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Abstract Entomopathogenic fungi are valuable beneficial microorganisms that display dual roles as insect pathogens and plant growth promot-

ers in agriculture. This review presents recent advances in understanding the biological foundations of their growth-promoting effects and the

molecular mechanisms underlying plant-fungus interactions. We further provide a comprehensive overview of the field performance of these

fungi on major crops and the pathways for translating research into practice. Moreover, the review assesses the integrated value from ecological ,

economic, and social perspectives, aiming to offer theoretical guidance and practical insights for the deep development and broad application of

entomopathogenic fungi in sustainable agriculture.
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0 Introduction

Entomopathogenic fungi are filamentous fungi commonly
found in soil and plant rhizosphere ecosystems. They serve as bio-
control agents against a wide range of agricultural pests by pene-
trating the insect cuticle, overcoming cuticular defenses, and pro-
liferating in the hemocoel, ultimately leading to host death. Re-
cent studies have revealed that these fungi can also colonize plants
internally or the rhizosphere in a non-pathogenic manner, establis-
hing mutualistic endophytic or rhizosphere associations. These in-
teractions significantly enhance host plant growth and develop-
ment, increase nutrient uptake efficiency, induce systemic resist-
ance, and improve tolerance to both biotic and abiotic stresses'" .
By virtue of these attributes, entomopathogenic fungi occupy a dis-
tinet functional niche within agroecosystems, acting as a critical
node in the soil-plant-insect food web. Understanding the molecu-
lar basis of their interactions with plants and harnessing their
growth-promoting capacity are therefore essential for improving
ecosystem services in agriculture and advancing the shift toward
sustainable farming. In this paper, we provide a systematic over-
view of entomopathogenic fungi, covering strain diversity and
functional traits, underlying mechanisms of plant growth promo-
tion, molecular plant-fungus interactions, as well as practical ap-
plications and pathways for technology transfer. The review is in-
tended to serve as a comprehensive scholarly resource and practi-
cal guide to support further research and the translation of these

fungi into industrial applications.

1 Biological foundations of the growth-promoting
effects of entomopathogenic fungi

Entomopathogenic fungi are taxonomically placed within the
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order Hypocreales ( Ascomycota). Genera known for their plant
growth-promoting effects include Beawveria, Metarhizium, Lecani-
cillium, Cordyceps, and Paecilomyces. The functional performance
of these fungi is shaped by a combination of factors, such as host
plant genotype, soil physicochemical properties, climatic condi-
tions, and agricultural management practices”” . It should
be noted that the location and pattern of fungal colonization within
plant tissues directly determine the expression of their beneficial
functions. Additionally, secondary metabolite profiles are highly
strain-specific, with marked variation in the spectrum and concen-
tration of phytohormone analogues, antibiotics, and volatile organ-
ic compounds. Such metabolic divergence directly translates
into differential regulation of plant growth promotion and stress
resistance.

The growth-promoting effects of entomopathogenic fungi on
plants arise from a complex, multi-factorial biological process that
operates through multiple pathways and at multiple levels. These
mechanisms can be broadly divided into direct and indirect modes
of action. Direct growth promotion occurs when fungal metabolic
activities directly influence plant physiology, including the pro-
duction of phytohormones, the transfer of nutrients, and the mobi-
lization of soil nutrients. Indirect promotion, on the other hand, is
achieved when the fungi shape a favorable biological environment
for plant growth, for instance, by restructuring the rhizosphere mi-
crobial community, suppressing soilborne pathogens, or eliciting
induced systemic resistance in the host plant.

Numerous studies have established that entomopathogenic
fungi can synthesize a wide array of plant growth regulators. For
instance, volatile organic compounds emitted by Beauveria bassi-
ana have been shown to markedly enhance shoot and root fresh
weight, plant height, and primary root length in sorghum seed-
lings, with the growth promotion closely linked to elevated levels

of indole-3-acetic acid (IAA)™'. Beyond auxins, these fungi also
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produce gibberellins ( GA), cytokinins ( CTK), abscisic acid
(ABA), and ethylene (ET), along with their biosynthetic pre-
cursors. Acting through intricate hormonal signaling networks,
these compounds collectively orchestrate fundamental physiological
processes such as cell division, differentiation, and elongation,
root and xylem development, seed germination, and photosynthe-
sis”'.  Nutrient transfer represents another key mechanism,
wherein entomopathogenic fungi mediate the movement of insect-

derived nitrogen to host plants through a tripartite '

' insect-fungus-
plant" pathway, effectively adding a supplementary branch to the
soil nitrogen cycle. Behie & Bidochka"' showed that Metarhizium
robertsii transfers nitrogen acquired from Galleria mellonella larvae
into plant tissues, significantly boosting the productivity of crops
such as soybean, wheat, mung bean, and switchgrass. This estab-
lishes a resource-based mutualism in which plants provide carbon
derived from photosynthesis to the fungi, and in return, the fungi
supply insect-derived nitrogen. Beyond nitrogen transfer, ento-
mopathogenic fungi that colonize roots also enhance soil nutrient
availability by secreting organic acids and siderophores, which sol-
ubilize recalcitrant phosphates and improve the bioavailability of
micronutrients like iron and zinc. Moreover, the hydrolytic en-
zymes released by these fungi contribute to the decomposition of
soil organic matter, accelerating nutrient cycling and the flow of

materials through the soil ecosystem.

