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Abstract

One of the main negative effects of climate change on biological pest control is alteration of relationships between insect
pests and their natural enemies (both entomophagous and entomopathogenic). Indeed, environmental conditions can have
multiple effects on pest control success when using entomopathogenic fungi (EPF), where conidial depletion, inactivation,
and loss in virulence and infectivity can all occur. Appropriate mass production and formulation strategies for EPF can
partially solve these problems. However, the only strategy to guarantee high virulence and infectivity is selection of envi-
ronmentally competent fungal strains that are able to persist in the host environment for the required infection period. This
review examines the criteria for selection of environmentally competent EPF. While UV radiation, followed by humidity and
temperature, is probably the most important propagule depletion and inactivation factors in epigeal habitats, temperature is
most critical for reducing the infectivity and virulence of EPF in epigeal and hypogeal habitats. In addition, geographical
origin and other biotic and abiotic factors have an important impact which may guarantee the environmental competence of
selected entomopathogenic fungal strains and, therefore, farmer willingness to replace chemicals with mycoinsecticides. To
achieve this, it is urgent to promote the development of microbial control solutions adapted to relatively uniform climatic
zones through more simplified, targeted, and less costly EPF approval and authorization.
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Key message

e Climate change alters relationships between arthropod
pests and entomopathogenic microorganisms.

Communicated by Nicolas Desneux. e Success of EPF in microbial pest control is highly
affected by the environmental competence of the selected
fungal strains.

e Temperature is a key climatic factor limiting entomopath-
ogenic fungal virulence in both epigeal and hypogeal
habitats.

e UV radiation is a critical abiotic factor causing EPF
conidial depletion and inactivation in epigeal habitats.

¢ Biocontrol solutions based on EPF should be based on
the use of environmentally competent fungal strains
adapted to relatively uniform climatic zones.

P< Enrique Quesada-Moraga
cr2qumoe@uco.es

Natalia Gonzalez-Mas
nataliagmas @hotmail.com

Meelad Yousef-Yousef
z12yonam@uco.es

Inmaculada Garrido-Jurado

g72gajui@uco.es

Maria Fernandez-Bravo
mariafernandezbravo@gmail.com

Department of Agronomy, Maria de Maeztu Excellence Unit
DAUCO, ETSIAM, University of Cordoba, C4 Building,
Celestino Mutis, Campus de Rabanales, 14071 Cordoba,
Spain

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10340-023-01622-8&domain=pdf

Journal of Pest Science (2024) 97:1-15

Introduction

Modern agriculture is confronted with two critical chal-
lenges: the mitigation and adaptation to climate change.
Addressing these challenges has compelled authorities and
farmers to find ways to ensure food security and safety
through agricultural sustainability and integrated pest
management (Hillocks 2012). Arthropod pests, particu-
larly insects that are responsible for 10-16% of global crop
production losses each year, have significantly increased
in agricultural and forestry areas as a result of anthropo-
genic perturbations (e.g., climatic change and globaliza-
tion) (Savary et al. 2019). These ecosystem impacts have
encouraged the spread of insect pests including invasive
species that are now reaching areas where they have never
been present before (Skendzi¢ et al. 2021).

Although the consequences of climate change on pest
incidence and their control are not fully understood, some
evidence suggests that pest distribution range, insecticide
usage, and the relationship between insect pests and their
natural enemies could be influenced by climate change
(Skendzi¢ et al. 2021). Generally speaking, the expected
secondary effects of climate change on agricultural insect
pests are: an increased number of generations per year;
greater overwintering survival; expansion of their natu-
ral geographical range; and desynchronization of insects,
their natural enemies, and host plants (Bale et al. 2002;
Quesada-Moraga 2011; Bebber et al. 2013; SkendZic,
et al. 2021). In the same vein, climate change can also
affect insecticide usage and residue persistence; while the
expanded distribution of insect pests could promote the
use of a greater variety of insecticides at increased rates
and frequencies, it could also increase the likelihood of
insecticide resistance development (Delcour et al. 2015).
Furthermore, climate change could also facilitate insec-
ticide dissipation due to increased volatility and faster
degradation, both of which are increased by high relative
humidity, high temperatures, and increased exposure to
sunlight (Delcour et al. 2015). There is also evidence of
a potential effect of climate change on the relationship
between insect pests and their natural enemies, both
entomophagous (predators, parasitoids) and entomopatho-
genic (microbes). Regarding the former, a negative impact
of climate change on natural predation and parasitism has
been demonstrated due to life cycle time lags between prey
and predators, or between hosts and parasitoids (Stireman
et al. 2005; Thomson et al. 2010; Skendzic et al. 2021).
Regarding the latter, restrictive environmental conditions,
particularly temperature, humidity, and UV-B radiation,
could severely limit the success of microbial control.

Microbial control of insect pests is considered to be
one of the most viable alternatives to synthetic chemical

@ Springer

insecticides (Eilenberg 2006). The current importance of
inoculative and inundative microbial pest control strate-
gies in an adapting crop protection world scenario and the
sustainability requirements for agriculture have created
major scientific and technical challenges. At this respect,
the identification and selection of the most virulent and
environmentally competent microbial control agents are
essential to develop effective strategies that can be used
within integrated pest management programs (Jackson and
O’Callaghan 1997; Jackson et al. 2000).

