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Abstract

Entomogenous fungi (EF) are ubiquitous in nature and have demonstrated significant potential for
biological pest control and the regulation of ecosystem functions. In recent years, significant progress
has been made in research on the role and function of EF in ecosystems. They play a vital role in
regulating agricultural pest populations, promoting plant growth, and maintaining ecological
balance. This article provides a comprehensive review of the role and significance of EF within
ecosystems. Firstly, the biodiversity of EF and the factors affecting the diversity of EF were
summarized. The article then systematically examines the intricate interactions between EF and both
animals and plants. By taking advantage of the characteristics of EF, they can not only be used for
biological pest control but also colonize plants, promote plant growth, and suppress agricultural
pests. Additionally, this review explores the ecosystem services provided by EF, including their
participation in mycorrhizal networks and their contribution to the nitrogen cycle in soil. In
conclusion, this review highlights the immense potential of EF in pest management and ecosystem
function regulation, underscores the importance of ecosystem services, and identifies future scientific
challenges and opportunities, aiming to inspire further research and practical applications.

Keywords: entomogenous fungi; biodiversity; biological control; hyphae network; soil nitrogen cycle;
promote plant growth

1. Introduction

Entomogenous Fungi (EF) are a group of fungi that colonize insects (or other arthropods) and
proliferate in them to cause disease or death [1]. EF play a crucial role in biological control,
representing over 60% of insect pathogens, making them the largest group of insect pathogenic
microorganisms [2]. The definition of EF has a broad sense and a narrow sense. In the narrow sense,
EF refers specifically to fungi that infect and multiply within insects or produce toxins that ultimately
kill them [3]. In contrast, the generalized definition of EF has more connotations. The generalized EF
refers to a class of fungi that can not only parasitize insects, or have other nutritional relationships
with insects (such as symbiosis, saprophytic, competition, etc.), but also engage in various nutritional
relationships with them (such as spiders, horses, snails, etc.) [4]. Overall, EF is a special class of soil
microbes that infect and kill insects and other arthropods by penetrating their exoskeletons, are
currently used as biological control agents against plant pests, and play an important role in pest
management [5]. About 1000 species of EF have been reported in more than 100 genera [6], among
them, Beauveria, Metarhizium, Paecilomyces, Verticillium, Entomophthora and Erynia are common and
useful genera, has been well used in the biological control of a variety of insects [7]. However, there
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are still more new species of entomopathogenic fungi to be discovered [8]. At present, researchers
pay more attention to the use of EF to control pests in agriculture, forestry and grass industry.
However, comprehensive studies on other roles of EF in ecosystems are still lacking and urgently
needed to guide policy and future research activities.

Here, we focus on the role of EF in ecosystems for four main reasons: 1) In recent years, studies
on EF diversity mainly focus on ecosystems with rich vegetation species such as forests and nature
reserves [9], but there are few studies on EF diversity in different habitats. In fact, the study on the
diversity, community structure, ecological distribution, biological characteristics and host interaction
of EF in different habitats can provide scientific basis for the rational protection and sustainable
utilization of EF resources [10]. 2) EF can provide carbon-nitrogen elements and integrate them into
the fungal ecological network system in the soil, which may have a significant impact on
biogeochemical cycles [11]. 3) After nitrogen is transferred to the plant, it will be dissolved with plant
secretions and dead individuals (including litter). Up to 31% of plant nitrogen in an ecosystem can
be lost through herbivorous insects [12]. The plant, in turn, can regain nitrogen previously lost to
herbivorous insects through association with the endophytic EF [13]. Then, nitrogen is reduced to the
soil through microbial mineralization [14], which will definitely affect the soil nitrogen cycle. Here,
we synthesize current knowledge on the importance of EF in natural ecosystems to provide
theoretical support for the full exploitation and utilization of EF as a valuable resource in the future.

2. The Diversity of EF and Its Influencing Factors

2.1. Classification of EF

EF are a group of fungi that are specialized in parasitism and death of insects or other
arthropods, and can be divided into two categories: cordyceps fungi (CF) and entomophthoralean
fungi (EPF) [15].

CF are a group of parasitic fungi that infect insects and other arthropods. Based on their
functional roles, these fungi can be categorized into medicinal and edible cordyceps fungi, as well as
biocontrol fungi for managing agricultural pests [16]. Morphologically, medicinal and edible
cordyceps fungi produce fruiting bodies and release ascospores through ascocarps [17]. In contrast,
biocontrol fungi do not form fruiting bodies, instead, they exhibit white or green mycelia with conidia
arranged in chains [18], the specific differences between the two are detailed in Table 1. Currently,
known CF are classified into three families and over 20 genera [19]. Research indicates that these
fungi can parasitize invertebrates, plants, and certain fungi, coordinating with their hosts' life cycles
to ensure survival and reproduction [20]. Notable examples include B. bassiana and M. anisopliae as
important biocontrol fungi, while Cordyceps sinensis, C. militaris, and C. chanhua possess significant
medicinal and edible value. The Metarhizium sp. is a major group within CF, comprising nearly 50
species [21], which parasitize over 200 insect species [7,22]. Specifically, M. anisopliae and M. acridum
infect insects across 12 orders and 33 families [7]. In nature, CF often exist as insect-fungus complexes,
utilizing the insect body as a nutrient source. They continuously infect and reproduce, gradually
converting host tissues into sclerotia, ultimately forming dead insects (Figure 1) [23]. CF are unique
EF with both asexual and sexual life stages, each capable of independent growth and spore
production [24]. The diversity of hosts has complicated the identification of EF, particularly in
distinguishing the asexual forms of species like C. sinensis, leading to long-standing challenges in
classification [25,26]. However, advancements in molecular systematics have significantly enhanced
the classification of CF. Through the analysis of ribosomal DNA (rDNA) and protein-coding genes,
researchers have achieved more accurate classifications. For instance, Sung et al. [27] reclassified the
Cordyceps sp. into several independent families, including Cordycipitaceae and Hypocreaceae.
Additionally, Kepler et al. [28] used multi-gene phylogenetic analysis to further clarify the taxonomic
status of multiple CF species. Recent research has led to the discovery and description of numerous
new CF species. Mongkolsamrit et al. [29] identified several new species in Thailand, including novel
CF species associated with ants. These discoveries not only expand the know diversity of CF but also
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highlight their ecological niche differentiation across various ecosystems. Future taxonomic research

on CF will continue to benefit from advances in molecular techniques, particularly whole-genome

sequencing and multi-gene phylogenetic analysis. These methods will aid in elucidating the

evolutionary relationships and species boundaries of CF. Integrating morphological, ecological, and

geographical distribution studies will provide a more comprehensive framework for their

classification.

Table 1. Differences, similarities and relationships between cordyceps fungi and biocontrol fungi.

