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Abstract: The multiple roles of fungal entomopathogens in host plants’ growth promotion, pest
and pathogen management have drawn huge attention for investigation. Endophytic species are
known to influence various activities of their associated host plants, and the endophyte-colonized
plants have been demonstrated to gain huge benefits from these symbiotic associations. The potential
application of fungal endophytes as alternative to inorganic fertilizers for crop improvement has
often been proposed. Similarly, various strains of insect pathogenic fungi have been formulated
for use as mycopesticides and have been suggested as long-term replacement for the synthetic
pesticides that are commonly in use. The numerous concerns about the negative effects of synthetic
chemical pesticides have also driven attention towards developing eco-friendly pest management
techniques. However, several factors have been underlined to be militating the successful adoption
of entomopathogenic fungi and fungal endophytes as plant promoting, pests and diseases control
bio-agents. The difficulties in isolation and characterization of novel strains, negative effects of geo-
graphical location, vegetation type and human disturbance on fungal entomopathogens, are among
the numerous setbacks that have been documented. Although, the latest advances in biotechnology
and microbial studies have provided means of overcoming many of these problems. For instance,
studies have suggested measures for mitigating the negative effects of biotic and abiotic stressors
on entomopathogenic fungi in inundative application on the field, or when applied in the form of
fungal endophytes. In spite of these efforts, more studies are needed to be done to achieve the goal
of improving the overall effectiveness and increase in the level of acceptance of entomopathogenic
fungi and their products as an integral part of the integrated pest management programs, as well as
potential adoption as an alternative to inorganic fertilizers and pesticides.

Keywords: biological control; organic fertilizers; plant-fungal interactions; biotechnology; mutualism;
plant nutrients

1. Introduction

Entomopathogenic fungi (EPF) are complex species of insect pathogenic fungi that are
popular for their ability to cause infections in their associated insect hosts. They directly
penetrate the insect cuticle by invading the insect hemocoel through a contact mode of
action [1]. Fungal entomopathogens have been employed as pest biocontrol agents in
many countries for over 200 years [2]. In addition to insect pest control, their ability to
colonize plants and exist as fungal endophytes is unique and adds a new dimension to
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their utilization as biological agents for crop management [3,4]. Fungal endophytes have
been found existing in most of the plant species examined until now. This discovery has
raised questions whether all plants maintain these endophytic associations with fungi [5],
where plants from more than 100 families have so far been confirmed to harbor endophytic
fungi [6]. Fungal endophytes have so far been reported in sorghum [7], wheat [8,9],
corn [10,11], common bean [12-14], tomato [15,16], pumpkin [8], soybean [9], coffee [17],
white jute [18], cotton [8,15,19,20], cacao [21-23], opium [24,25], cassava [26], banana [27,28]
and in several other economically important crops [29]. Most fungal endophytes colonize
the roots and aboveground tissues of their hosts systemically. Similarly, the ability has
been found in many temperate grass species, and the association varies from pathogenic to
mutualistic [6]. The mechanisms of endophytic fungi induced host defense against pests
and pathogenic organisms have been explored many times [15,30-33]. One of the most
commonly mentioned mechanisms is the ability of these fungal endophytes to synthesize
bioactive compounds, which do not only build up plant resistance to pests and diseases,
but could improve the rate of nutrients uptake, tolerance to abiotic and biotic stressors, and
general plant growth improvement as well [34].

Several endophytic fungi-derived essential natural products have been synthesized
for use in the medical field and for other commercial purposes. Products such as alkaloids,
steroids, flavonoids, and terpenoids, etc., have been utilized in the discovery of new drugs
and other medicinal products [35]. Considering these unique attributes of fungal endo-
phytes, potential development as biopesticides for multipurpose utilization in integrated
pest management programs has been mentioned. However, in-spite of the numerous
importance and potentials of these fungal endophytes and their derivatives, the degree of
efficiency, level of utilization as bio-agents for pests and pathogens, degree of successful
adoption and general acceptance by users is still generally poor. The reason for the poor
performance are arguably due to several of the challenges faced during isolation, charac-
terization and subsequent utilization of EPF/fungal endophytes in the laboratory, green
houses, as well as, on the larger scale, in field trials [36]. In the past couple of years, com-
bating these numerous constraints have being the focus of several scientific studies [4,37].
The current article highlights the common limitations to EPF/fungal endophytes” potential
application as sustainable biological agents for plant growth promotion, insect pests, and
disease causal organisms’ management. The possible solutions to the problems, various
recent scientific developments and the future research prospects were also discussed. We
are of the opinion that the general knowledge of these findings would help to improve the
application, level of effectiveness, and overall adoption of EPF and fungal endophytes for
pests and diseases management programs.

2. Specific Approaches for Entomopathogenic Fungi Application as Pest
Biocontrol Agents

EPF exist as natural enemies of insect pests and regulate their populations in the
ecosystem. Several strains of insect pathogenic fungi have been examined for their ability
to cause mortality in the targeted insects and have thus been proposed for potential use as
biological control agents. Since many decades ago, the traditional application of EPF as
biological control agents involves continuous application of fungal conidia in the cropping
system, usually in small to large quantities, with the sole aim of keeping pest populations
at a level below the economic threshold [38]. In the recent years, EPF-centered biological
control approaches still follow the same inundative spraying pattern, as well as, inoculative
biological control strategy [39]. EPF can be applied for insect pest management using three
broad biocontrol approaches, namely classical, augmentation and conservation biological
controls.

Under classical biological control, natural enemies are utilized to control exotic hosts
that have established in a new location/environment where the natural enemies are natu-
rally absent [40]. This approach generally provides a long-term sustainable and econom-
ical control of insect pests. Fungal entomopathogens boast a long history of application
using this approach. As early as in the early 1900s, an entomopathogenic fungus Ento-
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mophaga maimaiga Hamber, Shimauzu and Soper (Entomophtorales: Entomophtoraceae)
was isolated in Japan and released in the United States for the control of the larvae of
the gypsy moth, Lymantria dispar Linnaeus (Lepidoptera: Lymantriidae) [38]. Following
the same approach, another entomopathogenic fungus Zoophthora radicans (Brefeld) Batko
(Zygomycetes: Entomophthorales), originally from Israel, was successfully introduced to
Australia for the control of the spotted alfalfa aphid, Therioaphis trifolii (Monell) f. maculate
(Homoptera: Drepanosiphidae) [38]. Furthermore, following successful introduction, fun-
gal infection on the targeted hosts was reported to spread to other areas due to airborne
movement of the conidia and human manipulation. For E. maimaiga, for instance, the
fungus was reported covering the entire forests of northeastern USA, thereby suppressing
L. dispar populations [41].

