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Opportunities for optimizing
fungal biological control agents
for long-term and effective
management of insect pests of
orchards and vineyards: a review

Christopher M. Wallis* and Mark S. Sisterson

Crop Diseases, Pest and Genetics Research Unit, San Joaquin Valley Agricultural Sciences Center, U.S
Department of Agriculture — Agricultural Research Service, Parlier, CA, United States

Novel tactics for controlling insect pests in perennial fruit and nut crops are
needed because target pests often display decreased susceptibility to chemical
controls due to overreliance on a handful of active ingredients and regulatory
issues. As an alternative to chemical controls, entomopathogenic fungi could be
utilized as biological control agents to manage insect pest populations. However,
development of field ready products is hampered by a lack of basic knowledge.
Development of field ready products requires collecting, screening, and
characterizing a greater variety of potential entomopathogenic fungal species
and strains. Creation of a standardized research framework to study
entomopathogenic fungi will aid in identifying the potential mechanisms of
biological control activity that fungi could possess, including antibiotic
metabolite production; strains and species best suited to survive in different
climates and agroecosystems; and optimized combinations of
entomopathogenic fungi and novel formulations. This mini review therefore
discusses strategies to collect and characterize new entomopathogenic strains,
test different potential mechanisms of biocontrol activity, examine ability of
different species and strains to tolerate different climates, and lastly how to
utilize this information to develop strains into products for growers.

KEYWORDS

biological control, entomopathogenic fungi, Beauveria spp., Metarhizium spp.,
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1 Introduction

Acreage of perennial crops, including grapevines, fruit trees, and nut crops is increasing
because perennial fruit and nut crops provide greater returns than field and forage crops.
However, preventing pests and diseases from reducing yields in monocultures held for a
decade or longer is challenging. Abundance of insect pests, and the pathogens they may
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transmit, may increase each season leading to a gradual decline in
yields, eventually resulting in complete vineyard or orchard removal
(Mustu et al, 2015). Most pest management programs rely on
synthetic chemical controls. However, overreliance on a handful of
active ingredients has resulted in decreased susceptibility in target
pests, particularly when active ingredients are utilized repeatedly
(Mustu et al., 2015; Sharma et al., 2018). In addition, regulatory
agencies have called for the reduction or limitation of synthetic
chemical-based pesticides due to environmental and human health
concerns, and, coupled with the increased cost of developing new,
safer synthetic pesticides (up to $250 million), there is an
increasingly smaller variety of such products on the market
(Glare et al., 2012). As a result, an increasing number of growers
are turning to non-synthetic pesticides and other organic practices
to serve a burgeoning market (Glare et al., 2012; Lacey et al,, 2015).
Therefore, there is a need to develop alternative methods to
decrease pest insect populations that reduce fruit and nut
crop yields.

One tactic to manage insect pests that has demonstrated some
success is the use of biopesticides developed from entomopathogenic
fungi (Lacey et al., 2001; Da Silva Santos et al., 2022; Irsad et al., 2023).
Several entomopathogenic products are available on the market
targeting a range of pests in perennial fruit and nut crops (Faria
and Wraight, 2007; Da Silva Santos et al, 2022). Most currently
available products involve one of four fungal genera: Beauveria (e.g.
De La Rosa et al,, 2000; Wraight et al., 2007a, 2007b; Keller et al.,
2003; Brownbridge et al., 2006; Townsend et al., 2010), Isaria (e.g.
Wraight et al., 2007b; Zimmermann, 2008; Lacey et al., 2011),
Akanthomyces (formerly Lecanicillium) (e.g. Goettel et al., 2008;
Kim et al, 2009), or Metarhizium (e.g. De La Rosa et al., 2000;
Lomer et al,, 2001; Chandler et al., 2005; Lacey et al., 2011; Jaronski
and Jackson, 2012). However, formulations involving other species
also have been developed such as Aschersonia aleyrodis, Conidiobolus
thromboides, Hirsutella thompsonii and Nomuraea rileyi (Faria and
Wraight, 2007; Lacey et al., 2015).

