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ABSTRACT

Agri-food productionis affected by various factors,such as insect pests. Inadequate use of pesticides has generated resistance,
and some pesticides have been shown to affect human health and the environment. Therefore, alternative control methods
have been sought, such as the use of biocontrol with fungi; these organisms have shown activity against insect pests. Thus,
this review compiles relevant and important studies that have been carried out over the last four decades. In general, fungi
are divided into two large groups, macroscopic and microscopic fungi. In these two groups, possible fungal candidates
with activity against insects have been found. They were subdivided into two groups: microscopic entomopathogenic
fungi and macroscopic entomopathogenic fungi with basidiomata. In the case of microscopic entomopathogenic fungi,
only the main species of these fungi (Metarhizium anisopliae, Beauveria bassiana, and Isaria fumosorosea) have been
examined. These fungi present degrees of specificity at the family or closely related species level. For these three fungal
species alone, more than 500 species of affected insects have been reported in this and other reviews. Finally, more than
200 species of fungi with basidiomata have been studied for their insecticidal activity. Additionally, possible compounds
with insecticidal activity, such as ibotenic acid, beauvericin, ergosterol, and ostreolysin, are described. The studies found
in the present review of fungi with insecticidal activity are promising. It was concluded that fungi, their compounds, and
the proteins they contain may have a biotechnological application in the control of insect pests.
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INTRODUCTION

Insect pests generate yield losses that fluctuate between 20% and 40% in crops worldwide, and their presence necessitates
the use of pesticides (FAO, 2020). Traditionally, pesticides have been the most common method for controlling insect
pests that affect crops; however, these chemicals also affect the environment and aquifer mantles. Beneficial organisms
that have been observed to be affected by chemical residues are dung beetles (Onthophagus taurus Schreber, 1759)
(Coleoptera: Scarabaeidae) and earthworms (Lumbricus terrestris Linnaeus, 1758) (Haplotaxida: Lumbricidae) (Silva et
al., 2003; UNEP, 2010; Pérez-Cogollo et al., 2018). In addition, insect resistance to pesticides has developed (Nagqqash
et al., 2016). Therefore, the search for suitable and sustainable alternatives for the control of insect pests is gaining great
interest throughout the globe. The use of fungi with insecticidal activity is one of the alternatives that has been widely
investigated. In this review, we classify the possible candidates of fungi with insecticidal activity (entomopathogenic
fungi), into two groups: microscopic entomopathogenic fungi and macroscopic entomopathogenic fungi, especially with
basidiomata/sporocarp, structure characteristic of many species of basidiomycete fungi. These fungi have been reported
for their activity against insects, and they affect several plant families, such as Fabaceae, Asclepiadaceae, Asteraceae,
Myrtaceae, and Convolvulaceae (Da Costa Lima, 1956; Terdn-Vargas and Lopez-Guillén, 2014).
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Studies on microscopic entomopathogenic fungi, where more than five families invade, immobilize, and kill insect
pests, are available. Some microscopic entomopathogenic fungi not only control natural arthropod populations, but
also establish complex relationships with plants (Hyde et al., 2019). The main characteristic of this type of fungi is the
symbiotic relationship they maintain with the plant, helping to strengthen it against plant herbivorous organisms. Finally,
macroscopic fungi that are basidiomycetes have been studied for their diverse medicinal and nutraceutical properties.
Some basidiomycetes are reported to have insecticidal and anthelmintic activity (Barron and Thorn, 1987). However,
comprehensive information on the role of fungi as insecticides is lacking. For this reason, the present review compiles
relevant information on fungi and their insecticidal activity, as well as a list of their secondary metabolites and proteins
reported to have possible insecticidal activity.

PEST INSECTS

Crop pests are organisms that compete with humans for the food they produce; these insects cause socioeconomic losses
(Saunders et al., 1998). Some examples of the wide variety of pests (soil, staple grain, vegetable, root/tuber, fruit, and
industrial crop pests) are shown in Table 1. Due to the great socioeconomic losses caused by insect pests, methods that are
friendly to the environment and to human health have been sought. Therefore, fungi, which are known for their diverse
medicinal and biocontrol properties, are being explored.

FUNGI

A wide diversity of fungi was reported in the first edition of the dictionary of fungi. It has been estimated that there
are between 500000 and 9 million fungal species in the world, including macroscopic and microscopic fungi. Most
researchers agree that 80% of all fungi are microscopic (Hawksworth, 1991). In the case of macromycete fungi, there are
an estimated 53000 to 110000 species (Miieller and Schmit, 2007). Fungi are described as mostly filamentous organisms
with apical growth and are eukaryotic, achlorophilic, and heterotrophic by absorption; they reproduce by asexual and
sexual spores, and have a cell wall consisting mainly of chitin or cellulose (Herrera and Ulloa, 1990). Currently, fungi are
reported to have different medicinal properties and metabolites for the control of insect pests (Barron and Thorn, 1987; De
Silva et al., 2012). The use of macromycete and micromycete fungi for the control of insect pests has decreased the use
and abuse of conventional insecticides (Naqqash et al., 2016). These types of fungi have been used as biological control
agents due to their infection capacity against insect pests. To date, more than 750 species of entomopathogenic fungi have
been described, and the isolation of new strains continues (Hyde et al., 2019).

Table 1. Variety of pests (soil, staple grain, vegetable, root/tuber, fruit, and industrial crop pests) affecting crops.

Pest type

Some affected crops

Examples of insect pests

Reference

Soil

Basic grains

Maize, sorghum, rice,
beans, tomato, grass
Maize, sorghum, beans,
rice, soybean

Phyllophaga spp., Gryllus spp.

