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Abstract - Entomopathogenic fungi vary considerably in their mode of action and virulence. Successful infection depends 
primarily on the adherence and penetration ability of a fungus to the host integuments. A variety of extracellular enzymes 
is produced during the degradation of insect integument. The attempts to control insects have changed over time from 
chemicals to natural control methods. This is why the development of natural methods of insect control or biopesticides, 
is preferred. By the use of fungal entomopathogens, insect pests can be controlled. There is no doubt that insects have 
been used for many years, but their effective use in the field remains elusive. However, their additional role in nature has 
also been discovered. Comparison of entomopathogens with conventional chemical pesticides depends on their efficiency 
and cost. In addition to efficiency, there are advantages in using microbial control agents, such as human safety and other 
non-target organisms; pesticide residues are minimized in food and biodiversity increased in managed ecosystems. In the 
present review the pathogenicity and virulence of entomopathogenic fungi and their role as biological control agents using 
biotechnology will be discussed.
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INTRODUCTION

Fungi, which induce disease symptoms in insects, 
include fungi from quick killers to absolute parasites 
that provide disease symptoms in the host. Absolute 
parasites are considered to be fungi which live in 
association with a host and benefit at the host’s ex-
penses (Smith et al., 1981). Entomopathogenic fungi 
cause lethal infections and regulate insect and mite 
population in nature by epizootics (Burges, 1981; 
Carruthers and Soper, 1987; McCoy et al., 1988). 
They are host specific with a very low risk of attack-
ing non-target organisms or beneficial insects. They 
are reported to infect a very wide range of insects 
including lepidopterous larvae, aphids and thrips, 
which are of great concern in agriculture worldwide 
(Roberts and Humber, 1981).

The virulence of fungal entomopathogens in-
volves four steps: adhesion, germination, differen-
tiation and penetration. Each step is influenced by 
a range of integrated intrinsic and external factors, 
which ultimately determine the pathogenicity. A 
successful infection is achieved by the attachment 
or adhesion of spores to the host. Adhesion is nec-
essary and normally achieved through the secre-
tion of mucilage. However, enzymes, lectins, as well 
as hydrophobic and electrostatic forces also play a 
role (Boucias et al., 1998). The virulence of an en-
tomopathogenic fungus is recognized first by adhe-
sion to an insect body. The failure of a pathogen to 
adhere with the epidermis is considered a feature of 
virulent strains (Al-Aidroos and Roberts, 1978). Af-
ter adhesion, the next factor for the virulence of a 
strain is the enzymes that hydrolyze the epidermis of 
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the insect. The most important enzymes secreted by 
entomopathogenic fungi are lipases, proteases and 
chitinases, which are produced sequentially, reflect-
ing the order of the substrates they encounter (Smith 
et al., 1981).

A wide range of factors such as water, ions, fatty 
acids and nutrients on the cuticle surface and the 
physiological state of the host, influence spore germi-
nation and behavior (Hassan et al., 1989). Successful 
germination requires the assimilation of utilizable 
nutrients and a tolerance to any toxic compound 
present on the surface (Latge et al., 1987). After ger-
mination, appresoria appear at the end of short germ 
tubes, subterminally or on the side branches. Appres-
sorium morphology is reported to be found either 
in swollen clavate or spherical structures to slightly 
swollen terminal hyphae (St. Leger et al., 1988).

Penetration of the cuticle is accomplished by the 
germ tube itself or by the formation of an appressori-
um that attaches to the cuticle and gives rise to a nar-
row penetration peg (Boucias and Pendland, 1982; 
Roberts and Humber, 1981; Wraight et al., 1998; 
Zacharuk, 1973). Penetration is both a mechanical 
and an enzymatic process (Charnley, 1984; McCoy 
et al., 1988; St. Leger et al., 1988). Most terrestrial 
pathogens are known to penetrate directly, rarely via 
wounds, sense organs or spiracles. The penetration 
process is considered to be a combination of enzy-
matic and mechanical forces. The exact mechanism 
for entry is usually peculiar to the species. A range of 
cuticle-degrading enzymes is produced during pen-
etration into the host (Gillespie et al., 1998).

In forestry, horticulture and agriculture, ento-
mopathogens are considered as primary candidates 
for mycoinsecticides. Fungal insect pathogens are im-
portant natural control agents for many insects and 
other arthropods, which significantly reduces host 
insect populations (Burges, 1981; Carruthers and 
Soper, 1987; McCoy et al., 1988). The significance of 
fungi in regulating insect population was noted early 
in recorded history by the ancient Chinese (Roberts 
and Humber, 1981). Approximately 750 species of 
entomopathogenic fungi are known from 85 genera 

found throughout the classes of fungi (Gillespie and 
Moorhouse, 1989; McCoy et al., 1988). 

Chemical pesticides have been the practical 
method used by growers for the control of economi-
cally important pest insects for many decades, but 
their effects on non-target organisms, groundwater 
contamination, residues on food crops and the devel-
opment of insect resistance to chemicals have forced 
the industry and scientists to focus on the develop-
ment of alternative control measures. Alternatives, 
including biological control with reference to ento-
mopathogenic fungi in the genera of Metarhizium, 
have been sought. Biological control is a well-recog-
nized success story, and was initiated in 1762 with the 
introduction of the Mynah bird (Acridotheres tristis) 
from India into Mauritius for the control of the sugar 
cane red locust Nomadacris septemfasciata. Control 
of insect pests, particularly by their natural enemies 
comprising parasitoids, predators and pathogens 
in agro-ecosystems, is a continuous process. In the 
search for new avenues in biological control, the im-
portance of entomopathogens has been highlighted 
as an environmentally friendly pest control method.

Fungi constitute a large group of more than 
500 species that can parasitize insects. Most of the 
taxonomic groups contain entomopathogenic gen-
era, such as Metarhizium, Beauveria, Verticillium, 
Nomuraea, Entomophthora, and Neozygites, to name 
a few (Desphande, 1999). Fungal biocontrol agents 
are promising because they act by contact and do not 
require ingestation, they can be mass-produced very 
easily and are quite host specific.

Metarhizium anisopliae is an entomopathogenic 
fungus that is present in soils throughout the world. 
It was first found to be a biocontrol agent in the 
1880s. Four types of insect pests (beetles, termites, 
spittlebugs and locusts) are presently being used for 
control by this fungus (Zimmermann, 1993). Various 
formulations of the spores or mycelia of M. anisopliae 
are applied. Once the induction of a fungal epizootic 
control is achieved, the new spores and vegetative 
cells produced in the infected insects are spread to 
healthy population of insects. It is a ubiquitous spe-
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cies but strain selection is vital, since a high level of 
variation exists among isolates in relation to patho-
genicity, optimal temperature and viability (Moutia, 
1936).