While commercial formulations for entomopathogenic fungi
are available, including those using species in the genera Beauveria
sp., Isaria sp., and Metarhizium sp., additional screening and
testing is needed to identify novel virulent isolates and expand the
overall diversity of described strains. Further research is
warranted to clarify entomopathogenic fungi-host-microbiota
interactions using modern molecular biology techniques such
next-generation sequencing. Recent progress on understanding
the role of environment on the effectiveness of entomopathogenic
fungi, as review by Lacey et al. (2015), should continue as it will be
needed to ensure overall effectiveness of products. Similarly,
testing of mixtures of isolates is needed to identify synergistic
effects as only a handful of studies have reported on research
utilizing this approach (e.g. Spescha et al., 2023a, 2023b).
Furthermore, once virulent isolates are identified, considerable
testing is required to optimize formulations, application rates and
methods using up-to-date research approaches. Here in this mini-
review, the current state of entomopathogenic fungi research is
examined, with the ultimate focus on improvement of the use of
fungal biological control agents to limit abundance of insect pests
in perennial crops.
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2 Improving collection strategies to
obtain a greater diversity of
entomopathogenic fungi

Entomopathogenic fungi are typically collected from a single
location at a single point in time. The procedure involves collecting
the target pest, surface sterilizing bodies, and holding surface sterilized
bodies on isolation medium (Da Silva Santos et al, 2022). This
approach has been used to identify numerous entomopathogenic
fungi that have been tested as pure strains, with studies targeting
piercing-sucking insects (Brownbridge et al., 2001; Meekers et al., 2002;
Cuthbertson and Walters, 2005; Nielsen and Hajek, 2005; Labbe et al,,
2009; Lacey et al,, 2011), chewing insects (Zimmermann, 1992; Lomer
et al., 1999, 2001; De La Rosa et al., 2000; Thomas, 2000; Wraight and
Ramos, 2002; Chandler and Davidson, 2005; Brownbridge et al., 2006;
Dolci et al, 2006; Hajek, 2007; Moscardi and Sosa-Gomez, 2007;
Townsend et al, 2010; Thakre et al, 2011), and other arthropods
such as mites (Chandler et al., 2000, 2005; Wekesa et al., 2005; Abolins
et al,, 2007). Despite these efforts, most strains have been isolated from
insect pests of non-woody host plants. However, there are a limited
number of studies conducted on pests of woody plants such as those
conducted by Hajek (2007) that targeted the spongy moth, Lymantria
dispar. Further, many studies focus on optimizing use of
entomopathogenic fungi to control pests in a contained environment
such as a greenhouse, with research often on whiteflies (Aleyrodidae)
and mites (Chandler et al., 2005; Labbe et al., 2009).

Recently, some entomopathogenic fungal strains have been isolated
from insect pests of woody crops and tested for virulence. For instance,
Beauveria bassiana, Isaria fumosorosea, Metarhizium anisopliae and/or
Metarhizium robertsii strains have been identified that kill pests of
grapevine including the European grapevine moth (Lobesia botrana)
(Aguilera Sammaritano et al., 2018; Aguilera Sammaritano et al., 2021;
Lopez Plantey et al,, 2019; Beris et al., 2024), planthoppers (Moussa
etal,, 2021), vine mealybug (Rondot and Reineke, 2018), and grapevine
aphid (Sayed et al., 2020). For orchard pests, Beauveria bassiana, Isaria
fumosorosea, Metarhizium anisopliae and/or Podonectria sp. strains
have been isolated from fruit flies (Goble et al., 2011), moths (Coombes
et al, 2016), psyllids (Gandarilla-Pacheco et al,, 2013), scale insects
(Dao et al, 2016), and others (Shapiro-Ilan et al, 2003; Pereault
et al., 2009).

Despite recent progress, considerable advancement is needed to
realize the full potential of using entomopathogenic fungi to control
pests in perennial fruit and nut crops. A concerted effort to obtain and
evaluate a greater number of entomopathogenic fungi from woody
perennial plants would aid in developing a more diverse collection and
associated data that could be used to improve understanding about
entomopathogenic fungi in many ways (Figure 1A). While studies
should continue to isolate fungi directly from target pests, additional
sampling to isolate fungi directly from plant tissue or the environment
should also be conducted. Indeed, recent attempts to discover strains
that may manage vineyard and orchard pest populations have used
isolates collected from plants or the environment (often soil) (Goble
et al,, 2011; Lopez Plantey et al,, 2019). For the former, plant tissues
could be pulverized after surface sterilization, and then mixed into
sterile media (Ownley et al.,, 2008; Da Silva Santos et al., 2022). For the
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FIGURE 1

Research needed to robustly develop entomopathogenic fungi as biopesticides: (A) collection of new strains, (B) characterizing how certain fungal
strains limit insect populations, (C) examining fungal-environmental interactions, and (D) screening of strains. Colors indicate areas that are well-
researched, involve emerging interest, or where research is still lacking. Note that other research efforts beyond these are needed, and overlap exists

between these types of research.

latter, soil could serially diluted and plated on selective media
(containing specific compounds or antibiotics) (Luz et al, 2007;
Rocha and Luz, 2009). Insect baits could also be used to acquire
entomopathogenic fungi from soil (Goble et al., 2010; Vega et al,, 2012;
Lopez Plantey et al., 2019).