The environmental competence of microbial control
agents, specifically microbes, relies on the ability of an
applied microbe to persist and even multiply within the
pest’s environment (Jackson and O’Callaghan 1997; Jack-
son et al. 2000). While obtaining the desired level of con-
trol of the target pests is a key factor to select successful
microbial control agents, their environmental competence
should also be considered a critical factor (Jackson and
O’Callaghan 1997; Jackson et al. 2000). Particularly, the
success of entomopathogenic fungi (EPF) in pest biocontrol
is highly dependent on their persistence in the host’s envi-
ronment for the required infection period, which suggests
that environmental competence is not only a desirable factor,
but also a key consideration for the success of EPF within
integrated pest management plans (Jackson and O’Callaghan
1997; Jackson et al. 2000).

We hereby examine the criteria for the selection of envi-
ronmentally competent EPF, addressing key questions about
the ecological requirements and the possible influence on
the target pest based on this environmental competence
particularly geographical origin and habitat of isolation of
fungal strains. This ecological knowledge is crucial for the
development of accurate predictive models and the use of
selected fungal control agents under appropriate conditions
when they are introduced into an ecosystem. Overall, the
selection of environmentally competent fungal strains is the
best option to guarantee the desired level of control and,
hence, to promote the acceptance of farmers and willingness
to progressively replace chemical insecticides using EPF as
microbial control agents.

Entomopathogenic fungi and environmental
competence

Entomopathogenic fungi, with particular focus on hypoc-
realean ascomycetes, are unique among entomopathogenic
microorganisms due to their mode of action through the
cuticle which gives them a significant advantage in inte-
grated pest management strategies; conidia of EPF adhere to
the cuticle, germinate, penetrate the host (without the need
for ingestion), grow inside the hemocoel, and finally cause
the death of the host due to nutrient depletion and invasion
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of internal tissues and organs, and/or the secretion of pro-
teins and/or secondary metabolites with insecticidal effects
(Vega et al. 2012). After host death hyphae emerge from the
cadaver and produce conidiophores and conidia, enabling
the fungus to infect new hosts through horizontal transmis-
sion (Vega et al. 2012). Today there are numerous and ever-
increasing numbers of biopesticides available on the market,
mainly based on hypocrealean ascomycetes, such as species
in the genera Beauveria Vuill., Metarhizium Sorokin, Akan-
thomyces Lebert, and Cordyceps Fr.. (Ascomycota: Hypo-
creales). These fungi are able to control a wide range of
arthropod pest species, including locusts and grasshoppers,
soil dwelling insects, piercing and sucking insects, mites,
stored-grain pests, several forestry pests, as well as invasive,
medical and veterinary pests (Quesada-Moraga et al. 2020).

Together with improving the killing speed of these fungi,
one of the greatest challenges for improving the efficacy of
EPF as mycoinsecticides is to develop new ways to over-
come the negative effects of solar radiation, low humidity,
and excessive temperature requirements (Jackson et al. 2010;
Jaronski 2010). These abiotic factors significantly affect both
the likelihood of successful and rapid initial infection by
EPF, and their ability to persist in the target host’s envi-
ronment, at least for the time needed to ensure subsequent
infections and to enhance the probability of secondary trans-
mission and epizootics developing (Braga et al. 2001a, b).
Hence, pest control strategies that include EPF require a
biorational approach for selection of strains based on, not
only their intrinsic virulence against the target host and
the limited impact on nontargeted arthropods, but also on
their efficacy over the range of environmental conditions
they are likely to encounter post application. Various studies
have demonstrated the high efficiency of EPF for control of
particular insect or mite pests under laboratory conditions.
However, even in cases where fungi show consistently good
results in large-scale trials in particular regions, their lack
of environmental competence under more extreme envi-
ronmental conditions that affect infection and persistence
partly explains their inconsistent results in other regions; this
decreases the popularity of mycoinsecticides compared with
synthetic chemicals insecticides (Acheampong et al. 2020;
Alali et al. 2019; Gonzalez-Mas et al. 2019; Han et al. 2021;
Jaronski 2010; Maina et al. 2018; Paixao et al. 2019; Shang
et al. 2012; Vinninen 1999; Wu et al. 2020).

The capability of EPF varies under diverse abiotic envi-
ronmental scenarios at the strain (below-species) level; thus,
the best strategy to increase their use is to determine the
tolerance of individual strains to specific environmental con-
strains and to match these to the environment in which they
will be used based on their tolerance to the major climatic
stresses (Couceiro et al. 2021; Fernandez-Bravo et al. 2016,
2017; Quesada-Moraga and Santiago—Alvarez 2008). When
considering a lack of environmental competence in a given

fungal strain, it is important to distinguish whether this is
because (1) the infective propagule is killed or inactivated
or (2) infectivity or virulence had been reduced due to sub-
optimal climatic conditions. While formulation techniques
can partially protect propagules from environmental inacti-
vation, either in epigeal or hypogeal habitats, the strategy to
increase the high virulence potential of EPF is the selection
of environmentally competent fungal strains, which could
even reduce the use of protectants (Jackson and O’Callaghan
1997; Jackson et al. 2000; Jaronski 2010). In this respect, it
is crucial to identify the most important abiotic climatic fac-
tors that affect propagule inactivation and virulence (Fig. 1).
Previous work has shown that temperature has a critical role
in environmental competence and entomopathogenic fungal
strain virulence, while the roles of sunlight and humidity on
virulence are less clear (Fig. 1) (Acheampong et al. 2020;
Fernandez-Bravo et al. 2017; Garcia-Fernandez et al. 2008;
Quesada-Moraga et al. 2006; Vidal et al. 2003).