2 Molecular mechanisms of plant-fungi interaction
The interaction between entomopathogenic fungi and plants is
initiated by the recognition and adhesion of fungal spores to the
root surface, and proceeds through rhizosphere colonization, root
surface proliferation, tissue penetration, and systemic coloniza-
tion. As with insect infection, these plant colonization processes
are governed by an array of cell surface proteins and precisely reg-
ulated signaling molecules. During spore attachment, various sur-
face proteins mediate specific recognition and firm adhesion to
plant tissues, while hydrophobins assemble into a hydrophobic
coat that protects spores against environmental stress. Plant hor-
mones act as master regulators of growth, development, and stress
adaptation. By modulating host hormone biosynthesis, transport,
and signal transduction networks, entomopathogenic fungi are able
to precisely tune the balance between plant growth and defense.
Following root colonization, the cell wall constituents and secreted
effector proteins of entomopathogenic fungi are perceived by plant
pattern recognition receptors as microbe-associated molecular pat-
terns (MAMPs). This recognition initiates primary immune signa-
ling and, through systemic signal propagation, primes
aboveground tissues for enhanced defense. Cachapa et al. ™ un-
covered the molecular basis of defense induction by root-associated
entomopathogenic fungi, demonstrating that colonization by Metar-
hizium and Beauveria species stimulates the production of diverse

defense-related secondary metabolites. These secondary metabo-

lites not only exert direct inhibitory effects on plant pathogens but
also participate in multiple defense processes, including plant cell
wall reinforcement, reactive oxygen species homeostasis regula-
tion, and the modulation of hypersensitive responses. Endophytic
fungi, with their remarkable tolerance to extreme conditions such
as high osmotic stress, elevated temperatures, and broad pH ran-
ges, represent ideal candidates for improving crop resilience to
abiotic stress. A notable example is the entomopathogenic fungus
Metarhizium anisopliae, which, through the regulation of ion ho-
meostasis, osmolyte accumulation, and antioxidant defense sys-
tems, enables rice plants to sustain relatively high growth rates

and yields even under salt stress'”’.

3 Practical application and technology transformation
path

In recent years, entomopathogenic fungal products have be-
come an important component of the biopesticide market. Howev-
er, the field application efficacy of entomopathogenic fungi is com-
plexly affected by multiple factors, including strain characteris-
tics, inoculation methods, application dosage, environmental con-
ditions, and crop species, and requires coordinated breakthroughs
at multiple levels, such as strain improvement, fermentation tech-
nology, formulation innovation, and extension strategies. In terms
of strain improvement, targeted strain modification based on gene
editing technologies such as CRISPR-Cas9 is expected to yield en-
gineered strains with stronger colonization competitiveness, higher
growth-promoting efficiency, and broader environmental adaptabil-
ity. Furthermore, bioprospecting for wild strains with unique
stress resistance gene resources from extreme habitats is also an
important approach for strain improvement.

In terms of fermentation technology, the production of ento-
mopathogenic fungal preparations mainly includes two technical
routes: solid-state fermentation and submerged liquid fermenta-
tion. Solid-state fermentation technology is widely applied in de-
veloping countries due to its simple equipment, low investment,
and low technical threshold, while submerged liquid fermentation
technology has attracted increasing attention in recent years for its
advantages of short production cycles, high automation, controlla-
ble product quality, and ease of scaling up. In terms of formula-
tion innovation, novel formulation technologies such as microen-
capsulation, nanocarriers, and smart release systems have signifi-
cantly improved the environmental stability and field persistence of
entomopathogenic fungal products, and biopolymers have become
ideal coating materials due to their biodegradability and environ-
mental safety. In terms of market promotion, the commercializa-
tion of entomopathogenic fungal products still faces challenges
such as low farmer awareness, poor efficacy stability, high techni-
cal requirements for application, and insufficient competitiveness
compared with chemical pesticides. The sustainable development

of the entomopathogenic fungal industry in the future requires
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strong support from government policies, deep integration of indus-
try, academia, and research, as well as the establishment of farm-

er training and technical service systems.

4 Conclusions and prospects

Entomopathogenic fungi are now widely acknowledged as
multifunctional microbial agents that combine insect pathogenicity
with plant growth promotion, offering considerable ecological value
and application potential in agroecosystems. This review provides
a systematic overview of recent advances in understanding their
growth-promoting effects. The principal findings are summarized
below. (i) Entomopathogenic fungi display extensive strain diver-
sity and functional versatility. Representative species such as
Beawveria bassiana and Metarhizium spp. stimulate crop growth
through diverse mechanisms, including phytohormone production,
nutrient transfer, nutrient mobilization, and emission of volatile
signals. (ii) The plant-fungus interaction is underpinned by an
intricate network of molecular events, notably MAMP perception,
effector secretion, hormonal signal modulation, and the induction
of systemic resistance. (iii) Field trials confirm that entomopatho-
genic fungi deliver dual benefits ( enhanced growth and yield
alongside effective pest suppression) in staple food and cash
crops, with recorded yield increments of 15% —46% . (iv) The
benefits of entomopathogenic fungi span environmental , economic,
and social dimensions, positioning them as a key technological
choice for driving the green transformation and long-term sustain-
ability of agriculture.

As interdisciplinary research continues to advance and tech-

nology innovation systems steadily improve, entomopathogenic fun-
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