Isolates are typically collected from a single growing region and
climate. However, strains that can be marketed to a wider consumer
base, for instance in multiple regions and climates, are more likely
to be viewed as economically viable because mass production of
entomopathogenic fungi can be expensive (de Faria and Wraight,
2007; Jaronski and Mascarin, 2017; Marrone, 2019). Thus, it would
be useful to identify strains that could be applied across wide
geographic areas, and this requires collaboration across countries
and continents (Kabaluk et al., 2010).

While identifying strains that can be applied across a large
geographic scale is important, optimizing control requires
understanding effects of microclimate on performance of
entomopathogens (Marrone, 2014; Maina et al., 2018). Because
sampling at the microenvironmental scale is key to understanding
interactions between strains of entomopathogenic fungi and the
environment, this topic will be discussed in more detail later in
this review.

3 Entomopathogenic fungi-host-
microbiota interactions

Often, entomopathogenic fungi that show promise in controlled
laboratory settings fail to be successful in the field or nature settings
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(Vega etal,, 2012). Poor performance of entomopathogenic fungi could
be due to environmental effects (discussed later) or due to intricate
insect-fungal interactions. To better understand fungal-insect
interactions, studies have been conducted to identify how fungi
colonize the host insect and mechanisms of insect resistance (Da
Silva Santos et al, 2022). The mechanisms that entomopathogenic
fungi utilized have been well reviewed (e.g. Inglis et al., 2001; Charnley,
2003; Charnley and Collins, 2007; Ortiz-Urquiza and Keyhani, 2013;
Singh et al,, 2017; Ma et al., 2024). Likewise, research on insect immune
response to infection has been conducted (Qu and Wang, 2018; Da
Silva Sanots et al., 2022). Mechanisms that entomopathogenic fungi use
to overcome insect immune response include masking colonization
(Wang and Leger, 2006), possessing resistance to antifungal
compounds (Lu et al, 2015), production of enzymes that better
penetrate insect cuticles and tissues (Ali et al., 2010), and production
of secondary metabolites that weaken host immune responses (Pal
et al,, 2007; Xu et al,, 2017). Additional screening of metabolites for
inclusion in novel formulations of biopesticides is needed as such
compounds could affect insect behavior, development, or survival.

In addition to studies on how entomopathogenic fungi may act as
direct predators or produce toxic metabolites that kill insects, research on
the interaction of entomopathogenic fungi with the microbial
community in and around the insect is needed (Figure 1B). Wei et al.
(2017) observed how Beauveria bassiana interacted with insect gut
microbiota in mosquito hosts to ultimately result in death. Accordingly,
research to identify and describe interactions among fungal community
members found in vineyard and orchard settings is warranted. Studies
should focus on determining whether microbial endophytes or epiphytes
of insects interact with entomopathogenic fungi to have synergistic
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effects. Utilizing next-generation sequencing technologies to examine
insect microbiomes could greatly increase understanding of accessory
microbes that work with entomopathogenic fungi to infect hosts
(Gurung et al., 2019; Gupta and Nair, 2020).

4 Research to clarify environmental
adaptations of fungi

Key to commercially producing and deploying entomopathogenic
fungi as biopesticides is understanding how entomopathogenic fungi
survive and thrive in different environments. Several studies have
examined effects of environmental conditions on entomopathogenic
fungi such as effects of soil composition (Milner et al., 2003; Bruck,
2005; Quesada-Moraga et al., 2007; Roy et al., 2010a, 2010b),
agricultural practices (Hummel et al., 2002; Townsend et al., 2003),
and the capacity of entomopathogenic fungi to grow on or in the
plants that the targeted pests feed upon (Inyang et al., 1998; Ownley
et al,, 2004, 2010; Ugine et al., 2007a, 2007b; Olleka et al., 2009; Cory
and Ericsson, 2010). The ability of entomopathogenic fungi to
colonize plants is of particular interest because it may provide the
opportunity to kill target pests and prevent colonization of the plant by
bacterial, fungal, nematode, or viral pathogens (Cherry et al., 2005;
Ownley et al., 2004; Ownley et al., 2010; Brownbridge, 2006; Quesada-
Moraga et al., 2009; Kim et al., 2009; Koike et al., 2011).