Augmentation involves the introduction of natural enemies into new areas where
they are less active or too few in number to successfully minimize crop damage. Using
this approach, fungal entomopathogens are commonly introduced using an inundative
strategy or otherwise, using inoculation methods. In the latter approach, EPF are applied
in small quantities with the expectation that the infection will become established in
the pest populations and therefore maintain their level of activities below the economic
threshold. An inundative strategy, on the other hand, involves continuous spraying of
fungal spores, often in large quantities in the form of a mycopesticide [42]. The species of
hyphomycete fungi that can easily be mass-produced and formulated as mycopesticides
are the common inundative biocontrol agents. As inundative biocontrol agents, many
isolates of hyphomycete fungi, namely; Beauveria bassiana (Balsamo) Vuillemin, Metarhizium
anisopliae (Metschnikoff) Sorokin, Lecanicillium lecanii (Zimmerman) Viegas, etc., have been
used for the control of a wide range of insect pest species in numerous countries, both in
glasshouses and open fields. In many glasshouses in Europe, L. lecanii has been relatively
successful against aphids and related insects [38]. Similarly, M. anisopliae var. acridum has
recorded a promising level of success for the management of grasshoppers and locusts in
Africa, while in North America, B. bassiana has widely been used and observed to be highly
virulent against a wide range of economic insect pests [38].

The other approach that involves the reform of farming practices or habitat manage-
ment to augment the activities of the entomopathogen populations is known as conserva-
tion [43]. To adopt this method, a proper examination of the existing indigenous natural
enemies in the target area needs to be carried out. Thereafter, management practices that
could help conserve or promote the activities of the natural enemies are adopted [44]. For
EPE, management practices such as farmland irrigation to increase soil moisture, provision
of overwintering sites of alternative hosts, and minimizing the rate of chemical insecticides
application, have been confirmed to enhance fungal community richness [38].

In overall, EPF have a worldwide distribution, as different isolates from the genera
Metarhizium, Beauveria, Isaria have often been isolated from different insect species and
soil types. These fungal isolates have been targeted and recorded a substantial level
of virulence against many insect pests of economic importance; grasshoppers, locusts,
termites, spittlebugs and other hemipterans, noctuids, soil-borne insects (scarab species
and curculionids), greenhouse pests (white flies, aphids, and thrips), as well as ticks,
mosquitoes and even cockroaches [2,45]. Some species have a broader host range, while
others are more restricted or host specific. For instance, the host range of M. anisopliae is
more restricted than that of B. bassiana. Nevertheless, M. anisopliae has been reported against
many insect orders including Coleoptera, Dermaptera, Diptera, Heteroptera, Homoptera,
Hymenoptera, Isoptera, Lepidoptera, Orthoptera, Siphonaptera and Symphyla [46]. On the
other hand, Beauveria has been recovered from several insect species, where over 707 species
have been mentioned as insect hosts of B. bassiana, including 521 genera and 149 families
of 15 orders, as well as an additional 13 Acarina host species from seven genera and six
families. Despite the ubiquitous nature of the fungus, most isolates have a restricted
host range. Similarly, B. brongniartii has been found to be highly specific for attacking
European cockchafer, Melolontha melolontha Linneaus (Coleoptera, Scarabaeidae) and M.
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hippocastani Fabricius (Coleoptera, Scarabaeidae). However, the fungus also infect other
insects, as many other fungal isolates from a distinct host insect are known to be highly
virulent against other target pests. Tellingly, development of infection greatly depends
on susceptibility of the target host, total population and the rate of successful transfer of
fungal infection from infected hosts to the healthy ones. Certain insect species exhibit
huge tolerance level to EPF treatment and have been found to be susceptible only to the
fungal strains isolated from insects of the same species [2,38]. Although, some isolates
have been found to exhibit host-insect preferences and are reported to be specific to certain
insect order [47], in general, isolates from soil are suggested to be relatively highly virulent
against specific insect pests [48].

3. Entomopathogenic Fungi Application in Plants

Aside from pest population suppression, the ability of EPF to colonize green plants
and serve other functions as plant growth promoter, stress tolerance and water uptake
enhancer, adds a new dimension to their potential utilization in plant management. Hence,
the research into fungal endophytes is attracting more interest from scientists due to their
roles in biocontrol, plant growth promotion and their potential application in the near future
as a replacement to chemical pesticides and inorganic fertilizers [49]. Fungal endophytes
serve as rich reservoir of biologically active substances, and their secondary products with
novel structures and potential activities are of huge importance in agriculture, industries
and in medicine [50,51]. They produce a broad range of secondary metabolites that are
essential for use as insecticidal, antibacterial, and antifungal agents [52]. The mutual
interactions between fungal endophytes and their colonized hosts have been found to be
essential for protection against insect pests and disease-causing pathogens, as well as for
host plant nutrition. The endophytes living in the host tissues draw benefits in terms of
nutrition and protection, while also being directly involved in the nutrient uptake and
protection of the host against biotic and abiotic stresses. Fungal endophytes generally
influence the health, development, and growth of their hosts. Also, the plant community,
ecosystem functioning and population dynamics are affected by the activities of the existing
fungal endophytes [53].

4. The Constraints to Entomopathogenic Endophytic Fungi Application for Plant
Improvement, Pests and Diseases Management

Microorganisms naturally colonize living plants, depending on their hosts for nu-
trition, shelter and protection from various environmental stressors [3,4]. The level of
microbial colonization success is greatly influenced by the plant species [6]. The relation-
ship between a healthy host and the fungal colonizer ranges from latent pathogenesis to
mutualistic symbiosis. Aside from existing as endophytes, microorganisms could exist in
other forms as epiphytes, or otherwise as latent pathogens. However, our focus is mainly
on the fungal species that exist within the tissues of a living host without mediating any
harmful effect, or manifesting any visible disease symptoms, therefore, generally termed
as fungal endophytes [3,6]. In the past few decades, the pest management roles of these
essential fungi have been well documented. Numerous studies have highlighted the ex-
isting relationships between fungi, their colonized plant hosts, soil and plant pathogens,
as well as the additional benefits involving plant growth and health improvement [54].
Isolation, identification and application of microorganisms, especially the endophytic
fungal species, is faced with a number of technical difficulties. For instance, the plant
species and the manner of resources allocation in the whole plant influences the distri-
bution of fungal endophytes, hence, the success level of novel fungal strains recovery is
highly limited [55]. In addition, the underlying problems relating to the development of
the insect pathogenic species as mycoinsecticides had previously been highlighted [56].
The major challenges encountered are related to the mass production, size and stability
of propagules for storage and formulation [37,57,58]. The artificial inoculation method
used for establishing endophytic EPF in the plant as endophyte has also been reported as
a determining factor [17,29,59]. The ever-dynamic environmental factors, the persistent
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changes in the associated biological, physical and chemical conditions also greatly affect

fungal endophytes abundance [36] (Table 1).