Cordyceps fungi Biocontrol fungi
. Fruiting bodies are formed, and The mycelium is white or green,
Morphological L .
o ascospores are released through the and the conidia are arranged in
characteristics . . .
perithecia [17]. chains [18].
Spore attachment host — Secretase
Spores invade the host — Hyphae slowly breaks down the body wall —
Infection occupy the body cavity — Fruiting body Hyphae proliferate to kill the host
process formation after host death (weeks to (3-7d)— Secondary transmission of
months) [30]. the spores is facilitated through
insect carcasses [31].
Major Cordycepin  [32], adenosine [33], Beauvericin [36], cyclic peptide
metabolites polysaccharide [34], ergosterol [35], etc toxins [36], etc

Edible and medicinal dual-purpose:

Agriculture and forest pest control:

d0i:10.20944/preprints202507.1163.v1

Core function  immunoregulation [37], antineoplastic broad-spectrum insecticidal and
[38], antioxidant [39], etc. fungicidal activity [40].
Host Highly specialized (e.g.; C. sinensis only Broad spectrum (Lepidoptera,
specificity parasites bat moth larvae) [40]. Coleoptera, Homoptera, etc.) [41].
By modulating the populations of specific The capacity for cross-host
. insects, insect carcasses contribute to soil transmission is robust [45], making
Ecological . . . oo . .
function nitrogen cycling, while decomposed it highly suitable for extensive
fruiting bodies participate in soil carbon agricultural and forestry pest
cycling [42-44]. management programs.
Primary . .
application Health supplem(.ents [46,47], medicines Agricultural pest control [41], forest
. [48], food processing [46], etc. pest management [41,49], etc.
domains
Typical C. sinensis capsule [50], C. militaris M. anisopliae granule [53], B. bassiana
roducts functional beverage [51], C. chanhua wine agent [54], C. cateniannulata agent
P [52], etc. [55], etc.
1) Both cordyceps fungi and biocontrol fungi participate in ecological balance by
parasitizing or inhibiting insects [40,41,44];
o 2) Both of them can replace chemical pesticides to reduce environmental
Similarities .
pollution [2,41,56];
3) Genetic engineering, nano-preparation and other technologies can improve the
application performance of the two fungi [57-59].
Metabolite complementation: 1) Extracts from cordyceps fungi, including
polysaccharides, can serve as synergistic agents for biocontrol agents. 2) Certain
biocontrol fungi also contain active compounds with medicinal and edible value.
For instance, Bombyx batryticatus, formed by the infection of B. mori L. larvae with
Relationships  B. bassiana, is a rare traditional Chinese medicine [60]. It contains various

bioactive components such as proteins, peptides, fatty acids, flavonoids,
nucleosides, steroids, legumes, and polysaccharides [61,62].
Both cordyceps fungi and biocontrol fungi target insects and contribute to

sustainable agriculture. Future research should focus on enhancing
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Cordyceps fungi Biocontrol fungi

comprehensive benefits through interdisciplinary approaches, such as gene
editing and drug combination.
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Figure 1. Schematic diagram of the process of transforming the tissues in the body of an insect infected by
cordyceps fungi into internal sclerotium (taking C. chanhua infected A. pernyi pupa as an example). In the
figure: (1) Pupae of A. pernyi contact C. chanhua conidium; (2) C. chanhua conidium infects the tissues of A.
pernyi pupae; (3) The tissues in the pupae of A. pernyi were completely infected as sclerotium; (4) The surface
of A. pernyi pupae was covered by the mycelium of C. chanhua; (5) C. chanhua gradually mature, grow fruiting
bodies and conidia; (6) A new round of infection. The Black straight line in the figure indicates the corresponding

external structure of A. pernyi pupae at a certain period.

Entomophthoralean Fungi (EPF) is an obligate pathogenic fungus. Up to now, more than 300
species of EPF have been discovered, belonging to 4 families and 17 genera [3]. EPF have a narrow
host range and use arthropods from groups such as Homoptera and Coleoptera as hosts [63]. Most
EPF only target specific pests [64], which is difficult to meet the requirements of integrated pest
management. The application scope of biocontrol in integrated pest management can be expanded
by optimizing the combination of strains and application strategies [64]. In addition, the CRISPR-
Cas9 technology can be utilized to precisely modify virulence genes, and develop broad-spectrum
and stress-resistant engineered strains to address this challenge [65,66]. In addition to infecting
insects, some strains of EPF can also infect invertebrates such as nematodes [67]. Most EPF infect their
hosts by actively ejecting conidia. The infection process begins when the conidia germinate on the
insect's surface and penetrate the cuticle [68]. Subsequently, the EPF utilize the nutrients within the
host for proliferation [69-71]. EPF have high virulence, with just a few spores being sufficient to infect
the host and cause its death [7]. Additionally, the conidia of EPF can all produce secondary conidia,
and some species can also form chlamydospores to enter a dormant state, which is conducive to wide
spread and transmission [72]. Among them, Pandora neoaphidis is a highly representative obligate EPF
that often triggers epidemic aphid diseases in agriculture, forestry, and grassland [73]. The Penicillium
sp. is a cosmopolitan saprophytic fungus that can also parasitize various substrates and plays a
significant ecological role in nature by participating in the decomposition process [74]. Soil contains
a large number of Penicillium spores or hyphae, which then participate in the life history of insects
and constitute a major group of EPF [75]. It is worth noting that during the application of EPF in the
field for biological control, problems such as low survival rate of conidia, short shelf life, high cost of
large-scale production, and insufficient stability of existing formulations (such as suspensions) have
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been discovered. Future research can address these challenges from the following aspects: 1)
Developing nano-encapsulation technology or microcapsule formulations to enhance the stability
and shelf life of conidia; 2) Developing low-cost culture media (such as fermentation of agricultural
waste) to reduce production costs; 3) Exploring compound formulations (such as entomopathogenic
fungi + plant essential oils) to enhance the synergistic effect; 4) Utilizing CRISPR-Cas9 technology to
directionally modify virulence genes and develop broad-spectrum, stress-resistant engineered
strains; 5) Constructing heterologous expression systems to mass-produce highly active toxins.

2.2. Influencing Factors of EF Biodiversity

EF are widely distributed and are regulated by multiple factors in different ecological
environments (Figure 2) [22,76-79], while the community structure was significantly different [69].
In addition to its characteristics, the formation of EF’s biodiversity is closely related to the
microenvironment in which EF is located [7]. It is important to study the effects of external
environmental conditions on EF to improve their adaptability and production practices [80]. Many
factors, such as climate, geographical location, vegetation type, soil, biological and human activities,
affect the growth of EF and the successful infection of insects [77]. Soil serves not only as the primary
habitat for insects but also as a critical reservoir for EF [81]. Research has demonstrated that the
growth and reproduction of these fungi in soil are closely linked to various environmental factors
within the soil matrix [82]. Key determinants influencing the structure and diversity of soil fungal
communities include nutrient availability, moisture content, pH levels, plant diversity, and
temperature [83-86]. In nature, the resources of EF are extremely rich and widely distributed [77].
Traces of EF have been found from primitive habitats to artificial habitats [87,88]. The existence of EF
has been found in soil types such as forests, wastelands, orchards, farmlands and grasslands in
different regions [87-89]. Notably, forest habitats exhibit higher species diversity and evenness of EF
[90,91]. Previous studies have shown that EF can be isolated from a variety of habitats, such as alpine
lakes, primary forests, plateau permafrost, and so on [92]. The diversity of these habitats offers a wide
range of host options and complex ecological niches for EF, thereby facilitating the diversification of
their species and functions [6,93]. In general, areas with high vegetation coverage, high humidity,
diverse insect community composition, and little human disturbance were more conducive to EF
growth [94,95]. In conclusion, the distribution characteristics of EF in different soil types are different,
and these characteristics are important for understanding the ecological functions and biological
control potential of EF.
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Figure 2. EF biodiversity is affected by temperature, humidity, landscape, elevation, host type, agricultural
activities, and ecological niche. a) The temperature at which the mycotic fungi grow is between 15 °C and 40 °C
[97] and is optimal between 22 °C and 30 °C [98]. b) Humidity is also an important factor affecting the growth
and virulence of EF [101,102], and the germination and virulence of EF increase with the increase of humidity
[101,103]. The virulence of EF to host insects was increased by 68% and 32% during the rainy season compared
to the dry season [104]. c) Altitude is an important environmental factor affecting the community of EF. The
distribution of EF was found in soils of all altitudinal gradients, with higher numbers of species and strains in
the middle elevations [137,272]. d) Different host insect types can also affect the diversity of EF, and some EF
strains have different lethality to different parasitoids of the same insect [127]. e) Landscape composition could
affect the occurrence of EF. Compared with simple landscapes, complex landscapes have a wide variety of
insects, and EF also show a high species diversity [114,115]. Because ground vegetation serves as a shelter for
host insects and EF [112], EF abundance is significantly higher in forest areas with a favorable ecological
environment and appropriate temperature and humidity. f) Agricultural activities can affect the occurrence of
EF in soil. The abundance of EF in the soil of organic cropland and its surrounding ridges was significantly
higher than that of conventional cropland [131]. The abundance, species, and diversity of EF in soil of organic
cropland were greater than those of conventional chemical cropland [134]. g) In addition, the ecological niche
could also affect the EF biodiversity. Because of seasonal differences in species occurrence, temporal niche
overlap can vary [141,142]. Trophic niche breadth and overlap values are related to host range, with a wider

fungal host range leading to greater trophic niche breadth and relatively smaller overlap [143].