Temperature

Temperature is a key factor driving efficacy of EPF in micro-
bial pest control, with thermal stress influencing their entire
infection pathway (Paixdo et al. 2019). In general, EPF are
mesophilic microorganisms with growth potential between
10 and 40 °C and optimal growth ranging from 25 to 35 °C,
and the geographical origin of an entomopathogenic fungal
strain is a key factor determining tolerance to high or low
temperature (Lopez-Plantey et al. 2019; Membang et al.
2021; Onsongo et al. 2019; Paixao et al. 2019; Quesada-
Moraga and Santiago-Alvarez 2008; Seid et al. 2019). Some
fungal proteins are activated by temperature; differences in
proteins have been observed in cold active strains grown at
8 °C compared with 25 °C, but such differences were not
observed in a non-cold active strain (De Croos et al. 2001).
These differentially expressed proteins could influence fun-
gal virulence. It is possible that some strains have genes
related to thermotolerance which could have an effect on
strain virulence (Zhang et al. 2011).

High and low temperatures are known to be major limiting
factors for growth of EPF such as Beauveria and Metarhi-
zium (Mann and Davis 2020; Muniz et al. 2020). Phenotypic
and molecular insights into heat tolerance of EPF have been
reviewed recently (Tong and Feng 2020), providing wide
evidence for the high sensitivity of Beauveria and Metarhi-
zium to high temperatures beyond their upper thermal limits
(32-35 °C) during summer months. Under Mediterranean
climate conditions, heat tolerance is a critical factor limit-
ing the efficacy of mycoinsecticide field applications (Tong
and Feng 2020). Apart from the strain origin, the inoculum
production technologies could help achieve more heat-tol-
erant conidia. The use of genetic engineering of candidate
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strains for enhanced heat tolerance could be a tool to increase
knowledge on the molecular basis of fungal heat tolerance
and its multiple regulatory pathways (Tong and Feng 2020).
Also, selection of propagule for production and application
could be important as temperature optima can vary even in
the same strain; in Metarhizium brunneum Petch (Ascomy-
cota: Hypocreales) strain EAMa 01/58-Su, the most suitable
temperature for conidial production (26.3 °C) differs from
the temperature for microsclerotia germination (22.7 °C)
(Garcia-Fernandez et al. 2008; Yousef-Yousef et al. 2022).
The correct choice of the propagule may be decisive for a
successful integrated pest management strategy.

The role of temperature in determining the environmental
competence of entomopathogenic fungal strains has been
illustrated in greenhouse trials of whitefly [Trialeurodes
vaporariorum Westwood (Homoptera: Aleyrodidae)] control
in tomato grown in Seville, Spain (Santiago-Alvarez et al.
2002); a non-commercial formulation of a Beauveria bassi-
ana (Bals.-Criv.) Vuill. (Ascomycota: Hypocreales) strain
from local soil was 90% efficient, not significantly differ-
ent from a neonicotinoid-based conventional treatment, and
twice as efficient as a commercial mycoinsecticide (Santi-
ago—Alvarez et al. 2002). Since the temperature averaged
26 °C and peaked at 43 °C during the experiment, it was
unsurprising that the local strain used (25.1 °C optimum and
36 °C maximum temperature) was an effective biocontrol
agent because it could be active over a much longer time
each day than the commercial strain (20 °C optimum and
32 °C maximum temperatures) (Fig. 2).

To date, the development of new mycoinsecticides is
time-consuming and costly. In addition, there is a global
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trend for the use of registered fungal strains worldwide, with
very little chance of them being successful in all regions
due to lack of environmental competence. This encourages
farmers to believe that mycoinsecticides are unable to pro-
tect their crops. To this end, there are available tools using
temperature-dependent models to predict spatially suitable
geographical areas for deployment of fungal strains as a
function of their thermal biology (Agbessenou et al. 2021;
Kamga et al. 2022). Use of entomopathogenic fungal strains
for pest control in agroforestry systems, where they are not
environmentally competent, shows a complete lack of sci-
entific, economic, and environmental sense.

Sunlight

Sunlight, particularly the UV-B component, is probably the
most important factor contributing to inactivation of fungal
propagules on exposed surfaces such as the phylloplane of
plants. The use of UV light protectants in conidial formu-
lations was the first strategy used to counter the effects of
UV-B, but in many cases, this strategy had a limited effect
(Jaronski 2010).