Table 1. Some of the biotic abiotic factors related with isolation, characterization and utilization of EPF/fungal endophytes

for plant improvement, pests and diseases management.

Specific Factors

Results/Observations

References

Fungal features

Epizootic potential

Spores germination

Sporulation

Virulence

EPF require favorable environmental conditions to germinate, sporulate and cause infection in the
targeted insect pests. The ability of EPF to establish disease epizootics is greatly influenced by various
ecological conditions. In addition, successful spore germination can also be limited by certain cuticular

lipids on the insects, including aldehydes, fatty acids, ketones, wax esters, and alcohols which may

possess antimicrobial activity.

[2,38,60-62]

Persistence

EPF overall performance is limited due to lack of persistence and low rate of infection under challenging
environmental conditions. Fungal persistence is hugely influenced by several abiotic and biotic factors,
including soil moisture, temperature, soil microorganisms, soil-inhabiting insects and plants.

[2,60,61,63]

Others

Fungi host range

Several fungal strains have a restricted host range. For instance, B. bassiana, despite the broad spectrum
and prevalence in multiple insect orders, available reports have indicated that some B. bassiana strains
are more restricted or host specific. The strains exhibit host-insect preferences and are specific to certain
insect order. However, the host range of M. anisopliae is generally more restricted than that of B. bassiana.

[2,46-48,60,64]

Isolation and
characterization

Many fungal endophyte strains are unculturable. As a result, measuring and identifying the endophyte
community structure and diversity has been a difficult task. Isolation of novel strains cannot rely on
growth media based- or other traditional techniques only. Successful isolation of new fungal strains

requires the application of molecular and other modern techniques.

[65-72]

Spores localiza-
tion/dispersal/ mobility

The irregular localization or biodiversity of EPF in soils as a result of geographic and climatic conditions
greatly influence fungal endophytes and EPF utilization. Soil moisture, soil type, soil organisms, and the
plant roots influence the dispersal and mobility of fungal spores in the soil.

[60,69,73,74]

Potentials for mass
production

Until date, more than 170 fungal strains have been formulated as mycopesticides and are available for
commercial use. However, mass production for commercial use is cost-intensive. In addition, significant
decline in virulence due to changes in physiological and developmental process of fungi following
repeated mass production of the same species on artificial medium has been reported. Additional
underlying problems related to the development of EPF as mycoinsecticides have also been documented.

[2,20,25,56,60,61,
75-78]

Suitability for storage
and formulation

EPF generally have short shelf life. Fungal conidia cannot be stored over a long duration. However, oil
formulations can help protect fungal spores from the negative impact of harsh environmental conditions.

[61,62]

Fungal toxicological
and safety aspects

One of the major public concerns related to EPF application is the safety of users, other humans, animals,
plants, natural enemies, pollinators and the general ecosystem. In addition, most biochemical
compounds synthesized by fungal endophytes are notorious for causing problems for livestock.

[2,6,60,79-93]

Compatibility with
other pest and disease
control techniques

The efficacy of EPF and fungal endophytes can be improved if applied in an integrative manner in
combination with other biological, cultural or conventional measures. For instance, autodissemination
strategies involving the combination of EPF and attractant traps or contamination devices has been
effective. The compatibility of EPF with many other biological control agents, especially the associated
natural enemies of targeted pests, such as predators and parasitoids would increase the overall level of
performance.

[38,62,75,94-98]

Host features

Target host
susceptibility

Infection development greatly depends on susceptibility of the target host, total population and the rate
of successful transfer of fungal infection from infected hosts to the healthy ones. Certain insect species
exhibit huge tolerance level to EPF treatment and have been found to be susceptible only to the fungal

strains isolated from insects of the same species.

[2,38,99,100]

Target host population

High population densities increase the chances of contact among individuals and improves pathogen
transmission. Overpopulation increases the stress and fungal infection.

[101,102]

Insect pests response
to EPF volatile organic
compounds

Some insect species including mole crickets, termites, and mites are able to detect and avoid soil or
leaves treated with conidia of EPF belonging to the genera Metarhizium and Beauveria. Similarly, ants
such as Formica selysi and Lasius neglectus workers can detect EPF and alter their behavior accordingly.

[103-106]

Crop structure or
constituents;
Epicuticular waxes or
plant volatiles

The host-plant chemistry influences fungal infection, by suppression or enhancing conidial germination
and potential colonization. Plant species such as cyclamen, Chinese cabbage, oilseed rape, etc., are able
to exert negative effects on the activity of fungi with the help of their root and the root exudates.

[2,60,107-110]

Host-plant quality;
effect of plant species

Plant species influence on B. bassiana virulence and persistence against various insects including
silverleaf whitefly, tarnished plant bugs, and chinch bugs has been reported.

[60,111-114]

Economic injury level

For inundative application, EPF are commonly applied following establishment of pests. The pest are to
be present before the pathogen can be dispersed thus making preventive treatment difficult.

[38,61]

Insect pests life stage

Some insects are able to evade fungal infection by molting. As a result, several EPF strains are unable to
induce fungal disease in earlier larval stage.

[115-117]

Density and spatial
distribution of spore in
relation to release or
inoculation strategy

Most EPF strains are often slow acting and require application in very large quantity and thorough spray
coverage.

[38,41,42,61]
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Table 1. Cont.