2.2.1. Effect of Temperature and Humidity on the EF

Most EF have specific requirements for the temperature of their survival environment, as
temperature can directly affect their growth and development. Both excessively high and low
temperatures can directly influence the germination of EF spores, mycelial growth, and sporulation
[78]. For instance, when spores attach to the host's surface, if the temperature is not suitable, the
spores cannot germinate and penetrate the host's cuticle [96]. Agbessenou et al. [97] found that over
90% of spores germinated at 20 °C, 25 °C, and 30 °C, but only 35% to 50% germinated at 35 °C. At 15
°C, no spore germination was recorded after 18 h of incubation, but a low germination rate was
observed after a longer period (delayed germination), which subsequently translated into low
mycelial growth and low sporulation [97]. Temperature affects the physiological interactions
between the host and the pathogen, and the optimal temperature for EF to infect their hosts is
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generally between 22 °C and 30 °C [98]. Yeo et al. [99] evaluated the impact of temperature on the
germination and growth of EF and their pathogenicity towards two species of aphids. The results
showed that the in vitro spore germination rate of all isolates was slower at 10 °C and 15 °C than at
20 °C and 25 °C. Similarly, the in vitro growth of most EF isolates was adversely affected at 10 °C and
15 °C. Moore [100] experimentally determined the virulence of three EF-B. bassiana, Aspergillus flavus,
and Fusarium solani - against southern pine beetles at different temperatures. The results showed that
southern pine beetles inoculated with the three fungal strains died faster at 30 °C than at other
temperatures [100]. Mishra et al. [101] found that the mortality rate of adult and larval houseflies was
the highest at 30 °C when treated with B. bassiana.

In addition to temperature, higher humidity is also an important condition required for EF to
infect their hosts [102]. Hu et al. [103] reported that humidity is an important factor affecting the
germination of EF spores and their infection potential. The spore germination rate of B. bassiana
strains increased with increasing humidity. Mishra et al. [101] found that the mortality rate of adults
reached 100% at 90% and 100% relative humidity, indicating that humidity is an important factor
affecting the virulence of B. bassiana. Maranga et al. [104] applied oil and water formulations of B.
bassiana and M. anisopliae spore mixtures to control Haemaphysalis colorata in the rainy and dry
seasons. In the rainy season, the mortality rates of H. colorata treated with the oil and water
formulations of the spore mixture were 92% and 49%, respectively. However, in the dry season, the
mortality rates of the same treatments were 24% and 17%, respectively, which decreased by 68% and
32%, respectively [104]. The above studies indicate that the growth and development of EF are
influenced by the temperature and humidity in their growth environment.

2.2.2. Landscape Composition Could Affect the Community Structure of EF

Different landscape compositions significantly influence the spatial distribution of natural
enemies [76]. Complex landscapes, compared to simple ones, enhance local agricultural biodiversity
more effectively [105]. These complex landscapes support a greater diversity of beneficial species,
including pollinators and natural enemies, thereby increasing species richness, abundance, and
evenness. They also provide more ecological resources, which is crucial for enhancing regional
biodiversity and ecological service functions [106]. Natural or semi-natural habitats are particularly
important as reservoirs for natural enemies, contributing to sustainable pest control [107,108]. At the
landscape level, permanent grasslands, forest edges, farmland edges, and hedgerows serve as
common refuges for EF [109-111]. Ground vegetation plays a critical role in determining the presence
of EF in soil [112]. Data on isolation rates indicate that well-vegetated soils harbor diverse EF, while
no strains were isolated from desert areas [77]. In general, areas with high vegetation coverage, high
humidity, diverse insect community composition, and little human disturbance were more conducive
to EF growth [94,95]. It has been reported that the abundance of EF is significantly higher in forest
areas with good ecological environment and suitable temperature and humidity [113]. Notably, the
occurrence of EF is closely linked to insect diversity. In tropical rainforests, where insect diversity is
high, EF exhibit corresponding species diversity, influencing both host population dynamics and
forest nutrient cycling [114,115]. In temperate forests of North America, there are a variety of EF
capable of infecting insects, which can survive in cold and wet environments and effectively control
pests [116]. However, EF also plays an important role in pest control in the arid regions of Africa, and
although the species of EF in these regions are different from those in humid regions, their functions
in the ecosystem are equally critical [117]. EF in soils with strong biodiversity also have strong species
diversity. Studies have shown that forest soils contain a richer variety of EF compared to adjacent
farmland soils, with six species isolated from forest soils versus three from farmland soils [118]. In
different habitat types, M. anisopliae exhibits higher densities in less disturbed permanent grasslands
and farmland edges [119]. This indicates that natural or semi-natural habitats can protect microbial
natural enemy biodiversity, thereby enhancing their survival rate as natural enemies of pest
populations. Habitat management can create microclimates favorable for the spread, survival, and
efficacy of natural enemies [120]. For effective pest control, providing non-crop habitats, enhancing
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plant resistance, and strengthening the role of natural enemies can improve the ecosystem's ability to
perform landscape ecological services [121]. Strengthening farmland ecosystem management can
promote the distribution and infection spread of pathogens, thereby enhancing control over
agricultural pest populations [122], which requires a deeper understanding of the occurrence patterns
of microbial natural enemies in these ecosystems.

2.2.3. The Infestation of Host Insects by EF Is Influenced by Different Host Types and Insect States

EF can form mutualistic or neutral relationships with their hosts [26,123], and their colonization
and distribution are significantly influenced by the host insects [24]. In nature, CF often form insect-
fungus complexes, parasitizing various insect life stages including larvae, pupae, and adults [94].
These fungi typically invade insects through the cuticle, mouth, or other body openings [124]. The
susceptibility of host insects to infection by EF varies depending on the host type and developmental
stage [22,77]. Aung et al. [125] investigated in the rainforests of Thailand and found that the number
of EF isolated from Homoptera was higher than that from Lepidoptera and Hymenoptera. Gindin et
al. [126] found that the mortality rate of M. anisopliae on the larvae of three kinds of ticks was above
90%, while the mortality rate on adults was low or even had no effect. Similarly, certain strains of EF,
such as M. anisopliae and Isaria fumosorosea, demonstrate high lethality against larvae of Rhipicephalus
sanguineus but do not affect adults [127]. Zhou et al. [128] found that V. lecanii interacted with
microorganisms in Frankliniella occidentalis and produced sublethal effects, and the pathogenicity
degree was adult > pupa > nymphs. Insect diet and environmental factors also influence their
susceptibility to EF [129]. Plant nutrients can either enhance or weaken insect resistance to fungal
infections [129]. For example, stem borers exhibit varying sensitivities to different EF when feeding
on different plants, highlighting the critical role of plant species and nutrient composition in insect-
fungal interactions [129]. The incidence, diversity, and host range of EF increase from Arctic to
tropical regions [4].