Spodoptera frugiperda (J.E. Smith; Lepidoptera: Noctuidae),
Dalbulus maidis (De Long and Wolcott; Homoptera:
Cicadellidae), Rhyssomatus nigerrimus (Fahraeus 1837;
Coleoptera: Curculionidae)

Bazan, 2020

Obando et al., 2006

Vegetables Tomato, onion, peppers, Bemisia spp., Liriomyza sativae (Blanchard, 1938; Diptera: Garcia-Gutiérrez et al., 2001
cabbage, cucumber, Agromyzidae), Keifferia lycopersicella (Walsingham, 1897;
pumpkin, melon, Lepidoptera: Gelechiidae)
watermelon, etc.
Tubers Yucca and potato Erinnyis ello (Linnaeus, 1758) (Lepidoptera, Sphingidae), Bazan, 2020
Silba pendula (Bezzi) (Diptera, Lonchaeidae), Frankliniella
williamsi (Hood, 1915) (Thysanoptera, Thripidae)
Fruit trees Pineapple, banana, Phyllophaga spp., Dysmicoccus brevipes (Cockerell, 1893; Jiménez and Rodriguez, 2014

Industrial crops

avocado, citrus fruits,
mangoes

Coffea arabica, sugar
cane, tobacco

Hemiptera, Pseudococcidae), Thecla basilides (Lepidoptera,
Lycaenidae)
Hypothenemus hampei (Ferrari, 1867; Coleoptera,

Curculionidae), Leucoptera coffeella (Guérin-Méneville, 1842;

Lepidoptera, Lyonetiidae), Diatraea sacharalis (Fabricius,
1794; Lepidoptera, Crambidae)

Jiménez and Rodriguez, 2014
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In this work, the available information on two groups of fungi with insecticidal properties was reviewed, namely
microscopic entomopathogenic fungi and macroscopic entomopathogenic fungi.

Microscopic entomopathogenic fungi

Some microscopic entomopathogenic fungi are already well studied and well known and can be found commercially.
However, there are others that are still being researched. The majority of them are endophytic fungi, i.e., microorganisms
that spend most or all of their life cycle colonizing host plant tissues without causing obvious damage. ‘Endophytism’ refers
to a non-obstructive, asymptomatic, and transient cost-benefit association that is defined by location (not function) and
that is established within the living tissues of the host plant. These fungi have shown that they can defend their host from
herbivores. Some studies have reported the insecticidal activity of this type of fungi (Kusari et al.,2012; Sdnchez-Ferndndez
et al., 2013). In the section below, the reader can find some species of the orders Hypocreales (families Clavicipitaceae,
Cordycipitaceae), Sebacinales (Sebacinaceae) and Entomophthorales (Ancylistaceae, Entomophthoraceae).

Some commercial species. The most widely used species worldwide include Metarhizium anisopliae (Metschn.) Sorokin
1883 (Hypocreales: Clavicipitaceae) (33.9%); Beauveria bassiana (Bals.-Criv.) Vuill. 1912 (33.9%) (Hypocreales:
Clavicipitaceae); Isaria fumosorosea Wize 1904 (5.8%) (formerly Paecilomyces fumosoroseus; Hypocreales:
Cordycipitaceae), and B. brongniartii (Sacc.) Petch 1926 (4.1%) (De Faria and Wraight, 2007). The mechanism of action
of microscopic entomopathogenic fungi follows the following process: 1) adhesion; 2) penetration of the cuticle, facilitating
invasion of the haemocoel, degeneration of tissues, and high creation of the immune system of susceptible insects (here,
extracellular enzymes may be involved: proteases, lipases, DNases and endoproteases, esterases, chitinases, chitobiosis and
proteinases, and extracellular enzymes); 3) invasion via hyphal bodies/weakening/death of host by mechanical damage,
malnutrition, and toxins, much depends here on the type of fungus and its mechanism of action; and 4) saprophytic growth
involving conidiogenous cells and sporulation of the invading fungus (Khan et al., 2012; Hyde et al., 2019). Microscopic
entomopathogenic fungi present different degrees of specificity at the family or closely related species level, without
affecting natural enemies or natural antagonists. Table 2 shows examples of insect pests that are controlled by microscopic
entomopathogenic fungi, followed by a description of these fungi used for biocontrol.

Metarhizium anisopliae has been reported on more than 300 insect pest species from more than 50 families. A
related species, M. riley (Kepler, Rehner, and Humber 2014; Hypocreales: Clavicipitaceae), infects more than 32 insect
species of the orders Coleoptera, Lepidoptera, and Orthoptera. It is most frequently found infecting Lepidoptera, such as
Spodoptera frugiperda (J.E. Smith; Lepidoptera: Noctuidae) in maize (Monzén, 2001). Currently, several commercial
brands of microbial insecticides based on Metarhizium spp. are available in the USA, Australia, France, Brazil, India,
and other countries. The second most studied entomopathogenic fungus is Beauveria spp., which has been reported

Table 2. Examples of economically important pests controlled by microscopic entomopathogenic fungi.

Entomopathogenic
Crop Insect pests fungi Dose Effect and time Location Reference
Rice Nilaparvata lugens Metarhizium ~ 1x10°% cnd mL"! 50% infection in 4 d China Tang et al., 2019
and Sogatella furcifera anisopliae
(adults)
Maize Spodoptera frugiperda 1x10% cnd mL"! 100% (second stages) Cuba Ramos et al., 2020
(second and fourth larval and 75% mortality
stages) (fourth stages)
Macadamia  Kuschelorhynchus 100% mortality of Australia ~ Khun et al., 2021
macadamiae adults
Maize Spodoptera frugiperda Beauveria 1x10% cnd mL"! 100% and 87% Cuba Ramos et al., 2020
cultivation  (second and fourth larval bassiana mortality (second and
stages) fourth larval stages)
Rice Sitophilus oryzae Isaria 1.81x10% cnd mL!'  70% mortality in 14 d Grecia Kavallieratos et al.,
fumosorosea 2014
Mango Anastrepha ludens 1x10® cnd mL"! 84% mortality in 7 d México Gandarilla-Pacheco

etal., 2018

Cnd: Conidia.
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to attack more than 200 species of insect (Monzon, 2001). This genus is comprised of several species, including B.
bassiana, B. brongniartii, B. amorpha (Hohn.) Minnis, S.A. Rehner & Humber 2011, and B. velata Samson & H.C.
Evans 1982. Another entomopathogenic fungus, 1. fumosorosea, affects more than eight species of insects. These fungi
are characterized by slow action (with a predation time of 168 h) (Gonzélez-Castillo et al., 2012).

