Metarhizium treatment provided better control than did 

the insecticide. 

3 Grasshoppers and locusts can raise their body temperature in response to 

fungal infection – a “fever” response that can help the insect to overcome the infection. 

Locusts do this naturally, but grasshoppers need to expose themselves to sun in order 

to raise their body temperature. This knowledge could be incorporated into a 

geographical information system (GIS) that could predict the best conditions for using 

Metarhizium in field situations. 

The development of Lecanicillium lecanii as a commercial biocontrol agent 

Lecanicillium lecanii is one of the most successful commercial biocontrol agents of 

insects. It was developed in the late 1970s and is used primarily in glasshouses for the 

control of aphids on potted chrysanthemums and (using a different strain) for control 

of whitefly on cucumbers and other indoor-grown crops. For these purposes the fungus 

is produced as fermenter-grown conidia because it is one of the relatively few fungi 

that produce conidia readily in submerged liquid culture. L. lecanii occurs naturally as 

a parasite of aphids and scale insects in the subtropics, but requires relatively warm 

conditions (>15°C) for infection. Like all the entomopathogenic fungi, it needs a high 

relative humidity during the germination and penetration phases, but then the humidity 

can be reduced without affecting its parasitism. L. lecanii often sporulates on the body 

while an aphid is still alive, so the infected individuals of M. persicae can spread the 

infection to other individuals of this species feeding in the same locations on the crop. 

L. lecanii is currently marketed as two products, Mycotal® and Vertalec®, by the 

Dutch-based company, Koppert BV. The product Mycotal is used primarily to control 

whitefly and thrips in protected crops such as cucumbers, tomatoes, sweet peppers, 

beans, lettuce, ornamentals, and cut flowers. The Vertalec formulation contains a 

different strain of L. lecanii that controls many aphid species. Both products have a 

long history of successful usage, but according to the manufacturer’s technical data 

sheets, the best results require a temperature of 18–28°C and a minimum relative 

humidity of 80% for 10–12 hours a day. Several other mycoinsecticides have been 



registered commercially. Many are based on different strains or species of Beauveria 

or Metarhizium.  

In this respect it is important to note that different strains or species can have 

quite different host ranges, so the activity of any one strain cannot be used to predict 

the activities of other stains within this highly variable group of fungi. It is interesting 

to note that B. bassiana is reported to colonize some maize cultivars in the USA. It 

does so by growing as an endophyte in the maize tissues, similar to the endophytes of 

plants. When granular formulations of B. bassiana conidia were sprayed on the maize 

foliage the fungus grew into the plant and persisted throughout the growing season, 

significantly suppressing the damage caused by larvae of the European corn borer, 

Ostrinia nubilaris – the most important insect pest of maize.  

The nematode-destroying fungi 

Nematodes (eelworms or roundworms) are small animals, usually 1–2 mm long. 

They are extremely common in soil, animal dung, and decomposing organic matter. 

For example, the nematode population in European grasslands is estimated to range 

from 1.8 to 120 million per square meter. Most nematodes are saprotrophs that feed on 

bacteria or other small organic particles, but some are parasites of animals, including 

humans (e.g. Trichinella spiralis which invades human muscle tissue), and some are 

parasites of crop plants. The important nematodes of crop plants include the rootknot 

nematodes (Meloidogyne spp.), the cyst nematodes (e.g. Heterodera and Globodera 

spp.), and various ectoparasitic and burrowing nematodes. The chemicals that can be 

used to control parasitic nematodes in living plants or organic matter are extremely 

toxic and thus environmentally undesirable. For this reasons’ interest has focused on 

nematophagous (nematodeeating) fungi and other parasites of nematodes that might 

be exploited as biological control agents.  Nematophagous fungi are common in 

organic-rich environments, and they include representatives of almost all the major 

fungal groups (Table). Here we will consider the three major types that have different 

adaptations for feeding on nematodes – the nematode-trapping fungi, the 

endoparasitic fungi, and the parasites of nematode eggs or cysts. 

The nematode-trapping fungi 



The nematode-trapping fungi are predatory species which capture nematodes by 

specialized devices of various types: adhesive hyphae (Stylopage and Cystopage; 

Zygomycota), adhesive nets (e.g. Arthrobotrys oligospora), short adhesive branches 

(e.g. Monacrosporium cionopagum), adhesive knobs (e.g. M. ellipsosporum), 

nonconstricting rings, and constricting rings that are triggered to contract when a 

nematode enters them (e.g. Dactylella brochopaga). More than one type of mechanism 

can be found in different species of a genus. All these fungi are considered to be 

essentially saprotrophic because they grow on a range of organic substrates, including 

cellulose, in laboratory culture, and some are wood-degrading members of the 

Basidiomycota. Also, some of them (e.g. A. oligospora) coil round the hyphae of other 

fungi in culture, indicative of mycoparasitic behavior. However, their specialized 

trapping devices clearly indicate that they are adapted to exploit nematodes. In some 

cases they produce the traps during normal growth in culture, but in other cases (e.g. 