In the early days of biological control and espe-
cially microbial control, there was no concern for the 
possible side effects or safety considerations of ento-
mopathogens. Steinhaus (1957) was possibly the first 
to raise questions on the safety of microbial control 
products for man, other vertebrates and even crops. 
He very carefully discussed the different aspects of 
the scientific knowledge at that time. Although he 
concluded that microorganisms pathogenic to insects 
are in general harmless to man, animals and plants, 
he recommended that such products be subjected 
to appropriate State and Federal regulations. A few 
years later, Müller-Kögler (1965) published a book 
on the fungal diseases of insects, their practical use 
for biological control and the basics of insect mycol-
ogy, in which some sections on the side effects of en-
tomopathogenic fungi on humans and other warm-
blooded animals as well as on beneficial insects, were 
already included. In 1971, Heimpel summarized 
the knowledge on the safety of insect pathogens, i.e. 
bacteria, viruses, protozoa, fungi and rickettsiae, for 
man and vertebrates. He also emphasized the neces-
sity to test the safety of insect pathogens and said 
that ‘it seems incredible that so many good scientists 
have worked so long with insect pathogens without 
testing them for safety’. He also mentioned the regis-
tration guidelines of the USA and other countries at 
that time. A similar review was published two years 
later by Ignoffo (1973). 

With the increasing interest in pest insects as 
biological control between 1980 and 1990, safety 
aspects were discussed in more detail (e.g. Aust-
wick 1980; Burges 1981; Hall et al., 1982; Laird et 
al., 1990). Burges (1981) outlined the main princi-
ples and guidelines for testing the safety of insect 
pathogens and stated ‘that a pathogen should be 
registered as safe when there is reasonable evidence 
that it is so and in the absence of concrete evidence 
that it is not’. The first guidelines for the registration 
of entomopathogenic fungi were published by Hall 

et al. (1982). The first book dedicated to the safety 
of microbial insecticides was published by Laird et 
al. (1990), and included sections on the safety to do-
mestic animals and wildlife (Saik et al. 1990), and to 
vertebrates and humans (Siegel and Shadduck 1990). 
In 1996, Cook and coauthors published an interest-
ing work about pest and plant disease control related 
to scientific safety evaluations of microorganisms. 
The intention was to identify and discuss safety is-
sues linked to microbial control agents that should 
stimulate and improve discussions on possible risks 
and risk management. Later reviews on the safety of 
entomopathogenic fungi, and especially on Beauveria 
spp., were published by Goettel and Jaronski (1997), 
Goettel et al. (2001), Vestergaard et al. (2003) and 
Copping (2004). This review article will describe the 
biology, classification, virulence and pathogenicity of 
entomopathogenic fungi. Their use as biological con-
trol agents and safety issues will also be discussed.  

BIOLOGY OF ENTOMOPATHOGENIC FUNGI

The entomopathogenic fungi have life cycles that 
synchronize with insect host stages and environ-
mental conditions. In broad terms, the differences 
between Hyphomycetes and Zygomycetes, particu-
larly Entomophthorales, have been described by 
Shah and Pell (2003). However, as with all general 
principles, there are exceptions and features of the 
two groups form a continuum. Species, and some-
times isolates within a species can behave very differ-
ently. For example, insect host range, infection levels, 
germination rates and temperature optima can vary 
between species and isolates (Sierotzki et al. 2000; 
Pell et al., 2001; Shaw et al., 2002). Members of the 
Hyphomycetes are generally considered to be oppor-
tunistic pathogens infecting many species in a range 
of insect orders, and host death is commonly asso-
ciated with toxin production which overwhelms the 
host defense responses (Roberts, 1981; Samson et al., 
1988). In contrast, other groups of fungi are thought 
to have evolved into higher parasitic forms. For ex-
ample, infection and host death by Entomophtho-
rales tends to occur due to tissue colonization with 
little or no use of toxins (Humber, 1984). One of the 
best examples of a highly evolved insect pathogen-
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ic fungus is Strongwellsea castrans that infects flies. 
Infection does not interfere with insect feeding and 
movement but conidia are discharged and thereby 
dispersed from a cavity in the abdomen of infected 
insects over a long period of time prior to death (Pell 
et al., 2001). In general, Entomophthorales have bio-
trophic relationships with their insect hosts with lit-
tle or no saprophytism, while Hyphomycetes can be 
hemibiotrophic with well-defined parasitic phases 
within insect hosts and saprophytic phases on the 
death of their hosts.

The origin of the entomopathogenic lifestyle may 
have arisen several times from a common sapro-
phytic ancestor inhabiting soil and leaf litter (Hum-
ber, 1984; Samson, et al., 1988; Evans, 1989; Spata-
fora and Blackwell, 1993). The greatest radiation into 
different host groups occurred within Clavicipitaceae 
(Ascomycotina), and involved multiple inter-king-
dom jumps between animals (e.g. insects), fungi and 
plants (Nikoh and Fukatsu, 2000; Artjariyasripong 
et al., 2001; Spatafora et al., 2007). Hyphomycete 
species exist as separate asexual (anamorph) and 
sexual (teleomorph) forms. All known genera of 
entomopathogenic Hyphomycetes, now proven tele-
omorphs in the Clavicipitales, and life cycle stages 
for Hyphomycetes may have become simplified in 
agricultural situations because of a superabundance 
of insect hosts (Evans 2003). 

CLASSIFICATION OF  
ENTOMOPATHOGENIC FUNGI

Entomopathogenic fungi are found in the divisions 
Zygomycota, Ascomycota and Deuteromycota (Sam-
son et al., 1988), as well as Chytridiomycota and 
Oomycota, which were previously classified within 
Fungi. Many of the genera of entomopathogenic fun-
gi currently under research belong either to the class 
Entomophthorales in the Zygomycota or to the class 
Hyphomycetes in the Deuteromycota. It is important 
to mention that fungal infections occur in other ar-
thropods as well as insects and/or species that are not 
pests of cultivated crops. For example, Gibellula spe-
cies infect spiders and several species of Cordyceps 
and Erynia infect ants. Further information on the 

biology and ecology of entomopathogenic fungi can 
be obtained from Steinhaus (1949, 1964), Samson et 
al. (1988), Evans (1989), Bałazy (1993) and Eilenberg 
(2002).

FUNGAL INFECTION AND TRANSMISSION

Asexually produced fungal spores or conidia are 
generally responsible for infection and are dispersed 
throughout the environment in which the insect 
hosts are present. When conidia land on the cuticle 
of a suitable host, they attach and germinate, initi-
ating cascades of recognition and enzyme activation 
reactions, by both the host and the fungal parasite 
(Samson et al., 1988). Invasion of the insect body and 
circulatory system (hemolymph) occurs once the 
fungus has passed through the cuticle of the exter-
nal insect skeleton. Structures and processes for the 
invasion of insect tissues are similar to plant patho-
gens, including the formation of germ tubes, appre-
soria and penetration pegs (Samson et al., 1988).

With entomophthoralean fungi, unicellular 
yeast-like cells with chitinuous walls (hyphal bodies) 
spread throughout the insect obtaining nutrients, 
leading to the death of the host by physiological star-
vation 3-7 days after infection. Some entomophtho-
ralean species initially produce rounded protoplasts 
that either lack sugar-rich residues in the outer cell 
layers or mask their presence in order to avoid detec-
tion by insect hemocytes (Samson et al., 1988; Glare 
and Milner, 1991; Pell et al., 2001). With hyphomycete 
fungi, circulation within the insect hemolymph and 
toxin production is carried out by yeast-like cells that 
resemble hyphal bodies but are termed blastospores 
with this fungal group (Samson et al., 1988). 