Mass production and formulation strategies can also
influence UV-B tolerance in several fungal biocontrol
agents. For example, EPF have a higher stress tolerance
when produced under white light than when they are pro-
duced in darkness (Dias et al. 2021). Various outcomes
on conidial stress tolerance and gene expression have
been reported in Metarhizium robertsii J.F. Bisch., S.A.
Rehner & Humber (Ascomycota: Hypocreales) during
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Fig.2 Differences between laboratory and field efficacy of two
entomopathogenic fungal strains due to a lack of temperature com-
petence. a Laboratory efficacy of two strains against third instar lar-
vae of Trialeurodes vaporariorum showing the mean temperature for
growth of the two strains. b Efficacy of two strains in a commercial

mycelial growth in blue, green, red, and white light (Dias
et al. 2020). Additionally, fungal growth under dark-
ness and nutritional stress conditions always produces
conidia with stronger stress tolerance than conidia pro-
duced under white light (Dias et al. 2021). M. robertsii

greenhouse against the same pest showing that if the temperature
regime of the greenhouse during the treatment can explain the lack of
environmental competence in one strain (light gray) compared with
the other strain (dark gray)

and Metarhizium acridum (Driver & Milner) J.F. Bisch.,
S.A. Rehner & Humber (Ascomycota: Hypocreales)
conidia produced on riboflavin-supplemented medium had
increased UV-A tolerance and upregulated photoprotection
and photoreactivation genes (Huarte-Bonnet et al. 2020).
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It has been reported that moderate levels of biotic stress
from a fungal competitor or low-nutrient conditions can
enhance UV-B tolerance in M. robertsii conidia (Medina
et al. 2020).

Different propagules of the same entomopathogenic
fungal strain, such as conidia, blastospores, and micro-
sclerotia, have different tolerances to UV-B exposure high-
lighting the need to investigate many formulations and
propagule types early in the development of new fungal
microbial control products (Corval et al. 2021). Conidia
and microsclerotia generally have better tolerance to UV-B
radiation than blastospores, although blastospores of some
entomopathogenic fungal strains are still promising candi-
dates for control of arthropod pests in regions where heat
and UV-B are limiting environmental factors (Bernardo
et al. 2020).

Several formulation technologies have been developed
to improve EPF commercial products, e.g., encapsulation
in biopolymers, which increases UV-B tolerance of vari-
ous EPF, such as B. bassiana (Felizatti et al. 2021). It is
possible to increase the persistence of B. bassiana conidia
to UV radiation by formulation with natural UV-protective
additives that may increase the efficacy of EPF as biocontrol
agents in open-field applications, although not fully con-
firmed (Kaiser et al. 2019; Acheampong et al. 2020).

Selecting entomopathogenic fungal strains with greater
resistance to UV-B radiation is a second strategy to coun-
teract the detrimental effects of solar radiation. Both inter-
and intra-specific variations in tolerance to solar radiation of
EPF have been reported (Fernandez-Bravo et al. 2016, 2017;
Jaronski et al. 2010). Species in the genus Metarhizium are
much more susceptible to propagule inactivation by UV-B
radiation than species in the genus Beauveria (Fernandez-
Bravo et al. 2016, 2017), probably due to the presence of
melanin that absorbs UV-B and acts as a sunscreen (Braga
et al. 2015). It is important to note that the presence of dark
green pigments in conidia of Metarhizium species does not
necessarily translate into an increase in UV-B resistance
because tolerance is achieved by the presence of melanin
or melanin-like pigments which are not present in Metarhi-
zium species (Tseng et al. 2011). The effect of UV-B radia-
tion on fungal propagules is stronger when conidia are on a
static, flat surfaces than when they are on insect bodies. For
example, when M. bunneum was exposed to UV-B radiation
(1.200 mW m™2) on the surface of treated Ceratitis capitata
(Wiedemann) (Diptera: Tephritidae) it took 47.2 h before
adult mortality rate was reduced by 50%, while only 5.6 h
was needed to reduce the conidial viability on flat surfaces
by 50% (Fernandez-Bravo et al. 2017). This means that viru-
lence is not affected even when conidial viability is severely
reduced, demonstrating that, once propagules have reached
the insect cuticle, the impact of UV-B radiation on their
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inactivation is not the critical factor reducing virulence of
M. brunneum (Fernandez-Bravo et al. 2017).

The molecular basis and regulatory mechanisms underly-
ing entomopathogenic fungal resistance to solar UV radiation
have been recently reviewed (Tong and Feng 2022). Sev-
eral studies have demonstrated the involvement of particu-
lar genes for UV-B resistance in entomopathogenic fungal
conidia such as genes involved in conidial maturation, DNA
damage repair, antioxidant response, trehalose/mannitol bio-
synthesis, heat shock, cell wall integrity, and the MAPK/Hog
1 pathway (Tong and Feng 2022). Disruption of a C69-family
cysteine dipeptidase gene enhanced tolerance to heat shock
and UV-B in M. acridum (Li et al. 2020); an alkylsulfatase
(MaAts) also played a key role in UV-B tolerance (Song et al.
2022). Other regulatory mechanisms are involved in photo-
repair of UV-induced DNA damage and the photoreactiva-
tion of UV-impaired conidia. For example, photoprotection
was dependent not only on one or two photo-repair-required
photolyases, but also two white collar proteins and other part-
ners with similar or more important roles in photo-repair via
interactions with photolyases (Tong and Feng 2022).