2.2.4. Agricultural Activities Can Affect Soil EF

The microbial community structure varies with organic or conventional production methods
[130,131]. Studies have shown that the diversity of soil fungi in natural forest soils is higher compared
to cultivated soils [132]. Organic farming practices have been found to enhance the diversity of EF
[133], with significantly higher abundance of these fungi in organic farmland soils compared to
conventional farmland soils [131]. Klingen et al. [134] reported greater numbers, types, and diversity
of EF in organic farmland soils. Similarly, Clifton et al. [131] observed higher abundance of EF in both
the soil and surrounding field margins of organic farms compared to conventional farms.
Additionally, the diversity of EF in organic farm soils was significantly higher than in conventional
farms [134]. However, the impact of farming practices on fungal communities can vary by crop and
region. For instance, studies on grape phyllosphere microbial communities found minimal effects of
chemical and biological pesticides on fungal richness and diversity [135]. Tkaczuk et al. [118] reported
no significant differences in EF between conventional and organic winter cereal fields in Poland.
Similarly, there were no notable differences in EF between traditional and organic citrus orchards in
Africa [136].

2.2.5. Altitude Is an Important Environmental Factor Affecting EF Community

The distribution of EF was observed in soils of all altitudinal gradients, with higher numbers of
species and strains in the middle elevations [137]. The geological movement of the Qinghai-Tibet
Plateau during the uplift process not only resulted in increased differences in altitude, climate, and
vegetation types [138], but also provided an explanation for the diversity and differentiation of EF
[77]. It has been found that the diversity of EF in cropland ecosystems at high altitudes is higher than
that in cropland at low altitudes [92], and soil fungal community composition is different at different
altitudes, and fungal diversity increases with the increase of altitude [92], the diversity index of EF
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was also higher at high altitudes [139]. However, altitude has different effects on different species of
EF. For instance, B. bassiana increases with altitude, Whereas M. brunneum and M. robertsii decreased
with increasing altitude [140].

2.2.6. The Effect of the Niche on EF

Temporal and trophic niches can also affect the diversity of EF. Due to the differences in the
occurrence seasons of various fungal species, the degree of overlap in their temporal niches also
varies [141,142]. For instance, C. cateniannulata mainly appears in June and September, while I.
farinosus is concentrated in March and May, indicating that their temporal niche widths are relatively
narrow. Additionally, the width and overlap values of the nutritional niche are closely related to the
host range: the broader the host range of a fungus, the wider its nutritional niche, but the smaller the
overlap with other fungi [143]. For example, B. bassiana has a wide range of host insect species [144],
thus it has less overlap with other EF in terms of nutritional niche, thereby reducing competition for
the same host resources [145,146]. In contrast, C. cateniannulata and 1. farinosus have a narrower host
range, mainly targeting Lepidoptera insects [147], resulting in a smaller nutritional niche width. In
summary, EF are not only important tools for natural pest management but also key components of
biodiversity and ecological balance. Future research should focus on the protection and rational
utilization of EF resources to promote sustainable agricultural development and better maintain
environmental and ecological balance.

3. Interactions Between EF and Host Insects

3.1. The Process by Which EF Infects Insects

EF are the only pathogenic microorganisms that can contact infected insects through the body
wall under natural conditions and play a unique role in pest control [148], which can be summarized
as four stages: 1) The conidium of EF adsorbs to the insect body wall through hydrophobic action
[149,150]. Studies have shown that there are two ways of specific adsorption and non-specific
adsorption of fungal spores on the body walls of insects [151]. During the process of infecting the
body walls of insects, specific adsorption plays a very important role. However, non-specific
adsorption can induce specific adsorption to a certain extent [150]; 2) Under suitable conditions,
conidia germinate to produce germ tubes, appressoria, invasion nails and other structures, and then
directly penetrate the insect's body wall and enter its blood cavity by secreting hydrolases and
generating bulging pressure. The germ tube is formed after the spores attach to the insect body wall
and finally develop into the attachment spore, which enables the EF to release a series of substances
in the insect epidermis. These substances can promote the invasion and growth of hyphae and finally
form invasion nails. Infection nails are formed by penetrating the host body wall through multiple
actions, including mechanical stress and a range of hydrolases [3,150]. Once the germ tube enters the
hemocoel, it will breed a new hypha in it. This hypha will continue to multiply in the hemocoel and
gradually form more hyphae. These hyphae will produce toxins that affect the immune function of
the insect and eventually lead to the death of the insect [152]; 3) The hyphae that enter the insect's
blood lumen secrete various toxins or secondary metabolites to attack or paralyze the insect's immune
system. They also differentiate into a cellular structure called the hyphalbody (no cell wall, yeast
shape), which rapidly absorbs nutrients from the insect and eventually causes the insect to collapse
and die [153,154]; 4) After the invasion of the host insect, EF will carry out large-scale reproduction
in the host's nutrients, so as to grow hyphae in every part of the body of the insect. At the same time,
under the right environment, the hyphae will gradually grow out of the worm and gradually cover
the whole insect body [7,94]. After completing the pathogenic process, new spores leave the insect
carcass and enter the soil [155], where they are stored until the next stage of infection (Figure 3).
Overall, EF typically enter the host through body surface penetration, with spores adhering to the
insect's body wall before entering the host [7,22,24,154].
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Figure 3. Schematic diagram of insect infestation by EF in nature. (1) The process of egg hatching into larva; (2)
The process in which insect larvae are infected by EF spores and grow into fungus-worm complex; (3) The
process by which insect larvae develop into adults; (4) The process in which adult worms are infected by EF
spores and grow into fungus-worm complex; (5~8): Schematic diagram of the process of infestation of EF from
the host insect epidermis, in which: (5) A spore adheres to the insect cuticle, germinates, and forms the infection
structure-the appressorium [179]; (6) In addition to the secretion of protease and chitinase, lipid droplets are
transferred from the mother conidium to the appressor for hydrolysis, producing high concentration of glycerol,
forming swelling pressure and destroying the stratum corneum [160-162]; (7) During this process and after
reaching the host blood cavity, fungal cells change their cell wall structure during blood cell recognition,
encapsulation, and blackening [3]. In addition, EF cells secrete effector proteins and secondary metabolites that
evade host immunity by fighting host receptors (resistant proteins) [153,154]; (8) To successfully colonize the
hemocoel and kill the insect, escaped filamentous cells switch to a yeast-type propagation strategy to form
hyphal bodies (also called blastospores) for quick growth and host nutrient deprivation [153,154]. The red
gradient arrow in the image indicates that the conidium of the EF touches and infects the insect larva or adult,

and the black dotted arrow indicates that the contents of the black circle are enlarged.