Specific Factors

Results/Observations References

Environmental factors

Relative humidity

Humidity affects the efficacy and survival of fungal pathogens. High humidity is required for optimum
germination of fungal conidia. High RH promotes host cuticle penetration by conidia. 100% RH is the [2,60,62,118-120]

(RED most suitable for fungal spore germination.
The rate of fungal conidia germination, growth and viability in the laboratory and on the field is affected
" Temperature by temperature. Most strains of insect-pathogenic fungi grow and sporulate at optimum temperature [2,60,120-122]
= approximately 15-30 °C
£ A large number of entomopathogenic fungal species are soil inhabiting, soil moisture and PH, in
2 Soil moisture and PH addition to soil temperature, in the presence of other soil-inhabiting microbes and organisms greatly [123,124]
§ influence the persistence, survival and level of effectiveness of EPF in the soil.
< Rain . . . . o .
Water applied to the soil through irrigation or during rainfall enhances migration/percolation of fungal
Irrigation spores into the soil. Water as dew or raindrops is responsible for dispersal of fungal conidia, while [2,60,62,125]
rainwater greatly influences the stability and efficacy of fungal spores on plants in the field.
Dew drops
Solar ultraviolet Solar radiation determines the efficacy of fungal spores on the field. UV-A and UV-B affect the survival [60,123,124,126,
radiation (UV) and reduce level of effectiveness on treated crops. 127]
a
£
9 . . . . P ape .
8 . 1 . When EPF are treated in garden soils in greenhouses or on open fields, soil-inhabiting microbes and )
g Microbial interaction other soil-dwelling organisms greatly influence the persistence, survival and level of effectiveness of EPF. [124,126,127]
2
-3

4.1. The Challenges in Isolation and Identification of Fungal Endophytes

Many species of fungi have been found occurring in the soil environment and have
been suggested to have numerous ecological functions. For a long time until now, different
isolation techniques have been utilized for successful recovery of several fungal strains
from various soils and other biological samples [128]. Several, but not all of these fungal
strains can be grown in vitro using various artificial media, where specific media have been
developed to select for certain groups of microorganisms. For instance, Goettel and In-
glis [71] selected a suitable specific media for isolating Beauveria spp. and Metarhizium spp.
Hu and St Leger [72] also listed another selective medium for Metarhizium spp., otherwise
known as Veens semi-selective medium, which was introduced by Veen and Ferron [129].
Veens medium contains the antibiotics chloramphenicol, the fungicides dodine and cyclo-
hexamide [71]. Although, the medium can be successfully modified for isolation of other
fungal species other than M. anisopliae [72], or for the recovery of soil applied conidia of
M. anisopliae in the quest to examine the fungus persistence and vertical movement in the
soil [130]. Another common method is the Beauveria sp. specific isolation media that was
originally described by Strasser et al. [131]. The method has successfully been used in
several other studies [132-135]. The culture-based techniques commonly used to check for
fungal community diversity and composition are hugely limited to identifications based
on morphological characteristics only. As a result, many fungal strains have been found to
be unculturable, hence, measuring and identifying the endophyte community structure,
composition and diversity has been a difficult task [36].

Aside from the aforementioned, several other growth media for the selective isolation
of different EPF have been developed and are currently available [131]. However, the
effectiveness of these media dependent methods is limited mainly by bacteria, which
can inhibit the growth and recovery rate of targeted fungal entomopathogens. Although,
this problem could be controlled with the help of broad-spectrum antibiotics such as
tetracycline, streptomycin, or chloramphenicol [2,71]. The potential competition between
the beneficial hypocrealean entomopathogenic fungi and the ubiquitous opportunistic
saprophytes, however, remains a huge problem, as the targeted beneficial insect pathogenic
fungal species grow relatively slower in comparison to the unwanted saprotrophic species.
It has been suggested that, augmenting the media with reagents that could help prevent
the opportunistic fungi from overgrowing the targeted species of interest could help solve
the problem [66].

In addition to the semi and selective media, several other artificial isolation methods
have been described, including those that are commonly used for fungi isolation from soils.
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The most common examples are the insect bait methods involving the use of larvae of the
greater wax moth, Galleria mellonella Linnaeus (Lepidoptera: Pyralidae), instar larvae of
European grapevine moth, Lobesia botrana Denis and Schiffermiiller (Lepidoptera: Tortrici-
dae), and mealworm larvae, Tenebrio molitor Linnaeus (Coleoptera: Tenebrionidae) [65-70].
Using the traditional insect bait methods, several researchers have evaluated different
bait insects from different taxa. For instance, in the quest to isolate some distinct isolates,
dipteran larvae such as larvae of Delia floralis Fallen (Anthomyiidae) could likely perform
as a more suitable insect bait than the commonly used G. mellonella [136]. In this regard,
the insect bait method is considered as a selective isolation method as only the insect
pathogenic strains will generally be isolated using this techniques. However, the Galleria
bait method would generally be more suitable, favorably considered and more sensitive
than the media plating method [133], which is believed to have retained its popularity as
the most commonly used method of fungi recovery.

The culture-based methods alone are not sufficient to explore the diversity and tax-
onomic composition of the fungal endophyte communities [6]. In recent times, modern
molecular tools, such as the approaches based on restriction fragment length polymorphism
(RFLP)—which allows individuals to be identified based on the unique patterns of restric-
tion enzyme cutting in specific regions of DNA, together with other culture-independent
techniques are now commonly used in place of the traditional selective media methods.

In addition to the morphological characterization, molecular analysis can now be
used for fungal identification and classification. Some of the common modern methods
include polymerase chain reaction (PCR)-based analysis that is employed for amplification
of DNA regions. Analysis of the ITS and large subunit (LSU) data are generally useful
for minimizing the fungi identification related errors. Following amplification of DNA
regions, purification procedures are initiated, including community fingerprinting or
cloning techniques, which are relevant for analyzing endophyte communities [137-139].

Even though, very recently, researchers in advanced countries have found alterna-
tive ways to isolate and identify novel fungal strains, especially by employing various
cultivation-independent techniques. However, across the various third world or devel-
oping countries of the world, there is every possibility that a larger percentage of fungal
isolation and identification works still depend hugely on the traditional selective media
procedures. It is also worthy of note that the analysis of plant DNA through next-generation
sequencing is also faced with certain limitations. Some of the few challenges that have been
identified include the inability to manage and conduct automation classification of large
sequence datasets, as well as high diffusion of plant DNA against microbial DNA; hence,
the separation of fungal metagenome for metagenomic analysis becomes a more difficult
task to accomplish. The limited access to functional gene annotations in the gene library for
genomes under study has also been mentioned among many other challenges [128,140].