On the death of the insect host, the fungus ap-
pears from the dead host and sporulation occurs on 
the outside of the cadaver. Sporulation can occur in-
ternally when ambient humidity precludes external 
sporulation. For example, West African grasshop-
pers infected with Metarhizium anisopliae var. acri-
dum (M. flavoviride) exhibited sporulation on the 
internal surfaces of the desiccated hosts. With en-
tomophthoralean species, cadavers are attached and 
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grow through the ventral surface or mouthparts of 
the cadaver. The attachment structures indicate that 
the fungus remains in the environment of new hosts 
for further transmission.

CONIDIA DISPERSAL

Conidia of Hyphomycetes such as Metarhizium and 
Beauveria spp. are hydrophobic and passively spread 
from infected cadavers. Entomophthoralean conidia 
are actively discharged under hydrostatic pressure 
with the exception of Massospora spp. After discharge, 
entomophthoralean conidia are carried on wind or by 
co-occurring insects (Hemmati et al., 2001; Roy et al., 
2001). If the primary conidia of entomophthoralean 
species fail to find suitable host substrates on which 
to germinate, then most form higher order conidia 
which can either be actively discharged, e.g. Erynia 
or Pandora spp., or form passively held secondary 
conidia (capilliconidia) borne on long stalks (capilli-
conidiophores), e.g. Zoophthora spp. With Neozygites 
spp., the primary conidia are not infective but serve 
to disperse the infective secondary conidia produced 
on capilliconidiophores. The conidia of some ento-
mophthoralean species are discharged while the host 
insect is still alive, e.g. flies infected with S. castrans 
and thrips infected with Entomophthora thripidum 
(Steinhaus, 1964; Pell et al., 2001).

OCCURRENCE

Entomopathogenic fungi naturally occur in insect 
hosts as infections; they can be collected in the field 
and grown in the laboratory for the documentation 
of the fungus. B. bassiana have been reported to oc-
cur naturally in more than 700 species of hosts (In-
glis et al., 2001). Studies on the prevalence of fungi 
in insects have usually been limited to species that 
are pests or are important non-target species such 
as certain predators and parasitoids. However, it is 
likely that almost any major insect taxon collected 
intensively will be found to be a natural host for B. 
bassiana in temperate regions. Infections in hosts are 
considered the only part of the fungal life cycle in 
which the fungi can build up significant population 
sizes by producing vast numbers of conidia. By con-

sidering environmental manipulation strategies, the 
contribution to the availability of susceptible hosts 
for fungal population increase is a key component.

FUNGUS-PLANT INTERACTIONS

Recent evidence suggests that entomopathogens have 
the potential to engage in fungus-plant interactions. 
The large majority of investigated higher vascular 
plants have been found to host fungal endophytes 
(Saikkonen et al., 1998; Arnold and Lewis, 2005) in-
cluding species in Clavicipitaceae contained within 
Hypocreales (White et al., 2002). B. bassiana has also 
been included in this spectrum of fungi with endo-
phytic activity by infecting corn (Zea mays) (Bing and 
Lewis, 1991, 1992, 1993). Endophytic fungi are often 
regarded as plant-defending mutualists (Saikkonen et 
al., 2004) and the presence of B. bassiana in internal 
plant tissue has been discussed as an adaptive pro-
tection against herbivorous insects (Elliot et al., 2000; 
White et al., 2002). Besides its natural occurrence in 
the leaf tissue of corn, B. bassiana exhibited endo-
phytic activity in cacao (Theobroma cacao) (Posada 
and Vega, 2005), poppy (Papaver somniferum) (Que-
sada-Moraga et al., 2006), coffee (Coffea spp.) and to-
mato (Lycopersicon esculentum). In temperate regions 
the inoculum of B. bassiana has been isolated from 
the phylloplanes of various plants in hedgerows in 
Denmark (Meyling and Eilenberg, 2006a). This oc-
currence was hypothesized to be a consequence of 
deposition from the surroundings but was also sug-
gested to act as a natural infection pathway of endo-
phytic activity (Meyling and Eilenberg, 2006b). These 
new findings open exciting perspectives for the un-
derstanding of the ecology of B. bassiana. However, 
no knowledge is currently available about the natural 
endophytic activity and host plant range of B. bassi-
ana in temperate regions or of the significance of 8 as 
an endophyte for fungus or plant fitness. 

Plant association has also recently been docu-
mented for M. anisopliae, but this association oc-
curred below ground in the rhizosphere (Hu and 
St. Leger, 2002). The rhizosphere is the layer of soil 
immediately surrounding the root and many inter-
actions between plants and other organisms occur 
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in this interface (Bais et al., 2006). By releasing a re-
combinant isolate of M. anisopliae to the soil in an 
experimental cabbage field in Maryland, USA, Hu 
and St. Leger (2002) were able to demonstrate that 
the released isolate persisted better in the soil imme-
diately surrounding the cabbage roots as compared 
to the bulk soil. Factors in the rhizosphere seemed 
to promote the persistence and biological activity 
of M. anisopliae (Hu and St. Leger, 2002). Wang et 
al. (2005) further documented that M. anisopliae 
expressed similar genes when growing in exudates 
from bean roots and on a nutrient rich medium, 
while the fungus when growing on insect cuticle 
and in insect hemolymph expressed different genes. 
This indicates that M. anisopliae has developed dif-
ferent adaptations to function as a pathogen and to 
grow saprophytically in the rhizosphere (Wang et al., 
2005). The implication for biological control with 
M. anisopliae exploring the rhizosphere competence 
was investigated by Bruck (2005). Inoculated conidia 
of M. anisopliae persisted significantly better (up to 
one year) in the rhizosphere of Picea abies compared 
to the bulk soil (Bruck, 2005). Survival outside the 
host may thus be critical for the ability of M. anisop-
liae to control insect pests in the soil (Roberts and 
St. Leger, 2004; Bruck, 2005). Whether the rhizo-
sphere of plants generally provides a ‘‘refuge’’ (where 
the fungus can survive outside insect hosts) for M. 
anisopliae in the soil, remains to be investigated. Per-
haps associations with plants are important in the life 
cycle of both B. bassiana and M. anisopliae in tem-
perate regions.

USE OF FUNGAL PATHOGENS

Fungal pathogens are important natural biological 
control agents of many insects and other arthropods 
and frequently cause epizootics that significantly re-
duce host populations (Burges, 1981; Carruthers and 
Soper, 1987; MacLeod, 1963; McCoy et al., 1988). The 
significance of fungi in regulating insect populations 
was noted early in recorded history by the ancient 
Chinese (Roberts and Humber, 1981) due to the fre-
quency of natural epizootics and the conspicuous 
symptoms associated with fungus-induced mortality 
(McCoy et al., 1988; Steinhaus, 1963).

Approximately 750 species of entomopathogenic 
fungi are known from 85 genera found throughout 
the classes of fungi (Gillespie and Moorhouse, 1989; 
McCoy et al., 1988; Roberts and Humber, 1981). The 
majority of the entomopathogenic species are classi-
fied in the classes Hyphomycetes, Zygomycetes (or-
der Entomophthorales), and Ascomycetes (in par-
ticular, the genera Cordyceps and Torrubiella). These 
pathogens cause mycoses in many different taxa of 
Arthropods and in almost every order of the Insecta 
(Bell, 1974, Gillespie and Moorhouse, 1989). They 
are known to infect all life stage of insects and are 
commonly found in aquatic, terrestrial, and subter-
ranean habitats (Ferron, 1978).