Whereas UV-B is the most harmful UV radiation, the
percentage that reaches the hearth surface is reduced com-
pared to UV-A. UV-A represents about 95% of total solar
UV radiation, which is softer than UV-B radiation, but also
could damages DNA, among other indirect effects (Jaronski
2010; Yao et al. 2010). It has been demonstrated that UV-A
irradiation could generate reactive oxygen species (ROS)
resulting in genetic modifications, cell toxicity, and signal
pathway modification, but in a low proportion compared to
UV-B radiation (Huarte-Bonnet et al. 2019; Jaronski 2010;
Nascimento et al. 2010; Tong and Feng 2022; Yao et al.
2010). Braga et al. (2001a, b) demonstrated the negative
effects of UV-A radiation on the germination and survival
of M. anisopliae conidia under natural conditions, which
emphasizes that the effect of UV-A radiation on EPF must
not be neglected.

It has been suggested that the visible fraction of early
morning light (low-UV) has a role in helping Metarhizium
species mitigate potentially lethal damage due to intense UV
radiation later in the day. This mechanism could increase
Metarhizium environmental persistence and improve its
bioinsecticide performance. The finding that visible light
modulates stress biology has been discussed in the context
of further work needed on Metarhizium ecology in natural
and agricultural ecosystems (Brancini et al. 2022).

Overall, solar radiation is key to inactivation of
entomopathogenic fungal propagules on epigeal leaf sur-
faces but has a lower impact on virulence. Selection of envi-
ronmentally competent entomopathogenic fungal strains
with increased resistance to UV-B should be mandatory
to minimize the need for a combined formulation-based
strategy.
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Humidity

A range of 93-96.5% relative humidity (RH) is critical
for fungal development and at least 96.5-98.5% RH is
required for high conidial production on pellets or gran-
ules. Humidity influences conidial germination, final sap-
robic growth on cadavers, and sporulation (Fernandez-
Bravo et al. 2016; Jaronski 2010; Vega et al. 2012). As
with tolerance to UV-B radiation, there are also inter- and
intra-specific differences in RH requirements of EPF
(Fernandez-Bravo et al. 2016; Jaronski 2010). Optimal
development of most EPF occurs if the RH is above
90-97%, and the critical water activity (aw) for conidial
germination is about 0.90-0.92 aw (Fernandez-Bravo et al.
2016; Jaronski 2010; Vidal and Fargues 2007).

Imbibition damage is a phenomenon characterized by
the death of dehydrated conidia when immersed in water
at temperatures lower than 25 °C (Faria et al. 2017). Some
studies have suggested that this sort of damage depends on
the conformational state of plasma membrane phase tran-
sition during the inhibition process (Echigo et al. 1966;
Faria et al. 2017; Leach and Scott 1959). The transition of
membrane phospholipids from gel (dried) to liquid crystal-
line (hydrated) phase in the presence of free water results
in cell death (Faria et al. 2017).

However, it is the RH in the microclimate around the
integument of insects, foliage, or soil surface in which
entomopathogenic fungal infection will occur, that is criti-
cal in both protected and open crop growth systems, as
this is where conidia germinate and infect their arthropod
hosts (Boulard et al. 2002); RH conditions in the targeted
insects’ immediate habitat do not reflect the ambient RH in
the air. As an example of this, similar mortality rates were
obtained under moderate to low and high ambient RH in
Mediterranean greenhouse conditions, suggesting that fac-
tors influencing leaf transpiration which affects local RH
in the insects’ microclimate are important (Fargues et al.
2003). Two commercial mycoinsecticides caused similar
mortality rates in T. vaporariorum (46—88%) under moder-
ate and high air RH conditions due to the microclimatic
RH conditions at leaf surfaces, with plant transpiration-
induced increases in humidity prevailing in the local habi-
tat around targeted whitefly larvae (Fargues et al. 2003).
Moreover, experiments to optimize greenhouse ventilation
and RH control revealed that Akanthomyces muscarius
(Petch) Spatafora, Kepler & B. Shrestha (Ascomycota:
Hypocreales) was 89-96% efficient against T. vaporari-
orum under a wide range of ambient RH (60-90%) (Far-
gues et al. 2003).

Humidity could be a limiting factor in the control of
stored-product pest insects by EPF because the food stor-
age environment is maintained at low humidity to avoid

proliferation of fungi that affect the quality of stored prod-
ucts (Rumbos and Athanassiou 2017; Singh and Fielke
2017). In this case, selected entomopathogenic fungal
strains adapted to germination at low relative humidity
could be useful.

Another entomopathogenic fungal application where water
dependence is critical is when they are applied using lure-and-
infect devices, because the fungal propagules are not protected
in the soil or among vegetation and so are exposed to desicca-
tion (Gutierrez-Cardenas et al. 2018). Selecting entomopatho-
genic fungal strains that are tolerant to desiccation and able to
germinate under low RH conditions could be helpful in this
situation.

Although soil habitats in agroecosystems do not commonly
have low ambient humidities that might be detrimental to
entomopathogenic fungal development, soils with high salinity
could have an impact on water availability for entomopatho-
genic fungal propagules. This is because salt concentration has
a significant impact on conidial germination as a consequence
of osmotic stress; conidial germination is inhibited in in-vitro
assays at conditions over a range of [NaCl] 7% (Perfetti et al.
2007; Thaochan et al. 2020). In addition, osmotic stress is also
involved in reductions in conidial yield and virulence (Wang
et al. 2014). Some fungal proteins involved in fungal virulence
could also be induced by salinity (De Croos et al. 2001; Wang
etal. 2014).