4.2. Fungal Entomopathogens Irregqular Distribution in the Soil

The climatic conditions, types of vegetation and soil, geographical location, activities
of human and other biotic organisms are some of the factors that are well known to greatly
influence the soil microbial communities [73,74]. The irregular localization or biodiversity
of EPF in soils as a result of geographic and climatic conditions has been well highlighted
in numerous studies. For instance, in a study conducted across Qinghai-Tibet Plateau and
Gansu Corridor of China in 2016, it was reported that the likelihood of isolating novel
strains of fungal entomopathogens is higher in the areas characterized as remote and less
disturbed by human activities as against the regions with higher human disturbance [73].
Similarly, Cabrera-Mora et al. [69] isolated several species of EPF from various soils across
different cropping systems in Mexico. They reported significant effects of crop types on
fungal species diversity, while they also found substantial genetic diversity that could not
be sufficiently explained using the geographical origin and the crop types. The authors
concluded that different species of EPF could co-exist in the same soil ecosystem but in
separate niches [69]. The influence of vegetation type on fungi localization has also been



Plants 2021, 10, 2119

8 0f 23

established in the study of Dong et al. [73], where several fungal strains were recovered
from samples collected from areas with good vegetation cover, as against none that was
isolated from soil samples collected from the desert.

Soil serves as a reservoir and shelter for vast species of EPF, therefore, the soil is often
targeted as potential source for isolation of novel and functional EPF strains [141,142].
Approximately 700 species belonging to over 90 genera have so far been suggested to have
been isolated and identified [143]. Aside the rich diversity in soils, EPF are also widely
distributed in several other agricultural and forest systems, such as green leaves, decaying
trees, insect cadavers, etc. [144,145]. The insect pathogenic species, notably Beauveria and
Metarhizium spp., which are of huge importance in agro-ecosystem and pest management
programs, are the most popular and commonly isolated species. In this regard, several
authors have collected data on the biology and ecology of several EPF species, including
Samson et al. [146], Evans [147], and Eilenberg [148]. However, in spite of the diverse
abundance, available data on their diversity and ecology is still limited, and the efforts to
better explore the biology and ecology of fungi are greatly influenced by the aforementioned
climatic and other edaphic factors. It has been suggested that a potential 1.5 million fungal
species are present in the soil, while in contrast, around one tenth of these populations
have been studied till date [149,150].

4.3. Level of Fungal Entomopathogens Virulence and Persistence on the Field

In addition to the negative effects of environmental conditions on distribution and
abundance of entomopathogenic fungi, the level of virulence and persistence of these
beneficial entomopathogens on the field are also greatly influenced by various negative
environmental factors [73,151,152]. A large number of entomopathogenic fungal species
are soil inhabiting, and several strains have been successfully isolated from various soils,
however, soil moisture, temperature, pH, solar radiation, other soil-inhabiting microbes
and organisms greatly influence the persistence, survival and level of effectiveness of EPF
when used on the open field [123,124]. Temperature affects the rate of germination, growth
and viability of fungal conidia in the laboratory, as well as on the field [121]. In addition,
the storability of fungi is also affected by temperature. An example is the reduction in
the viability of M. anisopliae dry conidia that was recorded in reaction to temperature
change and exposure to light [153]. Humidity is another environmental factor that could
as well influence both the efficacy and survival of fungal entomopathogens. High relative
humidity (RH) is required for optimum germination of fungal conidia, as 100% RH has
been found to be the most suitable for fungal spore germination [2,118].

In addition to the aforementioned environmental factors, solar ultraviolet radiation
(UV) also plays an important role in determining the efficacy of fungal spores on the
field, where UV-A and UV-B affect the survival and reduction of effectiveness on treated
crops [124,126,127]. The vegetation type also plays a huge influence on the persistence of
fungal entomopathogens on the field, as it affects the life cycle of the fungal spores. The
spores, when in contact with soil-inhabiting insects and other suitable hosts under favor-
able conditions could initiate and complete their pathogenic process. At the completion of
the infection process, newly formed spores are discharged from the cadavers and reenter
the soil, where; depending on the soil conditions can be stored until the next infection
process is initiated [154]. Tellingly, in response to negative environmental conditions or
non-availability of favorable host, fungal entomopathogens are known to produce resting
spores, which enhances a longer duration persistence in the soil [155]. However, this ability
is only common with the entomophthoralean species, as this mechanism has not been
fully defined in other species. For instance, in the aphid pathogen, Pandora neoaphidis
(Remaudiere & Hennebert) Humber, which is considered as the most important natural
regulation agent of aphid colonies, the mechanism of hibernation in the fungus remains
undiscovered. Nevertheless, the ability to form thick wall conidia in soil, or the formation
of spherical hyphal bodies inside the insect cadavers, or through cycling in small popula-
tions of overwintering hosts, have all been suggested as possible modes of action [156-158].
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Similarly, the formation of overwintering structures through the compression of hyphae
(sclerotia), or otherwise, thick-walled resting spores (chlamydospores) are very common
with Hyphomycete fungi. Notably in Beauveria spp., the infection rate in soil environ-
ment can be enhanced through radiation of modified hyphal strands outside the insect
cadavers [63].

The ability of EPF to successfully colonize the inner tissues of their host plants and
exist as fungal endophytes portends additional roles in nature and great importance in
crop production [4]. In this regards, it has been suggested that EPF could be utilized in
the form of fungal endophytes, as against the traditional method of application involving
continuous spraying of fungal conidia on the plants. As this could help minimize the
negative influence of unfavorable weather conditions on the fungal spores [29]. Fungal
endophytes are known for their ability to exist in different environments and some have
the capability to survive in extreme weather conditions [159]. Endophyte populations vary
from species to species, as well as, from one plant to another. Within the same species,
endophytic population might varies from region to region, while differences could also be
recorded within the same region due to changes in climatic conditions. This implies that,
the range of associated plants and fungi are altered as a result of climatic changes [160].
Plants may lose or gain endophytes due to temperature, rainfall, elevation, or latitude, as
these are some of the known factors affecting the endophytic communities in plants [161].

A majority of the previously conducted studies on EPF/endophytes applications were
laboratory or greenhouse studies, while only a few were field trials. In this vein, many
of these studies have come short of addressing the problems relating to EPF/endophytes
reduced efficacy on the field. Nevertheless, reports from some few available studies
have indicated the success level of endophytic colonization in the treated plants was
greatly reduced in natural field soils in comparison to sterile soils [13]. Another typical
example is the mycopesticide Vertalec, which was formulated from L. lecanii, for the
control of aphids. The product was reported to be very effective when applied in the
glasshouse, where relative humidity could be modified to enhance optimum performance.
However, utilization on open-field was limited as a result of its humidity requirements,
hence, the market demand for Vertalec was relatively poor [119]. Several other field
trials have demonstrated the need to prove the effectiveness, prospects and limitations
of EPF in outdoor or uncontrolled conditions before they can be recommended for use
commercially [20,25,75-78]. In order to develop a hugely successful biocontrol strategy,
the need to further explore the ecological diversity and adaptability of fungi is imperative.
As this would increase the understanding of the impact of environmental factors on the
performance and persistence of the fungal spores.