Non-commercial species. The endophytic fungus Neotyphodium coenophialum (Morgan-Jones & W. Gams) Glenn,
C.W. Bacon & Hanlin 1996 (Hypocreales: Clavicipitaceae) shows activity against heteropteran Oncopeltus fasciatus
(Dallas, 1852; Hemiptera: Lygaeidae), and this activity may be due to alkaloids (Yates et al., 1989). Another study on
endophytic fungi showed the effect of alkaloids on Popillia japonica (Newman, 1841; Coleoptera: Scarabaeidae) and
lepidopteran Spodoptera spp. (Patterson et al., 1991; Riedell et al., 1991).

Furthermore, the fungus Piriformosporaindica Sav. Verma, Aj. Varma,Rexer, G. Kost & P. Franken 1998 (Sebacinales:
Sebacinaceae) has the ability to colonize the plant root and enhance plant growth (Verma et al., 1998), and has been
shown, in some cases, to promote seed production and growth in Arabidopsis spp. (Camehl et al., 2010). Piriformospora
indica, as a biocontrol agent, can induce the plant defense signal pathway against pathogens (Stein et al., 2008).

On the other hand, the order Entomophthorales is also found in the classification of microscopic entomopathogenic
fungi. These fungi produce cell walls with chitin and, grow mainly as mycelia or hyphae; the hyphae are cenotic (without
transverse walls or septa) and septa are observed in the older parts of the mycelium. The main characteristic of this group is
the zygospore (formed within a zygosporangium after the fusion of specialized hyphae called gametangia within a sexual
cycle). In addition, fungi belonging to the order Entomophthorales are biotrophic, meaning that can obtain nutrients from
living host cells with no or no apparent harm to the hosts, in fact, the host, depends on these species of fungi (Sharma
and Sharma, 2021). Several species of entomophthoral fungi have been reported, including Conidiobolus apiculatus
(Thaxiei) (Remaudiére and Keller 1980; Entomophthorales: Ancylistaceae), wich attaches the cadaver to the plant by
means of numerous rhizoids; Conidiobolus coronatus (Costantin) (Batko, 1964), a saprophytic fungus common in all
soils throughout the world; and Entomophthora planchoniana (Cornu 1873; Entomophthorales: Entomophthoraceae),
which exclusive to aphids and attacks cereal aphids. Erynia neoaphidis (Remaud. & Hennebert 1980; Entomophthorales)
is the most common pathogen of aphids, and it also attacks pinfly. Another fungus is Zoophthora radicans (Brefeld Batko,
1964), a polyphagous fungus that attacks Homoptera, Diptera, and Lepidoptera (Remaudiére and Latgé, 1985).

Macroscopic entomopathogenic fungi

Some fungi with basidiome are edible; they have also been reported to possess several medicinal properties, including
anticancer, antimutagenic, antidiabetic, anti-inflammatory, antimicrobial, antibacterial, antifungal, antiviral, anthelmintic,
and insecticidal activities (Mohammad-Fata et al., 2007; De Silva et al., 2012; Mirunalini et al., 2012; Hassan et al., 2015;
Pineda-Alegria et al., 2017; Pino et al., 2019).

One of the first reports of fungal activity with basidiomata was from Lycoperdon (Pers.) (Agaricales: Agaricaceae).
This genus was reported to anesthetize or paralyze bees by means of fungal spores (Cordier, 1876). After this report,
several studies began to emerge which examined the insecticidal activity of fungi with basidiomata (Figure 1).

In the studies carried out with basidiome and their insecticidal activity (Figure 1), the number of genera and the
species of fungi were observed. In total, more than 150 fungi with insecticidal activity were evaluated between 1876
and 2021. Of these, more than 90 fungi showed insecticidal activity against Drosophila melanogaster (Meigen, 1830;
Diptera: Drosophilidae), Spodoptera littoralis (Boisduval, 1833), Tribolium spp., Diatraea magnifactella (Dyar 1911;
Lepidoptera: Crambidae), and Sitophilus zeamais (Motschulsky, 1855; Coleoptera: Curculionidae); these fungi are
grouped into 44 different fungal genera (Figure 2). However, it is important to consider that Mier et al. (1996) showed
that fungi do not share the same insecticidal activity despite being of the same genus.

Between 1876 and 2021, the most reported fungal genera with basidiomata were Boletus (16%), Tricholoma (6%),
Hygrophoropsis (5%), Cortinarius (5%), Amanita (4%), Pleurotus (4%), Lepista (4%), and Clitocybe (4%) (Figure 2).
For other genera, their participation was lower, but this does not indicate that the reported insecticidal activity was
nonsignificant with respect to control. One of the important characteristics of the research outlined in this review is the
molecules reported to have possible insecticidal activity.
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Figure 1. Examples of studies of fungi with basidiomata evaluated against insects.
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Figure 2. Percentages of prevalence (by genera) in the studies where the activity of fungi with insecticidal activity was
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INSECTICIDAL ACTIVITY OF FUNGAL SECONDARY COMPOUNDS

It is well known that secondary compounds of plants and fungi can act with a dual function, and compounds with
biological activity against insects have been reported. Table 3 summarizes some secondary metabolites produced by
fungi with possible insecticidal effects.