3.2. Molecular Basis of Evolutionary Adaptation in EF

EF, a class of microorganisms capable of parasitizing insects, have adapted and optimized their
ability to infect hosts through a variety of molecular mechanisms [22]. These mechanisms include not
only penetration of the host body wall by secreting specific enzymes, but also strategies for colonizing
the host and resisting the host immune system [156, 157.] EF secrete a variety of enzymes during the
process of penetrating the host body wall [7,158], which is key to successful host invasion [159]. For
example, proteases break down host protein structures, while chitinases specialize in breaking down
chitin in insect exoskeletons [160-162]. In addition, lipases help destroy lipid fractions and relieve
their growth inhibition, allowing the EF to successfully penetrate the protective layer of the insect
body wall [154], B. bassiana and M. anisopliae extensively use these enzymes to promote their infection
processes [148]. During the endocolonization stage of the host blood cavity, the EF further ensure
their survival and reproduction in the host by secreting specific metabolites such as bassionin,
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oosporein, and destruxin [156,157]. These metabolites not only help the fungus maintain a nutrient
supply in the host but may also be involved in suppressing host immune responses [153,157,163]. For
example, bassionin can inhibit the aggregation of blood cells in host insects and hinder their immune
function [164]. In addition, to defend against host immune attack, EF also secrete specific proteins
that disrupt host immune recognition mechanisms [153,154]. These secreted proteins include effector
proteins and immunosuppressive factors that can directly interfere with host signaling pathways and
reduce immune cell activity [153,165]. For example, M. anisopliae is able to secrete an effector protein
called DEP1, which increases pathogen survival by inhibiting host cell apoptosis [166]. Through these
complex molecular mechanisms, EF can effectively infect and control their insect hosts, showing a
high degree of adaptability to the internal environment of host insects during their long-term
evolution. The discovery and study of these mechanisms are not only important for understanding
the infection strategies of parasitic microorganisms, but also provide the possibility to develop pest
management strategies based on biological control.

3.3. Diffusion of EF Spores

Diffusion is a crucial process for the spatial dynamics, evolution and migration of populations
[167]. Species populations with poor diffusion ability may thus become isolated and disappear from
the entire ecosystem [168]. The spores of CF are mainly spread by air and water, while the spores of
EPF often spread by the host's own activities in addition to air and water [4,6], some ascomycetes
spread over hundreds of kilometers by forming large numbers of wind-borne conidia (Small asexual
propagules: The main differentiating feature of this asexual entomophytic fungus is the formation of
conidia on small branches rather than in chains) [169,170]. The fruit-body structure of EF facilitates
the spread of spores [171]. For example, the ejection speed of ascospores from maize head mold can
reach 34.5 m/s, this means that the asci provide a turgor pressure of at least 870 atmospheres for the
spore to achieve this speed [172,173]. The dispersal of such spore propagules has great effects on
fungal population growth, spatial distribution patterns, collective population dynamics, and genetic
diversity [174]. Among EF, Isaria sp. forms coremium and Cordyceps sp. forms a stroma, which
provides a dynamic basis for spore diffusion [175]. The spread method of EF is an important way to
control agricultural and forestry pests [176]. EF have evolved unique physical structures to adapt to
their transmission dynamics, which can be roughly divided into long-distance dispersal by wind,
current, and human activities [177], and short distance transmission by animals (e.g.; Antheraea pernyi,
Lasioderma serricorne) [178]. Long-distance propagation on a large scale is a random diffusion process
[156]. However, the small-scale and short-distance transmission mechanism closely related to the
host is still unknown, and the spore transmission mechanism of EF is worthy of further investigation
as the efficiency of biological control.

3.4. EF Completes the Parasitic Life Cycle in the Host

The body wall of an insect is the first barrier that EF needs to break through. With the help of
mucus and adhesion proteins, fungal conidia attach to the host surface to germinate and form an
infectious structure called appressorium [179]. With the action of mechanical pressure and body wall
degrading enzymes, direct infestation by EF destroys the insect cuticle [180]. After entering the
hemocoel of insects, EF will face a series of immune responses from insects, including cellular
immunity and humoral immunity. During a long period of coevolution, EF have evolved a series of
adaptation mechanisms in adapting to physicochemical and biological factors in their hosts
[153,156,160]. EF has developed multiple strategies to adapt to host immune defense responses. For
example, M. anisopliae prevents insect hemocytes from recognizing its mycelium by expressing MCL1
(collagen-like immune evasion protein) [181] and secretes toxins to inhibit V-ATPase and block the
expression of AMPs coding genes, thereby escaping immune phagocytosis [182]. Oosporein
produced by B. bassiana can inhibit the ProPO activity of Galleria larvae and down-regulate the
expression of gallerimycin gene to resist insect immunity [183]. There are many literatures on the
process and mechanism of fungi adapting to the internal environment of insects. For example, Wang
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et al. [6] summarized the mechanism of interaction between insect pathogenic fungi and insect hosts
in detail. Qu et al. [184] found that H. satumaensis can respond to insect ecdysone, and Hsegt
(ecdysone-inactivating enzyme) was first identified in EF, which plays an important role in the fungal
response to insect immunity. Another noteworthy phenomenon is the ability of EF to interact with
insect gut microbes [23,185,186]. EF can establish contact with insect gut microbes when they infect
insects. EF perturbs host midgut microbes by regulating antimicrobial peptides and dioxygenase in
the midgut [157], which enables opportunistic pathogens Serratia marcescens to enter the
hematocoelum and transform into highly virulent pathogens, thereby accelerating host death [187].
The overexpression of Hsegt gene during the infection of G. mellonella by H. satumaensis may
aggravate the proliferation of bacteria in the body of G. mellonella, and the increased bacteria would
affect the penetration of H. satumaensis mycelium from the epidermis of G. mellonella [188], The
interactions between EF and host gut microbes and endosymbionts have attracted researchers'
attention, but more detailed microecological mechanisms and processes need to be studied.

3.5. Strategies for Insect Response to EF

Under stress, insects can induce changes in immune activities in vivo and produce a series of
defense responses [189,190]. During the growth and development of fungi, a wide variety of volatiles
are produced, and these volatiles play important roles in the ability of fungi to communicate with
each other, defend themselves against the outside world, or attract other organisms such as insects
[191]. When EF infect insects, they exhibit avoidance behaviors toward EF. The insect can identify
and distinguish different types of fungi by releasing specific chemicals, which can be detected by the
same species and transmitted between individuals as warning signals [23,153,192]. At the same time,
the living habits of social insects are very different from those of non-social insects, especially the
highly evolved defense capabilities [193], which pose a challenge to the use of microorganisms,
including EF, to control pests. In insects, superoxide dismutase, peroxidase and catalase are
important protective enzymes to prevent oxidative damage. Through the mutual coordination of the
three enzymes, the free radicals in insects can be kept at a low level, so that insects are protected from
free radical poisoning [194]. It was found that the activities of superoxide dismutase, catalase and
peroxidase in the larvae, infected with B. bassiana increased first and then decreased, and the enzyme
activity at 60 h of infection was significantly lower than that of uninfected larvae [195], which
indicated that the biocontrol products of EF had inhibitory effects on all three protective enzymes in
agricultural pests. The growth, development and behavior of insects are affected by gene expression
and regulation [196,197]. Previous studies have shown that cadherin genes, ABC transporter genes
and peptidoglycan recognition protein genes in insects can activate the immune response of insects
to resist the invasion of pathogens and play an important role in the immune pathway of insects. All
these genes were up-regulated after feeding on B. bassiana-maize symbionts, these results indicate
that B. bassiana can induce stress responses in insects [198]. Insect immune-related genes such as UDP-
glucurono-transferase genes, cytochrome P450 genes, and heat shock protein genes are associated
with insect drug resistance and detoxification mechanisms [199], downregulation of related gene
expression after feeding on B. bassiana - maize symbionts would indicate reduced insect resistance.
Previous studies have also shown that Ostrinia furnacalis can induce the down-regulation of the
expression of some resistant-related genes under the stress of EF [200], indicating that B. bassiana can
not only infect pests through the body surface, but also form immunosuppressive effects on insects
after feeding on them. In conclusion, the spores of EF and symbionts of crop plants can be fed by
insects, indirectly affecting the growth and development of insects, and reducing the defense
performance of insects by regulating the expression of protective enzymes and resistant-related genes
in insects, thereby reducing the damage to plants. It is of great significance to understand the
interaction between microorganisms, plants and insects. At the same time, it can provide theoretical
basis for the rational use of EF in agricultural ecosystems, and lay the foundation for the development
of new pest products for ecological regulation by EF.
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4. EF Colonize Plants