Although fungal pathogens have much in com-
mon with viruses, bacteria, and other insect-patho-
genic microbes, they are unique in many ways (Fer-
ron, 1978). Perhaps the most significant difference 
lies in the mode of infection; whereas most ento-
mopathogens infect their hosts through the gut fol-
lowing consumption, fungi typically penetrate the 
insect cuticle and thus are the only major pathogens 
known to infect insects with sucking mouthparts, or-
ders Hemiptera and Homoptera (Roberts and Hum-
ber, 1981).

LIFE CYCLE

The life cycle of entomopathogenic fungi on the in-
sect cuticle begins with spore germination and pen-
etration, followed by a rapid proliferation of fungal 
cells which ultimately results in the death of the host. 
Host death may be followed by the production of in-
fective spores that can insert immediately to repeat 
the cycle, or by the production of resting spores or 
other resistant structures that requires a period of 
dormancy.

FUNGAL INFECTION PROCESS

It is reported that after contact with a potential host 
infective spores of entomopathogenic fungi adhere 
to the insect cuticle if host recognition is positive 
(Al-Aidroos and Roberts, 1978). Adhesive processes 
involve both physical and chemical interactions and 
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are probably important (Fargues, 1984). Epicuticu-
lar compounds such as fatty acids, amino acids, and 
glucosamines are thought to play a significant role in 
determining the specificity and pathogenicity of en-
tomopathogenic fungi (Boucias and Pendland, 1984; 
Kerwin, 1983; Smith and Grula, 1982; Woods and 
Grula, 1984).

Spore germination is highly dependent on mois-
ture, and probably requires free water (Kramer, 1980; 
Newman and Carner, 1975; Roberts and Campbell, 
1977; Shimazu, 1977), but this requirement may be 
met by moisture conditions of the microclimate in 
the absence of measureable precipitation (Kramer, 
1980; Mullens et al., 1987). The penetration of en-
tomopathogenic fungi to the cuticle is accomplished 
by the germ tube itself or by the formation of an 
appressorium that attaches to the cuticle and gives 
rise to a narrow penetration peg (Boucias and Pend-
land, 1982; Roberts and Humber, 1981). Penetra-
tion is both a mechanical and an enzymatic process 
(Charnley, 1984; McCoy et al., 1988; St. Leger et al., 
1987a, 1988b).

Vegetative growth in the insect hemocoel is com-
mon to most entomopathogenic fungi (Roberts and 
Humber, 1981) and is usually described by discrete 
yeast-like structures or hyphal bodies. This form of 
growth, in contrast of the typical filamentous fungal 
mycelium, allows the entomopathogen to disperse 
rapidly and colonize the insect’s circulatory system 
and increases the fungal surface area that is in con-
tact with the nutrient medium. Several species of the 
order Entomophthorales produce vegetative proto-
plasts (cells without cell walls) within the haemocoel 
(Butt et al., 1988; Latge et al., 1987; Nolan, 1985) 
which may help the pathogen to escape detection by 
the host’s immune responses. The length of the in-
cubation period varies among species; however, dis-
ease development during the vegetation stage is typi-
cally temperature-dependent (Carruthers and Soper, 
1987; Carruthers et al., 1988; Hall, 1981). Fungi have 
been observed to elicit insect immune responses, 
but it is not known what role they play in preventing 
or slowing the development of mycoses (Butt et al., 
1988; Gupta, 1986; St. Leger et al., 1988a).

REQUIREMENT OF ENZYMES  
DURING PENETRATION

Entomopathogenic fungi penetrate the host cuti-
cle shortly after germination or after limited hyphal 
growth (Butt et al., 1988; Wraight et al., 1990; St. 
Leger, 1993). This can occur between 24 to 48 h un-
der ideal conditions (Wraright et al., 1990). Most of-
ten, pathogens produce penetration hyphae (or pegs) 
from appresoria, but occasionally hyphae may pen-
etrate the cuticle directly (Schreiter et al., 1994). Pen-
etration sites were often observed as dark, melanotic 
lesions in the epicuticle that indicate degradation of 
the epicuticle, known to be the result of enzymes and 
mechanical pressure (Zacharuk, 1973).

Shortly after host death, the fungal hyphae pen-
etrate the cuticle from within and terminate in the 
formation of sporophores (usually conidiophores) 
that yield asexual spores (conidia) which function 
as dispersive and infective units. In many species of 
fungi, the production of conidia is highly dependent 
on moisture (Millstein et al., 1983; Wilding, 1969). 
Conidia are the infective propagules of secondary 
infection, determining disease development and 
spreading within a season. Environmental factors 
that control conidial production, survival, and ger-
mination are critical to the rate of epizootic devel-
opment (Carruthers and Soper, 1987). Proteins are 
major components of insect cuticle and a recyclable 
resource for the insect. Therefore, both insects and 
entomopathogenic fungi produce a variety of cuticle-
degrading proteases (Samuels and Paterson, 1995). A 
number of cuticle-degrading enzymes are produced 
during penetration of the host, including proteases, 
lipases and chitinases (Smith et al., 1982). Proteases 
have been shown to play a key role in the penetra-
tion process and a wide range has been identified, in-
cluding trypsin, chymotrypsin, elastases, collagenase 
and chymoelastase (St. Leger et al., 1988b; Butt et al., 
1990; Bidochcka and Knachatourians, 1988).

In enzymatic degradation, the chymoelastase 
serine protease Pr1 serves as a major cuticle-de-
grading enzyme because 70% of the cuticle com-
prises of protein (Hepburn, 1985). Pr1 is reported 
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to possess considerable ability to degrade cuticle 
(St. Leger et al., 1987b), by its high concentration 
at the site of penetration peg (Goettel et al., 1989; 
St. Leger et al., 1987a). This leads to the notion that 
treatments of Pr1 inhibitor prevented the infection 
of Manduca sexta larvae. The major role of Pr1 is 
to degrade cuticle proteins, making them available 
for fungal nutrition (St. Leger et al., 1988a). Patho-
genicity of V. lecanii related to various growth char-
acteristics and enzymatic activities indicates that 
high germination and sporulation rates as well as 
the production of extra cellular chitinases, are cor-
related with the virulence of V. lecanii to the aphid 
Macrosiphoniella sanborni (Jackson et al., 1997). 
Verticillium lecanii pathogenesis also involves the 
production and diffusion of toxins with insecticid-
al properties (Claydon and Grove, 1982; Gindin et 
al., 1984). Several extracellular cuticle-degrading 
proteinases are produced by the insect pathogenic 
fungus Metarhizium anisopliae such as PR1, a de-
terminant of pathogenicity. Paterson et al. (1994) 
reported that the proteinaceous component(s) of 
insect cuticle was capable of inducing PR1 produc-
tion.

In our previous studies (Shahid et al., 2003), lo-
cally isolated entomopathogenic fungi were grown on 
sabourd dextrose medium, which showed high path-
ogenicity on Heliothus armigera and cotton aphids in 
laboratory bioassay. The experiments were designed 
to check similarities at the level of virulence-deter-
mining factors. The partially purified proteins exhib-
ited different banding patterns under similar growth 
conditions when studied through silver staining. 
The results of the study showed that the presence of 
VCP1 serine-like proteases were not the only viru-
lence factors, as some of the isolates did not show any 
homology in immunodetection studies. One of the 
isolates, showing pathogenicity towards Heliothus 
and aphids with strong homology for VCP1 protease, 
was grown large-scale in liquid medium. Isoelectric 
focusing (IEF) purification of secretary proteins was 
carried out through chromatography. The combined 
effect of fungal spores with selected fractions on cot-
ton aphids reduced the lethal time and increased the 
mortality percentage.