One of the compounds isolated is ibotenic acid, which can be found in Amanita muscaria (Lam. 1783; Agaricales:
Amanitaceae) and A. pantherina (Krombh, 1846; Agaricales: Amanitaceae); this molecule was reported to kill flies
(Wieland, 1968). Other compounds have been isolated from fungi that are possible candidates for insecticidal effects, such
as amatoxins from the genus Amanita. Amatoxins are known to irreversibly inhibit ribonucleic acid (RNA) polymerase
and are therefore toxic to all eukaryotes, except some mycophagous insects (Jaenike et al., 1983).

Additionally, the insecticidal activity of destruxins has been evaluated in many insects since 1985 (Quiot et al., 1985).
Toxin bioassays have administered toxins by topical application, forced ingestion, immersion, or injection to larvae or
adult insects. Destruxins cause an initial tetanic paralysis, which, in lethal doses, leads to insect death (Pedras et al., 2002).
Another neurologically active compound is 2-amino-3-(1,2-dicarboxyethylthio) propanoic acid, which is an N-methyl-
D-aspartic acid (NMDA)-sensitive glutamate receptor antagonist that can be isolated from A. pantherina (Fushiya et al.,
1993). A study was carried out to clone the gene coding for beauvericin in Escherichia coli (Migula, 1895; Enterobacterales:
Enterobacteriaceae). The evaluated strains of B. bassiana were “wild-type”, which was confirmed with the presence of
beauvericin and bassianolide, and the second strain was “bbBeasKO” in which beauvericin was inactivated and only
bassianolide was active. Additionally, the third strain used was “KivrKO” where neither beauvericin nor bassianolide were
present. These three strains were evaluated in vitro against different growth stages of Spodoptera exigua (Hiibner, 1808;
Lepidoptera: Noctuidae), Galleria mellonella (Linnaeus, 1756; Lepidoptera: Pyralidae) and Helicoverpa zea (Boddie, 1850;
Lepidoptera: Noctuidae). Differences were observed in the concentration of 10° conidia mL!, the strain that showed the
highest percentage of mortality was “wild-type”, with 98%, 80% and 60% mortality, respectively. While the second strain,
“bbBeasKO”, only showed a mortality of 10% to 30%. However, in the strain where neither beauvericin nor bassianolide
was expressed, the only mortality that stood out was H. zea, with 25% (Xu et al., 2008).

To corroborate this information, another study was conducted in 2009 (Xu et al., 2009); on this occasion, bassianolide
was inactivated and the percentage of mortality was quantified. In this study, the strains used were “wild-type”, which
had previously been confirmed with beauvericin and bassianolide, and “bbBsls KO #6”, which was a mutant and the
expression of bassianolide was inactivated. When evaluating these two strains against S. exigua, G. mellonella, and H.
zea insects. It was observed that, for “wild-type”, the mortality percentages were 50%, 60%, and 50% for the respective
insects (10° conidia mL""). On the other hand, for the mutant without bassianolide, the highest mortality percentage was
20% for H. zea (Xu et al., 2009). These two studies reported the important role of both beauvericin and bassianolide in
B. babesiana. In the absence of either of these compounds, it was observed that the percentage of mortality decreased in

Table 3. Secondary compounds and proteins with insecticidal activity that have been isolated from fungi.

Possible insecticidal

Fungi Secondary compounds Proteins Reference
Amanita muscaria, A. pantherina Ibotenic acid - Wieland, 1968
Amanita Amatoxins - Jaenike et al., 1983
Metarhizium anisopliae Destruxins - Quiot et al., 1985
Neotyphodium coenophialum Alkaloids - Yates et al., 1989
A. pantherina 2-Amino-3-(1,2-dicarboxyethylthio) - Fushiya et al., 1993
propanoic acid
Amanita spp., Boletus spp., Clitocybe - Haemolysin, lectin, and serpin ~ Wang et al., 2002

spp., Hygrophoropsis spp., Lepista nuda,
Polyporus squamosus, Serpula lacrymans

Beauveria bassiana Beauvericin - Xu et al., 2008
B. bassiana Bassianolide - Xu et al., 2009
Pleurotus salmoneostramineus Ergosterol Alexandre et al., 2017
Pleurotus - Aegerolysin, ostreolysin A6, Anastasija et al., 2020

pleurotolysin A2, and erysin
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bioassays against S. exigua, G. mellonella, and H. zea. By 2017, the presence of ergosterol was confirmed in the fungus
P. salmoneostramineus (Vassiljeva, 1973), and it showed anti-Trypanosoma cruzi (Chagas, 1909; Trypanosomatida:
Trypanosomatidae) activity against trypomastigotes. The mechanism of action of ergosterol on 7. cruzi trypomastigotes
results in plasma membrane permeability, as well as depolarization of the mitochondrial membrane potential, leading
to parasite death (Alexandre et al., 2017). This demonstrates that some fungi produce secondary metabolites that act as
toxins against insects.

