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Abstract

Entomopathogenic fungi are well known for their role in the biological control of pests. The manipulation techniques of
filamentous entomopathogenic fungi belonging to order Hypocreales (Beauveria bassiana, B. brongniartii, Metarhizium
anisopliae, Lecanicillium longisporum, etc.) are already well developed in the biotechnological industry. At the moment,
these types of fungi are the only ones authorized for inundative biological control of pest. However, numerous studies
from recent years draw attention to some ecological attributes of order Entomophthorales as being more advantageous
than order Hypocreales. In this review, we discuss the general characteristics of the Entomophthorales, the differences
between Hypocreales and Entomophthorales, and the advances and challenges of using entomophthoralean fungi as

myco-insecticides.
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INTRODUCTION

Entomophthoralean fungi

The order Entomophthorales is currently
classified as part of the subphylum

Entomophthoromycotina. The majority of
extant species in this subphylum are soil living
and saprotrophic, but most studied species are
obligate or facultative parasites of insects
(Mdockel et al., 2022). In the present review, the
entomopathogenic fungi we name
entomophthoralean fungi to refer only to species
of the ord. Entomophthorales.

Many species within Entomophthorales are
pathogenic for insects and few species attack
nematodes and mites (Jaronski, 2014).
Entomophthoralean fungi are, from this point of
view, considered important candidates for pest
management with biological control agents
(BCA). Even the name of ord.
Entomophthorales is suggestive, the etymology
of the word revealing that it comes from ancient
Greek and it translates mot-a-mot "insect
destroyer" (gr. entomo-= referring to insects -
actually meaning ‘“notched”, refers to the
segmented body plan of the insect, and phthora
= “destruction”) (Britannica, 2019).
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Biological control

The term “microbial control” was first used by
Steinhaus in 1949: “that phase of biological
control concerned with the employment by man
of microorganisms for the control and reduction
of the number of animals (or plants) in particular
area or a given population” (Ravensberg, 2010).
A comprehensive study of the history of
biological control was conducted in the early
twentieth century by Steinhaus (1956).
However, this idea has its roots in entomology
studies and cannot be associated with a single
researcher (Stern et al., 1959; DeBach, 1964;
van den Bosch, 1971).

Nowadays, biological control (or biocontrol) is
defined in the plant protection discipline as an
ecological alternative to chemical crop
protection and a component of the integrated
pest management (IPM) strategy. Biological
control strategies use BCA as natural enemies
(viruses, bacteria, fungi, arthropods, etc.) named
beneficial organisms, to control crops, pests, and
diseases. Eilenberg et al. (2001) suggested that
the term “biological control should be restricted
to the use of living organisms.” However, other
authors consider botanical insecticides (plant
extracts such as essential oils, alkaloids,



flavonoids, glycosides, esters, and fatty acids)
are also biological control tools (Hikal et al.,
2017; Tembo et al., 2018). For example, The
International Biocontrol Manufacturers
Association (IBMA) defines biological control
as: “pest and disease control for plant protection
based on living organisms and naturally-sourced
compounds”. Also, IBMA considers three types
of biocontrol: conservation biological control,
augmentative biological control, and classical
biological control.

According to Eilenberg et al. (2001), biological
control can be carried out following four
strategies: (1) Classical biological control (“the
intentional introduction of an exotic, usually co-
evolved, biological control agent for the
permanent establishment and long-term pest
control”); (2) Inoculation biological control
(“the intentional release of a living organism as
a biological control agent with the expectation
that it will multiply and control the pest for an
extended period, but not permanently”); (3)
Inundation biological control (“the use of living
organisms to control pests when control is
achieved exclusively by the released organisms
themselves”); (4) Conservation biological
control (“modification of the environment or
existing practices to protect and enhance specific
natural enemies or other organisms to reduce the
effect of pests”). Inundation biological control
use bioinsecticides based on entomopathogenic
fungi (mycoinsecticides) and it is the most
widely used microbial control strategy. The
application of mycoinsecticides in pest
management is similar to chemical pesticides.
The term "biological control" has had many
definitions and approaches over time, but the
four strategies are now generally accepted by
most authors.