4.1. EF Promotes Plant Growth

EF can colonize different host plants in the form of endophytic fungi, thereby promoting plant
growth [201-203]. Several studies have reported different EF species as natural colonists/endophytes
of many economically important crops, including Z. mays, Solanum tuberosum, Gossypium hirsutum,
Oryza sativa, S. lycopersicum, and Cicer arietinum [200,202]. In addition to colonizing seedlings, EF
spores are also capable of colonizing seeds [110,203]. For instance, by soaking the spores in the
suspension, B. bassiana spores were found in S. lycopersicum leaves, stems and roots after 18 weeks of
seeding [204]. EF colonize plants and play a significant role in the growth and health of the plants
(Figure 4). As endophytic fungi interact with plant hosts, EF can alleviate biotic stress in host plants
and play a role in plant health [205,206], which can reduce and eliminate the effects of pathogenic
fungi that are harmful to plants [207]. In addition, EF also acts as plant fertilizer and promotes plant
growth [208]. A growing body of evidence also suggests that EF can function as plant endophytes,
plant pathogen antagonists, and plant growth promoters [13]. Insect-derived nitrogen can be
transferred to plants through the interaction between EF and plants [209], which can not only increase
plant productivity [31], but also improve the overall performance of plants [32,210]. Owing to their
biocontrol properties, EF can colonize plants in the natural state or under different artificial
inoculation methods, which can enhance the resistance of host plants to diseases and pests, increase
the mortality of herbivorous pests, reduce the probability of pests invading crops, and delay the
erosion and reproduction of pests [31]. For example, B. bassiana and M. anisopliae successfully
colonized Z. mays and significantly promoted its growth in hydroponic systems [211]. C.
cateniannulata can infect and colonized the roots, stems and leaves of S. lycopersicum seedlings by seed
soaking, promoting the growth of S. lycopersicum seedlings and improving the activities of
antioxidant enzymes [212]. Zheng et al. [213]by evaluating M. flavoviride, C. fumosorosea, B. bassiana,
to study the growth promotion and control effects of five mycotic strains of M. anisopliae and M. rileyi
on the S. lycopersicum leaf aphid (Phthorimaea absoluta). The results showed that all the five strains
could colonize in S. lycopersicum. Both of them can promote the growth of S. lycopersicum and have
good control effects on Tuta absoluta. EF can also act as antagonists of plant diseases, they can inhibit
the growth of plant pathogens and reduce the occurrence of plant diseases. For instance, B. bassiana,
as an endophyte, is able to control pests and plant pathogenic fungi and increase plant resistance to
insects [214,215]. The relationship between EF and plants is complex, and further research is needed
to fully understand the mechanism of plant growth promotion.

EF reduce and eliminate the damage
of plants to pests and diseases

EF can replace EF enhance the ability of EF promote plant growth EF can be used as an alternative
chemical pesticides host plants to resist pests to chemical fertilizers

Figure 4. Schematic diagram of EF colonizing plants and their effects on plants. On the left side of the double

dotted lines in the picture, there is the colonization of EF; While on the right side, there is no colonization of EF.
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4.2. EF-Insect-Plant Interaction

In the ecosystem, there is a close and complex relationship between plants, microorganisms and
insects. EF can change the behavior and ecological adaptability of phytophagous insects by inducing
the defense performance and nutrient composition of plants [216]. EF colonizes plants, which can
cause changes in the individual behavior of insects, including feeding behavior, spawning behavior,
etc.; and can also increase the death rate of herbivorous insects, so as to reduce the damage of pests
to crops [7,22,23]. EF has multiple ecological functions, can exchange elements with plants, can
establish symbiotic systems with plants, and have ecological values such as improving crop yield and
resisting plant diseases (Figure 5). Successfully colonized B. Bassiana can not only spread inside
plants, but also provide insecticide protection for the whole plant [212,217], can also improve plant
stress resistance [218]. It can be seen that the endophytic colonization of EF in plants can indirectly
have adverse effects on multi-planting feeding insects, and further alleviate the harm degree of
insects to plants. Therefore, the interaction between EF and plants can affect phytophagous insects
from multiple perspectives. The indirect effect of EF on insects has received extensive attention in
recent years. However, the current research on the mechanism of EF-plant-insect interaction remains
to be further explored.

The conidium entomogenous fungi in soil

The carbon that flows from plants to insects as they nibble on it
+ The nitrogen taken up by plants after insects are killed by entomogenous fungi

The conidium of entomogenous fungi

Insect infected by entomogenous fungi

Figure 5. EF-plant-insect interaction. (1) The process of insect gnawing on plants; (2) The process of insect
infection and death by EF conidium in soil; (3) EF colonize plants; (4) EF act as endophytic fungi to protect plants

from insect pests.

5. EF Controls Agricultural Pests

In the past few decades, chemical insecticides have been frequently used to control pests all over
the world. However, these chemicals are harmful to both human health and ecosystems, and some
pests have developed resistance to many of them [7]. Biocontrol is an economical, eco-friendly
method for controlling nematodes and pests that have a negative economic impact on agriculture
[219]. In recent years, with the application of EF in pest control and the strategy of integrated pet
control, EF has been paid more and more attention by researchers. EF is the largest group of
entomopathogenic microorganisms with dual biocontrol activities and growth promotion [220]. EF
can not only control the natural population growth of agricultural and forestry pests, but also reduce
the harm of pathogens to host plants, improve plant disease resistance [220], and promote plant
growth [177]. Unlike insect pathogens and viruses that cause disease after oral ingestion, EF infects
insects by directly penetrating their cuticle [221]. This makes it ideal for developing contact fungal
insecticides that can control not only chewing pests, but also insects with mouthsucking organs, such
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as aphids and mosquitoes [70]. EF infects the host in a variety of ways, including direct penetration
through the exoskeleton of insects, oral infection, and so on [7,222]. Some EF, such as B. bassiana, M.
anisoplariae, V. cerococcus, Fusarium, etc.; have been developed as biological control agents and are
widely used in pest control [5]. In practical applications, EF not only causes pathogenicity to pests,
but also improves disease resistance and promotes plant growth by establishing symbiotic
relationships with plants [223]. In agricultural production, pests infected by EF do not occur naturally
at an efficient rate of death or on a large scale to prevent crop damage. Because the existing fungal
biocontrol agents can infect pests for a long time and are affected by the external environment, the
control effect is unstable. The main factors include temperature, humidity, ultraviolet intensity, etc.;
which will affect the growth of strains and thus affect the insecticidal efficiency [5,224]. In order to
deal with the low efficiency of biological control of EF, some scholars have proposed to improve the
control effect of pests through the mixing effect of biological insecticides, chemical pesticides and
surface-active substances [224].