A. oligospora) the traps are produced only in the presence of nematodes or nematode 

diffusates. It seems likely that the nematode-trapping fungi exploit nematodes mainly 

as a source of nitrogen, which could often be in short supply in the habitats where the 

nematode trapping fungi grow, especially in woody materials. Several details of the 

fungus–nematode interactions have been established in recent years. For example, the 

initial adhesion is almost instantaneous and effectively irreversible. Even when the 

nematode thrashes to free itself from the fungus, the trapping organ will break from the 

hyphae and remain attached to the nematode, then initiate infection. Yet, the trapping 

organs are not “sticky” in the general sense, because they do not accumulate soil debris, 

etc. Instead, the adhesive could be a lectin-like material that binds to specific sugar 

components of the nematode surface. Presumably, this sugar derivative binds to the 

fungal lectin, blocking the adhesion process. The trapping of nematodes by some 

wood-decay fungi has focused attention on the role that nematodes might have as 

supplementary nitrogen sources, overcoming the critically low nitrogen content of 

wood. The wood-rotting “oyster fungus” Pleurotus ostreatus not only forms adhesive 

traps but also produces droplets of toxin from specialized cells. Nematodes 

immobilized by this toxin are then invaded and digested by the fungus. 

The endoparasitic fungi 



In contrast to the nematode-trapping fungi, endoparasitic fungi initiate infections 

from spores that adhere to a nematode surface, and then germinate to infect the host. 

Again, lectins seem to be involved in the initial adhesion process, but the endoparasitic 

fungi only produce detachable, adhesive spores, and when they have colonized and 

absorbed the host contents they grow out into soil and produce further spores to repeat 

the infection cycle. Hirsutella rhossiliensis is a good example of this. The endoparasitic 

fungi differ from the trapping fungi because they seem to depend on nematodes as their 

main or only food source in nature, even though many of them can be grown in 

laboratory culture media. The population density of these fungi is dependent on the 

population density of the nematode. In contrast to this, the zoosporic fungus Catenaria 

anguillulae (Chytridiomycota), which also can attack nematodes, is one of the least 

specialized examples of a nematode-control agent because it grows on several types of 

organic material in nature. Also, its zoospores do not settle easily on moving nematodes 

in water films, and instead it accumulates at the body orifices of immobilized or dying 

nematodes. This contrasts with Myzocytium humicola (Oomycota) which also produces 

zoospores but these spores encyst soon after release and then germinate to produce an 

adhesive bud which attaches to a passing nematode. Some endoparasitic fungi – for 

example, Hirsutella rhossiliensis and Drechmeria coniospora – seem to attract 

nematodes by means of a chemical gradient, helping to ensure that attachment occurs. 

Then the adhered spores germinate rapidly and the hyphae fill the host, killing it within 

a few days. Finally, the hyphae grow out through the host wall and produce a further 

batch of spores.  

Parasites of nematode eggs and cysts 

Cyst nematodes are important pests of several crops, including cereals, potato 

and sugar beet in Europe. They are characterized by the fact that the female nematode 

penetrates the root just behind the root tip and lodges with her head inside. The host 

cells respond by swelling into nutrient-rich “giant cells” from which the nematode taps 

the host nutrients. As the female grows her body distends into a lemon shape which 

ruptures the root cortex so that her rear protrudes from the root. Then she is fertilized 

by wandering males, and her uterus fills with eggs which develop into larvae. At this 

stage the larval development is arrested, the female dies and her body wall is 



transformed into a tough, leathery cyst which can persist in soil for many years, making 

these nematodes difficult to eradicate. 

A classic example of biocontrol of plant-parasitic nematodes was reported by 

Kerry & Crump (1980). When oat crops were grown repeatedly on field sites in Britain, 

the population of cereal cyst nematodes (Heterodera avenae) was found to increase 

progressively, but then spontaneously declined to a level at which it no longer caused 

economic damage. Investigation of these cyst-nematode decline sites revealed a high 

incidence of parasitism of the females by a zoosporic fungus, Nematophthora 

gynophila (Oomycota), coupled with parasitism of the eggs (i.e. the sacs containing the 

individual arrested larvae) by another fungus, Verticillium chlamydosporium (a 

mitosporic fungus). Nematophthora infects the females and fills most of the body 

cavity with thick-walled resting spores (oospores) so that the cyst, if formed at all, 

contains relatively few eggs but a large number of fungal spores. Verticillium has a 

different role from this – it is a facultative parasite of nematode eggs, destroying the 

eggs after they have been released into soil. The parasitic efficiency of these two fungi 

– the cyst parasite and the egg parasite – is so high that they bring the level of damage 

to oat crops below the “economic threshold” at which fungicides or other control agents 

would be justified. However, although this natural control is highly effective, it has not 

led to the widespread use of N. gynophila for biological control. 

 