European legislation on BCA

European Union legislation on the sustainable
use of pesticides, EU Directive 2009/128/EC,
encourages the development and introduction of
IPM and alternative approaches or techniques to
reduce dependence on pesticides. However, the
implementation of this directive at the Member
State level has not been as successful, and “very
little progress has been made in promoting the
uptake of alternative techniques, which are the
key to ensuring real pesticide dependency
reductions” (Committee on the Environment,
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Public Health, and Food Safety, 2019). At
present, the approval of pesticides based on
microorganisms follows the exact requirements
as for chemicals. Research on biological low-
risk pest control products should be encouraged,
and legislation on the authorization of micro-
organisms for use in plant protection should be
adapted to the specific properties and hazards of
micro-organisms and not clone chemical
pesticide regulations (Sundh & Eilenberg, 2021;
Reinbacher et al., 2021). European legislation
has approved for plant protection 449 active
substances, safeners, and synergists, of which
only 66 are microbials (strains of fungi, bacteria,
and viruses). The approval expiration is set on
30.04.2022 for 29 of these strains (source EU
Pesticides database, accessed 01.03.2022).
Currently, no Entomophthorales-based
mycoinsecticides are available (Litwin et al.,
2020). Member States of the European Union
endorsed four legal acts on February 10, 2022,
which will shorten the authorization process of
biological plant protection products based on
micro-organisms. These acts reflect the latest
scientific developments and could become
applicable in Q4 2022 (European Commission,
2022). Relaxing the regulations governing the
approval of microorganism-based plant
protection products will reduce costs and speed
up the development of new items, such as
entomophthoralean-based mycoinsecticides. In
recent years, progress has been made in the
study of these fungi formulation. This review
aims to provide an overview of
entomophthoralean fungi and their potential as
microbial control agents.

MATERIALS AND METHODS

We systematically searched several scientific
databases such as ScienceDirect and Wiley
Online Library, for literature from 1980 to 2022
using the  following  search  terms:
“entomophthoralean”, “Entomophthorales” and
“Entomophthoromycotina”. We retrieved 1456
results, to which we added publications from
Academia, Research Gate, and Google Scholar.
Duplicates and publications that were not
relevant to entomopathogens or biological
control of pests were eliminated after a thorough
screening. The exclusion criteria selected was
the field of application. A comprehensive search



of the European Commission website and EUR-
Lex database for legislation relating to Plant
Protection Products based on microorganisms
was also done, yielding three pertinent legal
acts. Following the suitability evaluation, a total
of 75 papers were selected for this review.

RESULTS AND DISCUSSIONS

Entomopathogenic fungi

Entomopathogenic microorganisms are
currently used worldwide in microbial control
(the use of micro-organisms in biological
control) for controlling pests in agriculture,
forestry, horticulture, etc., being a healthier
alternative, environmentally friendly, and more
sustainable ~ to  conventional  chemical
insecticides. Unlike other insect pathogenic
microorganisms, most entomopathogenic fungi
have the unique property of infecting through
the cuticle, therefore they do not need to be
ingested. (Roberts & Hajek, 1992). Only a few
taxa (e.g. Culicinomyces) infect the host by
invading through the alimentary canal (Inglis et
al., 2001).

One of the earliest known accounts of insect
diseases was found in the writings of Aristotle in
Historia Animalium (probably written between
335 and 322 B.C.) (Steinhaus, 1956). The first
known studies on entomopathogenic fungi were
conducted in the 1800s to find a solution for
managing silkworm disease, later called white
muscardine, which severely affected the silk
industry (Steinhaus, 1975). Following this
discovery, studies of the interaction between
arthropods and entomopathogenic fungi have
been of particular interest due to their potential
use of fungal entomopathogens for pest control
(Keller, 1998; Hajek & Goettel, 2008.).