EF, as a beneficial biological control measure, has great potential value in pest control, but there
are many limitations in practical application. Some entomogenous fungal species, such as I
fumosorosea and I. farinosa, can infect multiple hosts without exhibiting any of the harmful effects
associated with chemical pesticides and are therefore considered safe and environmentally friendly
[225]. Therefore, the combined application of EF and chemical insecticides can be an effective new
strategy for green pest control [195,209]. The combined application of EF and chemical insecticides
can significantly reduce the amount of insecticides used, thereby reducing the damage caused by
insects to crops, and also greatly improving crop yields [226]. This strategy can also reduce the impact
of pesticides on the environment and ecosystems, helping to improve human health. EF and chemical
pesticides show synergistic effects due to several factors. First of all, the cleaning ability of the insect
body surface was reduced after pesticide stress, and the probability of spores adhesion of pathogenic
fungi was increased [23]. Secondly, pesticides can reduce the food intake of pests, which makes them
more prone to hunger and thirst, and further lead to the decline of insect pathogen resistance to fungi
[226]. At the same time, chemical pesticides can also affect the immunity of pests and resistance to EF
[226]. The sensitivity of different strains to chemical pesticides varies greatly, and the sensitivity of
the same strain to different chemical pesticides is also different [227]. Selecting excellent strains with
high virulence can reduce the use of insecticides and maintain the stability of the ecological
environment [228]. Therefore, it is usually necessary to evaluate the compatibility of chemical
pesticides and EF when they are used to control pests. Chemical insecticides with good compatibility
with EF, combined with EF, can obviously improve the control effect of EF and can play a synergistic
role.

6. Mycelia of EF Participated in the Construction of Mycelial Network System

After the mycelium of EF are connected, they form a three-dimensional network structure [229].
Our previous study found that the mycelium of C. chanhua is hydrophobic, which helps the conidium
of C. chanhua adhere to the insect epidermis and affects its virulence [42], which is the key to the
survival and environment adaptation of C. chanhua. There are "H" type fusion mycelia between the
mycelium of C. chanhua, which is conducive to gene exchange and signal transduction between the
strains or mycelia. The three-dimensional structure formed between mycelium also has the function
of transport, and some soil fungi can also promote the movement of specific bacteria along the
mycelium network [230], thus acting as a fungal pipeline or fungal "highway". Fungi can also be used
as a carrier to enrich and transport specific bacterial species, for example, Pythium ultimum mycelium
in soil can be used as a transport for the soil contaminant enrichment areas of Bacillus, Rhodococcus,
and Pseudomonas [231]. Warmink et al. [230] found that Burkholderia terrae strain BS001 not only
migrates along fungal mycelia, but also prompts bacteria such as Dugesia japonica BS003 to move
along fungal "superhighways". In addition to being able to transport microorganisms, the "fungal
network" also serves as a logistics channel for the distribution of material elements, and M. robertsii
even receives horizontally transferred DNA information [232]. At the same time, the mycelium
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formed by EF also has the function of preventing harmful microorganisms from entering the insect
body, thus ensuring the normal growth and development of EF [230]. The research of myecelial
network system construction model and ecological operation mechanism of EF is of great value in
the ecological application of fungi.

7. EF Participate in Soil Nitrogen Cycling

EF not only controls host populations, but also affects nutrient cycling and material flow in
ecosystems [114]. It is well known that although nitrogen makes up 78% of the total atmosphere of
the Earth, it cannot be directly used as a nitrogen source for plants unless nitrogen can be fixed by
microbial symbionts or other nitrogen-fixing microorganisms, and then the available nitrogen-
containing compounds can be transferred into the plants [233]. Up to 31% of plant nitrogen in the
ecosystem flows to herbivorous insects [12]. Plants can also regain nitrogen previously lost to
herbivorous insects through association with endophytic fungi [13]. After nitrogen is transferred to
the plant, it will be dissolved with plant secretions and dead individuals (including Ilitter).
Subsequently, nitrogen is reduced to the soil through microbial mineralization. Some EF establish a
symbiotic relationship with plants, in which EF absorb carbon from host plants while providing host
plants with more ways to obtain nitrogen from insect sources, thereby increasing their own biomass
[11,233]. This mutually beneficial relationship benefits both parties and helps improve soil fertility.
EF can accelerate the nitrogen conversion process in the soil (Figure 6). When insects are infected with
EF, they break down and release nitrogen-rich compounds into the soil. This decomposition provides
a source of nitrogen that plants and other soil microorganisms can utilize [234]. In our previous study,
we found that C. chanhua would discharge nitrogen from its body and absorb nitrogen from the soil
environment during its growth and development. The mycelium of EF makes the mycelium in the
body of C. chanhua and the soil environment transfer to each other [229]. Some scholars have found
that Five species of M. anisopliae, B. bassiana and L. lecanii have demonstrated the ability to transfer
nitrogen to plants [13]. Behie et al. [234] used *N-ammonium sulfate solution to label G. mellonella,
and found that M. robertsii not only had a lethal effect on G. mellonella larvae, but also transferred
nitrogen from G. mellonella to plants of Panicum virgatum to fix nitrogen after infection [234]. In
addition, EF can stimulate the growth of various soil microorganisms, promoting a more diverse
microbial network. This diversity can improve the efficiency of nitrogen conversion processes in soil
[211]. Studies have shown that EF can stimulate soil ammoniation and nitrification, with maximum
increases of 12.4% and 36.8%, respectivel. Low concentrations of EF contribute to denitrification,
while high concentrations inhibit denitrification [235]. In contrast, chemical pesticides such as
aceamidophos reduce ammoniation, nitrification, and denitrification rates [234]. The change of
nitrogen content in soil can lead to the change of community composition of EF [236]. Soil
carbon/nitrogen ratio and total nitrogen level are extremely significant environmental factors
affecting soil EF community in this region, EF community is positively correlated with
carbon/nitrogen ratio and soil total nitrogen content [234,237]. In addition, EF can also survive as
saprophytic forms [238], an important member of soil ecosystem [107,108]. EF can decompose organic
matter, participating in material cycling in ecosystems and maintaining soil health [112,146].
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Organonitrogen

Figure 6. Schematic diagram of the involvement of EF in soil N conversion.

8. Conclusions and Future Perspectives

EF are rich in resources and various species, and are an important part of biodiversity. Their
existence increases the diversity of species in the ecosystem, and plays a great role in the ecosystem,
such as controlling the number of pests, promoting plant growth, participating in the construction of
mycelium networks, participating in the soil nitrogen cycle, etc.; which is crucial to the health and
stability of the ecosystem. EF is a valuable resource the following points should be paid attention to
in the future research on EF:

8.1. Fully Develop the Medicinal and Edible Values of CF

CF, as a class of filamentous fungi with dual ecological and medicinal significance, regulate
arthropod population dynamics through parasitism within ecosystems [44]. Representative species
of CF include C. sinensis, C. chanhua, and C. militaris, are rich in bioactive compounds such as
cordyceps polysaccharides [239], cordycepin [32], and cordycepic acid [240]. These species have been
demonstrated to exhibit multiple health-promoting properties, including anti-tumor effects38,
immune modulation [37], fatigue resistance [34], antioxidant activity [39,62], and intervention in
metabolic disorders (e.g.; diabetes and hypertension) [241]. They hold considerable promise for
applications in chronic disease management and anti-aging therapies [242]. For instance, cordyceps
polysaccharides activate macrophages and promote IL-10 secretion via the gut microbiota-immune
axis [243]; Cordycepin inhibits adenosine deaminase to disrupt DNA repair in tumor cells [244]; And
cordycepic acid enhances insulin sensitivity by activating the AMPK pathway [241]. With
advancements in the health industry, their applications have expanded into functional foods [245],
antioxidant skincare products [246], and immune-enhancing animal feed [247]. Nevertheless, wild
resources are under threat due to overexploitation [44,248]. Future research should prioritize the
integration of multi-omics approaches to decipher synergistic interactions among bioactive
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components, the development of green extraction methods such as supercritical CO:z extraction [245],
and the utilization of artificial intelligence for optimizing metabolic network predictions and
fermentation strategies [249], thereby facilitating the transition of CF from resource-dependent to
technology-driven systems.