ACTIVITY OF FUNGAL PROTEINS AGAINST INSECTS

The presence of some fungal proteins with bioactivity have also been identified (Table 3). In 2002, a study conducted
on the insecticidal activity of fungi (Amanita phalloides) (E.-J. Gilbert 1941; Agaricales: Amanitaceae), Albatrellus
cristatus (Schaeff. Kotl. and Pouzar, 1957; Russulales: Albatrellaceae), Boletus aereus (Bull, 1789; Boletales:
Boletaceae), B. aemilii (Barbier, 1915), B. badius (Fries, 1821), B. subtomentosus (Linnaeus, 1753), Clitocybe nebularis
(Batsch, P. Kumm. 1871; Agaricales: Tricholomataceae), C. prunulus P. (Kumm 1871; Agaricales: Tricholomataceae),
Hygrophoropsis aurantiaca (Marie, 1921; Boletales: Hygrophoropsidaceae), Hygrophorus chrysodon (Batsch Fr. 1838;
Agaricales: Hygrophororaceae), Lepista nuda (Bull. Cooke, 1871; Agaricales: Tricholomataceae), Polyporus squamosus
(Huds. Fr.1821; Polyporales: Polyporaceae), and Serpula lacrymans (Wulfen J. Schrot. 1888; Boletales: Serpulaceae)
reported haemolysin, lectin, and serpin proteins. Additionally, the activity of the fungi was evaluated by means of a
toxicity bioassay, and the range of the fungi evaluated was from 40% to 100% mortality (Wang et al., 2002).

In 2020, the genus Pleurotus was reported to produce proteins with insecticidal activity, such as aegerolysin,
ostreolysin A6, pleurotolysin A2, and erysin. The mode of action of these proteins is to bind strongly to insect cells
and artificial lipid membranes. Mainly, these proteins show strong selectivity towards larvae and adults of rootworm
(WCR; Diabrotica virgifera, LeConte, 1868; Coleoptera: Chrysomelidae) and larvae of Colorado potato beetle (CPB;
Leptinotarsa decemlineata) (Say, 1824; Coleoptera: Chrysomelidae) (Anastasija et al., 2020).

APPLICATIONS OF ENTOMOPATHOGENIC FUNGI

As fungi have been found to perform a variety of ecological functions, different application methods have been designed
or are still under investigation. In addition to their insecticidal activity, these fungi can have complex relationships in the
habitats where they are found, can provide N to plants, and additionally function as protectors against pathogens. These
fungi have also been used commercially for biocontrol. On the one hand, edible mushrooms have been widely used
for many centuries in traditional Chinese medicine due to their different anti-inflammatory, antihypertensive, antiviral,
antimicrobial, cytotoxic, antitumor, anticancer, and antioxidant properties (Smiderle et al., 2008; Sanchez et al., 2015).
Knowing some of the compounds present in fungi can also differentiate their applications; for example, destruxins,
show diverse antimicrobial, antiviral, antiproliferative, cytotoxic, and immunosuppressive biological properties.
Modified destruxins are useful in the treatment of Alzheimer’s disease, as they can inhibit and prevent the generation
of B-amyloid (Af) (Wang and Xu, 2012). On the other hand, the role of fungi pollutants from the environment is well
known. Therefore, they have been proposed for the removal of harmful compounds (generated in the manufacture of some
household products) due to their high toxicity to the environment, animals and humans. These compounds are as follows:
4-n-nonylphenol, triazine, dibutyltin, synthetic estrogen, hydrocarbons, heavy metals, nanoparticle biosynthesis, and the
biotransformation of other compounds (Litwin et al., 2020).

CONCLUSIONS

This review showed that there are macroscopic or microscopic fungi with insecticidal activity. In addition, possible
fungal compounds with insecticidal activity, such as ibotenic acid, anatoxins, destruxins, alkaloids, 2-amino-3-(1,2-
dicarboxyethylthio) propanoic acid, beauvericin, bassianolide, ergosterol, and linoleic acid, are also reported. Possible
proteins with insecticidal activity are also reported, including haemolysins, lectins, serpins, aegerolysin, ostreolysin A6,
pleurotolysin A2, and erysin. It was concluded that fungi and their products, such as the secondary compounds and proteins
they contain, may have a potential biotechnological application for the suitable and sustainable control of insect pests.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(2) APRIL-JUNE 2022 354



ACKNOWLEDGEMENTS

Thanks are due to CONACYT for support with a postdoctoral grant and to the soybean weevil project for funding
(CB2017-2018-A1-S-23359).

REFERENCES

Alexandre, T.R.,Lima,M.L.,Galuppo,M .K.,Mesquita,J.T.,do Nascimento, M.A.dos Santos, A.L.,etal.2017. Ergosterol isolated
from the basidiomycete Pleurotus salmoneostramineus affects Trypanosoma cruzi plasma membrane and mitochondria.
Journal of Venomous Animals and Toxins including Tropical Diseases 23:30. doi:10.1186/s40409-017-0120-0.

Anastasija,P.,Matej,S., §pela, M.,Jaka,R.,and Kristina, S.2020. Aegerolysins from the fungal genus Pleurotus — Bioinsecticidal
proteins with multiple potential applications. Journal of Invertebrate Pathology 186:107474. doi:10.1016/j.jip.2020.107474.

Barron, G.L., and Thorn, R.G. 1987. Destruction of nematodes by species of Pleurotus. Canadian Journal of Botany 65:774-778.
doi:10.1139/b87-103.

Bazdn, W.C.2020. Informe final del servicio de consultoria para el andlisis sobre organismos y microorganismos del aire y suelo
del maiz. Consorcio Eco Development Group SAC. Online. Available at https://bioseguridad.minam.gob.pe/wp-content/
uploads/2017/02/maiz_microsuelo_aire.pdf

Camehl, 1., Sherameti, 1., Venus, Y., Bethke, G., Varma, A., Lee, J., et al. 2010. Ethylene signalling and ethylene-targeted
transcription factors are required to balance beneficial and nonbeneficial traits in the symbiosis between the endophytic fungus
Piriformospora indica and Arabidopsis thaliana. New Phytologist 185:1062-1073. doi:10.1111/j.1469-8137.2009.03149 x.

Cordier, F.S. 1876. Les champignons, histoire, description, culture, usages des especes comestibles, vénéneuses, suspectes
employées dans I’arts, I’industrie, I’économie domestique et la médecine. Rothchild, Paris, France.