Not all arthropod species are necessarily closely
associated with  entomopathogenic  fungi
(Humber 2012a), but the number of insect-
associated fungi is very high (Blackwell, 2011).
Currently, arthropod species are estimated to be
between 5-10 million (@degaard, 2000). The
entomopathogenic property of about 700 fungal
species belonging to 90 genera is already
known, but only a few have been studied
(Khachatourians & Qazi, 2008). Many
researchers have studied entomopathogenic
fungi (EPF) belonging to ord. Hypocreales
(formerly Deuteromycetes) for use in the
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biological control of pests, especially fungi of
the genera Beauveria, Metarhizium, Isaria
(Paecilomyces), and Lecanicillium
(Verticillium) (Inglis et al., 2001). For example,
McCoy et al. (1988), Evans (1997), Ferron et al.
(1991), Roberts & Hajek (1992), Tanada &
Kaya (1993), Hajek & St. Leger (1994), Boucias
& Pendland (1998), Wraight & Carruthers
(1999), Zimmermann (2007), Butt et al. (2016),
Islam et al. (2021), Rajula et al. (2021) to name
a few, reviewed the main information about
hyphomycetes and their use as microbial
insecticides. Accordingly, Beauveria bassiana
(Balsamo-Crivelli) Vuillemin, Isaria
fumosorosea Wize, Metarhizium anisopliae
(Metchnikoff) Sorokin, and Lecanicillium
lecanii (Zimmerman) Viegas were mainly
studied (Bamisile et al., 2021). These species
have a wide range of hosts and are easy to
produce on an industrial scale. Epizootics
usually occur only in insect populations in soil
(Keller & Zimmerman, 1989).

On the other hand, entomophthoralean fungi
have a high host specificity (Jaronski, 2014) and
could be combined with useful arthropods in
pest control which is one of the significant
advantages of using these fungi in biological
control  programs.  Furthermore,  these
entomopathogens  occur  in  temperate,
subtropical, and equatorial climates, and they
are natural enemies of many harmful insects of
agricultural interest such as thrips, aphids,
lepidopterous adults, and larvae. They have
great potential in triggering epizootics in foliar
insect or mite populations (Evans, 1989) and
could remain active for years as resistant spores.
In an experiment performed in America, the
fungus caused an epizootic five years after its
artificial ~ introduction, demonstrating the
advantages of a specific trait of these fungi, that
could generate resistant spores. The
identification and confirmation of the strain
have been made using enzyme and restriction
fragment length polymorphism analyses (Hajek
et al., 1990).

Entomophthoralean fungi have been less
studied, mainly because their use in biological
control has proved to be more difficult due to the
limitations on mass production, which seems to
be the most critical bottleneck (Ravensberg,
2010). However, their great biological control
potential has long been known (Pell et al., 2001).



Augmentation  strategies  followed by
conservation, i.e., use of irrigation, an increase
of humidity, and providing banker plants with
alternative hosts (reservoirs of
entomopathogens) have been shown to have
very good results (Wilding et al., 1986; Shah et
al., 2004; Gonzalez et al., 2016; Dinu et al.,
2017). But any microorganism used to control
an insect must be registered with the appropriate
regulatory body. The approval procedure is both
costly and lengthy. A commercial motivation of
inoculation biological control is insufficient
(Jaronski, 2014). Formulation and mass
production of entomophthoralean fungi for
inoculation biological control has been and
continues to be a major challenge.

Entomophthorales taxonomy

The subphylum Entomophthoromycotina has
been the subject of discussion among
taxonomists for decades (Mockel et al., 2022). It
originated from the oldest known lineages of
terrestrial fungi, most likely appearing in the
Silurian, more than 400 mya (Humber, 2012b;
Gryganskyi et al., 2013). It does not appear to
have co-evolved with insects, which occurred
300 million years ago, yet they have high degree
of specialization to their hosts. The appearance
and the radiation of Pterygota (winged insects)
have been shown to contribute to the dispersal
of the entomopathogenic lines of this phylum.
Currently, Pterygota constitute the most
parasitized host group (Méckel et al., 2022).
One of the newest phylogenetic classifications is
proposed by Spatafora et al. (2016) and includes
two phyla, Mucoromycota and Zoopagomycota,
with Entomophtoromycotina classified as a
subphylum of Zoopagomycota. Also, in the
most recent phylogenomic studies that
reassessed the phylogeny of this group,
respectively based on conserved genes encoding
ribosomal RNA and RNA polymerase II
subunits, the authors taxonomically classify
these fungi in the subphylum
Entomophthoromycotina (Li et al.,, 2021;
Mockel et al., 2022), within three classes, three
orders and 6 families. The study on
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entomophthoromycotan genome characteristics
has lately grown and it will also reveal key
evolutionary mechanisms behind selection
adaptation (Hajek, 2004). A novel isolation unit
of entomophthoralean fungi, has been developed
lately (Hu et al., 2018). It is operational in the
field, making it easier to collect conidia,
preserve them, and identify new species and
fungal strains.