8.2. Make Full Use of the Potential of EF Biological Control Agents

EF, which regulate pest populations via parasitism, antagonism, and competition [250], exhibit
both vertical transmission (through eggs) and horizontal dissemination capabilities (via airborne
spores) [251]. Their environmentally friendly nature, target specificity, and low likelihood of
inducing pest resistance render them valuable for reducing reliance on chemical pesticides and
advancing sustainable agriculture [252,253]. For example, the combination of Trichoderma harzianum
with low-dose fungicides can enhance the inhibition of tomato gray mold by over 50% [254].
However, their field application is constrained by limited environmental adaptability, formulation
stability issues, and weak synergistic mechanisms. Strain infection efficiency is significantly
influenced by temperature (25-30 °C), humidity (>92% RH), and pH (5.5-7.0) [251]. For instance, the
spore formation of Trichoderma spp. requires high humidity conditions [251]. Additionally, ultraviolet
radiation and extreme climatic conditions can easily inactivate spores, necessitating improvements
in durability through sodium alginate-chitosan microcapsules or silica-based nanocarriers [255].
Furthermore, the control effect of single bacterial agent is limited, and there is an urgent need to
explore the synergistic mechanism between EF and insect pathogenic nematodes or plant resistance
substances [31].

8.3. Environmental Driving Mechanisms and Technical Analysis of EF Biodiversity

The biodiversity of EF is shaped by the interplay of host specificity, geographical isolation, and
environmental factors such as temperature, humidity, and vegetation type [256]. Investigating the
community structure, ecological distribution patterns, and host interaction mechanisms of
entomopathogenic fungi across diverse habitats serves as a critical foundation for developing
resource protection strategies and sustainable utilization plans. Recent advancements in high-
throughput sequencing technologies, such as ITS amplicon sequencing, have markedly enhanced the
efficiency and resolution of fungal diversity studies [257]. Moving forward, metagenomics offers the
potential to uncover functional genes in EF, hereby elucidating the synthesis and regulation networks
of their insecticidal metabolites [258]. Furthermore, the integration of environmental DNA (eDNA)
technology enables non-invasive monitoring of the spatio-temporal dynamics of entomopathogenic
fungi in forest and agricultural ecosystems. For instance, soil @DNA has been successfully employed
to track the population expansion of B. bassiana [259]. Additionally, combining geographic
information systems with ecological niche models, such as MaxEnt, allows for quantifying the
influence of climatic variables (e.g.; annual average temperature and precipitation), host insect
distributions, and vegetation coverage on the suitable habitats for EF [260]. This approach can also
facilitate predictions of the potential distribution of EF in tropical rainforests and temperate
agricultural regions, optimizing targeted application strategies for these fungi as biocontrol agents
[32]. Collectively, the integration of these multi-technology approaches not only provides robust data
support for constructing comprehensive EF resource banks but also establishes a solid theoretical
framework for the precise management of agricultural and forestry pests and ecological restoration.

8.4. The Multi-Dimensional Ecological Roles and Molecular Regulatory Mechanisms of EF Hyphae

The membrane structure formed by the mycelium of EF during infection, such as the hyphal
sheath of B. bassiana, plays a role in nutrient transport, microbial interaction and host defense. Mycelia
form a selective barrier through the extracellular matrix, which inhibits the invasion of pathogens
(such as P. aeruginosa) while promoting the directional migration of commensal bacteria (such as S.
marcescens) [42]. EF hyphal network can also degrade the cuticle of insect body wall by secreting
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extracellular enzymes and release toxins (such as beauvericin) to damage the host immune system
[180,213,216,258]. Studies have shown that secondary metabolites of M. robertsii (such as destruxin
A) induce apoptosis by inhibiting the activation of key proteins of the insect Toll pathway (Spatzle)
[261]. In addition, the volatile organic compounds emitted by mycelium can regulate the rhizosphere
microbial community [11]. In soil ecological restoration, hyphae reduce local pH by secreting organic
acids such as oxalic acid and citric acid and activate nitrification gene to enhance nitrogen
mineralization efficiency [262]. The residual mycelial network can also adsorb heavy metals such as
Cd?* with an enrichment efficiency of 85.3% through extracellular polymers and mediate the
enzymatic degradation of pyrethrins [263]. In the future, it is necessary to integrate multi-omics
technologies (such as metabolomics and metagenomics) to analyze the hyph-associated metabolite
diversity and its environmental response mechanisms. In addition, the construction of hyphomycet-
microbial-plant interaction models can promote the precise application of EF in green agriculture and
ecological restoration.

8.5. Multi-Functional Ecological Interaction Mechanisms of EF and Their Agricultural Application
Prospects

EF not only achieve targeted biological control by parasitizing insects [5], but also colonize plant
rhizosphere or endophytic habitats, thereby exerting synergistic growth-promoting and stress-
resistance functions [212]. Their metabolites directly promote root differentiation and elongation
through the secretion of indole acetic acid and gibberellic acid, as well as the synthesis of catechol
siderophores and acid phosphatase [264]. For instance, Aspergillus fumigatus enhances host drought
resistance via alkaloid production [265]. The simultaneous activation of jasmonic acid and salicylic
acid signaling pathways upregulates disease-associated proteins and induces systemic resistance in
plants [266]. T. harzianum increases the activities of superoxide dismutase and peroxidase by 2.3-fold
and 1.8-fold, respectively, alleviating oxidative stress damage to chloroplasts [267], while inhibiting
F. oxysporum mycelial growth (67% inhibition) through the release of volatile organic compounds
such as 6-pentyl-a-pyranone [268]. Furthermore, cyclic peptides and terpenes secreted by hyphae
directly disrupt pest midgut mitochondrial function [261]. Strigolactones activate the symbiotic
signaling pathway under low phosphorus stress, promoting the secretion of short-chain chitin
oligosaccharides by mycorrhizal fungi. This process also suppresses the pathobiologically associated
molecular pattern immune response [269]. Future studies should focus on targeted gene
improvement, metabolic regulatory network analysis, and ecological security assessment.

8.6. The Mechanism of Soil Carbon and Nitrogen Cycling Mediated by EF

EF regulate soil carbon and nitrogen cycles through unique nutritional and metabolic pathways.
In the nitrogen cycle, their mycelial networks can transfer nitrogen elements (such as amino sugars
and proteins) produced from the decomposition of insect cuticles to the rhizosphere microdomain,
and release excess nitrogen (such as NH,* and NOs") into the soil through excretion, significantly
enhancing the nitrogen utilization efficiency of plants (nitrogen transfer efficiency reaching 23-37%)
[270]. For instance, after B. bassiana infects Spodoptera litura, the mycelial residues can release 15.8
mg/g of organic nitrogen [262]. In the carbon cycle, EF secrete extracellular enzymes to degrade chitin
in insect cuticles (degradation rate 68-92%), releasing dissolved organic carbon into the soil [113].
Their mycelial residues and metabolic products form organic-mineral complexes through mineral
adsorption, promoting the long-term sequestration of soil organic carbon [271]. At the same time,
myecelia regulate the rhizosphere microbial community (such as a 1.5-fold increase in the abundance
of nitrogen-fixing bacteria Azotobacter and a 60% decrease in the abundance of pathogenic bacteria
Ralstonia), enhancing the microbial carbon pump effect and increasing the carbon use efficiency to
0.45-0.6248 [272]. However, current research has deficiencies in the electron transfer mechanism at
the mycelium-mineral interface, the ecological toxicity of metabolic products, and climate responses.
In the future, it is necessary to focus on multi-omics technologies, strain improvement and climate
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response models, while taking into account ecological security and policy adaptability, in order to
achieve efficient application of EF in the carbon neutrality strategy.
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