Da Costa Lima, A. 1956. Insetos do Brasil. Tomo 10. Coledpteros, cuarta e tltima parte. Serie Diddctica 12. Escola Nacional de
Agronomia, Rio de Janeiro, Brasil. http://www.ufrrj.br/institutos/ib/ento/tomo10.pdf.

De Faria, M.R., and Wraight, S.P. 2007. Mycoinsecticides and Mycoacaricides: A comprehensive list with worldwide coverage
and international classification of formulation types. Biological Control 43:237-256. doi:10.1016/j.biocontrol.2007.08.001.

De Silva, D.D., Rapior, S., Hyde, K.D., and Bahkali, A.H. 2012. Medicinal mushrooms in prevention and control of diabetes
mellitus. Fungal Diversity 56:1-29. doi:10.1007/s13225-012-0187-4.

Diaz-Godinez, G., Téllez-Téllez, M., Rodriguez, A., Obregén-Barbosa, V., Acosta-Urdapilleta, M.L., and Villegas, E. 2016.
Enzymatic, antioxidant, antimicrobial, and insecticidal activities of Pleurotus pulmonarius and Pycnoporus cinnabarinus
grown separately in an airlift reactor. BioResources 11:4186-4200.

FAO. 2020. La FAO presenta 2020 como Afio Internacional de la Sanidad Vegetal. Organizacién de las Naciones Unidas para
la Alimentacion y la Agricultura (FAO), Roma, Italia. http://www fao.org/news/story/es/item/1253562/icode/.

Fushiya, S., Gu, Q.Q., Ishikawa, K., Funayama, S., and Nozoe, S. 1993. (2R), (1’R) and (2R), (1’S)-2-Amino-3-(1,2-
dicarboxyethylthio)propanoic acids from Amanita pantherina. Antagonists of N-methyl-D-aspartic acid (NMDA) receptors.
Chemical & Pharmaceutical Bulletin 41:484-486. doi:10.1248/cpb.41.484.

Gandarilla-Pacheco, F.L., Elias-Santos, M., Flores-Gonzélez, M., Luna-Santillana, E.J., y Quintero-Zapata, I. 2018. Virulencia
de blastosporas de Isaria fumosorosea nativas del noreste de México sobre Anastrepha ludens (Diptera: Tephritidae).
Revista Colombiana de Entomologia 44(2):187-192. doi:10.25100/socolen.v44i2.7316.

Garcia-Gutiérrez, C., Medrano-Roldan, H., Ochoa-Martinez, A., Tamez-Guerra, P., y Morales-Castro, J. 2001. Control de
plagas agricolas con Beauveria bassiana (Vuillemin). p. 116-143. In Medrano-Roldan, H., y Garcia Gutiérrez, C. (eds.)
Estrategias para el control de plagas de hortalizas. Estudios de Identificacion y Control. Consejo de Ciencia y Tecnologia
(CONACYT) del Estado de Durango, México.

Gonzilez-Castillo, M., Aguilar, C.N., y Rodriguez-Herrera, R. 2012. Control de insectos-plaga en la agricultura utilizando
hongos entomopatégenos: Retos y perspectivas. Revista Cientifica de la Universidad Auténoma de Coahuila 4(8):42-55.

Gonzélez-Judrez, G. 2020. Evaluacion nematéfaga in vitro de Tyrophagus putrescentiae contra Haemonchus contortus 'y el
efecto acaricida de dcidos grasos comerciales. Tesis de Licenciatura. México.

Hassan, M., Rouf, R., Tiralongo, E., May, T.W., and Tiralongo, J. 2015. Mushroom lectins: specificity, structure and bioactivity
relevant to human disease. International Journal of Molecular Sciences 16:7802-7838. doi:10.3390/ijms16047802.

Hawksworth, D.L. 1991. Fungal dimension of biodiversity: magnitude, significance and conservation. Mycological Research
95:641-655. doi:10.1016/S0953-7562(09)80810-1.

Herrera, T.,y Ulloa, M. 1990. El reino de los hongos, micologia bédsica y aplicada. UNAM-Fondo de Cultura Econémica, México.

Hyde, K., Xu, J., Rapior, S., Jeewon, R., Lumyong, S., Grace, A., et al. 2019. The amazing potential of fungi: 50 ways we can
exploit fungi industrially. Fungal Diversity 97:1-136. doi:10.1007/s13225-019-00430-9.

Jaenike, J., Grimaldi, D.A., Sluder, A.E., and Greenleaf, A.L. 1983. a-Amanitin tolerance in mycophagous Drosophila. Science
221:165-167. doi:10.1126/science.221.4606.165.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(2) APRIL-JUNE 2022 355



Jiménez, E., y Rodriguez, O. 2014. Insectos: Plagas de cultivos en Nicaragua. Available at https://repositorio.una.edu.ni/2700/1/
NH10J61ip.pdf. Universidad Nacional Agraria, Managua, Nicaragua.

Kavallieratos, N.G., Athanassiou C.G., Aountala, M.M., and Kontodimas D.C. 2014. Evaluation of the entomopathogenic fungi
Beauveria bassiana, Metarhizium anisopliae, and Isaria fumosorosea for control of Sitophilus oryzae. Journal of Food
Protection 77:87-93. doi:10.4315/0362-028 X .JFP-13-196.

Khan, S., Guo, L., Maimaiti, Y., Mijit, M., and Qiu, D. 2012. Entomopathogenic fungi as microbial biocontrol agent. Molecular
Plant Breeding 3:63-67.

Khun, K.K., Ash, GJ., Stevens, M.M., Huwer, R K., and Wilson, A.L. 2021. Transmission of Metarhizium anisopliae and
Beauveria bassiana to adults of Kuschelorhynchus macadamiae (Coleoptera: Curculionidae) from infected adults and
conidiated cadavers. Scientific Reports 11:2188. doi:10.1038/s41598-021-81647-0.