Currently, order Entomophthorales follows the
same classification as the one proposed by
Humber (2012b):
Order Entomophthorales G. Winter, Rabenh.
Krypt.-Fl.
Family Ancylistaceae J. Schrot.
Family Completoriaceae Humber
Family Entomophthoraceae Nowak.
Subfamily Entomophthoroideae S. Keller
Subfamily Erynioideae S. Keller
Family Meristacraceac Humber

High potential of entomophthoralean fungi as
naturally occurring biological control agents
Entomophthoralean fungi have unique physiolo-
gical characteristics which are important factors
for biological control effectiveness.

Host specialization evolved genetically in
response to the challenge of utilizing resources
and dealing with the immune systems of
different hosts. Genomic and transcriptome
techniques have the potential to help researchers
better understand the molecular processes of
entomophthoralean pathogenesis (Licht et al.,
2016).

The behavior of diseased insects inside the
colony has an impact on pathogen transmission.
Arthropods infected with entomophthoralean
fungi have been observed to exhibit behavioral
patterns that facilitate fungal dissemination.
(Roy et al, 2006). For example, some
entomophoralean diseases drive infected insects
to migrate to the plant's top before dying.
(summit disease syndrome). Consequently, the
conidia ejected by the insect's cadaver have a
higher chance of landing on possible hosts,
nearby or on the same plant (Figure 1).



Figure 1. Epizooty in an aphids’ colony ©OMMD

This is probably the most successful
evolutionary adaptation of these pathogens
(Inglis et al., 2001). Insect behavior is even more
altered: once at the top of the plant, they fix
themselves to the plant with their mandible or
feet, so that when they die, they remain
immovable to the plant. This type of behavior
generally comes across solitary insects. The
gregarious insects (as aphids) stay in the colony

and become reservoirs of infectious spores.
Rhizoids, which are specific to some fungal
species, grow from the insect's abdomen and
anchor it to the substrate. (Batazy, 1993).

On the other hand, entomophtoralean fungal
spores are actively discharged (forcibly ejected),
so they have greater chances to come in contact
with another host (Figure 2).

Figure 2. Forcibly discharged conidia (“halo” of conidia) in a colony of aphids from the corpse
of Sitobion sp. infected by an entomophthoralean fungus ©OMMD

More than that, if the ejected conidia fall on a
non-host surface, it will produce higher-order
conidia, named secondary conidia. A secondary
conidium may germinate to produce a tertiary
conidium, also actively discharged (Pell et al.,
2001). When the spores reach a potential host,
the mechanism specific to entomopathogenic
fungi is triggered, respectively invasion of the
host by germ hyphae produced by conidia. It
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multiplies inside insect hosts as hyphae, hyphal
bodies, or protoplasts.

The central hypothesis as entomophthoralean
grows as protoplasts in the hemolymph of
insects is to advantage the fungus in escaping
host immune recognition (Boomsma et al.,
2014). Because protoplasts lack a sugar-rich cell
wall, they are not recognized as invaders by the
hemocytes that normally protect insects. The



insect does not die immediately but slow down,
feed less, stop laying eggs, or deposit eggs in
unsuitable spots (Roy et al., 2016). For example,
the average survival time of insects infected
with the entomopathogen Pandora is 5-6 days.
This feature encourages the rapid spread of the
disease in pest populations (Gorg et al., 2021).
Solitary insects seek cooler places, such as the
top of the plant, during the last 1-2 days of
infection. These locations are favorable for
pathogen dissemination. Before the host dies,
protoplasts acquire cell walls and are ready to
resume their life cycle. Shortly after the insect
dies, the fungus sporulates from its body.
Conidia are produced externally on cadavers and
are relatively short-lived (Licht et al., 2016).
Numerous authors have studied how dissemi-
nation is done by beneficial organisms used in
biological control and have observed that they
carry conidia in the foraging activity
(Baverstock et al., 2008; Wells et al., 2011). It
has also been observed that the attack of these
entomopathogens stimulates transgenerational
wing induction in some insects, thus
contributing to the pathogen’s spread (Hatano et
al., 2012).