4.4. Residual Effects on Predators, Parasitoids, and Other Non-Target Organisms

The major concerns regarding entomopathogenic fungi utilization in biological con-
trol strategies have been the potential side effects on natural enemies of insect pests,
such as predators, parasitoids and other non-target organisms. In this light, various
studies have been conducted in the laboratory, greenhouse, and on the field, to eval-
uate various strains of EPF for possible side effects against different non-target organ-
isms, including pollinators, earthworms, spiders, honey bees, ants, other social insects,
etc. [2,60,98,162-165]. Several of these reports have provided evidence of negative effects of
EPF on honeybees [162,164,166,167], bumblebees [168], silkworm [169], and other natural
enemies of insect pests [106,170,171].

For mycoinsecticide application on the field, non-target organisms are also a likely
ultimate destination. Non-target organisms including plants, animals and microbes, rep-
resent a wide range category, which are non-targets, but are at high risk of exposure to
mycoinsecticides. Among this category, the non-target insects are likely to be the most
important destination, as many of the insect species are the primary hosts of the fungal
spores from which the active ingredients of the mycoinsecticide were derived [172].
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The soil is another main destination of mycoinsecticide drifting, thereby putting the
soil-inhibiting organisms and beneficial soil microbes at huge risk. Fungal phages and
mycotoxins could enter the soil via drifting pathways during application and dropping
pathways from cadavers of targeted insect pests. Fungal spores can persist and survive in
the soil for a long period [173-176]. The EPF species with a wide range of primary hosts
such as B. bassiana and M. anisopliae, are the strains commonly implicated with spreading
side effects on beneficial and non-target organisms [60]. Even though, there are suggestions
that the negative effects are minimal and could therefore be ignored. For instance, Jaronski
et al. [177] conducted various environmental assessment studies and concluded that the
negative effects of B. bassiana on insect predators and parasitic wasps are relatively low and
an acceptable risk. In addition, Nielsen et al. [171] also reported that the parasitic wasps
(Spalangia cameroni) were moderately susceptible to M. anisopliae, while the total fecundity
was similar to that of the untreated wasps.

Similarly, Vestergaard et al. [64] also argued that the potential side effects of B. bassiana
on beneficial insects, earthworms, honeybees, and plants could not be established based on
the findings of the field studies conducted. However, there are still questions and safety
risks related to the use of other fungal strains and mycoinsecticides, and these concerns have
generated attention from many researchers and consumers. For Isaria based mycopesticides
for instance, the main issues raised have been the environmental biosafety of their derived
secondary metabolites and mycotoxins [172]. The comprehensive reports on the side effects
of B. bassiana, M. anisopliae, and B. brongniartii on important insects and other non-target
organisms, including earthworms, silkworms, bees and other pollinators, predators and
parasitoids, have been presented by Danfa and Van der Valk [170], Zimmermann [2],
Vestergaard et al. [64], Zimmermann [60], Goettel et al. [46], and many others [80,178].

4.5. Fungal Endophytes as Causative Agents of Livestock and Human Toxicosis

Endophytic fungi are responsible for the toxicity of several known poisonous plant
species. The species generally referred to as grass—fungal endophytes are natural hosts
and producers of multiple range of mycotoxins, alkaloids, and other physiologically active
chemical compounds [91]. Majority of these biochemical compounds are notorious for
causing problems for livestock, as they act as causal agents of livestock toxicoses and
dangerous contaminants of rye crops for many centuries [6,91]. These secondary chemicals
are responsible for more than 600 million dollars in losses due to dead livestock every
year [92].

Some endophytic fungal species that play significant roles in host plant resistance
against pest attacks and abiotic stresses have also been implicated in toxicity to grazing
livestock. When not fatal, these biochemical compounds are responsible for reduced
productivity in cattle and other livestock that are feeding on infected grasses [179]. Reduced
nutritional value of infected plants can also minimize farm animal overall performances,
which is due to reduction in feed intake by the animals [180,181]. The consequences of
feeding animals with fungal infected plant matter is evident in the low pregnancy frequency
and birthrate reduction that was recorded in horses and cattle [182]. The possibility of
the various fungal endophytes derived toxic metabolites/toxins entering the plants has
been highlighted. A typical example is beauvericin—derived from Fusarium spp, which
is widespread in maize and other cereals. Although, findings of Moretti et al. [183] have
established that, no visible disease symptoms due to beauvericin was observed in roots of
barley, melon, tomato, and wheat plants, nevertheless, high toxicity was recorded in the
protoplasts of all of the examined plants.

Questions have often times been raised about the environmental safety of biological
agents to users and animals alike. In fact, according to Zimmermann [2], the history of
toxicology and pathological examinations dates back to 1967, when Schaerffenberg [79]
conducted the first histological examinations on mammalian safety of M. anisopliae. The
observations were carried out in adult white rats, involving injection, inhalation and
feeding trials. The author reported that the rodents did not reveal any sign of toxicity or
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pathogenic reactions [79]. However, in contrast, in another toxicity assessment conducted
by a biopesticides producing company known as Mycotech, two strains of M. anisopliae
(M. anisopliae var. anisopliae and M. anisopliae var. acridum) were found to be extremely
toxic to mice following their pulmonary (intranasal) observation [80]. Another fungus, I.
fumosorosea was graded as a weak sensitizer, following records of low toxicities of acute oral,
dermal, and inhalation to rats [81]. The authors reported that no eye irritation or dermal
sensitization was observed on the treated rabbit skin [81,172]. However, the findings of
Latch [93] somehow supported the claims of Schaerffenberg [79], where no abnormalities
was recorded in the tissues of white mice and guinea pigs fed with M. anisopliae conidia for
about 28 days. No weight loss or abnormal behavior was recorded following histological
observations [93]. Another study also reported similar observations, where no evidence
of ocular irritation or spore germination in animal tissues was found following spores
injection or exposure of rats, mice and guinea pigs to M. anisopliae conidia [82]. Similarly, in
another study, M. anisopliae has been confirmed to be safe for mammal following ingestion,
inhalation, cutaneous and subcutaneous application in white mice and guinea pigs. It was
observed from the anatomical and histopathological observations that the fungus is not
pathogenic and non-toxic to the examined animals. Viable spores were discharged with
the animal excrement, while subcutaneous observations showed that the conidia are only
viable for one month in the body tissues [184]. Several other studies have reported similar
findings in various animals following histopathological examinations [83-86]. However,
another fungus, B. bassiana, has been implicated as the causal agent of mycotic keratitis in
humans [87-90].