Kusari, S., Hertweck, C., and Spiteller, M. 2012. Chemical ecology of endophytic fungi: origins of secondary metabolites.
Chemistry & Biology 19:792-798. doi:10.1016/j.chembiol.2012.06.004.

Litwin, A.,Nowak, M., and Rézalska, S.2020. Entomopathogenic fungi: unconventional applications. Reviews in Environmental
Science and Biotechnology 19:23-42. doi:10.1007/s11157-020-09525-1.

Mier, N., Canete, S., Klaebe, A., Chavant, L., and Fourniertf, D. 1996. Insecticidal properties of mushroom and toadstool
carpophores. Phytochemistry 41:1293-1299. doi:10.1016/0031-9422(95)00773-3.

Mirunalini, S., Arulmozhi, V., Deepalashmi, K., and Ktishanaveni, M. 2012. Intracellular biosynthesis and antibacterial activity
of silver nanoparticles using edible mushroom. Notulae Scientia Biologicae 4:55-61. doi:10.15835/nsb448051.

Mohammad-Fata, M., Hossein, M., Shirin, G., and Ghorban-Ali, H. 2007. Immunomodulating and anticancer agents in the realm
of macromycetes fungi (macrofungi). International Immunopharmacology 7:701-724. doi:10.1016/j.intimp.2007.01.008.

Monzén, A. 2001. Produccién, uso y control de calidad de hongos entomopatégenos en Nicaragua. Avances en el fomento
de productos fitosanitarios no-sintéticos. Manejo Integrado de Plagas (Costa Rica) 63:95-103. http://www .bio-nica.info/
biblioteca/Monzon2001HongoEntomopatogenos.pdf.

Moyen, J. 1888. Les Champignons, traité élémentaire et pratique de mycologie suivi de la description des especes utiles —
dangereuses — remarquables. Rothchild, Paris, France.

Miieller, G.M., and Schmit, J.P. 2007. Fungal biodiversity: what do we know? What can we predict? Biodiversity and
Conservation 16:1-5. doi:10.1007/s10531-006-9117-7.

Naqgqash, M.N., Gokce, A., Bakhsh, A., and Salim, M. 2016. Insecticide resistance and its molecular basis in urban insect pests.
Parasitology Research 115:1363-1373. doi:10.1007/s00436-015-4898-9.

Obando, R., Gutiérrez, C., Téllez, O., Garcia, L., Gutiérrez, Y., y Zamora, M. 2006. Cultivo del sorgo. Obregén, H., y Alvarado,
1. (eds.) Guia Tecnoldgica 5. 31 p. Instituto Nicaragiiense de Tecnologia Agropecuaria, Managua, Nicaragua.

Patterson, C.G., Potter, D.A., and Fannin, F.F. 1991. Feeding deterrency of alkaloids from endophyte- infected grasses to
Japanese beetle grubs. Entomologia Experimentalis et Applicata 61:285-289. doi:10.1111/j.1570-7458.1991.tb01561 .x.
Pedras, M.S.C., Zaharia, L.I., and Ward, D.E. 2002. The destruxins: synthesis, biosynthesis, biotransformation, and biological

activity. Phytochemistry 59:579-596. doi:10.1016/s0031-9422(02)00016-x.

Pérez-Cogollo, L.C., Rodriguez-Vivas, R 1., Basto-Estrella, G.S., Reyes-Novelo, E., Martinez-Morales, 1., Ojeda-Chi, M.M., et
al. 2018. Toxicidad y efectos adversos de las lactonas macrociclicas sobre los escarabajos estercoleros una revision. Revista
Mexicana de Biodiversidad 89:1293-131. doi:10.22201/ib.20078706¢.2018.4.2508.

Pineda-Alegria, J.A., Sdnchez-Vazquez, J .E., Gonzadlez-Cortazar, M., Zamilpa, A., Lépez-Arellano, M .E., Cuevas-Padilla, E.J.,
et al. 2017. The edible mushroom Pleurotus djamor produces metabolites with lethal activity against the parasitic nematode
Haemonchus contortus. Journal of Medicinal Food 20:1184-1192. doi:10.1089/jmf.2017.0031.

Pino, V., Silva-Aguayo, G., Figueroa-Cares, ., Gerding-Gonzélez, M., Loyola, P., Castafieda-Ramirez, G.S., et al. 2019. Eficacia
in vitro de extractos del hongo comestible Pleurotus ostreatus Kumm para el control de Sitophilus zeamais Motschulsky.
Chilean Journal of Agricultural and Animal Sciences 35:293-303.

Quiot, J.M., Vey, A., and Vago, C. 1985. Effects of mycotoxins on invertebrate cells in vitro. Advances in Cell Culture 4:199-
212.doi:10.1016/B978-0-12-007904-9.50013-7.

Rahman, M.F., Karim, M.R., Alam, M.J., Islam, M.F., Habib, M.R., Uddin M.B., et al. 2011. Insecticidal effect of oyster
mushroom (Pleurotus ostreatus) against Tribolium castaneum (Herbst). Natural Products An Indian Journal 7:187-190.
Ramos, Y., Taibo, A.D., Jiménez, J.A., and Portal, O. 2020. Endophytic establishment of Beauveria bassiana and Metarhizium
anisopliae in maize plants and its effect against Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae) larvae.

Egyptian Journal of Biological Pest Control 30:20. doi:10.1186/s41938-020-00223-2.

Remaudiére, G., y Latgé, J.P. 1985. Importancia de los hongos patégenos de insectos (especialmente Aphididae y Cercopidae)
en Méjico y perspectivas de uso. Boletin de Sanidad Vegetal. Plagas. 11:217-225.