Sattar (2002) studied three local strains of ento-
mopathogenic fungi belonging to Metarhizium, Ver-
ticillium and Beauveria for the presence of virulence 
factors pathogenic towards sucking insects of cotton. 
Metarhizium strain v245 exhibited a 60 kD protease, 
while the reported molecular weights of Pr1 and 
VCP1 proteases were 33 kD and 40 kD, respectively 
(St.Leger et al., 1993). The other two species, Verti-
cillium and Beauveria, expressed 45 kD and 70 kD 
proteases, respectively, which exhibit homology with 
VCP1 and Pr1 proteases. The data indicates that the 
proteases obtained from the local environment can 
differ in their interaction with the host. Biotoxicity 
assays were performed to determine the pathogenic-
ity and level of virulence of the specific proteases. 
Maximum mortality was observed in Verticillium 
spp against aphids (Sattar, 2002).

THE EFFECT OF COMBINING  
ENTOMOPATHOGENS WITH  
OTHER MICROORGANISMS

Public concern about chemical residues on fruits, 
vegetables and other crops has led to a progressive 
increase of interest in alternative strategies for the 
control of diseases and pests. The application of bio-
logical control is increasing largely because of greater 
environment awareness and food safety concerns, as 
well as because of the failure of conventional chemi-
cals due to an increased number of insecticide re-
sistant species (Dent, 1993). Synergistic effects re-
sulting from the combination of entomopathogenic 
nematodes with other entomopathogens have been 
reported in a number of studies (Koppenhöfer and 
Kaya, 1997; Koppenhöfer et al., 1999; Thurston et al., 
1993, 1994).

Nematodes

Combining entomopathogens with other ento-
mopathogenic nematodes would result in synergistic 
interactions that enhance the potential for biological 
control. In studies targeting other insect pests, syner-
gistic interactions have been observed from certain 
combinations of entomopathogenic nematodes with 
other pathogens. For example, synergistic virulence 
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to Cyclocephala spp. was observed in combinations 
of entomopathogenic nematodes with Paenibacillus 
popilliae (Thurston et al., 1993, 1994), or with Bacil-
lus thuringiensis Berliner subspecies japonensis (Ko-
ppenhöfer and Kaya, 1997; Koppenhöfer et al., 1999). 
However, interactions between entomopathogenic 
nematodes and other entomopathogens can also be 
antagonistic (Baur et al., 1998; Brinkman and Gard-
ner, 2000; Koppenhöfer and Kaya, 1997). In addition 
to entomopathogenic nematodes, several other ento-
mopathogens have been reported to occur naturally 
including the entomopathogenic fungi Beauveria 
bassiana (Balsamo), Vuillemin and Metarhizium 
anisopliae (Metschnikoff), Sorokin (Sri-Arunotai et 
al., 1975; Swingle and Seal 1931), and Paecilomyces 
sp. (Sikorowski, 1985), and the bacterium Serratia 
marcescens Bizio (Sri-Arunotai et al., 1975). Field 
trials with B. bassiana and M. anisopliae caused sig-
nificant reductions in Curculio caryae larval popu-
lations, but the levels of control were generally low 
(Gottwald and Tedders, 1983; Harrison et al., 1993; 
Shapiro-Ilan, 2003). Aside from the entomopatho-
genic nematodes B. bassiana and M. anisopliae, no 
other pathogens that naturally occur in C. caryae 
have been tested as microbial control agents for C. 
caryae suppression (Shapiro-Ilan, 2003).

Shapiro-Ilan et al. (2004) studied combining 
entomopathogenic fungi with entomopathogenic 
nematodes on the larvae of Curculio caryae and pe-
can weevil. The experiments were conducted in the 
laboratory by applying the nematodes Steinernema 
carpocapsae or Heterorhabditis indica with the fungi 
Metarhizium anisopliae, Beauveria bassiana, or Pae-
cilomyces fumosoroseus, or the bacterium Serratia 
marcescens. After 14 days of application, the mor-
tality of C. caryae was determined. In all pathogens, 
combination antagonism was determined. Additive 
effects were seen in M. anisopliae with H. indica. De-
pending on the application rate, S. carpocapsae com-
bined with B. bassiana or S. marcescens also resulted 
in additivity. S. carpocapsae generally caused greater 
C. caryae mortality than other pathogens. P. fumoso-
roseus and S. marcescens were not pathogenic to C. 
caryae when applied alone. It was concluded that the 
pathogen combinations are not likely to improve the 

suppression of C. caryae larvae beyond what is ex-
pected from a single application of the pathogen with 
greatest virulence (Shapiro-Ilan et al., 2004).

Bacteria

Biopesticides based on the fungus Metarhizium ani-
sopliae and bacteria Bacillus thuringiensis (Bt) were 
used by Shahid et al., (2003) on the stem borer and 
leaf folder of rice, which have reduced the population 
of these pests effectively both in laboratory and in the 
field. In the laboratory, bioassay biopesticides were 
very useful on the larvae of Helicoverpa armigera. By 
using the combination of fungal and bacterial formu-
lation the increase in mortality was studied and was 
established to be 100% after 96 h. In the field trials, 
a significant effect on the stem borer and leaf folder 
of rice was observed (Shahid et al., 2003). The field 
trials of biopesticides based on fungus and bacteria 
were performed for the control of cotton pests (Sha-
hid et al., 2004). When the cotton field was attacked 
with bollworms, the biopesticides were sprayed onto 
the field. The criterion for the evaluation of the effect 
was based on pre- and post-spray pest scouting. The 
number of larvae was counted randomly in each rep-
licate. The maximum larvae were observed in all the 
treatments. Due to the effect of the spray, the popula-
tion of larvae was reduced and maximum reduction 
was observed with the combination of Bt and a fun-
gus spray. Based on these results, the biopesticide can 
safely be recommended for the control of rice and 
cotton pests with no harmful effect on its predators 
as in the case of chemical pesticides.

ENTOMOPATHOGENIC FUNGI  
AS BIOPESTICIDES

Entomopathogenic fungi are usually identified based 
on the growth on insect cadavers. Most research on 
entomopathogenic fungi has been aimed at develop-
ing them as inundative biological control agents of 
insects, mites and ticks, despite the great potential 
for use in conservation and classical biocontrol strat-
egies (Butt et al. 2001; Goettel et al. 2005; Vincent et 
al. 2007). This is normally achieved through a strat-
egy in which pest control relies on the action of the 
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released agent but not on successive generations of 
the fungus. Under this paradigm, over 170 products 
have been developed based on at least 12 species of 
fungi (Faria and Wraight, 2007). Despite there being 
an estimated 700 species of entomopathogenic fungi 
in approximately 90 genera (Roberts and Humber, 
1981), most of the commercially produced fungi are 
species of Beauveria, Metarhizium, Lecanicillium and 
Isaria that are relatively easy to mass produce. At-
tention has focused predominantly on the technical 
aspects of biopesticide development, such as mass 
production and formulation, and the selection of 
strains with rapid kill. Production requirements in-
clude reasonable cost, long-term stability, and, most 
importantly, consistent efficacy under field condi-
tions. The prevalent methods involve the production 
of diaspores (dispersal units) by induction of aerial 
conidiation on solid growth media, production of 
blastospores by yeast-like growth in liquid media or 
growth of hyphal biomass in liquid or solid media 
(Faria and Wraight, 2007). 