As with UV-B radiation, different entomopathogenic fun-
gal propagules, e.g., conidia, blastospores, and microsclerotia,
could have different responses to low ambient humidity/water
stress related parameters, e.g., RH, water activity or salin-
ity (Jackson and Payne 2007; Thaochan et al. 2020; Yousef-
Yousef et al. 2022). Similarly, formulation could improve the
fungal responses, development, and conidiogenesis under
water stress conditions, and consequently enhance and extend
their efficacy. For example, the addition of humectants such
as vermiculite or glycerin to granular microsclerotial formu-
lations facilitates absorption of water and increases activity
against insects (Catdo et al. 2021; Rodrigues et al. 2021).

Consequently, apart from rain events after application of
entomopathogenic fungal conidia, which usually reduces fun-
gal efficacy due to propagule removal (Jaronski 2010), and
with the abovementioned exceptions, ambient humidity condi-
tions do not have a critical impact on propagule mortality or
virulence as microenvironmental humidity is usually optimal
for entomopathogenic fungal infection (Fargues et al. 2005).
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Effects of geographical origin and isolation
habitat of entomopathogenic fungi
on environmental competence

Microbes adapt to their natural habitat through physi-
ological and ecological evolution, so using them under
climatic and environmental conditions to which they are
not adapted, can detract from their environmental compe-
tence (Robinson 2001). It has been shown that B. bassiana
strains originating in the latitudes of Siberia and Kazakh-
stan from 65 to 43°N show high cold tolerance and growth
even at 5 °C, whereas growth at this low temperature
regimes is unusual in most of entomopathogenic fungal
strains (Jaronski 2010; Kryukov et al. 2012). Moreover,
the relationship between latitude of origin and the relative
germination percentage of M. anisopliae strains after 2 h
of wet-heat exposure at 45 °C has shown that strains from
higher latitudes (from 40°S to 61°N) were more suscepti-
ble to heat (45 °C) than those from lower latitudes (19°S to
36°N) (Rangel et al. 2005). The European Mediterranean
basin was invaded by the red palm weevil [Rhynchopho-
rus ferrugineus Olivier (Coleoptera: Curculionidae)]. This
started in southeastern Spain in 1996 and the pest was
accompanied by Beauveria species; its presence has sub-
sequently reported in several countries in the basin, with
a possible host-mediate expansion of this EPF (Gonzalez-
Mas et al. 2019). Noteworthy, all strains obtained from
R. ferrugineus specimens from Spain, France, Greece,
and Israel have thermal, water, and UV-B requirements
well fitted to the environmental conditions prevailing in
the palm distribution area in the Mediterranean basin
(Gonzélez-Mas et al. 2019).

Research on possible relationships between geographi-
cal origin of EPF and their response to UV-B radiation has
shown strong evidence for greater persistence and efficacy
of local compared with exotic entomopathogenic fungal
strains (Wu et al. 2020; Sutanto et al. 2022). Moreover, tol-
erance to UV radiation or high temperatures drives niche
differentiation between M. anisopliae subclade Mani 2 (an
above-ground entomopathogen) and M. brunneum and M.
robertsii (associated with plant roots below ground) (Cou-
ceiro et al. 2021).

In contrast, differences in environmental competence
associated with specific habitats have not been confirmed
by scientific evidence yet. There is a substantial pres-
ence of EPF on phylloplanes of several herbaceous and
woody plants (particularly Beauveria and Metarhizium) in
various Mediterranean ecosystems (Garrido-Jurado et al.
2015). However, the response of EPF to temperature, water
activity, and UV-B light does not differ among phyllo-
plane strains and those isolated from soil collected at the
same coordinates; the hypothesis that phylloplane strains,
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being more exposed to unfavorable climatic conditions,
could have evolved to respond more effectively, therefore,
remains open (Fernandez-Bravo et al. 2016). Despite this,
some B. bassiana strains from the phylloplane have been
found to respond exceptionally well to the abiotic factors
typically found in arid environments, an outcome unre-
lated to both their genotype and their isolation habitat or
ecosystem (Fernandez-Bravo et al. 2016).

Therefore, geographical origin is a key factor for the
development of effective environmentally competent
EPF, in particular temperature- and humidity-competent
entomopathogenic fungal strains. In fact, the lack of this
competence in several mycoinsecticides used for microbial
pest control results from the geographical origin of the fun-
gal strain differing markedly from those of the zone where
it is applied (Fig. 2).