To this end, it has been revealed that certain toxic and beneficial alkaloids have been
characterized with separate biochemical pathways, thereby, the development of strains
with low animal toxicity while still maintaining high pest-tolerance properties is made
possible.

4.6. Evidence of Endophytic Fungi Altering Host Defense System and Indirectly Promoting Pest
Attack in Plant Hosts

The negative effects of endophytic fungi on the chemical composition of their host
plants have been known by humans for centuries in terms of tissue poisoning and dis-
eases [185,186]. The ability of endophytic EPF to offer protection to their hosts against
herbivores has been exclusively discussed. However, it has been proven that, several
endophytic symbioses do not confer protection against insect pests, as only few species
associations serve as defense mutualisms [187]. Researchers have only managed to draw a
thin line between mutualistic and pathogenic endophytes, as these lifestyles are hugely
dependent on the interactions with several other species and the environmental conditions.
It is therefore relevant to note that, the relationship that exist between endophytes and their
hosts can be compared to a balanced antagonism, where, depending on the environmental
conditions, the hosts could derive both negative and positive effects [188,189]. In this light,
the environmental factors have a huge role to play in distinguishing between mutualistic
and pathogenic endophytes [190,191]. The implication of the aforementioned conditions
is that some fungal species that are known to be pathogenic to their hosts in the absence
of primary pests of the host could become beneficial following intense pest attack, and
vice versa. The common examples are fungal species that make their host cells sterile in
place of their own nutrition and development [3,190]. The ability of some other species to
provide protection for their hosts against their natural enemies at the expense of the host
reproductive potential has also been mentioned. These species, majorly endomycorrhizae,
render colonized hosts partially sterile while making preference for the fungal reproductive
structures [3,192]. In addition, several species have been demonstrated to greatly influence
nutrients and water uptake in their colonized host, however, plays little or no role in host
defense against severe attack. These species are known to be unable to induce defensive
chemicals in response to pest attack [193,194]. Whereas, some species can indirectly pro-
mote pest damage by making their hosts more susceptible to the herbivore [195]. According
to Gange et al. [196], the overall effects on the host could be altered in a condition whereby
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multiple fungal strains are existing simultaneously in a single host. Although, the negative
effects of several species of insects’ pathogenic fungi on their host plants are not very
common, and in most cases, minimal. For instance, Zimmermann [2] argued that, there
are no available reports of phytotoxic or phytopathogenic effects of M. anisopliae on the
leaves or roots of the various hosts examined. Similarly, no negative reaction was recorded
following treatment of strawberry and many other ornamental plants with different strains
of M. anisopliae [2,197].

4.7. Epicuticular Waxes and Plant Volatiles Influencing Endophytic Entomopathogenic Fungi
Activities in the Host Plants

The influence of soil type, rainwater, soil-inhabiting organisms and plant species, RH,
temperature and other environmental conditions on the mobility, virulence, and persistence
of fungal spores have been discussed in the previous sections. The aforementioned biotic
and abiotic factors are widely regarded to be of huge importance due to the massive
roles they play in EPF/fungal endophytes survival, fungal community diversity and
composition [198,199]. However, the influence of the biochemical compounds contained
in the host plants, such as the epicuticular waxes, root exudates and other plant volatiles
cannot be overemphasized. For instance, it has been found that, some plant species with
the help of their root and the root exudates exert negative effects on the activity of the
fungus, M. anisopliae [2]. Similarly, the efficacy of M. anisopliae was reported to be reduced
in cyclamen, where the fungus was evaluated in a greenhouse trial for the management of
the black vine weevil, Otiorhynchus sulcatus Fabricius (Coleoptera: Curculionidae) [107].
In contrast, the positive influence of the epicuticular waxes and plant volatiles on the
biocontrol activity of the same fungus, M. anisopliae, has also been reported. Certain
plant species, most importantly the crucifers, such as Chinese cabbage (Brassica rapa var.
pekinensis) and oilseed rape (Brassica napus), contain a blend of stimulatory and inhibitory
compounds that are responsible for the modification of bioactivity of the fungus. The plant
extracts were found to alter the rate of conidia germination and formulation on leaf extracts,
which in turn increase the virulence of M. anisopliae [108]. On the other hand, another
plant extract known as glucosinolates, contained in B. napus and other Brassicaceae, has
been implicated in reduction of fungal spore germination rate, decrease in overall growth,
and reduction in the ability of the fungus to infect insects. Following plant tissue damage
or disorder, glucosinolates are hydrolysed to volatile isothiocyanates, which significantly
inhibit M. anisopliae in vitro [109]. Another study has also revealed the inhibitory potentials
of 2-phenylethyl isothiocyanate against M. anisopliae [110]. However, the plant extracts
mediated-entomofungal pathogens inhibition has been established to be greatly influenced
by the fungal species, plant type and the soil microcosm [110,200].

In addjition, there are available reports on plant species influence on B. bassiana vir-
ulence and persistence against various insects [111-114]. Application of the fungus as
biocontrol agent against chinch bugs, Blissus leucopterus Say (Heteroptera: Lygaeidae),
reared on different plant species: barley, corn and sorghum, revealed significant differ-
ences in level of susceptibility across different plants. The bugs on barley showed less
resistance to the fungus in comparison with those feeding on other plants [111]. Similarly,
the silverleaf whitefly, Bemisia argentifolii Bellows and Perring (Homoptera: Aleyrodidae),
reared on melon were significantly less resistance to B. bassiana when compared to the flies
on cotton [113]. Similar dissimilarities in insects level of susceptibility to B. bassiana due
to influence of plant species have also been found in the adults of tarnished plant bug,
Lygus lineolaris Palisot de Beauvois (Hemiptera: Miridae) feeding on celery and lettuce
plants [114], and in nymphs of glasshouse whitefly, Trialeurodes vaporariorum Westwood
(Hemiptera: Aleyrodidae), reared on cucumber and tomato plants [112]. In the latter study,
the nymphs feeding on tomato plants were found to be more resistant to B. bassiana. Here,
it is believed that the inhibition of the fungus was due to the ability of T. vaporariorum
nymphs to isolate the steroid alkaloid, tomatine, from the tomato plants. The detrimental
effects of the glycoalkaloid on B. bassiana has been reported [112].
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Scientific findings have also revealed that plant colonization efficiency is hugely
dependent on the abundance, diversity, distribution and physiological status of the endo-
phytes [201]. Furthermore, the variety or species of plant to be colonized has also been
proposed as a very important factor to be critically considered when examining endophytic
EPF for potential establishment as fungal endophytes in plant [9,202]. The plant hosts
using the makeup of the root exudates determine the relevant microorganism interactions
and symbiosis [203]. Therefore, the ability of the endophytic microbes to utilize the plant
derived biochemical compounds as their energy sources greatly influence the interaction
between the plants and the endophytic microorganisms [204].