For control of insect pests in phylloplane, sus-
pensions of aerial conidia including blastospores 
are applied in spray applications, e.g. M. anisopliae 
var. acridum for locust control in Africa (Langewald 
and Kooyman, 2007). The numerous, discrete, in-
fective propagules provided by spore forms satisfy 
the requirement for complete coverage of the foliar 
surface to ensure contact and infection of the insect 
host. To improve dispersion, hydrophobic conidia 
are often formulated in oil or added to spray mixes 
containing wetting agents as adjuvants. Spray prep-
arations of hydrophilic blastospores can include 
wetting agents as adjuvants usually formulated as 
wettable powders or water-dispersible granules. 
Since propagule persistence of fungi on the foliar 
surface is affected by solar radiation, considerable 
effort has focused on the protection of these ento-
mopathogens by incorporating solar blockers and 
sunscreens (Inglis et al., 2001). However, to open 
up a wider array of biocontrol strategies there is a 
need to significantly improve our understanding of 
the ecology of entomopathogenic fungi outside of 
the insect host, especially fungal life-history strate-
gies and their role in the ecosystem. 

A number of recent discoveries suggest that cur-
rent approaches to insect control with pathogenic 
fungi require revision. For example, rhizosphere 
competence by strains of M. anisopliae is dependent 
on the plant community and not necessarily on the 
presence of an insect host (Hu and St. Leger, 2002) 
while strains of B. bassiana exist as endophytes in 
various plant species and exhibit the potential for 
insect and plant disease suppression (Vega, 2008; 
Ownley et al., 2008). 

RELATIONSHIP BETWEEN  
FUNGUS AND HOST

Entomopathogenic fungi infect their insect hosts 
by penetrating through the cuticle or through 
body openings (Tanada and Kaya 1993). They have 
evolved specialized mechanisms for the enzymatic 
degradation of the integument and for overcom-
ing insect defense compounds. The relationships 
by which different fungal species obtain energy 
from their insect hosts (i.e., their econutritional 
mode) include biotrophy (nutrition derived only 
from living cells, which ceases once the cell has 
died), necrotrophy (utilization of dead tissues), and 
hemibiotrophy (initially biotrophic and then be-
coming necrotrophic). Recent phylogenetic studies 
indicate that the ability to utilize insects as a source 
of nutrition has arisen more than once among fungi 
(Spatafora et al., 2007). Scale insects, particularly 
Coccidae and Aleyrodidae, have the greatest di-
versity of fungal pathogens documented (Humber, 
2008); these insects occur in dense and mainly im-
mobile populations feeding on plants. The sustained 
proximity between these insects, fungi and other 
potential hosts may provide pathogenic fungi with 
the opportunity to move from plant to insect and 
beyond. Indeed, scale insects and their pathogenic 
fungi provide model systems for studying the fun-
damental aspects of host-fungal pathogen interac-
tions. Fungi within the genus Hypocrella (Clavicipi-
taceae) form small stromata utilizing the nutrients 
available from one to a few scale insects under each 
stroma. However, a few Hypocrella species produce 
gigantic stromata (Hywel-Jones and Samuels, 1998) 
and these can only form with sustained nutrition 
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from the plant after the insect host is destroyed. This 
is an extreme example of the nutritional adaptabil-
ity that some insect pathogenic fungi exhibit. This 
also highlights the diversity of nutritional modes 
and the ability of entomopathogenic fungi to switch 
between them. 

A critical question is whether species of Me-
tarhizium, Beauveria, Lecanicillium and Isaria (Lu-
angsa-ard et al., 2005; Sung et al., 2007) function 
in nature as ecologically obligate insect parasites or 
make use of additional sources of nutrition. Meyling 
and Eilenberg (2007) considered Beauveria and Me-
tarhizium to function primarily as insect parasites 
but did not discount the possibility of additional nu-
tritional modes. Insect parasitism by these species is 
common in nature (Ormond et al., 2006; Meyling and 
Eilenberg, 2007). However, there is increasing evi-
dence that they exhibit a more dynamic life-history 
pattern than previously thought. Based on the abun-
dance of entomopathogenic fungi obtained from 
the surface of 1,700 individual arthropods captured 
in aspen-dominated woodlands in western Canada 
(B. bassiana represented one-quarter of all isolates), 
it appears that entomopathogens are common com-
ponents of the surface mycota of arthropods and are 
not necessarily restricted to diseased insects (Greif 
and Currah, 2007). There is also increasing evidence 
that Beauveria, Metarhizium and related genera can 
act as mycoparasites and plant endophytes, as well 
as interact with plant roots. Entomopathogenic fungi 
exhibit a diverse array of adaptations to insect para-
sitism. These include the general ability to overcome 
insect immune defenses and obtain nutrition from 
insects, but also less well-studied behavioral respons-
es (Roy et al., 2006). Host-altered behavior by some 
fungi has been demonstrated (e.g. summit disease 
in which infected insects exhibit climbing behav-
ior), but there are considerably fewer examples with 
hypocrealean-infected insects than in entomophtho-
ralean-infected ones (Roy et al., 2006). However, we 
would caution against concluding that the scarcity of 
these adaptations in the entomopathogenic Hypoc-
reales is evidence that these fungi are not highly spe-
cialized insect parasites, but much more basic eco-
logical research is required. Behavioral avoidance of 

entomopathogenic fungi has also been reported for 
various insects: B. bassiana is avoided by Anthocoris 
nemorum (Meyling and Pell, 2006), while Coptoter-
mes lacteus avoids M. anisopliae (Staples and Milner, 
2000). Avoidance indicates recognition of the fungus 
by the insect, although the specific mechanism for 
avoidance is not known. 

A major handicap in the understanding of the 
ecology of entomopathogenic fungi has been a lack 
of phylogenetic information to explain the history of 
the interactions. Phylogenetic classifications based on 
DNA analysis have helped to improve and stabilize 
our understanding of fungal relationships (Blackwell 
et al., 2006). Phylogenetic studies have been impor-
tant to understand insect fungi. For example, asexual 
fungi can now be placed among their nearest sexual 
relatives, and previously used terms such as Deutero-
mycota as a taxon have been abandoned completely. 
Insect parasites in the Hypocreales have been discov-
ered to have convergent morphologies and moreo-
ver, different histories as symbionts. 

PLANT DISEASE ANTAGONISTS

In plant pathology, biological control most often re-
fers to the use of natural or modified fungi or bacteria 
that are antagonists of plant pathogens. The term an-
tagonism refers to a generalized mechanism by which 
the survival or disease-causing activity of a patho-
gen is reduced. Several mechanisms of antagonism 
against plant pathogens have been identified. These 
include production of various metabolites, such as 
antibiotics, bioactive volatile compounds (e.g., am-
monia, hydrogen cyanide, alkyl pyrones, alcohols, 
acids, esters, ketones and lipids) and enzymes. Other 
mechanisms are competition (for niche or infection 
site, carbon, nitrogen or various minerals), parasit-
ism, hypovirulence, induced systemic resistance 
and increased plant growth response (Ownley and 
Windham, 2007). 