Effects of geographical location, habitat type, manage-
ment, cropping system, and soil factors on entomopatho-
genic fungal occurrence, distribution, and population struc-
ture have been investigated the last decades (Bidochka et al.
2001; Fernandez-Bravo et al. 2021; Garrido-Jurado et al.
2015; Inglis et al. 2008; Kepler et al. 2015; Meyling and
Eilenberg 2006; Quesada-Moraga et al. 2007; Steinwender
et al. 2014). In Mediterranean ecosystems, intensification
of management reduces the diversity of EPF, particularly of
Beauveria complex species (the most abundant EPF genus
in southern Spain); not only was this apparent in soils but
also on the phylloplane of weeds and woody plants (Garrido-
Jurado et al. 2015). However, Fernandez-Bravo et al. (2021)
showed that, in Swiss soils, the most frequently occurring
and abundant EPF were in the genus Metarhizium; forests
harbored a particular genotypic population of M. brunneum
that was in low abundance and diversity in the soil compared
with more substantial populations in arable land and grass-
lands (Fernandez-Bravo et al. 2021). This information rein-
forces the importance of selecting native strains as microbial
control agents with specific environmental competence for
a particular location.

Relationship between the insect host
of entomopathogenic fungi and the fungal
environmental competence

Environmental competence of EPF can also be influenced
by specific ecological and physiological characteristics of
their arthropod hosts. EPF are among the best developed and
adapted microbial control agents of locusts and grasshoppers
(Zhang et al. 2019). However, their infectivity can be limited
by behavioral thermoregulation by their ectothermic hosts
which use basking and/or selection of thermal microenviron-
ments to maintain their body temperatures several degrees
above ambient (preferred or “set point” body temperature)
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(Carruthers et al. 1992; Jaronski 2010). Indeed, this ther-
moregulatory behavior can be more pronounced follow-
ing infection with EPF, a phenomenon termed behavioral
fever (Rakus et al. 2017), which is an adaptive defensive
response that results in suppression of pathogen growth and
enhanced performance of the host’s immune system and has
been described for many locust species (Blanford et al. 1998,
2000, 2001; Ouedraogo et al. 2004; Thomas et al. 2003; Val-
verde-Garcia et al. 2018, 2019; Sangbaramou et al. 2018).
For these reasons, temperature, as determined by environ-
mental conditions and insect thermoregulation, is probably
the main factor affecting the performance of bioinsecticides
based on EPF for locust control, potentially reducing and/or
delaying insect mortality (Blanford et al. 1998, 2000, 2001;
Ouedraogo et al. 2004; Thomas et al. 2003; Valverde-Garcia
et al. 2018, 2019; Sangbaramou et al. 2018; Zhang et al.
2019). In response to behavioral thermoregulation, co-
formulation of strains with broad overlapping temperature
ranges has been proposed (Blanford et al. 1998, 2000, 2001;
Ouedraogo et al. 2004; Thomas et al. 2003; Valverde-Garcia
et al. 2018, 2019).

While behavioral thermoregulation is usually associated
with insect body heating to suppress fungal infection, cases
of behavioral chilling have also been reported as a ther-
moregulatory response of Frankliniella occidentalis (Per-
gande) (Thysanoptera: Thripidae) to infection by B. bassi-
ana; infected thrips increased survivorship and reproductive
success by preferring areas maintained at 12 °C while unin-
fected thrips preferred areas maintained at 24 °C (Liu et al.
2019). Moreover, a relationship between melanization and
thermoregulation has also been proposed (Li and Xia 2022)
and even the possible detrimental effect of melanization on
defense against fungal infection in locusts, with increasing
temperature reducing cuticular melanism and immunity to
B. bassiana infection in Melanoplus sanguinipes Fabricius
(Orthoptera: Acrididae) (Sryley and Jaronski 2022).

The density-dependent prophylaxis in insects also illus-
trates how host behavior can affect entomopathogenic fungal
infectivity (Elliot and Hart 2010; Wilson and Cotter 2008).
This is exemplified in: density-dependent changes in M.
anisopliae var acridum mortality in solitaria and gregaria
phases of the desert locust, Schistocerca gregaria Forsskal
(Orthoptera: Acrididae) (Wilson et al. 2001); decreased
infectivity of M. anisopliae to the Acromyrmex echinatior
Forel (Hymenoptera: Formicidae) ant and the Zootermop-
sis angusticollis Hagen (Isoptera: Archotermophsidae) ter-
mite kept with groups of nestmates compared those kept in
isolation (Hughes et al. 2002; Rosengaus et al. 1998); and
density-dependent melanization in the coleopteran Tenebrio
molitor L. (Coleoptera: Tenebrionidae) where melanic T.
molitor are three times more resistant to EPF than paler bee-
tles (Barnes and Siva-Jothy 2000). This density-dependent
melanization has also been described for B. bassiana against

Spodoptera Guenée (Lepidoptera: Noctuidae) species, with
melanic larvae being more resistant to the fungus than the
paler ones (Wilson and Cotter 2008). An understanding of
how host-mediated effects on EPF affects environmental
competence is key to developing strategies that minimize
negative impacts on mycoinsecticide efficacy at economi-
cally acceptable rates.

Edaphic factors

While the overall occurrence, abundance, and community
structure of EPF have been studied in a large variety of geo-
graphical locations as mentioned above, the heterogeneity
in results is still not well understood. Many authors have
demonstrated that differences in entomopathogenic fungal
occurrence, abundance, and community structure in soils are
not only due to climatic conditions, but also to other abiotic
(physical and chemical soil parameters) and biotic (other
soil organisms and/or products derived from them) factors
(Fernandez-Bravo et al. 2021; McGuire and Northfield 2020;
Quesada-Moraga et al. 2007). Soil texture, pH, organic mat-
ter (particularly C/N ratio), bulk density, and soil skeleton,
among others, have been reported as major drivers of varia-
tion in soil entomopathogenic fungal occurrence, diversity,
and community structure (Fernandez-Bravo et al. 2021;
Quesada-Moraga et al. 2007; Uzman et al. 2019). In fact,
organic matter, particularly C/N ratio, are major predictors
of EPF in soils from different locations (Fernandez-Bravo
et al. 2021; Quesada-Moraga et al. 2007; Uzman et al. 2019).