5. Recent Research Advances and Future Research Needs

EPF are commonly used for pest management in cases where complete removal of
the targeted pests is not required. The sole aim is to keep insect populations below the
economic threshold. In this case, some minimal damage of crops is acceptable [38]. Different
formulations and application mode of fungal entomopathogens have been employed for
use in greenhouses and on open fields to combat pests attack, and have recorded varying
degree of success against all kinds of insect pests with different feeding guilds, including
aphids, locusts, thrips, grubs, moths, mites, whiteflies, etc. [76,205].

However, with the recent advances in microbial biotechnology, procedures are in
place to enhance overall performance of EPF when used in the glasshouses or on the
field [206,207]. Augmentation trials involving treatment of crop plants with fungal conidia
in aqueous suspensions in combination with synthetic materials has been shown to be
highly effective [38]. Several strains of EPF have been studied for potential application
in combination with other chemical pesticides [54,208]. There are suggestions that the
adoption of the combination would help improve resistance management strategies, as well
as a reduction in ecosystem pollutions due to excessive use of inorganic insecticides [209].
In addition, there have been various field trials conducted to mollify the negative effects
of ultra-violet radiation on fungal entomopathogens. For instance, skimmed milk was
examined as a potential buffer against solar radiation when applying B. brongniartii in
liquid culture on the field for the control of the European cockchafer, M. melolontha in
barley. The fungus formed blastospores, which effectively caused a significant reduction
in the populations of larvae and adult beetles over a long duration spanning to around
nine years [38,210,211]. Many other studies have been conducted in the past to develop
formulations with an improved UV stability [123,124,126].

Several of the emerging scientific studies are focus on exploring the ecology of fungal
endophytes, their plant hosts, herbivores, and their multi-trophic interactions [212]. The
molecular mechanisms related to EPF as biocontrol agents, and fungal endophytes induced
host plant resistance are now the common goal of researches [213]. It is a general notion that
a deeper understanding of the molecular mechanisms involved in plant hosts-endophyte
relationships would enhance optimum utilization of EPF/fungal endophytes. Establish-
ment of effective management strategies, through the evaluation of various inoculation
methods for extended colonization of several fungal strains had also been suggested [29].

Meanwhile, gene modification procedures and development of RNA interference
(RNAi) technology have made it possible to reconstruct fungal strains with the sole aim
of improving the virulence and increase the overall performance [1]. The procedures
involving the use of RNAi are now generally considered as novel techniques with the
ability to control multiple ranges of agricultural pests [214-216]. However, despite the
effectiveness of the techniques in the laboratory and in the glasshouses, the potential
utilization on the field is hugely limited due to the challenges encountered in introducing
exogenous dsRNA /siRNA into the target pests. In lieu of this major setback, most of the
trials involving dsRNA /siRNA delivery methods have been limited to the laboratory, while
only a few transgenic host plants have been successfully evaluated in field trials [216-218].
Similarly, detection and comparison of mRNA and protein expression levels of various
genes related to plant host immunity and symbiotic association with endophytic fungi
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has helped to understand the many roles played by the associated genes. These roles
include, but not limited to, signal transduction, cell death regulation, compound synthesis,
nutrient acquisition or transport, nitrogen or iron metabolism, as well as, in many other
plant—fungus interactions [219].

In the quest to identify many more culturable and non-culturable fungal endophytes
present in the environment, genomic, proteomics, metagenomics and the rest of other
omics techniques are now commonly used in the more advanced countries [36]. The
advent of omics technology has also made the identification and classification of several
uncharacterized taxa possible. In addition, isolated endophytes can easily be determined
whether they are pathogenic, non-pathogenic, or beneficial endophytes [36,220]. The
progress in microbial studies using molecular mechanisms has made it possible to draw
a thick line of differentiation between beneficial and pathogenic fungi towards effective
disease management and high-quality plant production. Scientific studies can now be
effectively carried out to understand the molecular mechanisms involved in host plant
responses to beneficial and pathogenic fungal interactions [219].

Although, there are several available reports on endophytic EPF, unfortunately, the
data presented are still relatively limited and have shown inconsistencies under various
conditions [221]. In addition, a larger percentage of these studies are biasedly and unfa-
vorably focused on only few major important species, such as Beauveria, Metarhizium and
Lecanicillium sp. It is imperative to isolate and identify several other novel fungal isolates
with higher efficacy and potentials for controlling pests, pathogens, and even weeds. More
research works should be focused on this direction. Al-Ani et al. [222] suggested the need
to develop new fungal-derived secondary metabolites, while improving the efficacy of
mycotoxins.

6. Conclusions

Fungal endophytes are now generally highly rated for their relevance in plant growth
promotion, plant physiology balancing, plant nutrients restoration and phytoremediation.
Due to their huge importance, endophytic fungi as well as other microorganisms, plants,
animals and their by-products are now commonly targeted for the production of novel
medicinal products and for other industrial applications. Although, at present, chemical
pesticides and other synthetic compounds are still the commonly used measures for pests
and plant management. However, with our focus on intensive pest management, optimum
food production and ecosystem stability, in EPF and fungal endophytes, we have an alterna-
tive to chemical pesticides that is sustainable, cheap and ecofriendly. The various problems
associated with EPF/fungal endophytes utilization, as we have discussed in this paper, are
our major concerns. Nevertheless, the research into the biology and ecology of many fungal
species could help overcome some of these problems, while a deeper understanding of the
mechanisms they utilize in protecting their hosts from pests and pathogens is relevant for
both effectiveness and commercialization. However, users are still faced with numerous
setbacks with respect to large-scale production, marketing, appropriate formulation and
application technology. In addition, some species of endophytic fungi have been identified
to exist as opportunistic pathogens of plant, animal, or human; thereby raising concerns
that their application as biological control agents of insect pests, for instance, might results
in mild to severe illness or outbreak of other infections. In reality, the extent of acceptance,
adoption and level of success of EPF is hugely dependent on the financial investment in
research and development from the government, industries and other related agencies. In
the light of this, it is very important for the government to step up and invest more in the
biological control projects, especially in situations whereby significant commercial interests
are limited or not readily available, in terms of development of classical, inoculative and
conservation strategies.
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