Despite a collection of research focused on understanding
microclimatic effects on entomopathogenic fungi and the capacity of
some fungal strains to adopt different lifestyles (i.e. as an endophyte in
crop plants or ability to dwell in the soil as a saprophyte), little is known
about the temporal dynamics on entomopathogenic fungal populations,
especially whether they peak with targeted pest populations, what the
fate of the entomopathogenic fungi is during the dormant season, and
how populations may flux over multiple years (Figure 1C). Most
applications of entomopathogenic fungi are made in response to
observations of high pest abundance (Lacey et al, 2015). Yet, with
perennial crops it would be advantageous to develop entomopathogenic
fungi that could colonize the vineyard or orchard for multiple years,
avoiding the need for re-applications and providing a baseline level of
control (Meyling and Eilenberg, 2007; Pell, 2007). Some research has
been conducted on approaches to conserve entomopathogenic fungi in
the environment, thereby facilitating natural epizootics (Steinkraus,
2007a, 2007b; Pell et al, 2010). Sampling throughout the year for
entomopathogenic fungi in different areas of the orchard could reveal
where entomopathogenic fungi dwell when their insect hosts are not
present (Lacey et al, 2015). Likewise, monitoring the dynamics of
applied or natural entomopathogenic fungi over years in a vineyard or
orchard environment may reveal which fungi are best suited for long-
term, baseline control for insect pests (Lacey et al., 2015).

5 Improving entomopathogenic fungi-
based product formulations

Selecting the best entomopathogenic fungi and determining the
optimal formulation to make and disperse inoculum is key for their
use as biopesticides (Santoro et al., 2005; Da Silva Santos et al.,
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2022). Selection generally involves the following: observing fungal
virulence, quantifying reproductive capacity, assessing ability to
mass produce, evaluating viability during storage and application,
and rating effectiveness and survival after application (Ambethgar,
2009; Lopes et al., 2011).

Methods to perform the screening described above are well
established (Da Silva Santos et al., 2022). However, the advent of
modern genomic approaches and next-generation sequencing
presents new opportunities to not only improve selections via
traditional screenings but also by providing new tools to conduct
novel experiments to advance our understanding of fungal
genetic diversity and assessing entire microbial communities
(Figure 1D). For instance, examination of effective and less-
effective strains of the same or different entomopathogenic fungi
species could identify genes and quantitative trait loci that are
linked to improved virulence, reproduction, and survival in
vineyards or orchards. Once these genes are discovered, newly
collected strains could be quickly screened to observe if desired
traits are present.

A combination of entomopathogenic fungi, or other non-fungal
insect pathogens may be incorporated into products, providing
synergistic effects (Malusa et al., 2021; Spescha et al., 2023a, 2023b).
Knowledge about which microorganisms naturally co-occur in the
environment is key to determining which microorganisms may
need to be included together in a final product designed to have
persistent, long-term control. Indeed, this has been attempted on
several occasions with studies targeting soil pests (Bueno-Pallero
et al,, 2018; Spescha et al., 2023a), greenhouse pests (Shapiro-Ilan
et al,, 2004), and moths (Wang et al,, 2021). Using next-generation
sequencing of genomic DNA extracted from insect pests, crop
plants, and the environment may reveal species that naturally co-
occur, suggesting consideration for inclusion in a multiple-
microorganism biopesticide formulation (Spescha et al., 2023b).

In addition to combinations of microorganisms, formulations
of biopesticides could also contain biorational or other compounds,
produced naturally by fungal isolates, to improve pest control. Such
compounds could be identified via metabolomics studies of the
different entomopathogenic fungi or associated fungi/
microorganisms, and then added to the formulations for
improved control (Berestetskiy and Hu, 2021). Accordingly,
research should aim to isolate and identify metabolites from
entomopathogenic fungi that possess insecticidal activity, via
chromatography-based techniques such as those described by
Elbanhawy et al. (2019) that analyzed methanolic extracts and
quantified specific fatty acids. Follow-up research to then mass-
produce and incorporate metabolites into biopesticide formulations
would then need to occur.

6 Conclusions

Decreased effectiveness of overused insecticides and regulatory
issues make controlling many insect pests in perennial crops
challenging. Entomopathogenic fungal products provide an
alternative strategy that could be integrated into management
programs. Recent advances in genomics, proteomics, and
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metabolomics provide important tools that can be leveraged to
identify useful strains and synergistic interactions.
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