However, since soil abiotic factors do not completely
explain the variation of entomopathogenic fungal occur-
rence, abundance, and community structure in soils, it is
important to also consider the contribution of biotic fac-
tors such as arthropod, plant, and microbial communities
to understand entomopathogenic fungal behavior and their
environmental competence. Nevertheless, there are few stud-
ies that have investigated how other organisms influence
entomopathogenic fungal efficacy and persistence either
after entomopathogenic fungal application, or as a natural
interaction between native EPF and natural soil organisms.

It is very well known that many EPF have a broad insect
host range. However, while some entomopathogenic fun-
gal species can infect a wide spectrum of insects, in terms
of families and orders, other species are very host specific,
even to species level (Wang et al. 2012; Zimmermann 2007).
How entomopathogenic fungal applications may affect non-
target soil arthropod communities in a particular habitat, has
received little attention, but to date, no significant negative
effects on nontarget soil fauna have been found (Azevedo et al.
2019; Garrido-Jurado et al. 2011). EPF dispersal does not only
depend on horizontal transmission of the disease. Some arthro-
pods have developed mechanisms to prevent fungal infections,
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e.g., by grooming, which induces extra-fungal mobility in
soils. Indeed, small arthropods, mainly springtails and some
soil mites, are able to transport fungal conidia through the soil
layers and even transmit the spores to other susceptible hosts
(Dromph 2003; Zimmermann and Bode 1983).

In addition, it has been shown that EPF are able to form
stable associations with plants as rhizosphere colonizers and/or
endophytes (Barelli et al. 2016; Bruck 2010; Hu and St. Leger
2002; Vega et al. 2009; Wyrebek et al. 2011). Regarding the
rhizosphere, recent studies have shown that the rhizosphere
microenvironment has an important impact on entomopatho-
genic fungal persistence in soil. For example, some authors
have found that densities of applied M. anisopliae inoculum
were higher in growth media in close proximity to Picea
abies (L.) H. Karst roots than in the bulk soil (Bruck 2005).
In 2011, Fisher et al. found that only three Metarhizium spe-
cies [M. brunneum, M. robertsii, and M. guizhouense Q.T.
Chen & H.L. Guo (Ascomycota: Hypocreales)], naturally
colonized plant roots in USA, each of them associated with
particular plant roots. These results confirm the importance of
entomopathogenic fungal strain selection, particularly species
that are rhizosphere competent, which will enhance the prob-
ability of entomopathogenic fungal persistence and dispersion,
and thus enhancement of their environmental competence.

While there have been a broad range of studies on com-
mercialized phytosanitary products, the possible effects of
entomopathogenic fungal applications on native microorgan-
isms naturally present in soils have received much less atten-
tion; this includes interactions between them, which could
be positive (e.g., enhancing the persistence of EPF) or nega-
tive (e.g., inhibiting the host infection process). Mayerhofer
et al. (2019) demonstrated that inundative applications of M.
brunneum to control Diabrotica virgifera virgifera LeConte
(Coleoptera: Chrysomelidae) did not have any significant
effect on soil microbial communities and their multiple func-
tions in the soil.

Considering the importance of edaphic organisms and
their functions in ecosystems, knowledge about possible
adverse effects on communities of native soil biota is impor-
tant for safety but also for economic reasons, as it may have
implications on benefit—cost analyses. Not only must abiotic
climatic and edaphic factors be considered to ensure the suc-
cess of entomopathogenic fungal applications, but also other
communities of organisms must be taken into account for
further selections of environmental competent entomopatho-
genic fungal strains.

Conclusions and future perspectives
Temperature is the key factor limiting infectivity of EPF,

whereas UV-B, then humidity, and then temperature are the
main factors causing propagule depletion. Mass production
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and formulation technologies can partially protect prop-
agules from environmental inactivation, but they cannot
solve the issue of the loss of virulence of entomopathogenic
fungal strains. For this, the only strategy to guarantee high
virulence is the selection of environmentally competent fun-
gal strains, either from the same geographical origin/habitat,
or from an area with similar climatic conditions to those
of the agroecosystem where the fungus will be used. The
development of microbial control solutions is increasingly
convenient but has been plagued by repeated examples of
a lack of environmental competence. For globalization of
effective microbial control agents, world systems for micro-
bial control product approval and authorization, particularly
in the EU, should be simplified to accelerate the process
and to make it less time-consuming and costly to increase
the availability of mycoinsecticides adapted to relatively
uniform climatic zones that can be used in integrated pest
management. The development of temperature-dependent
models to predict spatially suitable geographical areas for
deployment of particular fungal strains as a function of their
thermal biology may help guarantee entomopathogenic fun-
gal environmental competence.
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