In addition to activity against insects, there is 
substantial evidence that some entomopathogenic 
fungi, including Beauveria bassiana (Ownley et al., 
2004; Ownley et al., 2008) and species of Lecanicil-
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lium (Askary et al., 1998; Benhamou and Brodeur 
2000, 2001; Kim et al., 2007, 2008) are also antago-
nistic to plant pathogens. The mechanisms of antag-
onism utilized by B. bassiana may include antibiosis 
(Renwick et al., 1991; Reisenzein and Tiefenbrunner, 
1997; Bark et al., 1996; Veseley and Koubova, 1994; 
Lee et al., 1999), competition (Ownley et al., 2004) 
and induced systemic resistance (Griffin et al., 2006; 
Ownley et al., 2008). 

POSSIBLE ROLES OF ENTOMOPATHOGENIC 
FUNGI IN NATURE

Various unexpected roles have been reported for 
fungal entomopathogens, including their presence as 
fungal endophytes, plant disease antagonists, rhizo-
sphere colonizers and plant growth promoting fungi 
(Vega et al., 2009). 

Fungal endophytes

Endophytes infect above ground internal plant tis-
sues without causing symptoms. They are garnering 
increased attention because they are ubiquitous and 
have immense diversity and varied roles (Saikkonen 
et al., 2006; Arnold and Lutzoni, 2007). Some fun-
gal endophytes protect host plants against patho-
gens and herbivores (Arnold et al., 2003; Schulz and 
Boyle, 2005; Arnold and Lewis, 2005; Rudgers et al., 
2007), and many fungi traditionally known as insect 
pathogens have been isolated as endophytes, includ-
ing species of Acremonium, Beauveria, Cladospori-
um, Clonostachys and Isaria (Vega, 2008; Vega et al., 
2008). 

Rhizosphere colonizers and plant growth-promoting 
fungi

Entomopathogenic fungi in the Hypocreales are 
ubiquitous members of the soil microbiota. The en-
tomopathogenic fungal species most frequently iso-
lated from soils in temperate regions belong to the 
genera Beauveria, Isaria (Cordycipitaceae) and Me-
tarhizium (Clavicipitaceae) (Meyling and Eilenberg, 
2007). As an environment, soil presents opportuni-
ties and challenges to entomopathogenic fungi. It 

protects from damaging solar radiation and acts as 
a buffer against extremes of temperature and water 
availability (Gaugler et al., 1989; Inglis et al., 2001; 
Roberts and Campbell, 1977; Rangel et al., 2005). 
Furthermore, it is a habitat for many potential insect 
hosts, some of which occur at high densities. Conti-
nuity in proximity to potential hosts is a factor in the 
evolution of fungal entomopathogenicity (Humber, 
2008). However, soil is also infused with antimicro-
bial metabolites secreted by microbes that can impair 
the ability of entomopathogenic fungi to infect their 
hosts. For example, Groden and Lockwood (1991) 
identified a significant trend of lower mortality of 
the Colorado potato beetle by B. bassiana with in-
creased soil fungistasis levels. A dead or dying insect 
infected by an entomopathogenic fungus represents 
a potential source of energy for other opportunistic 
soil microorganisms. Some species of hypocrealean 
entomopathogens produce secondary metabolites 
within their insect hosts that are postulated to help 
the fungus outcompete opportunists during the 
saprotrophic phase of insect utilization (Strasser et 
al., 2000). 

Species of Beauveria and Metarhizium that have 
infected and killed an insect in soil produce only 
limited somatic growth from the fungus-infected 
cadaver. This has been taken as evidence that these 
fungi rely predominantly on the insect rather than 
on the soil for carbon (Inglis et al., 2001; Pereira et 
al,. 1993; Gottwald and Tedders 1984). However, in 
the rhizosphere, free carbon is abundant and there is 
evidence that entomopathogenic fungi interact with 
plant roots for growth or survival (St. Leger, 2008). 
Between 10 and 40% of the carbon that is assimilated 
by a plant is transferred into the soil in the form of 
exudates, mucilage, sloughed root cells and lysates 
(Andrews and Harris, 2000; Bardgett, 2005). This 
carbon is exploited by a diversity of saprotrophic mi-
croorganisms in the rhizosphere (Cooke and Whipps 
1993; Whipps, 2001). In most cases, it is still not clear 
whether this is purely a one-way interaction benefit-
ing only microbial saprotrophs, or whether a mu-
tualistic interaction has evolved in which the plant 
also benefits from the provision of mineral nutrients 
or protection from parasites and herbivores (Singh 
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et al., 2004). Studies on plant parasitic nematodes 
and their microbial antagonists have demonstrated 
that nematode control is greatest on roots that sup-
port the highest rhizosphere colonization of Pocho-
nia chlamydosporia, a facultative fungal pathogen of 
nematodes. The extent of rhizosphere colonization by 
P. chlamydosporia varies on different plant cultivars 
and between different isolates of the fungus (De Leij 
and Kerry, 1991; Bourne et al., 1996; Kerry, 2000). 
These studies clearly demonstrate a relationship be-
tween rhizosphere competence and a functional role 
such as biological control. Metarhizium anisopliae 
increased stand density and the fresh weight of field 
corn after conidia were applied to corn seeds prior to 
planting, in an attempt to reduce damage caused by 
wireworms (Kabaluk and Ericsson, 2007). The mech-
anism for this effect on yield remains unknown. 

A NEW PARADIGM  
FOR ENTOMOPATHOGENIC FUNGI  

AND FUTURE RESEARCH

Despite the publication of approximately 7,000 pa-
pers on topics related to entomopathogenic fungi 
since 1983 (Vega et al,. 2009), there is still limited 
success in solving agricultural problems with ento-
mopathogenic fungi. The following proposed re-
search areas should lead to a new paradigm for ento-
mopathogenic fungi that should refocus our efforts 
and hopefully lead to exciting new findings that will 
bring success to the field. 

Antagonist studies

Although the potential for biological control of plant 
pathogens has been clearly demonstrated with cer-
tain entomopathogenic fungi, the key to a successful 
exploitation of these organisms in agriculture is iden-
tifying and understanding the operative mechanisms 
of biocontrol activity. New evidence suggests that B. 
bassiana and Lecanicillium species employ multiple 
mechanisms that vary with plant pathogen, but may 
also vary with plant host species or cultivar. In ad-
dition, efficacy will be affected by a myriad of abi-
otic and biotic environmental factors. Using model 
plant systems, profiles of global gene expression in 

response to endophytic or rhizosphere colonization 
can be examined in the absence of other variables. In 
addition to expected changes in expression profiles 
of recognized plant defense response genes, genome-
wide expression arrays could reveal novel plant genes 
that respond to colonization by entomopathogenic 
fungi. Naturally occurring nonpathogenic epiphytic 
and endophytic microorganisms will also influence 
the efficacy of entomopathogenic fungi against plant 
pathogens. Identifying beneficial and deleterious re-
lationships with other microorganisms may allow for 
the manipulation of agricultural systems to enhance 
the positive influences. Likewise, identification of 
abiotic factors, such as soil characteristics that en-
hance or inhibit biological control of soil-borne plant 
pathogens, would allow manipulation of these factors 
and improvements in efficacy. Such abiotic factors 
may include minerals needed as co-factors for the 
production of bioactive compounds involved in the 
biological control mechanisms of entomopathogenic 
fungi. By gaining a greater understanding of all of the 
interacting factors related to mechanism, significant 
improvements in efficacy against plant pathogens 
with entomopathogenic fungi should be possible. 