When the cold season approaches, the absence
of the host insects triggers other physiological
processes in entomophthoralean fungi. Winter
survival is essential because the method for
overwintering can be a key role in triggering
epizootics during the seasons. Entomophthoralean
fungi have four known winter survival strate-
gies.: (1) as hyphal bodies in dead hosts (Keller,
1987); (2) as hyphal bodies in hibernating
(living) hosts; (3) through a slow disease deve-
lopment and a slow disease transmission among
hibernating hosts (Eilenberg et al., 2013); (4) as
resting spores in soil (Hajek et al., 2018). Some
Conidiobolus spp. and other less specialized
entomophthoralean pathogens can survive and
grow in the soil (Gryganskyi et al., 2017).

Production and formulation as biological
control products

The inundation biological control requires large
quantities of mycoinsecticide and mass
production is the most critical bottleneck of
entomophthoralean fungi (Ravensberg, 2010).
Entomophthorales  species have  specific
nutritional requirements for growth and
sporulation in vitro (Latgé, 1981) They can be
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classified into four broad groups: (1)
Conidiobolus spp. (family Ancylistaceae),
which can be grown on standard media; (2)
Batkoa (subfamily Entomophthoroideae), Erynia,
and Zoophthora spp. (subfamily Erynioideae),
which need supplements; (3) Entomophthora
and Entomophaga spp. (subfamily
Entomophthoroideae), which need special
media; 4 Strongwellsea (subfamily
Erynioideae) and Neozygites (order
Neozygitales, family Neozygitaceae), which
need tissue culture media (Keller, 1997; Pell et
al., 2001). A synthesis of the formulation of
fungi belonging to the order Entomophthorales
was made by Pell et al. (2001). The author
describes experiments in which various stages of
the biological cycle of entomophthoralean fungi
were exploited: production of the hyphal stage,
formulation of hyphal material, and production
of resting spores. By 2001, 46 species that pro-
duced resting spore in vitro had been described
(Pell et al., 2001). The fragile nature of the
mycelium and conidia makes these fungi more
difficult to formulate than Hypocreales, which
has led to their lack of commercial success.
Several other entomophthoralean formulations
with fungal mycelium have been tested in recent
years, some of them including broomcorn
pellets (Hua & Feng, 2003), granules of
broomcorn millet and polymer gel (Zhou &
Feng, 2009), alginate pellets (Zhou & Feng,
2010), secondary conidia in inverted emulsion
(water-in-oil formulation) (Batta et al., 2011),
mycelium-encapsulated alginate pellets that
float and sporulate continuously for utilization
in watery fields (Zhou et al., 2015), encapsu-
lation in calcium alginate beads (Muskat et al.,
2022, a), to name a few. A complex nutrition
source containing skimmed milk, yeast extract,
and a low-cost fungal protein has increased
biomass in a liquid shaking culture, according to
the results of a recent experiment (Muskat et al.,
2022, a). This is the first successful attempt to
explore biomass production in a liquid media
and it is a crucial step toward the fungus's
potential for mass production.

CONCLUSIONS
Even though order Entomophthorales has some

ecological advantages over order Hypocreales,
there are no commercially available plant



entomophthoralean mycoinsecticides on the
market. They were not developed because the
alternative was more economically viable.
Despite mass production challenges, significant
progress has been made in determining the best
formulation for entomophthoralean species. The
recent submerged fermentation laboratory
experiment success paves the way for large-
scale fermentation and formulation processes.
Given the recent legislation relaxation regarding
the use of microorganisms in pest control and
the European Parliament's recommendations to
reduce pesticide dependency, it is critical to
investigate and utilize all available natural
resources. The physiology of these fungi and the
multitrophic interactions in the environment are
not yet fully understood, and future studies will
need to focus on this. Research on the
physiology of entomphthoralean fungi is
essential for developing strategies for mass
production, storage, and application.

In the context of regulatory relaxation and the
newest results on the mass production process,
this paper outlined the major characteristics of
entomophthoralean fungi and their current
development potential as plant protection
products.
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