Riedell, W.E., Kieckhefer, R.E., Petroski, R.J., and Powell, R.G. 1991. Naturally occurring and synthetic loline
alkaloid derivatives: Insect feeding behavior modification and toxicity. Journal of Entomological Science
26:122-129. doi:10.18474/0749-8004-26.1.122.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(2) APRIL-JUNE 2022 356



Sanchez, J.E., Jiménez-Perez, G., and Liedo, P. 2015. Can consumptions of antioxidant rich mushrooms extend longevity?:
antioxidant activity of Pleurotus spp. and its effects on Mexican fruit flies (Anastrepha ludens) longevity. AGE 37:107.
doi:10.1007/s11357-015-9847-0.

Sanchez-Ferndndez, R.E., Sdnchez-Ortiz, B., Sandoval-Espinosa, Y K., Ulloa-Benitez, A., Armendariz-Guillén, B., Garcia-
Méndez, M.C., et al. 2013. Hongos enddfitos: fuente potencial de metabolitos secundarios bioactivos con utilidad en
agricultura y medicina. TIP Revista Especializada en Ciencias Quimico-Bioldgicas 16:32-146. https://www.medigraphic.
com/pdfs/revespciequibio/cqb-2013/cqb132f.pdf.

Saunders, J.L., Coto, D., y King, A.B.S. 1998. Plagas invertebradas de cultivos anuales alimenticios en América Central.
CATIE, Turrialba, Costa Rica. http://hdl.handle.net/11554/3346.

Sharma, R., and Sharma, P. 2021. Fungal entomopathogens: a systematic review. Egyptian Journal of Biological Pest Control
31:57. doi:10.1186/s41938-021-00404-7.

Silva, G., Lagunes, A., y Rodriguez, J. 2003. Control de Sitophilus zeamais (Coleoptera: Curculionidae) con polvos vegetales
solos y en mezcla con carbonato de calcio en maiz almacenado. International Journal of Agriculture and Natural Resources
30:153-160.

Smiderle, F.R., Olsen, L.M., Caronero, E.R., Baggio, C.H., Freitas, C.S., and Marcon, R. 2008. Anti-inflammatory and analgesic
properties in a rodent model of a linked 3-glucan isolated from Pleurotus pulmonarius. European Journal of Pharmacology
597:86-91. doi:10.1016/j.ejphar.2008.08.028.

Stein, E., Molitor, A., Kogel, K.H., and Waller, F. 2008. Systemic resistance in Arabidopsis conferred by the mycorrhizal
fungus Piriformospora indica requires jasmonic acid signaling and the cytoplasmic function of NPR1. Plant Cell Physiology
49:1747-1751. doi:10.1093/pcp/pen147.

Tang, J., Liu, X., Ding, Y., Jiang, W, and Xie, J. 2019. Evaluation of Metarhizium anisopliae for rice planthopper control and
its synergy with selected insecticides. Crop Protection 121:132-138. doi:10.1016/j.cropro.2019.04.002.

Terdn-Vargas, A.P., y Lopez-Guillén, G. 2014. El picudo de la soya Rhyssomatus nigerrimus Fahraeus 1837 (Coledptera:
Curculionidae). Folleto Técnico No. MX-0-310304-47-03-14-09-38. Instituto Nacional de Investigaciones Forestales,
Agricolas y Pecuarias (INIFAP), México D.F., Centro de Investigacion Regional del Noreste (CIRNE), Villa Cuauhtemoc,
Tamaulipas, México.

UNEP. 2010. Report of the methyl bromide. Technical Options Committee 2010 Assessment. 397 p. United Nations Environment
Programme (UNEP), Nairobi, Kenya.

Verma, S., Varma, A., Rexer, K.H., Hassel, A., Kost, G., Sarbhoy, A., et al. 1998. Piriformospora indica, gen. et sp. nov., a new
root colonizing fungus. Mycologia 90:896-903. doi:10.2307/3761331.

Wang,M., Triguéros, V., Paquereau, L., Chavant, L., and Fournier, D.2002. Proteins as active compounds involved in insecticidal
activity of mushroom fruitbodies. Journal of Economic Entomology 95:603-607. doi:10.1603/0022-0493-95.3.603.

Wang, Q., and Xu, L. 2012. Beauvericin, a bioactive compound produced by fungi: A short review. Molecules 17:2367-2377.
doi:10.3390/molecules17032367.

Wieland, T. 1968. Poisonous principles of mushrooms of the genus Amanita. Four-carbon amines acting on the central nervous
system and cell-destroying cyclic peptides are produced. Science 159:946-952. doi:10.1126/science.159.3818.946.

Xu, Y., Orozco, R., Wijeratne, EIM K., Espinosa-Artiles, P., Gunatilaka, A.A.L., Stock, S.P., et al. 2009. Biosynthesis of
the cyclooligomer depsipeptide bassianolide, an insecticidal virulence factor of Beauveria bassiana. Fungal Genetics and
Biology 46:353-364. doi:10.1016/j.fgb.2009.03.001.

Xu, Y., Orozco, R., Wijeratne, E.M K., Gunatilaka, A.A.L., Stock, S.P., and Molndr, I. 2008. Biosynthesis of the cyclooligomer
depsipeptide beauvericin, a virulence factor of the entomopathogenic fungus Beauveria bassiana. Chemistry and Biology
15:898-907. doi:10.1016/j.chembiol.2008.07.011.

Yates, S.G., Fenster, J.C., and Bartelt, R.J. 1989. Assay of tall fescue seed extracts, fractions and alkaloids using the large
milkweed bug. Journal of Agricultural and Food Chemistry 37:354-357. doi:10.1021/jf00086a018.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(2) APRIL-JUNE 2022 357