Production technology for fungal biocontrol agents

Both the rhizosphere and the phylloplane present 
unique challenges to biological control with living 
fungal agents. The environmental and ecological 
variations within agro-ecosystems have made con-
sistent insect pest management with fungal patho-
gens difficult to achieve at a commercial level. The 
use of a generalized approach to the formulation 
and application of microbial biocontrol agents has 
in part, led to this inconsistency in control. A more 
detailed understanding of the pathogen-insect ecol-
ogy as well as other environmental and ecological 
interactions is needed to improve the consistency of 
control for these living microbial pest control agents. 
For insect pests of the rhizosphere, fungal biologi-
cal control agents are typically applied as granules 
containing hyphae or spore-hyphae preparations. 
Granules may contain infective conidia or rely on 
primary growth and in situ secondary sporulation 
for the formation of infective conidia. The conidia-
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containing granules must be adequately dispersed 
and remain viable in the soil to insure contact with 
foraging insect pests. 

Recently, M. anisopliae was shown to be capable 
of producing sclerotia in liquid culture fermentation 
(Jaronski and Jackson, 2008). Sclerotia are overwin-
tering structures formed by many plant pathogenic 
fungi that sporulate to produce infective conidia 
when environmental conditions are suitable for in-
fection of their host plant. The ability of M. anisopliae 
to form sclerotia may be important for rhizosphere 
competence following a pattern seen in phytopath-
ogenic fungi. The use of sclerotial preparations for 
granular application of M. anisopliae in soil and the 
use of conidia or blastospores in foliar applications 
for phylloplane insects are examples of how the ecol-
ogy of the fungus-insect interaction directs the pro-
duction and use of appropriate infective propagules. 
Likewise, the use of endophytic entomopathogenic 
fungi for insect control will require an understand-
ing of the ecological factors that enhance the ability 
of the fungus to become endophytic. Awareness of 
these ecological factors will guide the development 
of production and formulation technologies that de-
liver optimally infective fungal propagules. 

Formulation of fungal propagules

The formulation of propagules of fungal ento-
mopathogenic fungi for use in biocontrol has been 
guided by the need to improve product shelf-life, 
biocontrol efficacy, and/or the physical character-
istics of the product for application (Wraight et al., 
2001). Undoubtedly, these goals are often conflicted 
with ecological considerations. For control of insect 
pests of the phylloplane, spore suspensions are ap-
plied in spray applications. The numerous, discrete, 
infective propagules provided by spore forms satisfy 
the requirement for complete coverage of the foliar 
surface to ensure contact and infection of the insect 
host. Formulations that improve spore desiccation 
tolerance or shelf-life such as cryoprotectants or oils 
may inhibit spore germination or intimate contact of 
the spore with the insect host, resulting in reduced 
biocontrol efficacy. 

Recently, research was initiated to analyze the 
surface chemistry of the spores of entomopathogenic 
fungi, an important contribution towards under-
standing their ecology. For example, Isaria fumoso-
rosea blastospores were found to have a basic, mo-
nopolar, hydrophilic surface with an isoelectric point 
of 3.4 (Dunlap et al., 2005). The isoelectric point is 
the pH at which a surface or compound has a neutral 
charge. At a pH higher than 3.4, the surface charge 
of I. fumosorosea is negative, and at a more acidic pH 
the surface is positively charged. Therefore, the pH of 
the environment or of the formulation can affect the 
charge of the spore surface and its ability to adhere 
to the insect cuticle or other surfaces. Similar work 
on the characterization of the surface chemistry of 
Beauveria bassiana spore forms has also been report-
ed (Holder et al., 2007). A directed approach to the 
formulation for improved biocontrol efficacy should 
include an understanding of the fungal spore–insect 
surface chemistries and how they interact to enhance 
adhesion and fungal infection. Understanding how 
the insect pest or the microbial pathogen interacts or 
survives in a given ecological environment is critical 
in directing the use of appropriate formulations.

ROLE OF BIOTECHNOLOGY

Changes in the conventional crop protection sys-
tem and in the prescribed application of chemicals 
are underway. Biotechnology provides exciting op-
portunities for improving fungi for pest control and 
this technology is more valuable in elucidating the 
mechanisms of pathogenicity. By using Aspergillus 
nidulans, the transformation of M. anisopliae has 
been reported. Progress in understanding the mech-
anisms of pathogenicity is now being made, particu-
larly in the area of cuticular penetration where the 
key enzyme is probably an endoprotease (St. Leger et 
al., 1986). To increase the speed of insect kill, it may 
be possible in the future to insert toxin genes from 
Bacillus thuringiensis into fungi. However, improve-
ment in strains achieved by genetic manipulation 
could be more useful. Future research should con-
centrate on the development of formulation and the 
targeting of the pests of economically valuable crops. 
If these strategies are followed, the understanding of 
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entomopathogenic fungi will increase and mycoin-
secticides may become commercially available. By 
achieving this aim, agriculture will benefit from pro-
longed pest control, reduced risk of resistance and a 
high degree of safety to non-target organisms with-
out disturbing the agro-ecosystem and the quality of 
environment. We believe that insights gained from 
biotechnology will result in the effective use of these 
promising organisms as an integral part of agricul-
tural systems throughout the world. 

CONCLUSIONS

The application of entomopathogenic fungi in bio-
logical control is increasing largely because of greater 
environmental awareness, food safety concerns and 
the failure of conventional chemicals due to an in-
creasing number of insecticide resistant species. In 
determining whether the use of entomopathogenic 
fungi has been successful in pest management, it is 
necessary to consider each case individually, and 
direct comparisons with chemical insecticides are 
usually inappropriate. Gelernter and Lomer (2000) 
concluded that for any microbial control agent to be 
successful, technical efficacy was essential but had to 
be combined with at least two other criteria from the 
following: practical efficacy (easy and cheap uptake), 
commercial viability (profitability), sustainability 
(long-term control) and/or public benefit (safety). 

The safety of entomopathogenic fungi for hu-
mans, the environment and non-target organisms is 
clearly an important criterion for consideration and 
each insect–fungus system must again be considered 
on a case-by-case basis. However, existing research 
suggests that there are minimal effects of ento-
mopathogenic fungi on non-targets, and they offer a 
safer alternative for use in integrated pest manage-
ment (IPM) than chemical insecticides (Goettel and 
Hajek, 2000; Pell et al., 2001). Successes with these 
fungi are often based on considerable, multidiscipli-
nary financial investments in research and develop-
ment from industry, aid agencies and governments. 
When commercial interests are absent, especially in 
the development of classical, inoculative and conser-
vation strategies, then long-term government support 

is essential (Gelernter and Lomer, 2000). Most ento-
mopathogenic fungi are best used when total eradi-
cation of a pest is not required; instead, insect popu-
lations are controlled below an economic threshold, 
with some crop damage considered as acceptable. In 
addition, entomopathogenic fungi have an essential 
role in IPM if they can be used in conjunction with 
other strategies for sustainable pest control.
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